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Abstract Cold temperature anomalies and extremes have
profound effects on the society, the economy, and the
environment of northeastern China (NEC). In this study,
we define the cold season as the months from October
to April, and investigate the variability of cold season
surface air temperature (CSAT) over NEC and its rela-
tionships with large-scale atmospheric circulation pat-
terns for the period 1981–2014. The empirical orthogo-
nal function (EOF) analysis shows that the first EOF
mode of the CSAT over NEC is characterized by a
homogeneous structure that describes 92.2% of the total
variance. The regionally averaged CSAT over NEC is
closely linked with the Arctic Oscillation (r = 0.62,
99% confidence level) and also has a statistically sig-
nificant relation with the Polar/Eurasian pattern in the
cold season. The positive phases of the Arctic
Oscillation and the Polar/Eurasian pattern tend to result
in a positive geopotential height anomaly over NEC and
a weakened East Asian winter monsoon, which subse-
quently increase the CSAT over NEC by enhancing the
downward solar radiation, strengthening the subsidence
warming and warm air advection. Conversely, the neg-
ative phases of these two climate indices result in op-
posite regional atmospheric circulation anomalies and
decrease the CSAT over NEC.

1 Introduction

Northeastern China (NEC), located in the east of Eurasia, is
featured with the coldest climate in China. The regional mean
surface air temperature (SAT) in the boreal winter can be as
low as −15 °C. Below-normal temperature anomalies and ex-
treme cold events over NEC cause large losses to both the
economy and the society. For example, in December 2009,
frequent severe snow storms resulted in direct economic
losses of up to 7 billion yuan (Wang and Chen 2010). An
exceptionally heavy snowfall that occurred in NEC in April
2010 causes severe travel difficulties and increases traffic ac-
cidents. On the other hand, the cold climate also benefits NEC
with events such as the Harbin International Ice Festival and
the winter fishing festival in Chagan Lake, Jilin Province,
which provide opportunities for the tourism sector.

The variability in the wintertime SAT over NEC is strongly
influenced by the East Asian winter monsoon (EAWM) and
shows substantial inter-annual and inter-decadal variabilities
(Kang et al. 2006, 2009; Huang et al. 2012; Alessio et al.
2014; Ding et al. 2014; Hu et al. 2015). When the EAWM is
active and strong, the Siberian high (SH) often extends east-
ward, leading to frequent outbreaks of cold air, i.e., cold waves
(Ding and Krishnamurti 1987). As a result, the temperature
drops sharply and severeweather is observed in NEC (Zhang
et al. 1997; Li and Yang 2010; Wang and Chen 2010; Wang
et al. 2011). Large-scale atmospheric circulation patterns can
influence the EAWM and winter SATover NEC (Wang and Lu
2017). For example, the positive (negative) phase of the
Northern Hemisphere Annular Mode/Arctic Oscillation (AO)
can weaken (strengthen) the EAWM and lead to warm (cold)
winter over NEC (Gong et al. 2001; Wu and Wang 2002; Li
and Wang 2003a; Chen et al. 2005; Hu and Liu 2005). The
North Atlantic Oscillation (NAO) (Wu and Huang 1999; Gong
2000; Li and Wang 2003b; Hong et al. 2008), the Southern
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Annular Mode (Wu et al. 2009), and the event of the strato-
spheric processes (Chen et al. 2013a; Lan and Chen 2013; Lu
and Ding 2015) can also affect the winter SAT in NEC.

A year is traditionally divided into four seasons. Winter is
usually defined as December through to February in many
studies. However, this conventional definition may not be suit-
able for the NEC climate studies because the cold period in this
region is much longer than 3 months. Previous studies about
the division of four seasons over China show that the start dates
of four seasons over NEC is about in April, June, late August,
and October, respectively (Zhang 1934; Zhang and Lin 1985;
Yu et al. 2010). This implies that the transitional season is very
short, while the winter can persist up to around 7 months over
NEC. In this study, we revisit the definition of winter in NEC
and take the cold season as the months from October to April.
Based on this definition, we investigate the variability of the
cold season SAT (CSAT) over NEC and its relationships with
large-scale atmospheric circulation patterns.

