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ABSTRACT: In this study, the year-to-year variability of surface air temperature (SAT) over China in winter was investigated
during 1961–2014. The results indicate that the year-to-year SAT variability can explain more than 30% of the SAT variance
over most parts of China, with up to 60% variance over southern China, northeastern China and northwestern China. The
leading pattern of year-to-year SAT exhibits homogeneous variability over most parts of China, except in small areas over
the Tibetan Plateau and southwestern China. The circulation over the northern Pacific is a key factor of this homogeneous
variability pattern. An anomalous anticyclonic circulation and weakening midlatitude westerly jet in the middle and high
troposphere over the northern Pacific are associated with the homogeneous warmth over China. The second pattern shows
a south–north dipole, with variability in northeastern China opposite to that south of 25∘N in China and over the Tibetan
Plateau. The south–north dipole pattern is part of a global year-to-year SAT anomaly pattern because it exhibits a significant
relationship with the year-to-year SAT over large parts north of 50∘N over the Eurasian landmass. The north-cold/south-warm
pattern is accompanied by a significant weakening of the Arctic Oscillation. In comparison, the atmospheric circulation
anomalies associated with the homogeneous variability pattern are much weaker than those with the south–north dipole
pattern. The anomalous Indian Ocean dipole in the previous autumn and the snow cover around China in November are the two
key causes of the homogeneous variability pattern. Many factors, such as the tropical central Pacific sea surface temperature
(SST), stratospheric quasi-biennial oscillation (QBO), Okhotsk sea ice and western Siberia snow cover, can significantly
influence the south–north dipole pattern. Compared to the tropical Pacific SST, the impact of the Indian Ocean SST on the
winter SAT over China is much more important.

KEY WORDS year-to-year variability; surface air temperature; China; winter

Received 24 April 2017; Revised 26 July 2017; Accepted 17 August 2017

1. Introduction

In the recent decades, research on global surface air
temperature (SAT) has become a focal point because
of global warming. Over China, previous studies have
paid great attention to warming trends and variation in
decadal-to-interdecadal time scales (Xiao et al., 2012;
Zhao et al., 2014). However, the SAT variation at shorter
than decadal time scales, such as interannual variability, is
very intensive and more important for weather forecast-
ing and seasonal climate predictions. The prediction of
winter SAT over China is one of several important tasks
of the Chinese Meteorological Administration. Previous
studies have demonstrated the interannual variability of
SAT over China. For example, Kang et al. (2009) docu-
mented that the leading pattern of SAT over China exhibits
homogeneous variation, while the second pattern shows
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a south–north dipole feature on interannual time scales. A
strong (weak) East Asian winter monsoon (EAWM) gener-
ally corresponds to a cold (warm) land surface over China
in the winter (Yang et al., 2002; Zhu, 2008; Wang and Fan,
2013). As China is part of the EAWM domain, research on
SAT over China is generally not limited to China but covers
the whole EAWM domain. Wang et al. (2010a) reported
that there are two major modes of SAT over the southern
EAWM domain (0∘–30∘N, 100∘–140∘E) and the north-
ern EAWM domain (30∘–60∘N, 100∘–140∘E), respec-
tively. Sun et al. (2016) considered the EAWM domain
as a whole and indicated major intensive interannual vari-
ability of SAT in the first mode over the northern part of
the EAWM domain and a second mode over the south-
ern part of the EAWM domain. On a continental scale, the
interannual variation of springtime Eurasian SAT exhibits
a north–south seesaw spatial pattern (Shen and Kimoto,
2007). Therefore, the variability of SAT over China may
not only be related to the SAT over EAWM domain but also
to the SAT over other regions beyond the EAWM domain.
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That is, the leading patterns of SAT over China may be part
of SAT variations at a continental or global scale.

Li and Long (1992) suggested that there is a
quasi-biennial oscillation (QBO) in the temperatures
over East China that exhibits a significant relationship
with the stratospheric QBO. Chang and Li (2000) reported
the existence of tropospheric biennial oscillation in the
Asian climate. Chen and Li (2007) showed that significant
warming occurs in northeastern Asia in the QBO easterly
phase. Li et al. (2011) reported that there is a type of
2-year cycle in EAWM via the summer monsoon. The
2-year cycle variability is apparently an important feature
in the variations of SAT over China. Furthermore, Fan
(2009) described the approach using the year-to-year
increment of a variable that had good prediction capa-
bility in seasonal climate forecasting, which includes
the winter SAT over northeastern China. Wang et al.
(2010b) further discussed the year-to-year increment
approach with physical–mathematical considerations and
validated the approach based on a climate model predic-
tion experiment. A detailed analysis on the year-to-year
variability of SAT over China may be beneficial for the
improvement of predictive approaches to winter SAT
over China. The question is what about the relation of
2-year cycle variability to the year-to-year variability over
China?

