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Abstract

The East Asian winter monsoon (EAWM) intensifies in the early twenty-first century and links with frequent impacts of
large-scale persistent extreme cold events in winter in East Asia in recent years. We found that there has been a significant
positive correlation between the EAWM and Interhemispheric Oscillation (IHO). However, conspicuous interdecadal vari-
ations have occurred in the relationship between the EAWM and THO. The relationship between the IHO and EAWM was
most significant during 1979-2020, but this relationship was weak and insignificant during 1962-1978. During 1979-2020,
the atmospheric mass (surface pressure) difference between the Northern Hemisphere (NH) and Southern Hemisphere
(SH) during 1979-2020 was significantly reduced by 7.85% (0.75x 10" kg) compared with that during 1962—-1978. Such
interhemispheric redistribution of atmospheric mass (AM) has had a distinct impact on the land-sea pressure contrast in
East Asia and has intensified the connection between the EAWM and IHO. A strengthened EAWM has resulted in notable
cooling and more severe winters in China. The apparent exportation of AM in the Antarctic region is an important driving
factor for this interhemispheric change. The accompanying anomalous accumulation of AM in the NH is linked with an
increase in the pressure difference between land and sea in East Asia, resulting in intensifying correlation between IHO and
the EAWM. The decadal enhancement of the IHO during 1979-2020 was closely connected with conspicuous warming
in the tropical troposphere/lower stratosphere (UTLS). A seesaw pattern of anomalous air temperature and ozone between
tropical and Antarctic UTLS has induced a decrease in Antarctic ozone masses and air temperature and has strengthened
the polar vortex, corresponding to a decadal enhancement of interhemispheric AM imbalance.
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1 Introduction

The East Asian Winter Monsoon (EAWM) is an important
part of the East Asian atmospheric circulation system and
has a wide influence on East Asian weather and climate (He
et al. 2007). Previous studies have shown that the EAWM
plays an important leading role in East Asian winter tem-
perature variation, and has a direct and substantial influence
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on winter surface temperature (SAT) variation in China (Hu
2015). Ma and Chen (2021) pointed out that interdecadal
variations of winter temperature in China were closely
related to EAWM. On the decadal time scale, EAWM has
undergone two significant decadal changes since the mid-
twentieth century to the present, one in the mid-1980s (from
strong to weak) and the other in the early 2000s (from weak
to strong). Related to this change in EAWM, winter tem-
peratures across China have experienced similar interdecadal
fluctuations. From the late 1980s to the early 2000s, tem-
peratures were generally higher in East Asia and China as
the decadal weakening of EAWM occurred, and China expe-
rienced many mild winters. However, with the strengthening
of the East Asian winter monsoon in the early twenty-first
century, large-scale persistent extreme cold events occurred
frequently in the mid-latitudes of the Northern Hemisphere
(NH), especially in East Asia (e.g., Jeong et al. 2011; Wu
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etal. 2011, Lu 2016). For example, a strengthening Siberian
high and EAWM induced by cold advection by northerly led
to widespread snow and rain freezing in central and eastern
China in January 2018 (Sun et al. 2019). In addition, the
intensity of EAWM can also affect the outbreak of the South
China Sea Summer Monsoon, and thus exert an important
influence on summer temperature and precipitation in China
(You et al. 2021). Therefore, the study of EAWM is one of
the keys to understanding the mechanism of climate change
in East Asia.

Previous studies have shown that the low frequency vari-
ation of EAWM is closely related to the large scale circu-
lation background in the NH. Internal variables, such as
the Pacific Decadal Oscillation (PDO) and Arctic oscilla-
tion (AO), are important factors influencing decadal scale
EAWM (Gong 2019; Chen et al. 2019a, b). The analysis
of Zhou et al. (2007) showed that there was a significant
negative correlation between PDO and EAWM. Specifically,
PDO was essentially in a warm period from the mid to late
1970s until the end of the twentieth century, and EAWM
was weaker during this period. Chen et al (2005) pointed
out that interdecadal variation of EAWM is closely related
to AO. Positive AO position corresponds to weak EAWM
and vice versa. On the interannual time scale, the differ-
ent positions of the AO correspond to the different states
of the polar night jet, which will change the propagation
and amplitude of quasi-steady planetary waves in the atmos-
phere, leading to a change in the intensity of the Siberian
high and the interannual variation in EAWM intensity (Chen
et al. 2005; Wang et al. 2009). Other large-scale atmospheric
signals, such as the North Atlantic Oscillation, midlatitude
wave train and the intraseasonal oscillation of the tropical
atmosphere, also play important roles in the seasonal, inter-
annual and interdecadal changes in the EAWM (e.g., Sung
2010, Yao et al. 2016, Lim Kim 2016, Song and Wu 2017,
2019). In addition, the external forcing factors of ocean, land
surface, ice and snow, such as the North Atlantic SSTA, El
Nifio, the change in snow cover in the middle and high lati-
tudes of Eurasia and Arctic sea ice, are also the key driving
factors of the EAWM (Wu 2011, Chen et al. 2014, 2019a,
b, Luo 2019). The anthropogenic and natural forces also
closely connect with the interdecadal changes of EAWM
cannot be ignored. For example, increasing greenhouse gas
concentration plays an important role in inducing interdec-
adal monsoons interdecadal changes in the mid-1980s by
weakening East Asian trough (Miao et al. 2018).