Section 2 introduces the datasets and methods used.
Section 3 justifies the new definition of the cold season for
NEC, and Sect. 4 investigates the first two empirical orthogonal
function (EOF) modes of the variability of the CSATover NEC.
The relationships between the CSAT in NEC and the large-scale
atmospheric circulation patterns over the Northern Hemisphere
are examined in Sect. 5. Section 6 explains the linkage between
the cold season large-scale climate indices and the CSAT over
NEC, and main conclusions are drawn in Sect. 7.

2 Data and methods

We use the daily mean SAT data from the European Centre for
Medium-Range Weather Forecasts Interim Reanalysis (ERA-
Interim) dataset (Dee et al. 2011) and the gridded SAT dataset
from the Climatic Research Unit Version 4.00 (CRU TS4.00)
dataset. The latter is based on monthly observations at

meteorological stations across the world’s land areas for the pe-
riod 1901–2014, with a spatial resolution of 0.5 × 0.5° (Harris
et al. 2014). Table 1 lists the names and sources of large-scale
climate indices used in this study, which include the AO, the
NAO, the NINO3.4, the Polar/Eurasia pattern (POL), Pacific
Decadal Oscillation (PDO), Pacific/North American (PNA),
and Atlantic Multidecadal Oscillation (AMO) indices. To exam-
ine the possible physical reasons for CSAT variability over NEC
and large-scale atmospheric circulation patterns over the
Northern Hemisphere, we use the monthly mean ERA-Interim
data for atmospheric circulation patterns’ variables, including
sea-level pressure (SLP), geopotential height, and the wind vec-
tor on a 0.5° × 0.5° grid. The shortwave and longwave radiations
and sensible and latent heat fluxes are from the National Centers
for Environment Prediction-US Department of Energy (NCEP-
DOE) AMIP-II reanalysis (Kanamitsu et al. 2002) that spans
from 1979 to the present.

The period considered in this study is 1981–2014. To re-
veal the dominant patterns of the CSAT variability, the EOF
analysis (von Storch and Zwiers 1999) is used to extract the
leading modes. The EOF analysis, without a fixed function
form and fast speed of convergence, is commonly used to
examine the spatiotemporal characteristics of climate vari-
ables. The EOF technique splits the temporal variance of cli-
mate variables into several orthogonal spatial patterns called
empirical eigenvectors to explain the variation in variance of
climate variables as far as possible through a linear combina-
tion of climate variables.

When the pentad is concerned, we use the traditional
Chinese definition of pentad, which has 72 pentads through-
out the year. In this definition, each month is divided into six
pentads and the first five pentads are 5 days. The last pentad is
defined as from the 26th day to the last day of the month.
Therefore, in the months that have 31 (30) days, the last pen-
tad has 6 (5) days. In February of the leap (non-leap) years, the
last pentad has 4 (3) days.

Table 1 Climate indices used in
this study, time period, and their
source

Name Explanation Period Data source

AO Arctic Oscillation 1950–2015 http://www.cpc.ncep.noaa.
gov/products/precip/CWlink/daily_ao_index/ao.
shtml

NAO North Atlantic
Oscillation

1950–2015 http://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml

NINO3.4 NINO index 1948–2015 http://www.esrl.noaa.gov/psd/data/correlation/nina34.
data

POL Polar/Eurasia 1950–2015 http://www.cpc.ncep.noaa.gov/data/teledoc/poleur.shtml

PDO Pacific Decadal
Oscillation

1948–2015 http://research.jisao.ishington.edu/pdo/PDO.latest

PNA Pacific North
American

1950–2015 http://www.cpc.ncep.noaa.gov/data/teledoc/pna.shtml

AMO Atlantic Multidecadal
Oscillation

1948–2015 http://www.esrl.noaa.gov/psd/data/correlation/amon.us.
data
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The relationships between the CSAT variability over NEC
and the large-scale atmospheric circulation patterns are exam-
ined by correlation and regression analyses. Two-sided
Student’s t test is used to judge the confidence levels of the
correlation and regression.