Kang et al. (2009) reported that the first mode of inter-
annual SAT variability over China is significantly related
to the East Asian trough at 500 hPa and the north–south
movement of the 200 hPa East Asian jet stream, whereas
the second mode is related to the Arctic Oscillation (AO).
They suggested that there is a significant impact of sea
surface temperature (SST) over the tropical Pacific and
northern Pacific on the two modes, which is consistent
with previous studies (Zhang et al., 1996). In addition to
SST, other factors, such as the North Atlantic Oscillation
(NAO), the AO and Tibetan Plateau snow cover, which
were also illustrated, exhibit significant influence on the
SAT variability over East Asia (Wadlland and Simmonds,
1997; Watanabe and Nitta, 1999; Gao and Yang, 2009;
Gong et al., 2001; Wu et al., 2011; He et al., 2017). Sea-
ger et al. (2010) reported that negative NAO and El Niño
events are responsible for the Northern Hemispheric snow
anomalies that occurred in the winter of 2009/2010. Zuo
et al. (2015) documented that the AO exhibited a signif-
icant relationship with the SAT in southern China in the
winter via the Middle East jet stream. He and Wang (2013)
reported that the AO in November or December was signif-
icantly associated with the SAT anomalies over East Asian
in January via Rossby wave activity. In recent decades,
the impact of Eurasian snow cover and Arctic Sea ice on
widespread winter cooling over midlatitudes has generated
much research interest because of the rapid warming in the
Arctic and its direct effect on Eurasian snow cover in the
past decades (Budikova, 2009; Francis and Vavrus, 2012;
Liu et al., 2012; Li and Wang, 2013; Gao et al., 2015).
Huang and Gao (2012) illustrated the dominant pattern
of the East Asian SAT and their significant relationship
with sea ice. Barnes (2013) and Sceen et al. (2013) found

a relationship of Arctic sea ice losses with the SAT over
the Eurasian landmass. Sun et al. (2016) demonstrated a
significant relationship between sea ice over the Arctic and
the SAT over East Asia in the winter at interannual time
scales. Focusing on the winter SAT over China at inter-
annual time scales, what about the detailed contribution
of the aforementioned factors on the dominant patterns of
SAT variability over China? To address this question, we
may shed light on the operational seasonal climate predic-
tion of the winter SAT.

The purpose of this study was to investigate the interan-
nual variability of winter (December–January–February)
SAT over China in detail, with a focus on 2-year cycle vari-
ability, as this seems to be very important to interannual
variability. What about the contribution of the 2-year cycle
variability to interannual variability or to the total varia-
tions? Are the principal modes of winter SAT over China
part of the SAT variability at a continental scale or not?
What about the associated atmospheric circulation under
these principal modes? Furthermore, what are the origins
of these principal modes? We try to address these ques-
tions in this study. The data sets and methods are described
in Section 2. In Section 3, we analysed the contribution of
the 2-year cycle variability to the total variability, thereby
evaluating the principle modes of 2-year cycle variability
over China and their relationship to the SAT over other
regions. The atmospheric circulation associated with these
principal modes is depicted in Section 4, and the plausible
causes of these principal modes are discussed in Section 5.
A summary of the results is presented in Section 6.

2. Data and methods

The present analysis is based on observational monthly
mean SAT data recorded at 386 meteorological stations
in China from 1961 to 2014 that were provided by the
Chinese Meteorological Administration. The atmospheric
data derived from the National Centers for Environmen-
tal Prediction-National Center for Atmospheric Research
(NCEP-NCAR) reanalysis are also used (Kalnay et al.,
1996). Furthermore, the improved extended reconstructed
SST version 4 (Smith and Reynolds, 2004), the Hadley
Center sea ice concentration data set (Rayner et al., 2003),
the satellite-based snow cover fraction data set provided by
the Rutgers Global Snow Lab for 1966–2009 (Robinson
et al., 1993; Ramsay, 1998), the East Asian summer mon-
soon index (Li and Zeng, 2002, 2003, 2005; http://ljp.gcess
.cn/dct/page/65577) and the QBO index (http://www.esrl
.noaa.gov/psd/data/correlation/qbo.data) are used to inves-
tigate the plausible impacts on interannual SAT variability
over China. The study period is 1961–2014, unless spe-
cial denotation is provided. In this study, the year-to-year
SAT is described by the difference of the SAT value in the
following year from that in the present year (Wang et al.,
2010b).