The EAWM is mainly driven by the heat contrast between
land and sea, and it is deeply affected by global climate
change (Ding et al. 2014). Zeng and Li (2002) pointed out
that the interaction between the NH and Southern Hemi-
sphere (SH) is the fundamental cause of the monsoon phe-
nomenon. In this sense, the EAWM not only plays an impor-
tant role in climate change in Asia but is also linked with
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cross-equatorial airflow and interhemispheric interactions.
However, previous studies on the EAWM were mainly lim-
ited to the interactions of atmospheric circulation systems
within the NH. It is also important to analyse the variation in
the EAWM from a global perspective. Guan and Yamagata
(2001) found that there are atmospheric mass (AM) oscilla-
tions between the NH and SH on multiple timescales (here-
after named interhemispheric oscillation, IHO), which indi-
cates atmospheric interactions between the NH and SH. Lu
et al. (2013) further showed that the [HO is closely related to
the EAWM. That is, the I[HO-associated pressure difference
between the NH and SH is closely linked with meridional
atmospheric transport and large-scale AM redistribution,
which could induce a notable land-sea pressure gradient
over East Asia and thus affect the winter monsoon activity.

Recent studies have revealed that the EAWM has sig-
nificantly increased in the interdecadal period in the past
ten years, which is driven by factors such as the increase
in winter-blocking frequency in the Urals and the decrease
in autumn sea ice in the Arctic (Wang and Chen 2014a, b;
Yang and Wu 2013; Chen et al.2019a, b). On the other hand,
the global temperature has increased sharply since 1979,
and this warming has obvious asymmetric characteristics
between the NH and SH (Jones et al. 1999), which may
further increase the interhemispheric AM contrast between
the NH and SH. Under this background, there are several
questions to answer: whether the relationship between the
EAWM and IHO is stable, whether the interdecadal enhance-
ment of the EAWM is regulated by the IHO-associated inter-
hemispheric AM imbalance and redistribution, and what are
the possible formation mechanisms? To answer the above
questions, this paper explores the interdecadal changes in the
relationship between the IHO and EAWM under the back-
ground of global warming and its influence on the change in
winter low-temperature disaster events in China.

2 Data and methodology

The data in this paper are taken from the ERAS analy-
sis dataset of the European Centre for Medium-Range
Weather Forecasts. The variables used are surface pres-
sure (Ps), 10 m winds (u and v), geopotential heights, 2 m
temperature, monthly average ozone mass mixing ratio and
hourly 2 m temperature over a grid mesh of 2.5°x2.5°.
The study timeframe covers 1962-2021, and the winter
of a certain year is defined as December of that year to
February of the next year. In addition, the gridded data-
set (CNO05.1) with a 0.25° % 0.25° latitude and longitude
resolution of surface temperature in China at the same
time period is taken (Gao 2013). The monthly zonal aver-
age data of ozone detected by the OSIRIS satellite of the
SPARC data plan from 2004 to 2016 (Hegglin et al. 2020)
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and the monthly average data of RAOBCORE/RICH high-
altitude satellite observations in the same period (Haim-
berger et al. 2012) are taken with a horizontal resolution
of 10°x 10°. In this paper, the index of EAWM intensity
(Igawm) 1s characterized by the opposite number of the
normalized mean of area averaged over 10 m meridional
wind (v) in the midlatitude (25°-40° N, 120°-140° E) and
low-high latitude (10°-25° N, 110°-130° E) (Chen et al.
2000).The IHO index (I;o) is constructed by using the dif-
ference between the AM of the NH and SH that represent
an imbalance of AM between the NH and SH. The formula
is shown in (1),

27>, L
Mg = %f”/é P (@)cospde
2za*fy, 0
msyy = =2 [ == P(@)cospdy 1
Iyo = myy — mgy

where f, = 1.002_0is the Earth deformation parameter, @ is
the latitude, and P, is the zonal mean surface pressure.

