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Abstract

As important atmospheric circulation patterns in Northern Hemisphere (NH), the North Atlantic Oscillation
(NAO) and the Western Pacific teleconnection (WP) affect the winter climate in Eurasia. In order to explore the
combined effects of NAO and WP on East Asian (EA) temperature, the NAO and WP indices are divided into four
phases from 1980-2021: the positive NAO and WP phase (NAO+/WP+), the negative NAO and WP phase (NAO-/
WP-), the positive NAO and negative WP phase (NAO+/WP-), the negative NAO and positive WP phase (NAO-/
WP+). In the phase of NAO+/WP+, the low geopotential height (GH) stays in north of EA at 50°-80°N; the surface
air temperature anomaly (SATA) is 0.8-1°C lower than Southern Asian. In the phase of NAO-/WP-, the center of
high temperature and GH locate in the northeast of EA; the cold air spreads to Southern Asia, causing the SATA
decreases 1-1.5°C. In the phase of NAO+/WP-, the high GH belt is formed at 55°-80°N. Meanwhile, the center of
high SATA locates in the north of Asia that increases 0.8-1.1°C. The cold airflow causes temperature dropping
0.5-1C in the south of EA. The SATA improves 0.5-1.5°C in south of EA in the phase of NAO-/WP+. The belt of
high GH is formed at 25°-50°N, and blocks the cold air which from Siberia. The NAO and WP generate two warped
plate pressure structures in NH, and affect the temperature by different pressure configurations. NAO and WP
form different GH, and GH acts to block and push airflow by affecting the air pressure, then causes the
temperature to be different from the north and south of EA. Finally, the multiple linear regression result shows
that NAO and WP are weakened by each other such as the phase of NAO+/WP+ and NAO-/WP-.
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1 Introduction

The North Atlantic Oscillation (NAO) and the Western Pacific
teleconnection (WP) are located in the North Atlantic Ocean and
the West Pacific Ocean (Wibig, 1999). NAO appears as typical
north-south dipole modes and it relates to the pressure and tem-
perature (Hurrell, 1995). In positive phase of NAO, Northern and
Central Europe are warm and the Mediterranean is cold. During
the negative phase of NAO, a weak subtropical high and a weak
Icelandic low cause moist air gets into the Mediterranean and
cold air gets into northern Europe (Hurrell et al., 2003; Rousi et
al., 2020). Abnormal NAO can bring blizzard and extreme cold,
causing heavy rain and freezing disasters (Hori, 2003; Yao and
Luo, 2016). At the same time, the Eastern Asia Surface Air Tem-
perature (SAT) is closely associated with the NAO (Li and Wang,

2003; Li et al., 2022). Abnormal NAO can cause temperature to
decrease in Southeastern China (Wang and Shi, 2001).

Wallace and Gutzler (1981) identified the WP pattern is one of
the most important components of atmospheric circulation cor-
related with SAT teleconnections over Eastern Asia. Positive
phase of WP affects temperature warm in south of Asia. The neg-
ative phase of WP affects the Eastern Asia monsoon and leads to
temperature decrease over Eastern Asia in the winter (Gong
etal., 2001; Zhang et al., 2009). The pattern of WP can be related
to ENSO during the winter (Bell et al., 2009; Chen et al., 2013;
Oshika et al., 2015). As an important phenomenon to impact on
the global climate, ENSO has a complex association with WP (Shi
and Zhu, 1993). Some scholars tried to study some low-fre-
quency, extratropical teleconnection patterns, such as NAO, to
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build a composite statistical model to predict SAT (Feldstein,
2000; Saunders and Qian, 2002; Dai et al., 2017; Yoo et al., 2018).
In recent years, studies on the combination of NAO-WP phases
begin to appear. It is reported that it has a complex relationship
between NAO, ENSO and WP through statistical analyses (Oshi-
ka et al., 2015; Nakamura et al., 2015). Park and Ahn (2016) ex-
plore the combined effect of the Arctic Oscillation (AO) and the
WP on winter temperature, they proposed an index considering
the effect of both AO and WP on East Asia winter temperature.
The correlation between the index and the East Asia winter tem-
perature was statistically significant at the 99% confidence level.
This provides a good demonstration for exploring the relation-
ship between NAO and WP. Shi et al. (2021) indicate that differ-
ent NAO-WP phases have different effects on winter temperat-
ures in southern China. But the combination of NAO and WP at
low index levels is not discussed. In addition, the structure about
the combined effects of the NAO and WP has not been clearly
summarized. We hope to further discuss the combined effects of
the air pressure warping structures on Eurasian continent. Mean-
while, we straighten out the relationships among geopotential
height (GH), wind and SAT under the NAO-WP. The mechan-
isms of the combined action of NAO-WP are deeply discussed.