The ensemble empirical mode decomposition (EEMD)
method is used to extract the signals of SAT variations at
various time scales for this study (Wu et al., 2011). The
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Figure 1. Spatial distribution of variances explained by (a) IMF1, (b) IMF2, (c) IMF3+4 and (d) secular trend derived from EEMD decompositions
of winter SAT over China. [Colour figure can be viewed at wileyonlinelibrary.com].

EEMD is a self-adaptive analysis method that decomposes
a time series into several oscillatory components on vari-
ous time scales and a nonlinear secular trend. Specifically,
an ensemble size of 1000 and a white noise with ampli-
tude of 0.2 times the standard deviation of the annual SAT
series are used to conduct the EEMD. The observed SAT
time series (1961–2014) is decomposed into four intrinsic
mode functions (IMFs) and a residual secular trend. The
cycles of IMF1 and IMF2 are less than 10 years, indicating
interannual variability. IMF3 and IMF4 represent decadal
to multi-decadal variations. The principal component anal-
ysis is used to examine the leading patterns of SAT at
interannual time scales. Furthermore, the correlation and
linear regression analyses are performed to investigate the
relationship between the SAT and the atmospheric circu-
lation and other factors, assessed using the Student’s t-test
or F-test.

3. The year-to-year SAT variability

To investigate the contribution of interannual variability
on the total variations of winter SAT over China, we
first used the EEMD to extract signals of the SAT varia-
tions at various time scales. Figure 1 shows the explained

variance of each of the IMFs derived from the EEMD
decomposition. The cycle of IMF1 is generally less than
3 years, suggesting 2-year cycle SAT variability. The vari-
ance of IMF1 is more than 30% over most parts of
China and 40% over large parts of China. In particu-
lar, the variance is greater than 50% over northeastern
China and parts of northwestern and southeastern China
(Figure 1(a)). In comparison with the less than 30% vari-
ance in the 3–10-year interannual cycle variability and
less than 20% variance in the decadal to multi-decadal
variation over most parts of China (Figures 1(b) and (c)),
the 2-year cycle variability is much more intensive. Fur-
thermore, except some parts over the Tibetan Plateau and
northern China, the variance in IMF1 is also much larger
than that of the secular trend (Figure 1(d)). In short, for
the SAT over China in winter, the 2-year cycle variability
is the most intensive among the variations at various time
scales. Based on the aforementioned knowledge, we focus
on the 2-year cycle variability of winter SAT over China in
the following sections.

Figure 2(a) shows the correlation coefficients between
EEMD IMF1 and the year-to-year SAT over China in win-
ter. The coefficients over the whole China are larger than
0.7 for 1961–2014, which exceed the 99.9% confidence
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Figure 2. Spatial distribution of the (a) correlation coefficients between IMF1 and year-to-year SAT, and the PC1 mode in terms of (b) IMF1 derived
from EEMD decompositions of winter SAT and (d) year-to-year SAT; (c) and (e) are the same as (b) and (d) but for the PC2 modes (unit: K). [Colour

figure can be viewed at wileyonlinelibrary.com].

level (R= 0.44). Thus, the year-to-year SAT can reflect
the exact 2-year cycle variability of the SAT decomposed
by the EEMD IMF1. Figures 2(d) and (e) illustrate the
first (PC1) and second PCs (PC2) of year-to-year SAT.
For the PC1, the year-to-year SAT exhibits a homoge-
neous variability over most parts of China, except in small
areas over the southeastern Tibetan Plateau, with the centre
located in eastern China. The PC2 exhibits a south–north

dipole, with variability over northern China and the central
part of eastern China, opposite from that in southeastern
China and on the Tibetan Plateau. Approximately 40%
of the variance is explained by the homogeneous vari-
ability pattern, and 20% is explained by the south–north
dipole pattern. The two leading patterns of IMF1 are
quite similar to those of year-to-year SAT (Figures 2(b)
and (c)), which further verifies the representativeness of
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can be viewed at wileyonlinelibrary.com].

the year-to-year SAT of the 2-year cycle variability decom-
posed by the IMF1.

