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Abstract The combined effect of the Arctic Oscilla-
tion (AO) and Western Pacific (WP) teleconnection pat-
tern on the temperature variation during the winter in the
northern hemisphere and East Asia over the last 56 years
(1958/1959-2013/2014) was investigated using NCEP/
NCAR reanalysis data. The study results revealed that the
effect of the AO on winter temperature in East Asia could
be changed depending on the phase of the WP pattern in
the North Pacific. The negative relationship between the
temperature of East Asia (25-45°N, 110-145°E) and the
AO increased when the AO and WP were in-phase with
each other. Hence, when winter negative (positive) AO was
accompanied by negative (positive) WP, negative (positive)
temperature anomalies were dominant across the entire
East Asia region. Conversely, when the AO and WP were
out-of-phase, the winter temperature anomaly in East Asia
did not show distinct changes. Furthermore, from the per-
spective of stationary planetary waves, the zonal wave-
number-2 patterns of sea level pressure and geopotential
height at 500 hPa related to the East Asian winter monsoon
(EAWM) circulation strengthened when the AO and WP
were in-phase but were not significant for the out-of-phase
condition. An index considering the effect of both AO and
WP on East Asia winter temperature was proposed. The
correlation between the index and the East Asia winter tem-
perature was statistically significant at the 99 % confidence
level. The index was correlated with synoptic characteris-
tics of the EAWM, including the Siberian High, East Asian
trough, East Asian jet stream and surface air temperature.
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1 Introduction

The East Asian winter monsoon (EAWM) is one of the
most active climate systems in the northern hemisphere
in the boreal winter, and is caused by the thermal con-
trast between the Eurasian continent and the Indian and
Pacific Oceans (Wu and Wang 2002; Wang et al. 2010).
The EAWM is characterized by the northwesterly wind
over the east coast of Eurasia caused by the pressure gra-
dient between the Siberian High in the Eurasian continent
and the Aleutian Low in the North Pacific, the East Asian
trough (EAT) in mid-latitude and the polar jet stream near
the south of Japan in the upper troposphere (Jhun and Lee
2004; Chen et al. 2013). Variations of these characteristics
affect temperature and precipitation during the boreal win-
ter in East Asia.

The Arctic Oscillation (AO), as the first leading mode of
extratropical climate variation over the north hemisphere
during the boreal winter, is a large-scale barotropic seesaw
pattern, in which the sea level pressure (SLP) anomaly over
the Arctic basin has an opposite sign to the anomalies over
two oceans (the North Atlantic and North Pacific) in the
mid-latitude of the north hemisphere (Thompson and Wal-
lace 1998). The AO strongly affects the winter climates of
the Eurasian continent and Euro-Atlantic Ocean (Thomp-
son and Wallace 1998, 2000, 2001) and the winter climate
over the North Pacific on the decadal timescale (Sun and
Wang 2006).

Studies on the relationship between the variability of the
AO and EAWM have been recently conducted (Gong et al.
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2001, Jhun and Lee 2004; Jeong and Ho 2005; Park et al.
2011; Li et al. 2014). At the interannual time scale, Gong
et al. (2001) stated that the AO affects the intensity of the
Siberian High and consequently the winter temperature
changes in East Asia. In the negative AO phase, Jeong and
Ho (2005) showed that the cold surge frequency in East Asia
is higher than that in normal years and Park et al. (2011)
revealed that the blocking type circulation pattern related to
the cold surge over East Asia occurs more frequently than
the wave train type pattern. Li et al. (2014) showed that the
relationship between the variability of the AO and EAWM
strengthened after the 1980s through upstream extension
of the East Asian jet stream (EAJS) in connection with the
reduction of autumn Arctic sea ice cover. In addition, several
previous studies presented mechanisms to explain occur-
rence of negative AO that could influence on EAWM (Wang
and Chen 2010; Cohen et al. 2010). Wang and Chen (2010)
and Cohen et al. (2010) showed that the downward station-
ary planetary wave propagation gives rise to the negative
AO pattern at the surface and this downward propagation is
attributed to the upward propagation of stationary planetary
waves from the troposphere to the stratosphere.

At the interseasonal and interannual time scales, the
North Atlantic part of the AO is spatially similar to the first
leading mode of atmospheric circulation anomalies over
the Atlantic—European sector (e.g., North Atlantic Oscilla-
tion, NAO), and the correlation coefficient between their
time series is also high (Deser 2000; Thompson and Wal-
lace 1998; Greatbatch 2000). On the other hand, the Pacific
North America (PNA) and Western Pacific (WP) patterns,
which are the first two leading modes of atmospheric cir-
culation anomalies at mid-latitudes over the Pacific sector
(Wallace and Gutzler 1981; Barnston and Livezey 1987,
Minobe and Mantua 1999; Holton et al. 2002), have a low
temporal correlation with the AO, unlike the NAO (Deser
2000; http://www.esrl.noaa.gov/psd/data/correlation/table.
html).