3 Results
3.1 Spatial and temporal variations in the EAWM

The surface wind field in the East China Sea and the South
China Sea adjacent to the mainland is mainly driven by
land-sea pressure difference. Therefore, the surface wind
field in this region can reflect the essential characteristics of
the monsoon, namely land-sea heat contrast, and can more
directly represent the variation of EAWM intensity (Chen
et al. 2000). To reveal the spatial pattern of the EAWM,
an EOF analysis for winter with a 10 m surface wind field
during 1962-2020 is shown in Fig. 1a. The first EOF mode
(EOF1) accounts for approximately 34.26% of the total vari-
ance and is effectively separated from the second EOF mode
(23.26%) according to North (1982). As shown in Fig. 1a,
EOFT1 reflects a pattern of dominant strengthening (weak-
ening) of the wintertime northerlies over East Asia and the
adjacent ocean areas. The high consistency of the time series
of EOF1 (PC1) and the EAWM index is shown in Fig. 1b.
Their correlation coefficient is 0.88, far beyond the 99.9%
confidence level, indicating that the EAWM index can also
better reflect the circulation characteristics of the EAWM
advancing from north to south and its variation charac-
teristics with time, which is consistent with the previous
analysis results (Chen et al. 2000). Moreover, the change of
wind field is directly driven by change of pressure gradient
that may intimately links with large-scale AM redistribu-
tion and potentially associated with the unbalance of inter-
hemispheric AM or IHO. Therefore, in order to study the
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Fig. 1 First mode of EOF decomposition of 10 m anomalous winds
in winter during 1962-2020 (a, unit: m/s), and its corresponding time
series (bar) and monsoon index (solid line) (b)

relationship between IHO and monsoon, this surface-wind-
based monsoon index is adopted in the following.

3.2 Interdecadal changes in the relationship
between the IHO and EAWM

Since the land-sea pressure difference is the main driving
factor of the EAWM (Zeng and Li 2002), the EAWM is
intimately related to the changes in semipermanent pres-
sure systems, such as the Siberian High and Aleutian
Low. This involves redistribution of AM over large scales
such as the NH and even between the NH and SH (Car-
rera et al. 2003; Lu et al. 2008). As shown in Fig. 2a, there
is a significant positive correlation between the detrended
IHO and the EAWM index (r=0.25, above the 95% con-
fidence level). More importantly, in the past decade, such
as 2007/2008, 2011/2012 and 2017/2018, when large-scale
persistent extreme low-temperature events occurred, the IHO
index also had an extreme positive phase during the winter,
consistent with the EAWM. Moreover, we found that the
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Fig.2 Time series of detrended I, and Igawy (@) and their 11-year
running correlation (b, the black horizontal line shows their average
over the two periods). Scatter plot of Ijy and Igawy during 1962—

interannual variation of IHO and EAWM is more consist-
ent in recent decades than the previous stage (Fig. 2a). This
inspired us to explore a possible interdecadal change in the
connection between the EAWM and IHO. We calculated the
11-year running correlation coefficient between the IHO and
EAWM (Fig. 2b). In particular, IHO showed a weak negative
correlation with the EAWM from 1962 to 1978, while they
became a close positive correlation after 1979, indicating
that the association between IHO and the EAWM has been
significantly strengthened since 1979. Specifically, from
1979 to 2020 (Fig. 2c), there was a highly linear relation-
ship, and the correlation coefficient between the two indices
was as high as 0.47, exceeding the 95% confidence level. In
contrast, the correlation between IHO and the EAWM index
was weak (r=— 0.13) during 1962-1978 (Fig. 2d), and most
of the IHO and EAWM index pairs also deviated from the
linear fitting line, indicating their weak linear relation.
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1978 (c¢) and 1979-2020 (d). Straight lines indicates the linear fit-
ted lines. The mark below the dot represents the winter of the cor-
responding year