In this paper, the NAO and WP are divided into four phases of
1980-2021, in order to study the distribution of temperature in
winter. Calculating the SAT anomaly (SATA) to explain the char-
acteristics in the four phases of NAO-WP. We introduce the data
and methods in Section 2 and present the results in Section 3.
Conclusions and discussion are in Section 4.

2 Data and methods

2.1 Data

The monthly indices of NAO and WP are from National
Oceanic and Atmospheric Administration (NOAA) Climate Pre-
diction Center, obtained from the website of the Climate Indices
List.

We use the air temperature data from NOAA-20th Century
Reanalysis database version 3, on a global 2.5° x 2.5° latitude-lon-
gitude grid from December 1979 to February 2021. The atmo-
spheric data of GH, Horizontal Wind Component and Vertical
Wind Component are obtained from National Centers for Envir-
onmental Prediction (NCEP) Reanalysis Database (Reanalysis-2),
which the spatial resolutions of 2.5° x 2.5°, and the temporal cov-
erage is from December 1979 to February 2021.

In this paper, the season of Northern Hemisphere (NH) is di-
vided by this: the spring includes March, April and May (MAM),
the summer includes June, July and August (JJA), the autumn in-
cludes September, October and November (SON), while the
winter includes December, January and February (DJF).

2.2 Identification of four phases to NAO-WP

This study averages the NAO and WP indices as a value in
each winter of 1980-2021. The time series of NAO and WP in-
dices are shown in Fig. 1a.

The positive values of NAO are 32 years and the positive WP
indices are 22 years from 1980 to 2021 (Fig. 1a). The negative val-
ues of NAO have 10 years and the negative WP indices have 20
years from 1980 to 2021 (Fig. 1a). According to the positive and
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Fig. 1. The NAO and WP indices in winter 1980-2021 (a); the four phases of NAO-WP (b); the frequency of NAO-WP (c). The yellow
bar represents the total frequency of the different phases; the red bar represents the frequency of El Nifio year; and the blue bar repres-

ents the frequency of La Nifa year.
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negative characteristics of NAO and WP, the indices are divided
into four phases (Fig. 1b). The positive value of NAO and WP
phase (NAO+/WP+) at the same time have 17 years including
1983, 1988, 1989, 1993, 1994, 1999, 2001, 2002, 2006, 2007, 2008,
2013, 2016, 2017, 2018, 2019 and 2020 (Table 1). Among them, El
Nifio year accounted for 17.6%, La Niiia year accounted for 29.4%
(Figs 1b and c); the negative NAO and WP phase (NAO-/WP-)
have 5 years including 1985, 1996, 1997, 2010 and 2011, El Nifio
year accounted for 20%, La Nina year accounted for 60% (Figs 1b
and c); the positive NAO and negative WP phase (NAO+/WP-)
have 15 years including 1980, 1981, 1982, 1984, 1986, 1990, 1991,
1992, 1995, 2000, 2004, 2005, 2012, 2014 and 2015. Among them,
El Nifio year accounted for 26.6%, La Nifia year accounted for
26.6% (Figs 1b and c); the negative NAO and positive WP phase
(NAO-/WP+) have 5 years including 1987, 1998, 2003, 2009 and
2021, El Nifio year accounted for 80%, La Nifa year accounted for
20% (Figs 1b and 1c). From the frequency of occurrence, the
phase of NAO+/WP+ occurred most frequently, which has 17
times. The phase of NAO+/WP- occurred 15 times. NAO-/WP-
and NAO-/WP+ occurred less frequently, only five times, re-
spectively.

2.3 Method of Multiple linear regression

Multiple regression analysis is often used to analyze the rela-
tionship for variables. This study analyzes the relationship
between SAT and NAO-WP indices by multiple regression. The
time series T; are the SAT which in the four phases of NAO-WP,
the sample length is the number of years selected for each phase,
and the regression equation is

T; = alxyao + blwp + &, (1)

where gradient a and b represent the change of temperature,
Iyao represents the NAO index, I, represents the WP index, the
¢ is error. The coefficients of a and b are calculated as follows:
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2.4 Method of empirical orthogonal function analysis
Monthly 500 hPa air temperature variations during DJF for