East Asia is located on the western border of the North
Pacific mid-latitudes, and is therefore affected not only by
the AO but also by the major atmospheric circulation pat-
terns of the North Pacific. Recent studies have been con-
ducted on the effect of the AO and the atmosphere and
ocean circulation patterns of the North Pacific on the
EAWM. Kim and Ahn (2012) and He and Wang (2013a)
revealed that the autumn AO and sea surface temperature
of the North Pacific affect the winter temperatures in East
Asia via stationary Rossby waves. Furthermore, Chen et al.
(2013) examined the combined effects of the winter AO and
El Nifo-Southern Oscillation (ENSO) on the EAWM. They
showed that when a negative AO accompanies El Nifio or a
positive AO accompanies La Nifia, the AO strongly affects
the temperature and precipitation anomalies in northern
China, while ENSO affects southern China.
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ENSO is an interannual phenomenon caused by the
unstable interaction between the atmosphere and ocean in
the tropical Pacific (Rasmusson and Wallace 1983; Chen
et al. 2013). The effects of ENSO on the EAWM have been
studied (Zhang et al. 1996; Wang et al. 2000; Sakai and
Kawamura 2009). However, some studies stated that the
effects of ENSO on the EAWM can be changed depend-
ing on the North Pacific long-term atmosphere and ocean
circulation pattern, such as the Pacific Decadal Oscillation
(Wang et al. 2008; He and Wang 2013b; Kim et al. 2014).

The PNA and WP most often affect the intensity and
position of the Aleutian Low. A pattern of PNA has the
same sign of geopotential anomaly in the central North
Pacific and eastern North America and the opposite geo-
potential anomaly sign in western North America (Wal-
lace and Gutzler 1981; Konrad 1998), affecting the inten-
sity of the Aleutian Low (Chen and Zhai 2011; Xiao et al.
2014). Meanwhile, the WP is a meridional dipole pattern
of atmospheric circulation anomalies at the middle/high
latitudes of the North Pacific (Wallace and Gutzler 1981),
related to the meridional shift of the Aleutian Low (Di Lor-
enzo et al. 2010). According to the temporal correlation
coefficients between either the PNA or the WP and the win-
ter temperature at 2 m in the East Asian region (25°—45°N,
110°-145°E; Table 1), the winter temperature in East Asia
has a higher and statistically more significant correlation
with the WP than with the PNA. In addition, previous stud-
ies showed that pressure variations in the southwest part
of the Aleutian Low related to the variation of the WP are
more significantly related to the variation of the EAWM
than with the variation in the center of the Aleutian Low
(Wu et al. 2006; Wang and Chen 2014). The present study
investigates the effect of different AO and WP phases on
the East Asia winter temperature.

The datasets and methods utilized in this study are
introduced in Sect. 2. In Sect. 3, the effect of the winter
AO and WP on the winter temperature over the northern

Table 1 Temporal correlation coefficients between temperature at
2 m over East Asia (25°-45°N, 110°-145°E) and different indices
during the boreal winter 1958/1959-2013/2014

AO PNA WP
DEC 0.28%* —0.06 0.37%*
JAN 0.48%%* —0.27* 0.56%*
FEB 0.38%%* —0.39%* 0.42%*
DJF monthly 0.38%%* —-0.24 0.45%*
DJF mean 0.42%* —0.11 0.65%*

The values with one and two asterisks exceed the 95 and 99 % confi-
dence levels according to the two-tailed student’s 7 test, respectively.
SH, Siberian High; SL, Aleutian Low; SH-AL, zonal pressure gradi-
ent between SH and AL; EAT, East Asian trough; TAI, trough axis
index; EAJS, East Asian jet stream
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hemisphere are examined, and the temperature anomaly
patterns are compared when the AO and WP have the
same or different phases. Next, the resulting changes in the
atmospheric circulation are investigated. Finally, the study
results are summarized and discussed in Sect. 4.

2 Data and methodology

The datasets of the atmospheric variables used in this study
are the monthly means from the reanalysis data of the
National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR; Kal-
nay et al. 1996). The variables used are air temperature at
2 m (T2m), SLP, geopotential height at 500 hPa (HGT500),
and zonal wind at 300 hPa (U300). The analysis period is
the boreal winters (December, and January and February of
the following year) from 1958/1959 to 2013/2014, and the
horizontal resolution of the data is 2.5° x 2.5° in longitude
and latitude.

The monthly AO and WP teleconnection indices, sup-
plied by the National Oceanic and Atmospheric Admin-
istration Climate Prediction Center (NOAA CPC), were
utilized. NOAA CPC defines the AO pattern as the first
leading empirical orthogonal function mode of the geo-
potential height anomaly at 1000 hPa at north of 20°N. The
positive AO pattern shows a negative geopotential height
anomaly centered in the Arctic and positive geopotential
height anomalies centered in the North Pacific and North
Atlantic of mid-latitude. The monthly AO index is calcu-
lated by projecting the geopotential height at 1000 hPa
onto the positive AO pattern (http://www.esrl.noaa.gov/
psd/data/correlation/ao.data). The positive WP pattern,
also produced by NOAA CPC, has a negative anomaly of
geopotential height centered at the Bering Sea and a posi-
tive anomaly of geopotential height situated at the center
of the North Pacific (http://www.esrl.noaa.gov/psd/data/
correlation/wp.data). The WP index of NOAA CPC uti-
lized in this study has a sign opposite to that of the index
defined by Wallace and Gutzler (1981). The East Asia sur-
face temperature index (T2m_EA) is defined as the area-
averaged temperature at 2 m in the region of 25°N—45°N,
110°E-145°E in this study. This region includes eastern
China, the Korean Peninsula, and Japan.