It should be pointed out that although satellite data were
widely supplemented into global atmospheric reanalysis
after 1979, the description of global atmospheric circula-
tion before and after the satellite era could be affected to
some extent. However, accelerated global warming since
the late 1970s and its associated abrupt changes in global
oceanic and atmospheric systems have been consistent, as
revealed by multisource observation data. Moreover, the
above changes were mainly exhibited in the middle and
high latitudes, especially in the polar regions (Yanjuan
and Xiuqun 2002). Under the background of global warm-
ing, the warming over the East Asian continent was sig-
nificantly larger than that over the western Pacific Ocean,
leading to a decrease in land-sea thermal differences and
a weakening of the EAWM (Wang et al. 2001; He 2013).
Therefore, this further suggests that the abrupt change
of atmospheric system in the late 1970s may played an
important role in regulating the interdecadal variation of
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EAWM, and inspires us to further explore the cause of
the decadal variation of the relationship between IHO and
EAWM from the perspective of the global atmospheric
system.

The redistribution of AM is directly linked to changes in
regional surface pressure (SAP) as well as surface wind and
thus plays a physically driven role in the low-level atmos-
pheric circulation (van den Dool and Saha 1993). Accord-
ing to the correlation of the EAWM index with SAP from
1962 to 2020 (Fig. 3a), the Eurasian continental region
is dominated by a large area of high positive correlation,
while the negative correlation area is widely spread over
the tropical and subtropical oceans and continental regions
of 50°W-180, especially in the northwestern Pacific. This
further indicates that the pressure gradient force caused by
the thermal difference between land and sea is the direct
driving factor of the EAWM. Notably, the area where the
EAWM index is significantly related to the SAP is not lim-
ited to the East Asian continent and its adjacent oceans but
also includes the East Pacific, North Atlantic and mid- and
high latitudes of the SH. These globally broad significant
correlations between the EAWM index and SAP suggest
that the change in the EAWM may be linked to global AM
redistribution and interhemispheric interactions. Further
analysis of the correlation field between the IHO index and
SAP from 1979 to 2020 (Fig. 3b) also shows a similar spatial
distribution of correlations as in Fig. 3a. During 1979-2020,
the abnormal distribution of the correlation coefficient of
IHO with SAP in the north due to the south negative hemi-
sphere reflected the out-of-phase correlation between the
two hemispheres' AM and its association with the redis-
tribution of AM and monsoon changes in East Asia. That
is, there were larger positive (negative) significant areas in
the Northern (Southern) Hemisphere. In contrast, the high-
positive correlation area between IHO and SAP was widely
distributed in the high latitudes of the NH and SH, while a
large negative correlation area appeared in the middle and
low latitudes during 1962-1978 (Fig. 3c). Specifically, when
the IHO index was in positive phase, the AM in East Asia
was abnormally lost, which was not conducive to the accu-
mulation of cold air there. Meanwhile, there was abnormal
mass accumulation in the midlatitude Pacific region, which
weakened the pressure gradient force in the east—west direc-
tion, which was not conducive to the southwards invasion of
cold air. In addition, the southern maritime continental area
was occupied by an insignificant negative correlation area,
which also led to the weakening of the north—south sea-land
pressure gradient force and weakening of the EAWM.

To analyse the possible reasons for the interdecadal
change in the relationship between the EAWM and THO
among the above two periods, the lower atmospheric circu-
lation anomaly related to IHO was analysed by regression
of surface wind on the IHO index. As shown in Fig. 4a,

the surface northerly wind in the northwestern Pacific was
strengthened when the IHO was in the positive phase dur-
ing 1979-2020. Meanwhile, the eastern coast of China and
southern Japan north of 30° N were accompanied by signifi-
cant northerly anomalies. The EAWM was therefore intensi-
fied as the IHO index value increased. This corresponds well
to significant increases in the westwards pressure gradients
around East Asia in Fig. 3b. However, the influence of the
IHO on the lower atmospheric circulation during 1962-1978
was pronouncedly weaker than that during 1979-2020. The
lower troposphere of East Asia was occupied by abnormal
cyclonic circulation in positive IHO years, bringing south-
erly anomalies in the midlatitude monsoon region (Fig. 4b).
In addition, the correlation between the wind field and IHO
in the low latitudes of the EAWM region was neutral.