The PC1s of both year-to-year SAT and IMF1 exhibit
similar time evolution, with more intensive fluctuation
before 1990 than afterwards, suggesting the intensive vari-
ability of the homogeneous variability pattern before 1990.
Because the centre of the pattern is located in eastern
China (south of 40∘N, east of 105∘E), the time series
of the averaged year-to-year SAT over eastern China is
also explored in (Figure 3(a)). The correlation coefficient
between the PC1 of the year-to-year SAT and the averaged
year-to-year SAT over eastern China is 0.97, represent-
ing PC1 on behalf of the year-to-year SAT over eastern
China. Generally, the PC2 of year-to-year SAT exhibits
a weaker fluctuation in comparison with the PC1s before
2005 (Figure 3(b)). That is, the homogeneous variability
pattern is more intensive than the south–north dipole pat-
tern before 2005. After 2005, the south–north dipole pat-
tern becomes evident and abrupt, and its variability is more
robust than that of the homogeneous variability pattern.
The PC2 of IMF1 exhibits similar variability to that of
year-to-year SAT. Similarly, because the centres of PC2
are located in southern China, over the Tibetan Plateau and

northern China, we calculate the difference in year-to-year
SAT averaged over southern China (south of 26∘N) and
the Tibetan Plateau (south of 40∘N, west of 105∘E) minus
the year-to-year SAT averaged over northern China (north
of 40∘N). As expected, the difference indicates a quite
similar variability with the PC2 of the year-to-year SAT
(R= 0.92), justifying the PC2 on behalf of the year-to-year
SAT over northern China opposite to that over southern
China and the Tibetan Plateau.

Figure 4 illustrates the spatial distribution of the cor-
relation coefficients between the PC1 and PC2 of the
year-to-year SAT over China and the year-to-year SAT
over the global land surface in winter. Except for the sig-
nificant positive relationship with year-to-year SAT over
most of China, there is no significant relationship between
PC1 and year-to-year SAT over other regions at a conti-
nent scale. In contrast, PC2 exhibits a significantly neg-
ative relationship with the year-to-year SAT over large
parts of the Eurasian landmass, beside a significant pos-
itive relationship with the year-to-year SAT over southern
China and the Tibetan Plateau and a significant nega-
tive relationship with the year-to-year SAT over northern
China. It seems that this homogeneous variability pattern
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Figure 4. (a) Spatial distribution of the correlation coefficients between the PC1 of year-to-year winter SAT over China and the global year-to-year
winter SAT; (b) the same as (a) but for PC2. Shadings denote the correlations exceeding the 95% confidence level. [Colour figure can be viewed at

wileyonlinelibrary.com].

is independent of the year-to-year SAT over other regions,
whereas the south–north pattern is part of the Eurasian
year-to-year SAT at a continental scale.

4. Associated atmospheric circulation

Figures 5(a) and (b) demonstrate the regression of the win-
ter surface level pressure (SLP) and horizontal winds at
850 hPa on PC1 and PC2. PC1 exhibits a significant posi-
tive relationship with the anomalous anticyclone over the
northern Pacific, whereas PC2 exhibits a significant rela-
tionship with the anomalous negative NAO. We further
investigate the relationship between year-to-year SLP and
horizontal winds at 850 hPa and PC1 and PC2. It seems
that the relationship of PC1 to the atmospheric circulation
west of 180∘E is significant, whereas PC2 exhibits a sig-
nificant relationship to the atmospheric circulation east of
180∘E (Figures 5(c) and (d)). Over the mid- to high lati-
tudes, PC1 is associated with a significantly strengthened
AO, which exists only over the Pacific portion, with the
Arctic vortex centring southwards to northern Eurasia. In
comparison, PC2 is accompanied by a significantly weak-
ened NAO and a north–south dipole over the northern

Pacific. In tropical and subtropical zones, PC1 exhibits a
significant positive relationship with SLP over the Indian
Ocean and western Pacific, whereas PC2 exhibited a sig-
nificant negative relationship with SLP over the central and
eastern Pacific. In China, PC1 is associated with significant
positive SLP anomalies over western China, but negative
SLP anomalies over eastern China. PC2 is accompanied
by significant positive SLP anomalies over northern China,
whereas negative SLP anomalies over southern China and
the Tibetan Plateau. Except for the significant southerly
flow over southern China, there is no obvious low-level
meridional wind anomaly associated with PC1 or PC2 over
China.

In the mid- to high-level troposphere, PC1 corresponds
to an anomalous anticyclone over the midlatitude zone
from Eurasia eastwards to the Pacific and an anomalous
cyclone over northern Eurasia and the polar zone, with the
positive anomalies centred in the northern Pacific and neg-
ative anomalies centred over eastern Siberia (Figures 6(a)
and (c)). It seems that positive AO anomalies only exist
over the eastern part and a positive centre exists over the
Pacific. These positive Pacific-AO anomalies correspond
to an anomalous strengthened westerly from Siberia to
the northern Pacific, which blocks the cold flows from
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Figure 5. SLP (shaded, Pa) and horizontal winds (vector, m s−1) at 850 hPa in winter regressed on (a) the PC1 and (b) PC2 of year-to-year winter
SAT over China; (c) and (d) are same as (a) and (b) but for the year-to-year sea level pressure and horizontal winds at 850 hPa in winter. The dots
denote the sea level pressure anomalies exceeding the 95% confidence level, and horizontal wind anomalies exceeding the 95% confidence level are

drawn. [Colour figure can be viewed at wileyonlinelibrary.com].