In this study, the monthly data, instead of the seasonal
mean, of all the reanalysis data and climate indices are
used for analysis to obtain a sufficient number of samples
for each group when the months are categorized by the AO
and WP phases. The anomaly of the variable is calculated
by eliminating the monthly climatology from each monthly
mean. In addition, each of the indices is normalized by
dividing the monthly anomaly by the standard deviation of
each month.

In order to categorize the months by the AO and WP
phases, first, monthly AO and WP indices of each month
are defined as positive (negative) AO and WP months when
monthly AO and WP indices are larger (smaller) than the 0.44
(—0.44) standard deviation, respectively. A standard devia-
tion of +0.44 is the threshold of the standard distribution
where samples (months) are divided into three (33 % each)
categories (positive, normal and negative months). The posi-
tive (negative) months in this study denote months in which
each index is above (below) normal. A total of 168 months
(56 years x 3 months) are categorized into four different
groups depending on the AO and WP phase combination,
as shown in Table 2. A composite analysis is carried out to
examine the temperature anomaly and resulting atmospheric
circulation anomalies for each group, and the statistical sig-
nificance is evaluated using the two-tailed student’s ¢ test.

3 Results
3.1 Individual influences of the AO and WP

Figure 1 shows the time series of monthly T2m_EA and
atmospheric circulation indices of the northern hemi-
sphere and North Pacific (AO, PNA and WP) during the
boreal winter months of December 1958 to February 2014
(total 168 months). The simultaneous temporal correla-
tion coefficients between all three indices and T2m_EA
are statistically significant at the 99 % confidence level.
The AO and WP are positively correlated with T2m_EA,
but the PNA is negatively correlated. The correlation
coefficient between T2m_EA and WP is 0.45, which is
higher than that between T2m_EA and AO (0.38). This
shows that the WP has a higher correlation than the AO
with the East Asia winter temperature variation. The cor-
relation coefficients between T2m_EA and the indices for
each month are summarized in Table 1. The AO index and
T2m_EA have a statistically significant positive correla-
tion with the 95 % confidence level for all winter months.
The PNA has negative simultaneous correlations with the
January and February T2m_EA with 95 % confidence
level, but it has no statistical relation with the December
T2m_EA, as the correlation coefficient is —0.06. On the
other hand, the WP has statistically positive significant
temporal correlations with T2m_EA for all winter months
with the 99 % confidence level. This implies that the WP
is strongly related to T2m_EA, although the AO still
affects the temperature over the region.

A composite analysis is performed to examine the spa-
tial patterns of the variables in terms of the phases of the
AO and WP. Figure 2 is the composites of SLP (Fig. 2a, b,
respectively) and T2m (Fig. 2c, d, respectively) anomalies
during negative and positive AO months, respectively. Of
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Table 2 Classification of anomalous months based on the phases of the AO and WP indices during the boreal winter 1958/1959-2013/2014

&

Positive AO
(AOI > 0.440)

Negative AO
(AOI < —0.440)

Springer

1961-02, 1962-01 1974-12, 1975-12, 1982-02, 1984-01, 1988-12, 1991-01,

1992-02, 1995-02, 1999-12, 2004-12, 2005-01, 2013-12 (13)

Negative WP (WPl < —0.440) 1961-12, 1963-01, 1963-02, 1965-02, 1966-12, 1968-02, 1970-01, 1976-12,

1977-01, 1980-01, 1983-02, 1985-02, 1985-12, 1986-02, 1995-12, 1996-01,

2000-12, 2004-01, 2005-12, 2009-12, 2010-12, 2011-01 (22)
1960-02, 1966-01, 1966-02, 1969-02, 1969-12, 1978-12, 1979-01, 1981-12,

1959-02, 1971-12, 1972-12, 1973-01, 1973-02, 1982-12, 1984-12, 1988-01,

Positive WP (WPI > 0.440)

1989-01, 1989-02, 1990-01, 1990-12, 1991-12, 1992-01, 1998-12, 1999-02,

2002-02, 2006-12, 2007-01, 2007-12, 2008-01, 2008-12 (22)

1987-01, 1987-02, 1988-02, 1996-12, 2002-12, 2004-02, 2005-02, 2010-01

(16)

The numbers in parentheses are the numbers of anomalous months

a total of 168 months, 53 are positive AO months and 54
are negative AO months based on the classification method
in Sect. 2. The SLP and T2m anomalies patterns of nega-
tive AO in the northern hemisphere is similar to those of
positive AO except with opposite signs. When the AO is
negative (Fig. 2a), a positive SLP anomaly is positioned at
high latitude centered around the North Pole and the cent-
ers of the two negative SLP anomalies are positioned at
the mid-latitude of the eastern North Atlantic and south
of the Aleutian islands of the North Pacific, which is the
typical pattern of the negative AO (Thompson and Wal-
lace 1998). This implies a southward shift of the Icelandic
Low and the weakening of the Azores High in the North
Atlantic. The positive SLP anomalies centered at the North
Pole stretch out in the northern Siberia and northern North
America, signifying the northward expansion of the Sibe-
rian and Canadian Highs, respectively. An anomalous neg-
ative T2m appears from northern Europe, across Siberia
and the eastern United States, and an anomalous positive
T2m appears to be statistically significant in Greenland,
Baffin Bay, and southwestern Europe (Fig. 2c). When the
AO is positive, the overall pattern of SLP and T2m anom-
alies is opposite to that of negative AO months (Fig. 2b,
d). However, in the northern Pacific, SLP anomalies of
the positive AO expand more to the west than that of the
negative AO, and show statistically significant temperature
anomalies in the East Asian regions.