To further show the driving role of the IHO on the sea-
land pressure gradient and winter monsoon in East Asia,
we constructed a sea-land pressure change index (PI) to
highlight the key regions associated with both the EAWM
and THO. Since the land-sea pressure difference is the main
driver of EAWM, the significant correlated areas between
EAWM and SAP display almost the entire Eurasian con-
tinent and its adjacent seas in Fig. 3a. However, consider-
ing the driven physical role of the Siberian High (Miao and
wang 2020), the Maritime Continent low (Wang and Chen
2014a, b) as well as the SAP in North China, we define the
PI based on the regional mean pressure over the above three
regoins, and the expression of the PI is as follows:

PI = EAl + EAz - A3 2)

whereA’;‘, A; and A; indicate the standardization area-
average SAP over Siberia (50°-60° N, 90°-110° E), North
China (25°-35° N, 110°-120° E) and the maritime continent
(5°-15° N, 130°-150° E), respectively.

The correlation coefficient between the PI and the EAWM
index reached 0.88 above the 99% t test confidence level,
indicating that the PI represents the variability in the inten-
sity of the EAWM well and suggesting that land-sea pressure
differences, especially among these three key areas, play an
important role in the variation in the EAWM.

Furthermore, the correlation coefficients between the
IHO and PI in the two periods were calculated (Fig. 5).
Comparing the two periods, it is not difficult to find that
the relationship between the IHO and land-sea pressure
difference from 1979 to 2020 was significantly closer than
that of the previous period (r=0.58, exceeding the 99%
confidence level), suggesting that there was a significant
positive correlation between the ITHO and EAWM in this
period (Fig. 5a). Meanwhile, as the values of Ijyo and PI
increased, the winter-mean SAT in the eastern part of
China generally obviously decreased. Furthermore, the
regional cold wave intensity (Zhang et al. 2018) in East
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Fig.3 Correlation fields
between EAWM and SAP (a,
1962-2020), IHO and SAP (b,
1979-2020) and (c, 1962—
1978), dotted areas indicate the
99% confidence levels based

on t-test. The three rectangles
indicate the areas used to define
the PI index
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Fig.5 Scatter correlation between detreneded PI index and ;o from
1979 to 2020 (a, b) and 1962-1978 (c). Colors indicate average win-
ter temperature (a, unit: ‘C) and cold wave intensity (b, unit: day)

China in the past ten years has mostly been concentrated
in strong IHO and EAWM years (Fig. 5b). For example,
in 2007/2008, 2011/2012, 2017/2018 and during other
regional persistent extreme low-temperature events, the
values of the PI and THO index were both large. Here,
the cold wave intensity was expressed by two consecu-
tive days or more when the daily SAT was lower than the
area-averaged SAT in winter from 1962 to 2020 by at
least one standard deviation, and the standard deviation
(o) used was the average of the surface temperature daily
standard deviation in winter (December 1st to February
28th). In contrast, the relationship between IHO and the

o
o
-

over East China (22.5°-42.5° N, 102.5°-122.5° E).The mark below
the dot represents the winter of the corresponding year. Straight lines
indicates the linear fitted lines

sea-land pressure difference was weak from 1962 to 1978,
which also indicates that there was not a weak correlation
between THO and the EAWM (Fig. 5¢).

The correlation coefficients between the IHO index
and SAT clearly show that SAT over most parts of China
(except the Qinghai-Tibet Plateau) decreased significantly
as the IHO index increased from 1979 to 2019 (Fig. 6a).
In particular, when the IHO index increased by one stand-
ard deviation, the area-averaged temperature in East China
decreased by 0.21 degrees, and the cold wave intensity
increased by 2.61 days. This further indicates the intimate
correlation between IHO and winter temperature in China
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Fig.6 Correlation fields between IHO(detrended) and winter SAT in China from CNO5.1 during 1979-2019 (a) and 1962-1978 (b), with dotted

areas indicating the 90% confidence levels based on -test

during 1979-2019. However, the relationship between IHO
and winter-mean SAT in China from 1962 to 1978 was not
close to that during 1979-2019 and only showed limited
significant correlation areas in the northern part of China
(Fig. 6b).