the polar area southwards to China. Consequently, the
abnormal warm easterly flow from the Pacific dominates
China (Figures 6(a) and (c)). That is, positive Pacific-AO
anomalies with a southwards Arctic vortex centre and
a strengthened and southwards west jet stream are sig-
nificantly related to the homogeneous warmth pattern
over China. The mid- to high-level tropospheric atmo-
spheric circulation anomalies associated with PC2 are
much more intensive than those associated with the PC1
(Figures 6(b) and (d)). Accompanied by the south–north
dipole, the atmospheric circulation exhibits significantly
negative AO anomalies over the mid- to high latitudes, with
two negative centres over Siberia and the northern Atlantic.
The cold airflow derived from the weakened polar vor-
tex intrudes southwards, converging with the anomalous
westerly flow due to the anomalous cyclones over Siberia,
corresponding to the anomalous northwesterly flow over

northern China. An anomalous anticyclonic circulation
occurs around southern China in the mid-level tropo-
sphere, suggesting the dominance of anomalous southeast-
erly movement over southern China. Focusing on China,
a weakened SLP with a strengthened geopotential height
in the mid- to high-level troposphere occurring over east-
ern China is associated with PC1. That is, an anomalous
descending movement over eastern China is associated
with the homogeneous warm pattern. For the south–north
dipole pattern, the SLP strengthened, whereas the geopo-
tential height in the mid- to high-level troposphere weak-
ened over northern China, indicating anomalous ascent
dominating the vertical circulation over northern China.
The weakened SLP and strengthened geopotential height
in the mid- to high-level troposphere over southern China
are suggestive of descending movement over southern
China.
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Figure 6. Year-to-year geopotential height (shaded, gpm) and horizontal winds (vector, m s−1) at 500 hPa in winter regressed on (a) the PC1 and (b)
PC2 of year-to-year winter SAT over China; (c) and (d) are the same as (a) and (b) but for 200 hPa. The dots denote the sea level pressure anomalies
exceeding the 95% confidence level, and the horizontal wind anomalies exceeding the 95% confidence level are drawn. [Colour figure can be viewed

at wileyonlinelibrary.com].

It is likely that PC1 is a response to the anomalies at a
regional scale, whereas PC2 is a response to the anoma-
lies at a hemispheric scale. The homogeneous variabil-
ity pattern is only significantly related to the Pacific-AO,
whereas the south–north dipole pattern is significantly
related to the AO. The variance in PC1 is twofold larger
than that of PC2, suggesting the more important impacts
of the Pacific-AO compared to the impacts of the AO
on the SAT over China. Furthermore, the magnitude of
the anomalous geopotential height associated with PC2
is much larger in comparison with PC1, with an abso-
lute value larger than 40 gpm over the positive and neg-
ative centres, which is generally more than twice that of
the anomalies associated with PC1. Even for SLP, the
anomalies associated with PC1 are also generally weaker
than those associated with PC2 (Figure 5). In other words,

a moderate Pacific-AO anomaly may be enough for the
occurrence of a homogeneous variability pattern, whereas
an intensive AO anomaly is essential to the occurrence of
the south–north dipole pattern.

5. Plausible causes

5.1. Sea surface temperature

Figures 7(a) and (b) illustrate the regression of
year-to-year SST on PC1 and PC2 in the previ-
ous winter (December–January–February), spring
(March–April–May), summer (June–July–August)
and autumn (September–October–November) and in the
current winter and spring. For both PC1 and PC2, there
are no significant relationships to the SST over the tropical
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[Colour figure can be viewed at wileyonlinelibrary.com].
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Pacific in the previous winter and spring, suggesting that
the leading two patterns are not related to the previous El
Niño. In the previous summer, the PC1 is associated with
significantly positive SST anomalies that occurred over
the southeastern subtropical Pacific, which become more
significant in the previous autumn. Furthermore, there is a
positive Indian Ocean dipole anomaly associated with the
PC1 in the previous autumn. The positive SST anomalies
over the subtropical southern Pacific and the positive
Indian Ocean dipole anomaly in the previous autumn
influence the development of El Niño in the current
winter and the following spring through an anomalous
westerly wind and the modulation of the strength of the
walk circulation in the autumn, respectively (Izumo et al.,
2010; Min et al., 2015); this may have contributed to
the significant relationship between El Niño and PC1
in the current winter and following spring. Overall, the
anomalous significant SST over the southeastern subtropi-
cal Pacific and Indian Ocean dipole in the previous autumn
play a key role in the homogeneous variability pattern
by inducing the development of El Niño. PC2 exhibits a
significant relationship with the SST over the Atlantic and
Arctic Oceans in the previous winter, spring and summer.
However, the significant relationship of PC2 with the
Atlantic SST disappeared, whereas a significant positive
SST anomaly over the central tropical and subtropical
Pacific occurs in the previous autumn, resembling a type
of central Pacific El Niño. The central Pacific type of El
Niño becomes weak in the current winter and disappears
in the following spring. At the same time, the relationship
of PC2 to the Atlantic SST becomes significant in the
current winter and more obvious in the following spring.
It seems that the change in the relationship of PC2 to
the Atlantic SST is due to the seasonal oscillation of the
Atlantic SST or due to a response to certain forcing. The
central Pacific-type El Niño in the previous autumn may
be the key factor of the south–north dipole pattern.