3 Definition of the cold season in northeastern China

In operational practices, the China Meteorological
Administration defines the beginning of winter when the pen-
tad averaged SAT is lower than 10 °C. According to this stan-
dard, the winter season of NEC is much longer than 3 months
(Zhang 1934; Zhang and Lin 1985; Yu et al. 2010). Figure 1
shows that the pentad average SAT values averaged over
1981–2014 are all lower than 10 °C from October through
to April. We also calculate the 1981–2014 monthly mean
SAT values for NEC and find that they are all lower than
5 °C from October through to April (Fig. 2). These results
suggest that the cold season can be defined as October through
April in NEC.

To further justify the suitability of this definition, we com-
pare the 850 hPa wind field in each month with that in winter
and summer. Strong northwesterly winds are observed over
NEC in winter (Fig. 3a), and weaker southwesterly winds are
observed in summer (Fig. 3b). When eachmonth is examined,

it reveals that the wind fields in March, April, October, and
November quite resemble that in winter (Fig. 3c–h). We fur-
ther calculate the spatial correlation between the winter mean
wind fields with the monthly wind field. Here the spatial

Fig. 1 Pentad average
temperature over NEC from
pentad 1 to pentad 72 during
1981–2014 (unit: °C). a–l
January–December; blue: below
10 °C; red: more than 10 °C

Fig. 2 The time series of the monthly mean area-averaged surface air
temperature in NEC from January to December for 1981–2014 (unit: °C;
the blue dashed line indicated 10 °C)
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correlation coefficient is calculated with the combination of
zonal and meridional wind components over the region ex-
tending from 38° to 60° N and from 100° to 140° E. It reveals
that the correlation coefficients from October to April all ex-
ceed 0.6, significant at the 99.9% confidence level (Fig. 4). In
May and September, the correlation coefficients are also sig-
nificantly at the 99% confidence level (Fig. 4), probably be-
cause of the large contribution of the zonal westerly wind as
shown in Fig. 3d, g. Combining the results of temperature and
wind field, we, therefore, define the cold season as the months
from October to April in NEC.

Based on this new definition, there are a total of 33 cold
seasons in our study during 1981–2014. The cold season of
1981 refers to October 1981 to April 1982. The following
sections will discuss the variability in the CSAT over NEC

and its linkage with large-scale atmospheric circulation
patterns.

4 Characteristics of the spatiotemporal variability
in the CSAT over NEC

An EOF analysis was performed on the CSATover NEC, and
the first two EOFs are shown in Fig. 5. The first EOF mode
explains 92.2% of the total variance and shows a monopole
structure with the highest loadings over the north of eastern
Inner Mongolia and the junction of Jilin and Heilongjiang
provinces (Fig. 5a). This suggests a homogeneous tempera-
ture anomaly over NEC. The corresponding first principal
component (PC1) is highly correlated with the area-averaged

Fig. 3 The climatological wind
field. a Winter. b Summer. c
March. d September. e April. f
October. g May. h November at
850 hPa (m ⋅ s−1; vectors; scale at
upper-right corner)
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CSATover NEC (r = 0.9, 99.9% confidence level), indicating
that PC1 is a good reflection of the whole regional area-
averaged CSAT anomalies (Fig. 5b). Further analysis shows
that PC1 is significantly correlated with the cold season SH
and the East Asian winter monsoon index (r = −0.45/
r = −0.47, after removing their long-term linear trends, 99%
confidence level). Here the intensity of SH is defined as the
regionally averaged SLP over 40°–60° N, 50°–120° E in cold
season, and the East Asian winter monsoon index (EAWMI)
follows Jhun and Lee (2004). This suggests the CSAT over

NEC is mainly affected by the East Asian winter monsoon
system. As will be shown later, the cold season geopotential
height anomalies, corresponding to PC1, show a monopole
structure with the positive center being located over the East
of Lake Baikal. This may explain why the variance contribut-
ed by the first EOF mode is so high.

The second EOF pattern of the CSAT (Fig. 5c), which
describes 4.5% of the total variance, has a dipole-like structure
with negative anomaly loadings over the northern part of NEC
and positive anomaly loadings over the southern part of NEC.
The zero line is oriented northwest–southeast, implying an
opposite CSAT anomaly between the northern and southern
areas of NEC. The corresponding PC2 (Fig. 5d) shows a pro-
nounced inter-annual variability.