Table 1. Classification of years by four phases

the period of 1980-2021 are adopted in this study to examine at-
mospheric circulation patterns associated with the phase of
NAO-WP in Eastern Asia. Empirical orthogonal function analysis
(EOF) is used to analyze the spatial and temporal variability of
single geophysical fields (Thompson and Wallace, 1998). The
space-time decomposition is X = EOF,», x PC,«, which n
refers to the location in space, m indicates the length of the time
series, EOF corresponds to the spatial patterns of variability, and
PC is the principal component (PC) and corresponds to the tem-
poral patterns of variability. Here, we separate the spatial distri-
bution mode of the original temperature field from the time
series. The spatial distribution mode is only a function of the
space, and the time series is given in the form of PC value. First,
we calculate the monthly 500 hPa air temperature anomalies and
relative to the climatological mean values for 1980-2021. Second,
air temperature anomalies are weighted by latitude. Then, we
calculate the monthly 500 hPa air temperature anomalies during
DJF for the period of 1980-2021. A span of 126 months are used
to perform the EOF analysis, then extract spatial modes and the
correspond time series.

3 Results

3.1 The surface air temperatures anomaly in four phases

In order to explain the characteristics of the four phases about
NAO-WP, we calculate the SATA from 1980 to 2021 in the NH
(Fig. 2).

In the phase of NAO+/WP+, the SATA is lower in the north of
Eastern Asian area (50°-~70°N, 100°-170°E) than the south of Asi-
an (20°-40°N, 90°-130°E) (Fig. 2a). A cold center forms over
Kamchatka with the SATA decreasing about 0.5-0.8°C. The neg-
ative WP corresponds to low temperature and weak pressure
field in this area. The SATA is increased in the other area of
Eurasia. In the North Atlantic, the distribution of SATA is similar
to the Kamchatka. In these areas, NAO and WP seem to play the
same role. In the phase of NAO-/WP- (Fig. 2b), the distribution
of SATA is the opposite to the NAO+/WP+ phase. A low SATA
zone which through Eurasia is formed around 30°-80°N. That
means the winter is cold in south of Eastern Asia. The Northern
Europe and Siberia decrease 2-3°C, and the Eastern Kamchatka
increases 1-2°C (Fig. 2b). The negative NAO weaks the jet stream
on the Atlantic, it makes the mid-latitudes of Europe cold and
dry. The role of WP in Eastern Asia is also reflected in the cooling
of the southern region.

The SATA decreases 0.5-0.8°C at the south of Eastern Asia in
the phase of NAO+/WP- (Fig. 2c). The SATA improves 0.5-0.8°C
in the north of Eastern Asia, which forms a warm center. Another
warm center is formed in the Ural region with SATA improving
0.8-1.1°C. The temperature is high in northern Asia, while it is
low in the south of Asia (Fig. 2c). Shi et al. (2021) found that when
NAO index is high, the temperature in the north of East Asia is
high and that in the south is low. Li et al. (2022) found that south-
ern East Asian temperatures are low when WP is low. This is con-
sistent with our SATA results. The SATA in the phase of NAO-/WP-
is strong (Fig. 2d), this phase results SATA decreases 2-4C in
north of Eastern Asia. NAO-/WP- phase forms an anomalous

Phase Year
NAO+/WP+ 1983, 1988, 1989, 1993, 1994, 1999, 2001, 2002, 2006, 2007, 2008, 2013, 2016, 2017, 2018, 2019, 2020
NAO-/WP- 1985, 1996, 1997, 2010, 2011
NAO+/WP- 1980, 1981, 1982, 1984, 1986, 1990, 1991, 1992, 1995, 2000, 2004, 2005, 2012, 2014, 2015

NAO-/WP +

1987, 1998, 2003, 2009, 2021
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Fig. 2. The SATA in the four phases of 1980-2021 (DJF) (unit: ‘C). The SATA in the NAO+/WP+ phase (a); the SATA in the NAO-/WP-
phase (b); the SATA in the NAO+/WP- phase (c); the SATA in the NAO-/WP+ phase (d).

warming center in the North Pacific, and cold area distributes in
Northern Europe and Siberia. Meanwhile, SATA rises 0.8-1.3C
in southern Asia in the phase of NAO-/WP-. In terms of the dis-
tribution of SATA from Figs 2b and c, the temperatures are
roughly opposite.

In Fig. 2, the winter temperature in Eastern Asia is roughly di-
vided into two types under the four phases of NAO and WP.
NAO+/WP- and NAO-/WP+ cause the different temperature
between the north of Eastern Asian and south of it. The SATA is
roughly opposite of NAO+/WP+ and NAO-/WP-.