Because of the significant impact of the autumn SST
over the three key regions, we further investigate two
regions, including the subtropical southeastern Pacific
(25∘–10∘S, 100∘–75∘W) and the Indian Ocean dipole
(50∘–30∘S, 70∘–90∘E minus 25∘–5∘S, 80∘–100∘E),
for PC1 and the tropical central Pacific (15∘S–15∘N,
170∘E–150∘W) for PC2, and their relationship to the
year-to-year SAT over China in winter (Figure 8). As
expected, the Indian Ocean dipole anomaly is generally
associated with the homogeneous variability pattern,
except for small parts over northeastern and northwest-
ern China (Figure 8(a)). The regression of year-to-year
SAT is significant over most parts of eastern China,
where the variability is most intensive in the homoge-
neous variability pattern. In comparison, although the
subtropical southern Pacific SST anomaly corresponds
to the anomalous positive year-to-year SAT over east-
ern China, significant regression of year-to-year SAT is
mainly located in the area between 100∘ and 105∘E and
southeastern China (Figure 8(b)). Furthermore, there are
obvious negative anomalies over parts of northeastern
and northwestern China. Clearly, compared to the SST
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Figure 8. Year-to-year winter SAT over China (K K−1) regressed on (a)
year-to-year Indian Ocean dipole SST (50∘–30∘S, 70∘ –90∘E minus
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the tropical central Pacific (15∘S–15∘N, 170∘E–150∘W) in previous
autumn. The lines denote regression exceeding the 95% confidence level.

[Colour figure can be viewed at wileyonlinelibrary.com].

over the subtropical southern Pacific, the Indian Ocean
dipole plays a more important role in the homogeneous
variability pattern. In fact, an Indian Ocean dipole in
a previous autumn can trigger a Pacific-AO circulation
anomaly in the winter at 500 hPa, which is more similar
to the Pacific-AO circulation than that associated with
PC1 (figure not shown). Figure 8(c) shows the regression
of year-to-year SAT on year-to-year SST over the trop-
ical central Pacific. Although the SST over the tropical
central Pacific is associated with a south–north dipole
pattern, the regression of year-to-year SAT over most
parts of China does not exceed the 95% confidence level,
except in southeastern China. The central-type El Niño
may only play a significant role on the year-to-year SAT
over southeastern China. Overall, in comparison with the
homogeneous variability pattern, the impact of SST on
the south–north dipole pattern is much weaker. Namely,
other factors, such as snow cover and sea ice which have
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been reported by previous studies (Wang et al., 2010a;
Wang et al., 2010b; Sun et al., 2016), may play a more
important role in the south–north dipole pattern.

5.2. Sea ice and snow cover

Figure 9 shows the regression of year-to-year sea ice con-
centration in the previous September on PC1 and PC2.
Generally, PC1 does not exhibit a significant relationship
with sea ice concentration at a regional scale (Figure 9(a)).
In comparison, the sea ice concentration over large parts
of north of 65∘N Arctic, especially over the Sea of
Okhotsk, exhibits a significant negative relation to PC2
(Figure 9(b)). The reduced sea ice over the Arctic pro-
vides favourable conditions for the intrusion of cold air to
northern East Asia by reducing the meridional thickness
gradient between the middle and high latitudes (Sun et al.,
2016). Figure 9(d) demonstrates the significant positive
relationship between the PC2 and the year-to-year snow
cover fraction over large parts of Eurasia in the previous
November, which justifies previous studies where the loss
of sea ice anomaly generally corresponds to anomalous
extensive snow cover over Eurasia and then a cold Eurasian

continent (Honda et al., 2009; Mori et al., 2014). In com-
parison, PC1 is significantly negatively related to the snow
cover fraction around China in the previous November
(Figure 9(c)). The homogeneous warmth over China may
be a consequence of less snow cover around China in the
previous November, not remotely related to the snow cover
or sea ice anomalies over high latitudes.