Figure 3 shows the HGTS500 and T2m anomalies
in terms of the WP phase. The numbers of month for
the negative and positive WP are 54 and 58 of a total of
168 months, respectively. The temperature and atmospheric
circulation patterns related to the WP phase are statistically
significant within the eastern Eurasian continent and North
Pacific regions. In the case of the negative WP, the geo-
potential height in 500 hPa has a meridional dipole struc-
ture, in which a positive anomaly is positioned around east-
ern Siberia and the Kamchatka Peninsula, and a negative
anomaly from south of 45°N in northern India to the central
North Pacific (Fig. 3a). The distribution of T2m anomalies
shows positive anomalies centered around the Okhotsk Sea,
and negative anomalies from around China to the Korean
Peninsula and the southern seas of Japan in the south of the
mid-latitude (Fig. 3c). The temperature and middle-level
pressure anomaly patterns of a positive WP are similar, but
have opposite signs, to those of a negative WP (Fig. 3b, d).

According to the composite analysis, the winter temper-
ature anomalies related to the AO and WP are not statisti-
cally significant in the whole East Asian regions, including
eastern China, the Korean Peninsula, and Japan. However,
the AO has a significant relationship with temperatures of
the Manchurian region in the north part of East Asia, and
the WP is related to the temperatures in southern China and
the East China Sea located in the south part of East Asia.
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3.2 Combined effect of the AO and WP on East Asia
winter temperature

In order to see the combined effect of the AO and WP
depending on their different phases, each month has been
categorized into four groups (Table 2), based on the classi-
fication in Sect. 2. The number of cases for in-phase groups
of the AO and WP are more than those of their out-of-phase
groups. The composite fields of T2m anomalies with differ-
ent AO and WP phase combinations are illustrated in Fig. 4.
Figure 4a (negative WP and negative AO) and Fig. 4d (pos-
itive WP and positive AO) are the cases for in-phase AO
and WP, and Fig. 4b (positive WP and negative AO) and
Fig. 4c (negative WP and positive AO) are for out-of-phase
AO and WP. Figure 4a, d, and b, ¢, show similar distribu-
tions but opposite signs, respectively. It is notable that the
East Asia region shows a large difference when the AO and
WP are in-phase and out-of-phase. That is when both the
AO and WP have negative (positive) phases, statistically

significant negative (positive) T2m anomalies appear not
only in northern Eurasia, but also in Northeastern China,
the Korean Peninsula, Japan, and the eastern China Sea
located south of 45°N, and positive (negative) T2m anoma-
lies appear in eastern Siberia (Fig. 4a). Conversely, when a
negative (positive) AO is accompanied by a positive (nega-
tive) WP, T2m anomalies are significantly negative (posi-
tive) only in northern Eurasia but are not significant in East
Asian regions (Fig. 4b). This shows that, depending on
the WP phase, the effect of the AO on the EAWM can be
different.

On the other hand, T2m anomalies in regions around
the North Atlantic Ocean, independent from the phase of
the WP, show patterns in accordance with the phase of the
AO (Figs. 2c, d, and 4). When the AO has a negative (posi-
tive) phase, positive (negative) T2m anomalies are seen in
Greenland and northeastern Canada, and negative (positive)
T2m anomalies are distributed in the southeastern United
States and Europe, similar to Fig. 2¢, d. The WP does not
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(a) Negative AO (SLP)
0

60w

/120w

Fig. 2 Composite map of monthly a, b sea level pressure anomalies
and ¢, d temperature anomalies at 2 m in the northern hemisphere
during the boreal winter (December, January and February) for the

affect the AO-related winter temperature patterns of the
surrounding areas of the North Atlantic.

3.3 EAWM circulation related to the AO and WP

The EAWM greatly affects winter temperatures in East
Asia. The AO and WP induce changes in EAWM-related
atmospheric circulations in East Asia, ultimately affecting
the winter temperatures. Therefore, in order to understand
the spatial characteristics depending on the different phases
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case of (a, ¢) negative and (b, d) positive AO, respectively. Areas with
black dots denote 95 % confidence level according to the two-tailed
student’s 7 test

of the AO and WP, composites of monthly SLP, HGT500
and U300 of each group were examined. These atmos-
pheric variables well represent the characteristics of the
EAWM.

Figure 5 is the composite distribution of monthly SLP
(Fig. 5a, b), HGT 500 (Fig. 5c, d), and U300 (Fig. 5e, f)
when the AO and WP are in-phase. The atmospheric circu-
lation pattern when the AO and WP are in-phase is gener-
ally similar to the atmospheric circulation pattern of a typi-
cal AO. When negatively (positively) in-phase, a positive
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(a) Negative WP (HGT500) (b) Positive WP (HGT500)
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Fig. 3 Composite map of monthly a, b geopotential height anoma-
lies at 500 hPa and ¢, d temperature anomalies at 2 m in the northern
hemisphere during the boreal winter (December, January and Febru-

(negative) SLP anomaly is centered at the North Pole and
the centers of the negative (positive) SLP anomalies are
located in the North Pacific and North Atlantic. The dif-
ferences between the in-phased AO and WP patterns and a
typical AO are that the atmospheric circulation in the North
Pacific is strengthened and expanded toward the west com-
pared to the typical AO pattern. That is, when negatively
in-phase, the Aleutian Low expands southwestward in the
North Pacific, strengthening the zonal pressure gradient
around the Korean Peninsula and Japan, causing cold air to