4 Possible mechanisms

To reveal a possible formation mechanism of the inter-
decadal variation in the relationship between the IHO and
EAWM, this section discusses the features and driving fac-
tors of the changes in the IHO-associated imbalance and
redistribution of AM between the two hemispheres. Accord-
ing to the composite difference map of SAP in the two peri-
ods (Fig. 7a), the SAP anomalies in the high latitude areas
of the two hemispheres, especially for the Antarctic regions,
clearly exhibited significant reduction characteristics during
1979-2020 compared with the previous period. As shown in
Table 1, further calculation also shows that the AM in Ant-
arctica during 1979-2020 has changed more significantly
than that in Arctic during the previous period. Therefore,
AM deficit over Antarctica is the main influence factor that
leads to the exacerbation of AM imbalance between the two
hemispheres after 1979. Because the SAP is proportional
to the mass of the air column and the global conservation
of AM, the AM defect in Antarctica indicates that the AM
of other areas was abnormally accumulated. Correspond-
ingly, the SAP in the middle and low latitudes obviously
increased, including on the African continent, East Asia,
and the equatorial Middle East Pacific region. In particular,
the SAP in East Asia increased significantly, leading to an
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increase in the air pressure difference between land and sea
and a strengthening of the relationship between the IHO and
EAWM during 1979-2020.

To quantitatively highlight the driving role of the deficit
of AM over Antarctica on the decrease in AM in the SH
and an increase in the interhemispheric imbalance of AM.
The AM in the Antarctic region (m,p) and the contribution
of m,p to the Ijo (C) are expressed by Formula (3).

2rwa® =
map = Z2 [ 1P (@)cos pdg
2

C = Map
M\ Mgy

3

A significant downwards trend of m,p during the
last 60 years (— 0.021 x 10" kg/10 yr, above the 99%
confidence level) is clearly shown in Fig. 7b. The pro-
nounced decreasing trend resulted in a dramatic differ-
ence between 1962—-1978 and 1979-2020. The composite
of m,p decreased significantly by 0.057 X 10" kg during
1979-2020 compared with that during 1962-1978 (pass-
ing the 99% confidence level t test). Furthermore, the con-
tribution rate of AM changes to IHO in Antarctica also
shows an obvious linear growth trend, and there was an
obvious interdecadal enhancement from 1979 to 2020.
As documented in Table 1, the m,p deficit directly cor-
responds to a decrease of 0.14 x 10'3 kg for the AM in the
SH during 1979-2020 compared to the previous period.
In contrast, the AM in the NH abnormally accumulated
0.62 x 10'5 kg. Although the AM in the SH was higher
than that in the NH due to the wider ocean surface distri-
bution in winter, the composite difference in AM between
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Fig.7 Composite difference in the SAP between 1962-1978 and
1979-2020 (a, the latter period minus the previous period, unit: hPa).
The solid line in the right graph shows the zonal average of the dif-
ference in SAP on the left side multiplied by the cosine of the cor-
responding latitudes (area weight coefficient). Dotted areas and red

marks indicate the 95% confidence levels based on a two-sided Stu-
dent’s t test. The standardized Antarctic AM (b, histogram, black hor-
izontal line indicates its average in the two periods) and the contribu-
tion rate of Antarctic mass change to IHO (b, solid line)

Table 1 The combined

o NH SH Arctic Antarctic NH-SH
deviation of the two
hemispheres' mass AM SAP AM SAP AM SAP AM SAP AM SAP
(unit: x 10" kg) and area-
weighted average SAP (hPa) in 1962-1978 —-044 -0.17 0.096 0.04 041 0.16 0.75 029 -054 -0.21
1962-1978 and 1979-2020 1979-2020 0.18 007 -0.039 -0.01 -0.16 —006 —030 -0.12 022  0.08
Later period- 0.62° 024" —0.14 -005 —-057 —022 —1.058" —040° 075" 029
previous
period

Correlation coefficients in bold are significant at the 99% confidence level. Correlation coefficients marked
with an asterisk are significant at the 95% confidence level
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the NH and SH had notably positive anomalies between
the above two periods, with a value of 0.75x 10" kg.
Consequently, the reduction in m,p induced an obvious
decrease in the AM in the SH and a significant increase in
the AM difference between the NH and SH.

The contrasts in the meridional and vertical distribu-
tions of air temperature and geopotential height anomalies
before and after 1979 are shown in Fig. 8a and b. Conspicu-
ous cooling occurred in the high latitudes of the SH during
1979-2020, accompanied by a strengthened polar vortex
and a columnar lower geopotential that was consistent with
the pronounced reduction in Antarctic AM. Meanwhile,
most areas outside Antarctica exhibited notable warming
events and positive geopotential heights in concert with the
increase in AM in these areas. In contrast, the temperature
and geopotential height had a nearly opposite pattern during
1962-1978 (Fig. 8b). By comparing the meridional changes
in the vertical temperature profile between the two periods,
the dramatic turning of the thermal structure in the SH high-
latitude area corresponds well to the strengthening of the
IHO after 1979. This turning could relate to global warming
and its uneven spatial distribution (Jones 1999, Johanson
2007). In addition, the regression analysis of IHO vertical
profile, temperature and geopotential height before and after
1979 is shown in Fig. 8c and d. During 1979-2020, when the
IHO was strong, significant negative air temperature anom-
alies appeared over the Antarctic, the geopotential height
and AM decreased. However, during 1962—1978, there was
no significant relationship between air temperature, geo-
potential height and IHO. This suggests that the loss of AM
caused by the abnormal cooling over Antarctica after 1979
was the direct cause of the enhanced ITHO.