The CSATanomaly over NEC exhibits a pronounced inter-
annual variability (Fig. 5b). The warmest cold seasons over
NEC, in terms of the CSAT, occur after 1985 and are recorded
for 2001 (1.9 °C higher), 1988 (1.3 °C higher), and 2013
(1.3 °C higher). The coldest cold seasons over NEC occur
after 2000 and are recorded for 2012 (2.1 °C lower), 2009
(2 °C lower), and 2000 (1.6 °C lower), respectively. The
strong inter-annual variability, under the background of global
climate change, shows why the CSAT over NEC does not

Fig. 4 The correlation coefficient of the wind field between the winter
and monthly from January to December at 850 hPa (two dashed lines
denote the 99 and 99.9% confidence levels based on a two-sided
Student’s t test, respectively)

a) EOF1 c) EOF2

b) PC1 d) PC2

Fig. 5 Spatial patterns of the first
two leading EOF modes of CSAT
over NEC and the corresponding
normalized principal competent
(PC) time series. a The first EOF
mode. b Time series of the first
EOF mode (PC1). c The second
EOF mode. d Time series of the
second EOF mode (PC2). The
solid line with an asterisk in b
denotes the standardized series of
CSAT
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obviously increase during the period 1981–2014. In addition,
the CSAT over NEC also has an obvious inter-decadal varia-
tion with a warming period 1987 to 2007 and cooling periods
1981 to 1986 and 2008 to 2014. This is generally consistent
with the decadal variability of the East Asian winter monsoon
(Wang et al. 2009; Wang and Chen 2014; Ding et al. 2014),
and it is also likely to be related to the global warming or arctic
amplification (Graversen et al. 2012; Ding et al. 2014).

5 Large-scale atmospheric circulation patterns
associated with the CSAT anomaly

To analyze the characteristics of the large-scale atmospheric
circulation patterns associated with the CSAT anomaly, we
construct regression maps for SLP, the 500 hPa geopotential
height anomaly (H500), and 850 hPa the temperature anomaly
(T850) for the cold season based on the time series of area-
averaged CSAT over NEC.

Figure 6 shows the characteristics of atmospheric circula-
tion patterns associated with the CSATanomaly over NEC for
1981–2014. During the cold season, the negative SLP anom-
aly extends from the polar region to Siberia over the Eurasian

Fig. 6 Regression maps for a
sea-level pressure, b 500 hPa
geopotential height, and c
850 hPa CSAT over Northern
Hemisphere based on the CSAT
over NEC from 1981 to 2014
(light and dark shadings indicate
the 99 and 99.9% confidence
levels based on a two-sided
Student’s t test, respectively). The
contour interval is 80 hPa,
100 gpm, and 0.5 °C in a, b, and c
respectively. The dashed line in-
dicates a negative value, and the
solid line shows the positive value

a)nr b)shf

c)net_swr d)net_lwr

Fig. 7 Regression maps for surface a net radiation, b sensible heat flux, c
net shortwave radiation, and d net longwave radiation based on the CSAT
over NEC from 1981 to 2014 (dots indicate regions where the regression
correlations are exceeding the 95% confidence level). Net radiation (net
shortwave radiation plus net longwave radiation). Net shortwave
radiation (net downward shortwave radiation minus net upward
shortwave radiation), and net longwave radiation (net downward
longwave radiation minus net upward longwave radiation)
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continent and the positive SLP anomaly is located in the North
Atlantic (Fig. 6a). NEC is dominated by an anomalous anti-
cyclonic circulation. The H500 increases over the areas south
of 50° N and decreases over the areas north of 50° N over East
Asia (Fig. 6b). The strong positive anomaly over NEC
weakens the East Asian major trough and strengthens the high
ridge in the west of Lake Baikal. Therefore, the East Asian
region’s meridional circulation is weaker than the zonal west-
erly circulation. This suggests that when the CSAT over NEC
is warmer than normal, the Siberian high and the Aleutian low
weaken at SLP, and this anticyclonic circulation strengthens
and the East Asian major trough weakens at H500. The con-
figuration of this circulation is conducive to warm CSAT
anomalies over large area of northeastern Siberia (Fig. 6c).