120E
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-20

120W 30

-40

I T[T 1 [ T T — [ EEEEEEEEE

ary) for the case of (a, ¢) negative and (b, d) positive WP, respec-
tively. Areas with black dots denote 95 % confidence level according
to the two-tailed student’s ¢ test

flow into East Asia via a northwesterly wind. Conversely,
when positively in-phase, the pressure gradient between the
Aleutian Low and Siberian High is weakened, and due to
the weakening of northwesterly winds, the inflow of cold
air decreases compared to that during normal months.
When the AO and WP are in-phase, the circulation
structure in the middle level of the troposphere is similar
to that in the lower levels, showing a barotropic structure
(Fig. 5a, c, and b, d). Climatologically, the cold air from the
high latitude flows southeastward towards East Asia, along
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(a) Negative WP/Negative AO
0

(b) Positive WP/Negative AO
0
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Fig. 4 Composite map of monthly temperature anomalies at 2 m in
the northern hemisphere during the boreal winter (December, Janu-
ary and February) for the case of, a negative WP and negative AO, b

the west of the EAT axis from Okhotsk Sea to the Korean
Peninsula and Japan (Wang et al. 2009). When the AO and
WP are negatively in-phase, anomalous anticyclonic cir-
culation is centered on eastern Siberia and Greenland, and
symmetrical anomalous cyclonic circulation is positioned
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positive WP and negative AO, ¢ negative WP and positive AO, and d
positive WP and positive AO. Areas with black dots denote 95 % con-
fidence level according to the two-tailed student’s # test

at mid-latitude in the North Pacific and North Atlantic.
Anomalous cyclonic circulation in the western North
Pacific expands further to the west compared to the case of
a typical AO. The EAT becomes deeper, and the cold air in
middle level of the troposphere flows in deeply from high



Combined effect of the Arctic Oscillation and the Western Pacific pattern on East Asia winter... 3213

(a) SLP (N-AO/N-WP) (b) SLP (P-AO/P-WP)

Fig. 5 Composite maps of a sea level pressure anomalies, b geopoten- are the same as (a), (¢) and (e), respectively, except for the positive in-
tial height anomalies at 500 hPa and ¢ zonal wind anomalies at 300 hPa phase cases of the AO and WP. Areas with black dots denote 95 % con-
for the negative in-phase cases of the AO and WP. The (b), (d) and (f) fidence level according to the two-tailed student’s ¢ test
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latitude into the Korean Peninsula and Japan. This pattern
is similar to the dipole-type blocking pattern at 100-140°E,
amongst the EAWM-related blocking patterns shown in
Lee and Jhun (2006). On the contrary, when the AO and
WP are positively in-phase, anomalous cyclonic circulation
around eastern Siberia and anomalous anticyclone circula-
tion from eastern China to the central North Pacific weaken
the flow of cold air in the middle troposphere at high lati-
tudes towards East Asia.

When the AO is positive, the polar vortex is strength-
ened, thereby strengthening the flow of zonal wind in the
upper troposphere, and when the AO is negative, the polar
vortex is weakened, causing the wind to meander in the
upper troposphere. When the AO and WP are in-phase,
such characteristics in the North Pacific become stronger
(Fig. Se, f). When the AO and WP are negatively in-phase,
the EAJS migrates more to the south, and when positively
in-phase, the EAJS migrates more to the north.

Figure 6 shows the composites of winter monthly atmos-
pheric circulation anomaly when the AO and WP are out-
of-phase. The anomaly of atmospheric circulation around
the North Atlantic region is similar to that when the AO and
WP are in-phase, which indicates that the atmospheric cir-
culation of the North Atlantic is related to the variation of
the AO, but is independent from the variation of the WP.
Unlike when the AO and WP are in-phase, the atmospheric
circulation anomalies around the North Pacific show a
great difference. When a negative AO is accompanied by
a positive WP, the anomalous cyclonic circulation at the
surface occurs in the Bering Sea and the Aleutian islands,
which are located 45° north of the North Pacific, and an
anomalous anticyclonic circulation appears in the South
China Sea of the North Pacific (Fig. 6a). This is because
the Aleutian Low strengthens in the northeast and cannot
expand to the southwest. The zonal pressure gradient at the
surface only strengthens at the high latitudes of northeast-
ern Asia. Therefore, the simultaneous occurrence of nega-
tive AO and positive WP does not have an obvious effect on
the atmospheric circulation of East Asia. When a positive
AO is accompanied by a negative WP, the pattern has a sign
opposite to that of the pattern for simultaneous negative
AO and positive WP, which is also not statistically signifi-
cant (Fig. 6b). In case of a negative (positive) AO accom-
panied by positive (negative) WP (Fig. 6¢, d), anomalous
circulation in 500 hPa level is similar to that at the surface
(Fig. 6a, b). Anomalous cyclonic (anticyclonic) circula-
tion occurs from Lake Baikal to southeast of the Aleutian
Islands, and anomalous anticyclonic (cyclonic) circulation
appears in the mid-latitudes of the Eurasian continent and
western Pacific, resulting in an eastward (westward) expan-
sion and westward (eastward) contraction of the EAT at
high latitudes. The significant signal in 45°N south of East
Asia is weaker or shifted southward compare to in-phase
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of the AO and WP. Therefore, over the East Asia area, the
anomaly of HGT500 weakened the significance when the
AO and WP are out-of-phase.