3.2 The dynamic mechanism of SATA in the four phases
To explain the reason for the SATA distribution in the four
phases of NAO-WP, we use the GH and wind field anomalies at
500 hPa to analyze the dynamic mechanism respectively (Fig. 3).
In phase of NAO+/WP+, the GH forms a north-south warping

plate pressure structure in the north of the Pacific (Fig. 3a). The
pressure structure caused by NAO is the same as WP in the north
of Atlantic (Fig. 3a). The structures cause the warm air continu-
ally entering the Eurasia trough from the mid-latitude Atlantic
Ocean. Owing to high pressure in the south, the cold air is diffi-
cult to spread south. Thus, from the wind fields anomalies, the
warm air gathers in Eurasia, and increases the temperature of the
Eastern Asia (Fig. 2a). For the phase of NAO-/WP-, the effects of
NAO-WP are relatively strong (Fig. 3b). Two high GH regions in
northern Eurasia form cyclones respectively, then a pressure
trough is formed over the Urals and Siberia, causing Arctic cold
air spread to south. This cold air spreads over the low GH area of
southern Eurasia, causing temperatures to decrease. According
to the wind fields, a large of cold airflow from the Arctic into
Siberia, causing low temperature in this region. At the same time,
a cyclone is formed near the Kamchatka, it carries the cold air
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Fig. 3. The distribution of 500 hPa GH and wind field anomalies in the four phases of NAO-WP. The color respects the GH anomalies,
arrows represent wind field. The NAO+/WP+ phase (a); the NAO-/WP- phase (b); the NAO+/WP- phase (c); the NAO-/WP+ phase (d).

southward and cools southeastern China.

For the phase of NAO+/WP-, there is a high GH anomaly over
East Siberian Plateau, and high GH anomaly is formed by NAO
over the Azores (Fig. 3c). High GH regions form cyclones to trans-
port low-latitude warm air northward and block cold air. At the
same time, although NAO weaken the jet stream, a cyclone trans-
ports to the cold air into continent, and results in the temperat-
ure decrease in the south of Eurasia. The phase of NAO-/WP- is
opposite to NAO+/WP- (Fig. 3d). In Eastern Asia, low GH forms
cyclones in north of Eastern Asia, and cold air from Arctic
spreads to south. From the wind field anomalies, high pressure in
the south transports warm air from low latitudes of the Pacific to
the mainland, causing temperatures to rise. Two cyclones are
formed by NAO on the western side of Eurasia, the airflow col-
lides with cold air which is from the Siberia, to block them spread
south. After the collision of the airflow, a part of cold air spread to
Europe, and another transport to the east. As a result, the tem-

perature is decreased in northern Asia.

The Atlantic, Asian, and Pacific form a ocean-continent-
ocean structure (Fig. 4). Under this structure, the NAO-WP
phases affect the airflow by the pressure, and forms different air-
flow-transport paths, then influence the winter temperatures fi-
nally.

In the phase of NAO+/WP+, high GH stays in the south of the
Eurasia (Fig. 4a). Warm westerly winds from the NAO in the At-
lantic transport into Eurasia, with the high pressure structure of
WP raises temperature in south of Eastern Asia (Fig. 4a).
However, in the phase of NAO-/WP-,high GH in the north of
Asia blocks the warm air that from the low-latitude area (Fig. 4b).
The cold air is transported to south when high GH area locates in
the north of the Eurasia. Strong wind anomalies cause cooling in
the south of Eastern Asia. Differently, the east-west warped plate
pressure structure formed by GH causes airflow collisions, when
the phase of NAO is different from the phase of WP. Such as the
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phase of NAO+/WP-, the pressure adjusted by WP transports
warm air from the Pacific, raising temperatures in northern Asia
(Fig. 4c, red box). The pressure adjusted by NAO transports cold
air from the Atlantic, and temperature is decreased in southern
Asia (Fig. 4c, blue box). The airflow is transported by NAO and
WP collides in central Eurasia. After collision, warm air transpor-
ted by WP continues westward to impact Europe, and cold air
transported by NAO continues eastward to Eastern Asia.

For the phase of NAO-/WP+, warm air is transported by WP
from the Pacific, raises temperatures in south of Eastern Asia
(Fig. 4d, red box). Cold air is transported by NAO from the At-
lantic, then temperature is decreased in Europe (Fig. 4d, blue
box). Unlike the phase of NAO+/WP-, the phase of NAO-/WP+
relies on high pressure to block the cold or warm air entry, there-
fore temperature is decreased or raised at different locations in
Eurasia.

Under the action of NAO and WP, GH plays a dominant ad-
justable role. GH is the driving source of abnormal wind field.

Wind fields carry cold and warm air, causing temperatures to
drop or rise. At the same time, GH also plays a role in blocking
airflow, which is obvious in NAO-/WP-.