To investigate how the warm anomalies are induced, we
examined the effects of advection and radiation. Figure 7
shows the CSAT-related anomalies of cold season surface
net radiation (NR), sensible heat flux (SHF), shortwave radi-
ation (SWR), and longwave radiation (LWR) by regression on

the CSATover NEC from 1981 to 2014. Positive net radiation
denotes downward, indicating heating effect on the ground
surface. A significant NR increase is observed throughout
most NEC (Fig. 7a), which is dominated by downward
SWR (Fig. 7c). This is likely caused by the clear sky, which
is controlled by the anomalous anticyclone (Fig. 6b).
Although the LWR tends to cool the ground (Fig. 7d), its
effect is weaker than the SWR (Fig. 7c). This result suggests
that the ground surface receives more heat from the downward
solar radiation to warm the surface (Fig. 7a). When the ground
is heated and warmer than the surface air, it will lead to up-
ward sensible heat flux to warm the air (Fig. 7b), thereby
contributing constructively to the warmer CSAT (Fig. 6c).

Figure 8 shows that the advection effect generally favors
the observed temperature change. A further inspection sug-
gests that the advection of anomalous temperature by basic
wind is constructive (Fig. 8b), while the advection of basic
temperature by anomalous winds is destructive (Fig. 8e). To
understand this process, Fig. 9 shows the climatological mean

Fig. 8 Spatial distribution of the 850 hPa surface air temperature advection obtained by regression on CSAT over NEC at 850 hPa
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winds overlaid on CSAT-related temperature anomalies
(Fig. 9a) and the CSAT-related wind anomalies overlaid on
the climatological mean temperature (Fig. 9b). The CSAT-
related warm center is right located to the west of NEC; there-
fore, the climatological mean wind can advect the warm air
eastward and southward towards the NEC, leading to
warming tendency over eastern and southern portion of the
NEC (Fig. 8c, d). In contrast, the anomalous anticyclone over
East Asia (Figs. 6b and 9b) favors cooling tendency over NEC
(Fig. 8e, f) because the CSAT-related wind anomalies blow
upgradient of the climatological mean temperature field
(Fig. 9b). Despite this seemingly destructive effect, this anom-
alous anticyclone is crucial for the formation of the anomalous
warm center over Lake Baikal (Figs. 6c and 9a) because the
southerly wind anomalies of the anticyclone blows
downgradient of the climatological mean temperature field
(Fig. 9b). Therefore, the advection effect is quite important
for the variations of CSAT over NEC.

6 Linkages between the cold season climate indices
and the CSAT over NEC

The circulation patterns shown in Fig. 6 are similar to those
associated with the positive phase of AO (Thompson and

Wallace 1998, 2000) and the positive phase of POL (Koide
and Kodera 1999). The POL pattern is associated with
fluctuations in the strength of the circumpolar circula-
tion, with negative height anomalies over the polar re-
gion and positive anomalies over NEC and Mongolia in
positive POL phase. It also affects large-scale atmo-
spher ic c i rcu la t ions and cl imate over Euras ia
(Steinbrecht et al. 2001; Gao et al. 2016). This resem-
blance indicates that the CSAT over NEC could be af-
fected by the Northern Hemispheric teleconnection pat-
terns. In this section, we will discuss the relationship
between the CSAT over NEC and the Northern
Hemispheric teleconnection pattern and the involved
physical mechanism.

6.1 Spatiotemporal correlation

Table 2 and Fig. 11 show the spatiotemporal correlation coef-
ficients between the CSAT over NEC and the atmospheric
climatic indices for the cold season from 1981 to 2014. The
CSAT in NEC is significantly correlated with the cold season
AO, POL, and NAO indices (r = 0.62/r = 0.47, 99% confi-
dence level; r = 0.33, 95% confidence level). It indicates that
when the AO, POL, and NAO are in their positive phases, the
NEC tends to experience a warmer cold season (Fig. 10). The
other indices shown in Table 1 are slightly correlated with the
CSAT over NEC. We also compute the correlation coefficient
between the SAT and the AO and POL indices in each month
during the cold season (Table 3). The highest correlations
occur in March and November for the AO and POL
associated with the CSAT over NEC but not in winter
defined as the months from December through to
February. It suggests that the effect of the AO and POL
on temperature are not solely from winter, which may be
related to the melting of sea ice in Arctic. In March and
November, the sea ice density is smaller than that in