Thus far, the spatial structure of atmospheric circula-
tion for each different combination of winter AO and WP
phases has been examined. When the AO has the same sign
as the WP, it strongly affects the winter temperatures of
East Asia. Conversely, when the AO and WP have opposite
signs to each other, the characteristics of the atmospheric
circulation anomaly related to each index cancel each other
out in the surrounding areas of East Asia, resulting in a sta-
tistically insignificant effect on the winter temperature over
the region.

3.4 Possible explanation of the combined effect of the
AO and WP on EAWM circulation

The biggest differences of SLP related to the EAWM
between in-phase and out-of-phase for the AO and WP
are eastward expansion of the Siberian High into Mon-
golia and Manchuria and an intensity of zonal gradient
between the Siberian High and the Aleutian Low (Figs. 5a,
6a, and Figs. 5b, 6b). Chen et al. (2005) showed that the
zonal wavenumber-2 (ZWN2) pattern of planetary waves
contributes dominantly to anomalous SLP pattern related
to the EAWM. Accordingly we investigated the ZWM?2
patterns of SLP for individual cases of in-phase and out-
of-phase of the AO and WP using zonal Fourier harmon-
ics (Fig. 7). Climatologically, the ZWN2 pattern has high
pressures over the Eurasian and the North America conti-
nents and low pressures over the North Pacific and North
Atlantic. This wave pattern corresponds to the climatologi-
cal surface pressure systems, including the Siberian High,
the Aleutian Low, the Canadian High and the Icelandic
Low (Chen et al. 2005). Both the individual ZWN?2 patterns
of a negative (positive) AO and a negative (positive) WP
show strong (weak) high pressures and low pressures over
the continents and the oceans, respectively (Fig. 7a, b).
The difference between the AO and WP is that the ZWN2
pattern related to the AO is significant in the whole of the
climatological pattern, whereas the ZWN2 pattern related
to the WP is significant in the southward of the climato-
logical pattern. When the AO and WP are negatively (posi-
tively) in-phase, the climatological surface pressure system
becomes stronger (weaker) and thus the Siberian High
and the Aleutian Low in the same latitude with East Asia
strengthen (weaken) and the zonal gradient between left
and right regions of East Asia strengthens. On the contrary,
when the AO and WP are out-of-phase, significant anoma-
lous signals appear in the center (near 50°N) of the climato-
logical pattern due to the opposite sign between the ZWN2
patterns of the AO and WP; hence, there are no significant
extensions of the Siberian High and the Aleutian Low into
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(a) SLP (N-AO/P-WP) (b SLP (P-AO/N-WP)

Fig. 6 Composite maps of a sea level pressure anomalies, b geo- and (f) are the same as (a), (c) and (e), respectively, except for the
potential height anomalies at 500 hPa and ¢ zonal wind anomalies at cases of positive AO and negative WP. Areas with black dots denote
300 hPa for the cases of negative AO and positive WP. The (b), (d) 95 % confidence level according to the two-tailed student’s 7 test
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(a) N-P AO

ZWN2

(b) N-P WP ZWN2

ZWN2

-10 -9 -8 -7 -6

5 -4 3 2 -1

Fig. 7 Difference composite patterns (shading) of the zonal wave
number-2 distribution of sea level pressure between the negative and
positive a AO and b WP. ¢ and d are the same but for in-phase and

East Asia. These may explain the influence of the AO on
EAWM circulation depending on the sign of the WP.
Additionally, the difference composite patterns of
ZWN2 of HGT500 of the in- and out-of phases of the
AO and WP are examined (Fig. 8). The individual ZWN2
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out-of-phase of AO and WP. Contour lines indicate the climatology
of the zonal wave number and shadings denote significant values at
95 % confidence levels

patterns of HGT500 for the AO and WP are similar to each
other (not shown) as that of SLP. Therefore, when the AO
and WP are negatively (positively) in-phase, a climatologi-
cal negative eddy over East Asia is shifted southward and
thus the EAT becomes deeper (shallower) over East Asia



Combined effect of the Arctic Oscillation and the Western Pacific pattern on East Asia winter...

3217

(a) [N-AO/N-WP] - [P-AO/P-WP] ZWN2
0

ZWN2

(b) [N-AO/P-WP] - [P-AO/N-WP]
0
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Fig. 8 Asin Fig. 7c, d, but for geopotential height at S00 hPa

(Figs. 8a and 5c, d). On the other hand, when the AO and
WP are out-of-phase, there are no significant anomalous
eddies related to EAT (Fig. 8b).

3.5 A new EAWM index based on the combination
of AO and WP phases

In this section, an index, which considers both the effects
of the AO and WP on T2m_EA, is suggested based on the
result that statistically significant negative (positive) tem-
perature anomalies in East Asia are more evident when the
AO and WP are positively (negatively) in-phase than when
they are out-of-phase (Fig. 9).