3.3 Theregression and EOF of NAO-WP in the four phases

To measure the combined effect of the NAO-WP phase, mul-
tiple linear regression is established to discuss the relationship
between the four phases of NAO-WP and the SATA. Considering
the same phase, in the phase of NAO+/WP+, the NAO coeffi-
cients in north of Eastern Asia are mostly positive (Fig. 5a), and
the WP coefficients are mostly negative value (Fig. 5b). Thus, the
NAO and WP offset the impact on SATA. In the NAO-/WP-
phases, the NAO coefficients in Eastern Asia (Fig. 5¢) are oppos-
ite to the coefficient distribution of WP (Fig. 5d), the combined
effect of NAO and WP are also weakened. The regression coeffi-
cients show that NAO and WP are weakened by each other in the
phase of NAO+/WP+ and NAO-/WP-.

In the phases of NAO+/WP- and NAO-/WP+, the coefficients
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of NAO regressed on SATA is not significant in Eastern Asia
(Figs 5e and g), while it is significant for WP (Figs 5f and h) . The
reason shows that NAO has not a direct impact on the temperat-
ure in Eastern Asia. For other interference factors, further work
needs to be discussed.

Furthermore, we analyze the annual variation of temperature
in Eastern Asia by EOF method, in order to understand the annual
variability of the NAO-WP in this region clearly. As shown in the
Fig. 6, the EOF1 is similar to the phase of NAO-/WP+ in the East-
ern Asia (Fig. 6a). The character of EOF1 mode is a meridional di-
pole with one low-temperature center over the Siberia and one
high-temperature center over the south of Eastern Asia. Associ-
ated with the PC1 trends (Fig. 6b), this phase will continue ap-
pearing in the future. This abnormal cold center in Siberia could
cause that the cold air spreads to southward. The EOF2 modes
(Fig. 6¢) are similar structures to the NAO-/WP-. In the northern
part of Eurasia, there is a clear cold temperate zone, which shows
cold air is raging in this high-latitude area. Relative to PC1, the
trend of PC2 is not obvious (Fig. 6d). EOF3 accounts for only
8.16% (Fig. 6e), and PC3 shows fluctuating with annual variabil-
ity (Fig. 6f). The influence of EOF3 mode is rare. In Eastern Asia, a
clear high-temperature region can be seen. When the PC3 value
is negative, the temperature are decreased in this region.

4 Conclusions

This study discusses the combined effects of four NAO-WP
phases in NH. The phases of NAO-WP affect the airflow by air
pressure, then it forms different air-transport paths for cold and

warm airflow and affects the winter temperature in the Eastern
Asia finally.

In the phase of NAO+/WP+, a high pressure blocks the cold
air from the Arctic and causes temperature increase in south of
Eastern Asia. The impact of positive NAO is weak on Eastern Asia.
WP sends the Pacific warm airflow into the Asian continent, then
the SATA increases in south of East Asia. In the phase of NAO-/
WP-, a high-pressure locates in north of Eastern Asia. Negative
NAO forms a low-pressure zone in Europe, and forms a cold zone
through Eurasia. Active cold airflow collides in Central Asia,
causing the cold air to spread southward. Then the airflow causes
the winter to become cold in Eastern Asia. In the phase of
NAO+/WP-, Northern Asia is controlled by high pressure. Posit-
ive phase of NAO sends North Atlantic cold air into the Eurasia.
The low pressure formed by WP causes temperature to decrease
in Eastern Asia. In the phase of NAO-/WP+, the WP forms a low
pressure in northern Asia, the cold air in the north causes the
winter become colder, while the temperature increases in South-
ern Asia.

At present, the individual studies of NAO and WP about
winter temperature are relatively plentiful. But the synergistic ef-
fects between NAO and WP are worth to be noticed. Different
types of NAO-WP have different influence on temperature in
Eastern Asia. As global warming, future climate predictions have
become more volatile. The occurrence of extreme weather pose
more threats and challenges to human survival. Studying the
phases of NAO-WP and improving the predictive ability for SATA
are valuable. Through the discussion on the relation of the SATA
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Fig. 6. The EOF modes of temperature anomalies (unit: ‘C). The EOF analysis is performed by monthly 500 hPa air temperature in the
region of NH, during DJF from 1979 to 2021. The percentages of variance explained by EOF modes are given in the upper right corner.

The right panel is the corresponding PC time series for the EOF.

variability in winter with the GH and wind field anomaly, this
study helps advance our understanding of the synergistic effect of
NAO and WP on SATA for winter in Eastern Asia.
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