Fig. 9 a The climatological mean winds (m ⋅ s−1; vectors; scale at upper-
right corner) overlaid on CSAT-related temperature anomalies. b The
CSAT-related wind anomalies (m ⋅ s−1; vectors; scale at upper-right
corner) overlaid on the climatological mean temperature at 850 hPa

Table 2 The correlation
coefficients between the
CSAT and climate
indices defined in
Table 1

Index name Correlation coefficient

AO 0.62***

NAO 0.33**

NINO3.4 −0.01
AMO 0.19

PDO 0.22

POL 0.47***

PNA −0.30*
EA −0.09
EAWR 0.29

EU −0.30*

*90% confidence level; **95% confidence
level; ***99% confidence level
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winter, which may affect the large-scale atmospheric cir-
culation in East Asia and thereby have effect on the
CSAT over NEC (Wu et al. 2010, 2015; Zhang and Wu
2011). The continuity of the influence of the AO is at its
best from October to April, further illustrating the ratio-
nality of defining the cold season as the months from
October to April.

Taking NEC as a whole, the CSAT variability is signif-
icantly positively correlated with the AO index. The stron-
gest correlation, which exceeds 0.6, occurs at the junction
between the north of eastern Inner Mongolia, Heilongjiang
Province and near the Xilin Gol at the 99% confidence
level (Fig. 11a), while the POL index is significantly pos-
itively associated with the CSAT over northern NEC
(Fig. 11b), including most of Heilongjiang Province, east-
ern Inner Mongolia, Jilin Province and northern Hebei
Province, with the maximum correlation coefficient locat-
ing at the junction between Heilongjiang Province and

Russia. Compared with the AO, the POL index is more
closely related with the CSAT in the north than in the south
of NEC.

6.2 Associated teleconnection patterns

The EAWM is an important component of the Asian winter
monsoon system. The major components of the EAWM, char-
acterized at the surface by the cold Siberian high, the Aleutian
low and northeasterly winds, a deep East Asian longwave
trough in the mid-troposphere, and an upper jet at 200 hPa,
are associated with the climate anomaly over East Asia (Chen
et al. 2000; Jhun and Lee 2004; Chang et al. 2011; Wang and
Lu 2017).

Figure 12 shows the SLP, H500, and the 850 hPa tempera-
ture anomaly (T850) as obtained by regression onto the AO
index and POL index. Negative geopotential height anomalies
extend from the polar region to Siberia over Eurasia and

Fig. 10 The times series of the
standardized CSAT (histogram)
and the cold season. a AO index.
b POL index (solid line with
empty circles)

Table 3 The correlation
coefficients between the area-
averaged temperature and climate
indices defined Table 1 for each
month during October to April

Name Cor_10 Cor_11 Cor_12 Cor_1 Cor_2 Cor_3 Cor_4

AO 0.30* 0.35** 0.46*** 0.34** 0.45*** 0.55*** 0.19

POL 0.35** 0.42** 0.24 0.33** 0.27 0.14 0.31*

Cor_10: the correlation coefficient between the October temperature over NEC and the October climatic index,
and so on

*90% confidence level; **95% confidence level; ***99% significant level
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positive ones over the North Atlantic, Aleutian Islands, and
Lake Baikal (Fig. 12a, b). A warm center is observed over
NEC at 850 hPa temperature filed (Fig. 12c). These are quite
similar to those associated with the CSAT over NEC (Fig. 6).
With the positive phase of the AO, an anomalous anticyclone is
observed at 500 hPa over central Siberia (Fig. 12b). As
discussed in Sect. 5, this anomalous anticyclone is vital
for the temperature variations over the NEC via advec-
tion effect. These results suggest that the AO could
realize its influences on the CSAT of NEC by the
anomalous anticyclone over central Siberia.