Figure 10(a) illustrates the regression of the year-to-year
SAT over China on the year-to-year snow cover fraction
around China (40∘–50∘N, 80∘–140∘E) in November. The
homogeneous negative anomalies, except parts of north-
western China and the Tibetan Plateau, are associated with
the snow cover fraction around China, with the anomaly
exceeding the 95% confidence level over most of eastern
China. This indicates less snow cover around China in
November and more warmth throughout China in the
winter. As Sun et al. (2016) have reported the impact of
Barents–Laptev sea ice concentration on the SAT over
East Asia in the winter, we focus here on the impact of
sea ice concentration over the Okhotsk Sea (45∘–60∘N,
140∘–150∘E). The Okhotsk sea ice concentration in
September exhibits a significant positive relationship

Sep. year-to-year sea ice & Nov. year-to-year snow cover reg. PC1 & 2

Sea ice reg. PC1(a) (b)

(c) (d)Snow cover reg. PC1
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Sea ice reg. PC2

Figure 9. Year-to-year sea ice concentration in the previous September (unit: %) regressed on (a) the PC1 and (b) PC2 of year-to-year winter SAT
over China; (c) and (d) are the same as (a) and (b) but for the year-to-year snow cover fraction (unit: %) in the previous November during 1966–2009.

The dots denote regressions exceeding the 95% confidence level. [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 10. Year-to-year winter SAT over China regressed on (a) year-to-year snow cover fraction around China and (c) western Siberia in the previous
November during 1966–2009, (b) sea ice concentration around the Sea of Okhotsk (25∘–10∘S, 100∘–75∘W) in the previous September (unit: K %−1)
and (d) stratospheric QBO in the previous autumn (unit: K s m−1). The lines denote regressions exceeding the 95% confidence level. [Colour figure

can be viewed at wileyonlinelibrary.com].

to the year-to-year SAT over northeastern China and a
significant negative relationship to the year-to-year SAT
over southeastern China (Figure 10(b)). The snow cover
fraction over western Siberia (50∘–60∘N, 60∘–80∘E) in
November indicates a significant negative relationship to
the year-to-year SAT over northeastern and northwestern
China and over central eastern China and a significant
relationship to the year-to-year SAT over the Tibetan
Plateau (Figure 10(d)). Furthermore, both the regression
of year-to-year SAT on Okhotsk sea ice concentration and
on the snow cover fraction over western Siberia exhibits
a south–north dipole anomaly, which is similar to the
south–north dipole pattern disclosed by the PC2 mode.

The Indian Ocean dipole in the previous autumn and the
snow cover fraction around China in November are the two
key factors of the homogeneous variability pattern. That is,
the positive Indian Ocean dipole in the previous autumn
and less snow cover fraction throughout China in Novem-
ber are associated with a warm winter over China. Because
the homogeneous variability pattern explains more than
40% of the variance, these two factors are clearly impor-
tant for in climate prediction. In comparison, the factors on
the south–north dipole pattern are relatively complicated.
The pattern is part of the year-to-year SAT at a continen-
tal scale, and thus this pattern is likely the consequence of

the joint effect of a central-type El Niño and the sea ice
and snow cover, with the central-type El Niño contribut-
ing to the year-to-year SAT anomalies over southeastern
China, and the sea ice and snow cover over Siberia con-
tributing to the year-to-year SAT anomalies over northern
China and the Tibetan Plateau. Namely, less sea ice over
high latitudes and of Okhotsk Sea in September, and more
snow cover over western Siberia and central-type El Niño
anomalies in autumn correspond to cold winter over north-
ern China and central eastern China and warm winter over
southeastern China and on the Tibetan Plateau.

5.3. Other factors

Previous studies have also suggested an impact of strato-
spheric QBO on the SAT variability over China (Li
and Long, 1992). Figure 10(d) illustrates the regression
of year-to-year SAT over China on the year-to-year
stratospheric QBO in the previous autumn. The
year-to-year SAT anomalies over China are similar to the
south–north dipole pattern, with a correlation coefficient
between QBO and PC2 exceeding the 99% confidence
level. A positive QBO anomaly is associated with a sig-
nificant warmth anomaly over northeastern China and a
significant cold anomaly over southeastern China and the
Tibetan Plateau in winter. Douville et al. (2017) reported
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that the QBO is partly responsible for the relationship
between Siberian snow cover and the SAT over Eurasian
landmasses in winter. Furthermore, Li et al. (2011) found
that a strong (weak) East Asian summer monsoon is
generally associated with a weak (strong) EAWM; we
also investigate the relationship of the East Asian summer
monsoon to the year-to-year SAT over China in winter.
Although the East Asian summer monsoon exhibits a
significant relationship with the year-to-year SAT over
southeastern China (figure not shown), it does did not
show a significant relation to the PC1 or PC2.