In contrast to the existing EAWM indices (e.g., Jhun
and Lee 2004; Sun and Li 1997; Wang et al. 2009; Li
and Yang 2010) that use the synoptic variables related to
the EAWM, this index utilizes the large-scale teleconnec-
tion pattern indices, the AO and WP indices, related to the
EAWM. A multiple linear regression is carried out using
the AO and WP indices as predictors, and T2m_EA as the
predictand. To find each regression coefficient of the pre-
dictors, leave-one-out cross-validation (Michaelsen 1987)
is utilized to find 56 regression coefficients each, for the
AO and WP indices, which are then averaged. Finally, the
average regression coefficients of the AO and WP indi-
ces are multiplied to create the EA_T2m variation. This
newly developed index of the AO and WP is referred as the
AOWP index in this study. Figure 10 shows the correlation

0 10 20 30 40 50 60 70 80 90 100

coefficients between the monthly and seasonal T2m_EA
and AO, PNA, WP, and AOWP indices. All correlations
between the AOWP and T2m_EA of each month are sta-
tistically significant with the 99 % confidence level and
the coefficient of January (0.66) is higher than those for
December (0.4) and February (0.53). Furthermore, the cor-
relation between T2m_EA and the AOWP indices for all
winter months is 0.52, which is statistically significant at
the 99 % confidence level, and the correlation coefficient
between the seasonal mean indices is the highest (0.70).
When both two indices are taken into consideration, the
relationship with East Asia winter temperature becomes
higher than when just one index (AO or WP) is considered.

Figure 11 is the regression map of the winter East Asia
atmospheric circulation for the winter AOWP index, which
is similar to the positive in-phase pattern in Fig. 5. For pos-
itive AOWP, the T2m anomalies are higher than in normal
months from central Siberian to the Korea Peninsula and
Japan and lower than that of normal months in eastern Sibe-
ria. In the lower and middle levels of the troposphere, the
anomalous anticyclonic circulation is zonally stretched out
over the mid-latitude of North Pacific and the anomalous
cyclonic circulation is located in North Pole. In particular,
in the 500 hPa level, the anomalous cyclonic circulation
is centered in the eastern Siberia, where the negative T2m
anomalies are located. Due to the strengthening of the pres-
sure gradient in the meridional direction, the zonal wind in
300 hPa level around 50°N is stronger than during normal
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Fig. 9 Scatter plot of normalized temperature anomalies at 2 m in
East Asia region (T2m_EA) according to the phases of normalized
AO and WP indices. The color of the ‘X” makers denotes the degrees
of normalized T2mEA
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Fig. 10 Correlation coefficients between monthly and seasonal tem-
perature anomalies at 2 m averaged in the East Asia region (25°—
45°N, 110°-145°E) and AO, PNA, WP, and AOWP indices during
winter (December, January and February) of 1958/1959-2013/2014.
The dashed lines denote the 95 and 99 % confidence levels

months and a negative zonal wind anomaly is located in
south 50°N, resulting in the northward shift of EAJS.

The correlation coefficients between the six different
EAWM indices and the AOWP index are shown in Table 3.
The Siberian High (SH) (Wu and Wang 2002), Aleutian
Low (AL) (Trenberth and Hurrell 1994), zonal pressure
gradient between SH and AL (SH-AL), EAT (Sun et al.),
trough axis index (TAI) (Wang et al. 2009), and EAJS (Jhun
and Lee 2004) indices are known to represent EAWM.
Most indices, except for the TAI, have a statistically sig-
nificant correlation with AOWP, and SH and AL have sta-
tistically significant relationships depending on the month.
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The EAT showed the greatest correlation coefficients with
the AOWP for all months. This signifies that the AO and
WP affect the temperature in East Asia by transforming the
strength and shape of the EAT, which changes the direction
of the flow of cold air in the high latitude flow to East Asia.

4 Summary and conclusions

This study investigates the combined effect of the AO and
WP on the northern hemisphere and East Asia winter tem-
perature variations through a composite analysis by utiliz-
ing NCEP/NCAR Reanalysis data from the last 56 years
(1958/1959-2013/2014). Before analyzing the combined
effect of the AO and WP on the boreal winters, the inde-
pendent effects of the AO and WP were investigated. The
temperature variation around the North Atlantic regions is
not strongly affected by the WP phase difference, but does
show statistically significant changes depending on the AO
phase. Meanwhile, the AO and WP independently affect
winter temperature variations in East Asia. The AO mostly
affects the temperature anomaly in northern Eurasia to
northern East Asia, whereas the WP affects the temperature
anomaly in eastern Siberia and Southeast Asia.

When the AO and WP are in-phase, the negative rela-
tionship between the temperature of East Asia and the AO
is strengthened. In other words, during the winter months,
when negative (positive) AO is accompanied by negative
(positive) WP, negative (positive) temperature anomalies
are primarily dominant in East Asian regions (Northeastern
China, the Korean Peninsula, and Japan). Conversely, when
the AO and WP are out-of-phase (negative AO phase with
positive WP phase, and positive AO phase with negative
WP phase), the temperature anomalies of East Asian winter
do not show distinct changes.