In the positive phase of the POL, negative geopotential
height anomalies are observed in the polar region and positive

geopotential height anomalies are located in the high latitudes
of East Asia (Fig. 12d, e). These are similar to the atmo-
spheric circulation patterns associated with the AO, but
the intensity of the influence of the POL on the CSAT
over NEC is weaker than that of the AO (Fig. 11).
Compared with the positive AO, the positive SLP
anomaly near the Aleutian Islands becomes insignificant
(Fig. 12d), increasing the East Asia–North Pacific sea–
land pressure difference, strengthening the intensity of
the EAWM. An increase meridional circulation weakens
zonal westerly wind at 850 hPa. And the position of the
zero geopotential height anomaly line in the East Asia
coast northward shifts from the middle and lower of the
Yangtze River to the North China at 500 hPa (Fig. 12b,
e). It is contributed to enhance the East Asian major
trough and favored by a stronger northerly wind over
NEC. Therefore, the cold air moves southward and af-
fecting the climate in East Asia.

As abovementioned, the AO and POL have a close re-
lationship with the CSAT over NEC and their circulations
are similar, but there are some differences in polar at
500 hPa, associated with the polar vortex (Fig. 12b, e).
We compute the correlation of AO and polar vortex
strength index (Table 4). Note that the position of polar
vortex data is obtained from the 74 circulation parameters
of the National Climate Center, including I (60E–150E), II
(150E–120W), III (120W–30W), IV (30W–60E), and V
(0–360). There are remarkable positive correlations be-
tween AO index and III, IV, and V polar vortex strength
indices, while the negative correlation with I and II polar
vortices implies that the polar vortex in eastern hemisphere
shrinks in the Asia Pacific sector. This feature is shown
explicitly in Fig. 12b. Namely, in the positive AO phase,
the negative geopotential height anomaly center in 500 hPa
towards the western hemisphere, located in 10–60°W over
the north polar (Fig. 12b), strengthens III, IV, and V polar
vortices.

The POL index is significantly correlated with I, III, and
V polar vortex strength indices. Compared with AO index,
the correlation between the POL index and the I polar vor-
tex strength index is significant, indicating that the polar
vortex in eastern hemisphere expands in East Asian. These
results are similar to Fig. 12e. Namely, in positive POL
phase, there are two negative centers, one in the 60°–
180° E over eastern hemisphere and the other in 30°–90°
W over the western hemisphere, reinforcing I, III, and V
polar vortices.

Different circulation patterns are corresponding to dif-
ferent changes in climate. In the positive AO phase, the
center of the polar vortex is located near Greenland in
the western hemisphere and the zonal circulation domi-
nates over the whole East Asian coast (Fig. 12b), so the
cold air from high latitudes only has a slight influence on

a) AO

b) POL

Fig. 11 The spatial distribution of the correlation coefficient between the
CSAT over NEC and the a AO index. b POL index of the cold season
(dots indicate the region where the correlations are exceeding the 95%
confidence level)
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the CSAT over NEC and the whole northeast Asia is
warmer than normal (Fig. 12c). When the POL is in a
positive phase, the polar vortex splits into two centers,
one situates near Novaya Zemlya in the eastern hemi-
sphere, with a stronger central intensity than that of the
AO. Simultaneously, the meridional circulation behind
the 500 hPa East Asian major trough strengthens
(Fig. 12e), indicating that the cold air from high latitudes
can flow southward as a result of the northerly wind
behind the 500 hPa East Asian major trough. The East
Asian region is therefore vulnerable to the effects of cold
air from high latitudes. The magnitude of warming of the
CSAT over East Asia is weaker than that of AO, even
the warming of the northern over East Asian is not sig-
nificant (Fig. 12f).

7 Discussion and conclusions

In previous studies of the NEC climate, winter is usually de-
fined as from December through to February. However, the
cold period can last for much longer than 3 months over NEC.
The monthly mean SAT values for NEC from October
through to April for the period 1981–2014 are all less than
5 °C. We therefore define the cold season as the months from
October through to April and investigate the variability of the
CSAT over NEC and its linkage with large-scale atmospheric
circulation patterns. The spatiotemporal variability of the
CSAT over NEC is examined by EOF analysis. The first
EOF mode explains 92.2% of the total variance, and is char-
acterized by a monopole structure with a homogeneous tem-
perature anomaly covering the whole NEC. The second EOF
mode, explaining 4.5% of the total variance, exhibits a north–
south seesaw pattern.