To further analysis the causality of in numerical simu-
lation, we used the MPI-ESM1-2-HR model in CMIP6 to
verify the role of Antarctic AM in driving the interhemi-
spheric change. The regression field distribution of IHO and
SAP in Fig. 9a is consistent with the results obtained above.
During 1979-2020, when the IHO was stronger, the SAP in
Antarctica decreased significantly, and the sea-land pres-
sure difference in East Asia increased significantly. Further
calculation shows that the correlation coefficient between
IHO and PI index in the model is as high as 0.50 (above 99%
confidence level), indicating a close relationship between
IHO and EAWM after 1979. In addition, obvious negative
temperature anomalies appear in the Antarctic region and
the geopotential height decreases as IHO index increase
(Fig. 9b), which also demostrates that the decrease of AM in
the Antarctic plays a driving role in the imbalance between
NH and SH.

It is worth noting that the key area causing the abrupt
change in the connection between the IHO and EAWM
was located in the high-latitude area of the SH, and the
atmospheric thermal situation in this area had also changed

@ Springer

obviously in the two periods. In both periods, the large val-
ues of temperature anomalies were near the upper tropo-
sphere/lower stratosphere (UTLS). Consistently, as shown
by NOAA/STAR observational temperature (Wang and Zou
2014), atmospheric warming also occurred in the upper
troposphere in tropical areas with a 0.12 K/10 yr upwards
trend, accompanied by a significant decreasing trend in the
Antarctic region (0.048 K/10 yr) (Fig. S2). Since the change
in ozone plays a driving role in the variation in temperature
in the UTLS by radiative effects (Fomichev 2009, Hartmann
2000), we also calculated the scattered distribution of ozone
and temperature at the 150-100 hPa level in Antarctica to
explore the driving factors for the interdecadal change in
IHO. There was a significant positive correlation between
ozone and temperature (Fig. 10a), and the correlation coef-
ficient was 0.86 (exceeding the 99% confidence level). Addi-
tionally, the significant positive correlation between ozone
and temperature was also shown in OSIRIS observational
ozone and RAOBCORE/RICH satellite temperature datasets
during 2014-2016 (Fig. 10b), with a correlation coefficient
of 0.94. More importantly, the 150-100 hPa mean Antarc-
tic ozone mass during 1979-2016 was significantly reduced
by 5.22x 10° kg compared to that during 1962—1978. The
decrease in ozone content resulted in significant cooling in
the UTLS with a composite difference of — 1.92 K.

Interestingly, a seesaw pattern of ozone and temperature
in UTLS occurred between low latitudes and mid-high lati-
tudes in the SH, as shown in Fig. 9, which is similar to the
results of Randel et al. (2002) and Yulaeva et al. (1994). The
Brewer-Dobson circulation driven by planetary wave con-
vergence carries ozone from high concentrations generated
over the equator to the poles, resulting in increased ozone
at high latitudes and decreased ozone at low latitudes (Chen
et al. 1992). According to Wang et al. (2021), the obvious
warming of the lower stratosphere in the tropical region
leads to the increase of the meridian temperature gradient
in the SH, which makes the stratosphere latitudinal phase
stronger, and the distance between the interface (U=0) and
the wave reflector larger. More planetary waves in the upper
stratosphere are reflected and diverged. This weakens the
ozone transport to the polar region related to the residual cir-
culation and reduces ozone content in the Antarctic region,
thus forming the anti-phase change of the low stratosphere
temperature in the Antarctic and tropical regions. Therefore,
under the background of global warming (especially in the
tropical UTLS), the ozone and temperature in the Antarctic
decreased significantly, resulting in the AM defect in the
Antarctic, accompanied by the accumulation of AM in the
NH, especially in the Eastern Hemisphere.
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Fig.8 The zonal mean combined deviations of temperature (shadow,
unit:K) and geopotential height (solid line, unit: dgm) for 1979-2020
(a) and 1962-1978 (b) are distributed vertically in the warp direction.
The dotted area represent the 95% confidence levels based on the
two-sided Student's ¢ test, respectively. Zonal mean regression analy-