The anomalous circulation in the North Pacific, which
appears when the AO and WP are in the same phase,
strengthens and expands to the southwest. Hence, when a
negative (positive) AO appears with a negative (positive)
WP, the anomalous cyclonic (anticyclonic) circulation in
the North Pacific expands to the southwest. Therefore, on
the surface, the zonal pressure gradient centered around
East Asia is strengthened (weakened), thereby strength-
ening the northwesterly wind to East Asia. Furthermore,
the EAT is strengthened (weakened) in the middle tropo-
sphere, making it possible for more (less) cold air from
high latitudes to flow into East Asia. Through correlation
analysis, the combined AO and WP affect the character-
istics of atmospheric circulation related with the EAWM
and show the highest correlation with the variation of EAT.
On the other hand, when the AO and WP are out-of-phase
with each other, the atmospheric circulation patterns of the
North Pacific and East Asia cancel each other out, do not
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Fig. 11 Regression maps of a temperature anomalies at 2 m, b sea
level pressure anomalies, ¢ geopotential height anomalies at 500 hPa
and d zonal wind anomalies at 300 hPa with regard to the combined
index of the AO and WP (AOWP) during winter (December, Janu-

show a significant pattern, and thus do not have a distinct
effect on the winter temperature variation in East Asia.

The zonal wavenumber-2 patterns of SLP and HGT500
for in-phase and out-of-phase of the AO and WP are also
investigated to explain the influence of the AO on EAWM
circulation depending on the sign of the WP. Both of the
individual anomalous ZWN?2 patterns of a negative AO and
a negative WP are positive over Eurasia and North America

Table 3 Temporal correlation coefficients between the AOWP index
and six different circulation indices related with the EAWM during
the boreal winter 1958/1959-2013/2014

DEC JAN FEB DJF monthly
SH —0.28* —0.29* -0.2 —0.26
AL 0.28%* 0.15 0.36%* 0.26
SH-AL —0.35%* —-0.27* —0.37%%* —0.33%*
EAT 0.59%* 0.75%* 0.627%* 0.65%*
TAI 0.11 —0.04 —0.02 0.02
EAIJS —0.49%* —0.39%* —0.29* —0.39%*

The values with one and two asterisks exceed the 95 and 99 % confi-
dence levels according to the two-tailed student’s ¢ test, respectively

(b) SLP

90N
80N
70N
60N
50N
40N
30N

20N
60E 90E

[ DEEEEEEEEES

5-45-4-35-3-25-2-15-1-050 05 1 15 2 25 3 35 4 45 5

(d) U300

90N
80N
70N
60N
SON
40N
30N

20N == A s
60E 120E

______LEEEN

109 -8 -7 6 -5-4-3-2-10

180 150W

3 456 7 8 910

ary and February) of 1958/1959-2013/2014. Areas with black dots
denote 95 % confidence level according to the two-tailed student’s ¢
test

and negative over North Pacific and North Atlantic, espe-
cially in middle latitude. Therefore, this signal strength-
ens the climatological pattern, and when the AO and WP
are in-phase, the south part of Siberian High and Aleutian
Low become stronger than the normal condition. Hence,
the zonal pressure gradient in the middle latitude centered
in the Korean Peninsula and Japan becomes stronger. Con-
sequently, continental cold air of high latitude flows more
southeastward into East Asia by the strong northwesterly
wind. On the contrary, when the AO and WP are out-of-
phase, anomalous ZWN?2 signals cancel each other out in
the middle latitude, which prevents any significant exten-
sions of the Siberian High and the Aleutian Low into East
Asia. The anomalous ZWN?2 patterns of HGT500 are simi-
lar to those of SLP. There are significant variations of the
ZWN?2 pattern related to EAT over the Korean Peninsula
and Japan during the in-phase of the AO and WP. However,
the anomalous ZWN?2 pattern for their out-of-phase is not
significant over the region.

Based on the fact that the effect of the AO on winter tem-
perature in East Asia can be changed depending on the phase
of the WP pattern in the North Pacific, the AOWP index is
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suggested in this study. The index is significantly correlated
with the EAT and EAJS, and surface air temperature.

Linkin and Nigam (2008) showed that the WP pattern in the
middle troposphere is similar to the North Pacific Oscillation
(NPO) pattern in SLP. Yeh et al. (2011) revealed that a climate
shift in the North Pacific occurred in winter 1966/1977 and
1988/1989, and showed through empirical orthogonal function
analysis that the leading atmospheric circulation of the lower
troposphere transformed from the pattern related to the intensity
of the Aleutian Low to the NPO pattern. In this study, because
the anomalous temperature pattern in East Asia related to the
WP is analyzed by case selection, the present study results are
not affected by the change of the leading mode of atmospheric
circulation in the North Pacific. However, considering the recent
increase of the NPO pattern in the mid-latitudes of the North
Pacific (Yeh et al. 2011), it can be inferred that the effect of the
AO on East Asia winter temperature after winter 1988/1989
can be further modified by the above and below normal condi-
tion of the WP, compared to before winter 1988/1989. In fact, a
comparison of the number of occurrences of the WP before and
after 1988/1989 shows that before 1988/1989, among a total of
90 months (30 years x 3 months), negative and positive WPs
occurred in 20 and 19 months, respectively, and after 1988/1989,
among a total of 78 months (26 years x 3 months), negative
and positive WPs occurred in 16 and 19 months, respectively
(Table 2). The differences between the negative WPs before and
after the climate regime shift are not distinct, but positive WPs
occur more frequently after 1988/1989 than before. The nega-
tive in-phase occurrence of AO and WP before and after 1988/89
does not increase, but the number of positive in-phase occur-
rences increases (before 1988/1989: 8 cases; after 1988/1989: 14
cases). This distinct increase only in the positive in-phase cases
of the AO and WP after the climate regime shift could be related
to the decadal change of the WP and AO phases. Thus additional
studies on this regard need to be conducted.
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