We also examine the relationships between the CSAT over
NEC and the large-scale atmospheric circulation patterns. The
CSAT over NEC is closely linked to the AO/POL indices
(r = 0.62/0.47, 99% confidence level). The positive AO/
POL phase tends to result in an anomalous anticyclone
is observed at 500 hPa over central Siberia, which fa-
vors more clear skies and downward air streams, thus
increasing the CSAT by enhancing the downward solar
radiation and warming up by sinking. These results sug-
gest that the AO/POL could realize its influences on the

Fig. 12 As in Fig. 6, but for the cold season AO index in a, b, c and POL index in d, e, f (light and dark shadings indicate the 99 and 99.9% confidence
levels based on a two-sided Student’s t test, respectively. The contour intervals are 90 hPa, 150gpm, and 0.6 °C at SLP, H500, and T850, respectively)

Table 4 The correlation coefficient of AO and POL index and polar
vortex strength index

Name I II III IV V

AO −0.26 −0.15 0.63** 0.63** 0.44*

POL 0.39* −0.14 0.50** 0.26 0.42*

Noted that I (60E–150E), II (150E–120W), III (120W–30W), IV (30W–
60E), and V (0–360) are polar vortices

*95% confidence level; **99% significant level

Variability of cold season surface air temperature



CSAT of NEC by the anomalous anticyclone over cen-
tral Siberia.

We further analyze the influences of radiation and tempera-
ture advection on CSAT in NEC. Results show that the anom-
alous anticyclone over the NEC favors clear sky. The increase
of net downward solar radiation has a warming effect for the
ground despite the outgoing long wave tends to cool the
ground. The warmed ground can warm the surface atmosphere
via upward sensible heat flux, thereby contributing construc-
tively to the warm CSAT anomalies. On the other hand, the
advection effect is quite important for the variations of CSAT
over NEC. The anomalous anticyclone over NEC would favor
warm advection over central Siberia via advection of climato-
logical temperature by anomalous winds, resulting in an anom-
alous warm center over central Siberia. The climatological
mean wind will thereby advect this anomalous warm anomaly
towards the NEC, leading to warming over the NEC.

The atmospheric circulation patterns’ anomalies over NEC
induced by the POL are similar to those induced by the AO, but
there are some differences. In positive AO phase, the East Asia–
North Pacific land–sea pressure difference, the 500 hPa East
Asianmajor trough, and the northerly wind over NEC are weak-
er than that in POL phase. Moreover, polar vortex in the eastern
hemisphere and in the northern hemisphere is weaker. These
results suggest an increase in the CSATover the whole of north-
east Asia during the cold season with a positive AO, whereas in
the positive POL phase, one polar vortex in eastern hemisphere,
this means that the East Asia was affected by the cold air from
high attitude, and this tends to result in the degree of warming of
the CSAT over East Asia in the cold season to be reduced.

In addition to the monopole structure for the CSAT over
NEC, the variabilities in the CSATs in the south and north of
NEC are obviously different, indicating that the variability of
the CSAT over NEC is not only affected by large-scale atmo-
spheric circulation patterns but also associated with local cli-
matic conditions, such as the snow cover, soil humidity, soil
temperature, and Arctic sea ice (Groisman et al. 1994; Yang
and Wu, 2013; Wu et al. 2013).

The relationships between the large-scale atmospheric cir-
culation patterns and the CSAT over NEC are investigated.
These patterns can also jointly influence the regional
climate. For example, Wang et al. (2008) demonstrated that
the relationship between the El Niño Southern Oscillation and
the EAWM is different between the two phases of the Pacific
Decadal Oscillation. These studies showed that the climate
anomalies in East Asia are significantly associated with the
combined effects of the AO and the El Niño Southern
Oscillation rather than only one of these circulations
(Cheung et al. 2012; Chen et al. 2013b). Previous researches
have indicated that the sea surface temperature and land sur-
face conditions are important in determining the East Asian
climate (Annamalai et al. 2005; Zhang andWu 2014) and may
also contribute to the variability of the CSAT over NEC. The

underlying physical processes explaining the linkages to
large-scale circulation patterns should be further clarified
using process-based approaches.
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