ses of air temperature (shadow, unit:K) and geopotential height (solid
line, unit:dgm) for 1979-2020 (c) and 1962-1978 (d) are distributed
vertically in the warp direction. The dotted area represent 90% confi-
dence levels based on the F test, respectively
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Fig. 10 Scatter plot of atmospheric mean temperature (unit: K) and
ozone mass anomaly (unit: 10° kg) from ERA5 during 1962 to 1978
(gray, a) and 1979 to 2020 (blue, a), atmospheric mean temperature

5 Summary and discussion

In this paper, the interdecadal variation in the relationship
between the IHO and EAWM in winter and its influence on
the winter climate in China are analysed, and the possible
formation mechanisms of IHO enhancement in winter since
1979 are further discussed. The conclusions are as follows:

1. An obvious multidecadal intensification of the corre-

lation between the EAWM and IHO occurred during
the past four decades. In particular, the relationship
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between IHO and the EAWM was neutral before 1979.
In contrast, a significant positive correlation (r=0.46)
between the two occurred in the last 40 years, which was
associated with notable accumulation (loss) of AM in
East Asia (maritime continental areas). Such large-scale
changes in AM intensified the land-sea pressure contrast
in East Asia and enhanced the EAWM. As a result, the
[HO-associated intensified interhemispheric AM imbal-
ance favoured severe winters in eastern China.

The AM in SH has lost 0.14 X 10'5 kg in the last 40 years,
compared to the period of 1962-1979, and the Antarctic
region is the key area of net AM exportation, with a loss

2.
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of 1.06 x 10'3 kg. Due to the global conservation of dry
air mass, the AM in the NH increased significantly by
0.62 x 10" kg compared with the previous period. The
main AM build-up areas involved were on the African
continent, East Asia and the equatorial Middle East
Pacific region. Correspondingly, the land-sea pressure
gradient in East Asia notably increased, leading to an
interdecadal enhancement of the connection between the
IHO and EAWM.

3. The global tropospheric atmosphere has been signifi-
cantly warming since 1979, especially in the tropical
UTLS. A seesaw teleconnection has emerged between
the tropics and upper troposphere temperature and ozone
in the Antarctic. Correspondingly, Antarctic ozone has
been pronouncedly depleted in association with warm-
ing in the tropical UTLS, leading to abnormal columnar
cooling in the high latitudes of the SH. The Antarctic
polar vortex has intensified and AM in the Antarctic and
SH (NH) has decreased (increased) as a result, which
has given rise to the interdecadal enhancement of [HO.

It is worth noting that the research in this paper reveals
that Antarctic ozone depletion and associated radiative
cooling have resulted in the loss of AM in the high lati-
tudes of the SH over the past four decades. However, dis-
tinct from the relationship between the change in AM and
temperature in the Antarctic, there has been a warming
amplification effect in the Arctic, and the temperature of
the air column in the Arctic has risen in contrast. Previous
studies have shown that driving factors, such as radiation
feedback of decreasing sea ice (Larsen et al. 2014) and
enhanced transmission of AMOC to extreme heat (Deng
2022), could play important roles in amplified Arctic
warming. Therefore, although the SAP also decreased
obviously in the Arctic, the air column and geopotential
high have shown obvious lifting features.

In addition, with the implementation of the Montreal
Protocol, the concentration of ozone-depleting substances
in the atmosphere has been effectively controlled, and
global ozone has recovered. However, ozone in the upper
troposphere of Antarctica is still decreasing (Kumar 2021).
It has been pointed out that the warming of the tropical
regions strengthens the westerlies in the midlatitudes of
the SH due to the increase in the meridional temperature
gradient, leading to a reduction in atmospheric heat trans-
fer into the Antarctic. Associated cooling in the Antarctic
provides the necessary low-temperature conditions for the
decomposition and reduction of Antarctic ozone (Wang
2015). In addition, the strengthened westerlies also hinder
AM transport into the Antarctic, which will further lead
to ozone loss. Among them, the change in residual circu-
lation could be an important driving factor affecting the
ozone distribution in the UTLS. The dynamic mechanisms

of ozone loss in the Antarctic advection lower layer still
need to be further explored through numerical simulation.
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