6. Summary and conclusion

Previous studies have investigated the leading patterns
of SAT during the East Asian winter and the possible
causes of variability at interannual and decadal time scales
(Wang et al., 2010a; Wang et al., 2010b; Sun et al.,
2016). This study focused on the two leading patterns of
year-to-year SAT over China in winter and the plausible
causes, because the year-to-year variability contributes
to the most variance at various time scales. Furthermore,
because the prediction of winter SAT over China is one
of the most important elements for climate prediction
at the Chinese Meteorological Administration, we need
to investigate the leading patterns of SAT over China in
detail.

The two leading patterns of year-to-year SAT over China
in winter explain over 60% of the variance. The first pat-
tern shows homogeneous variability across China, with the
centre located south of 40∘N in eastern China. This pat-
tern does not show a significant relationship with the SAT
over most parts of the global landmass, even for the SAT
during the EAWM domain beside China. The second pat-
tern exhibits a south–north dipole, with the variability over
northern China that was opposite to that over southeastern
China and the Tibetan Plateau. In contrast to the homo-
geneous variability pattern, the south–north dipole pattern
is significantly related to the SAT over large parts north
of 50∘N on the Eurasian landmass. Namely, the homoge-
neous variability pattern is independent of the SAT over
other regions, whereas the south–north dipole pattern is
part of the global SAT variability. It is important to note
that the first pattern explains more than 40% of the vari-
ance, and we need to investigate the pattern of SAT over
China alone and not only treat it as one part of the SAT in
the EAWM domain.

The most evident atmospheric circulation anomaly asso-
ciated with the homogeneous variability pattern is located
in the northern Pacific. When the homogeneous variabil-
ity pattern is in a positive phase, the SLP exhibits an
anomalous significant anti-cyclone around the northern
Pacific and an anomalous cyclone around eastern Siberia,
resembling a type of positive Pacific-AO. This positive
Pacific-AO also exists in the mid- to top-level troposphere,
with an anomalous anti-cyclone occurring around the
northern Pacific and extending westwards to midlatitude
Eurasia. The westerly jet stream is strengthened and moves

northwards, and the anomalous easterly air flow from
the warm ocean dominates China. Consequently, the SAT
exhibits a significant warmth anomaly throughout China.
The circulation anomaly associated with the south–north
dipole pattern is quite different from that with the homo-
geneous variability pattern. The south-warm/north-cold
pattern is related to a significant negative NAO in the
low-level troposphere and a significant negative AO in
the mid- to top-level troposphere. The anomalous north-
westerly airflow may contribute to the cold over northern
China. In comparison, the atmospheric circulation anoma-
lies associated with the homogeneous variability pattern
are much weaker than those with the south–north dipole
pattern, suggesting that a moderate circulation anomaly
can trigger a homogeneous variability pattern, whereas a
sufficient intensive circulation anomaly can correspond to
a south–north dipole pattern. This phenomenon may be
the consequence of that the south–north dipole pattern is
part of the continental SAT anomalies, whereas the SAT
anomaly disclosed by a homogeneous variability pattern
only occurs over China. Furthermore, the phenomenon
may also be the reason that the homogeneous variabil-
ity pattern explains more than twice the variance of the
south–north dipole pattern.

The Indian Ocean dipole and the snow cover around
China are two key causes of the homogeneous variability
pattern. The positive (negative) Indian Ocean dipole in
the previous autumn and less (more) snow cover around
China in November accompanies warmth (cold) in China
during the winter. In comparison, the causes of the
south–north dipole pattern are much more complicated.
Although the SST over the tropical central Pacific and
stratospheric QBO in the previous autumn, Okhotsk sea
ice in September and the snow cover over western Siberia
in November are significantly related to the south–north
dipole pattern, the impacts of these factors are quite differ-
ent. The SST over the tropical central Pacific, representing
a central-type El Niño, only exhibits significant influence
on the SAT over southeastern China. The positive strato-
spheric QBO and Okhotsk sea ice anomalies correspond
to significant anomalous warmth in northern China and
cold in southeastern China. More snow cover over western
Siberia is associated with anomalous cold in northern
China and in the central part of eastern China along with
anomalous warmth on the Tibetan Plateau. Therefore, the
south–north dipole pattern is the consequence of joint
effects of the above factors. Based on the above, it is clear
that the impact of the tropical Pacific SST on the SAT
over China in the winter is not as great as we expected,
and further study of the SST over the Indian Ocean is
required.
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