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Abstract

Recent change in the daily temperature variation (DTV) for March in East Asia is investigated. For this purpose, the
effects of atmospheric circulation and global warming on the DTV in the region are analyzed using Japanese 55-year
reanalysis data. Among the high-frequency variations in surface air temperature (SAT) during spring, the DTV in March
showed a significant, increasing trend in East Asia during the four decades from 1979 to 2020. Composite analysis shows
that the above-normal March DTV is associated with the anomalous anticyclonic circulation in the North Pacific and the
anomalous cyclonic circulation over Russia. These atmospheric circulation anomalies lead to a greater meridional SAT
gradient and tend to cause more mid-latitude pressure systems to pass over East Asia. Ultimately, the SAT in March
becomes more variable due to enhanced thermal advection over East Asia. In addition, this pattern of circulation anomalies
associated with a large March DTV includes features of a weak East Asian winter monsoon (EAWM) system. Meanwhile,
regression analysis results using the EAWM and long-term global warming trend indices suggest that both the large-scale
atmospheric circulation and global warming contribute significantly to the March DTV change in East Asia. In particular,
heterogeneous warming rates and localized soil drying in East Asia during the study period likely explain the role of global
warming on East Asian DTV in March.
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1 Introduction

Climate change associated with global warming is recog-
nized as a critical global issue of the 21st century due to
its strong effects on the Earth’s systems (IPCC 2014). In
order to realistically assess and predict the impacts of cli-
mate change on natural and social systems, it is necessary to
understand changes in climate variation, not just mean cli-
mate (Bathiany et al. 2018). That is because the frequency of
extreme climate events can be statistically more sensitive to
changes in the variance of the climate than to changes in the
mean (Katz and Brown 1992; Wettstein and Mearns 2002;
Schér et al. 2004). Various previous studies have revealed
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that high-frequency (day-to-day) variations in surface air
temperature (SAT) can negatively affect both ecosystems
and human health with respect to the adaptive capacity of
organisms (Wolf et al. 2009; Zanobetti et al. 2012; Shi et al.
2015; Vicedo-Cabrera et al. 2016). Moreover, a change in
high-frequency variations compared to low-frequency vari-
ations provides an opportunity for individuals to experience
climate change. For example, more people were exposed to
summer heatwaves in the 2010s than in the 1940s because
more regions experienced three or more consecutive hot
days (Vanos et al. 2015). Furthermore, Kotz et al. (2021)
reported that an increase in high-frequency SAT variations
negatively affects regional growth rates, reducing economic
growth by around 5% on average, with stronger impacts in
low-latitude and low-income regions (about a 12% reduc-
tion). Therefore, it is important to study the changes in high-
frequency SAT variation, which is closely related to human
life in many aspects.

Recent studies have suggested that Arctic amplification
due to global warming decreases the meridional temperature
gradient in the mid-latitudes of the Northern Hemisphere,
and the resulting weakness in thermal advection contributes
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to reduced SAT variation (Francis and Vavrus 2012; Screen
2014; Schneider et al. 2015). In this regard, various obser-
vational and model data show a decrease in high-frequency
SAT variation at mid- and high latitudes in the Northern
Hemisphere (Michaels et al. 1998; Screen 2014; Schnei-
der et al. 2015; Wu et al. 2017). Simultaneously, increases
in SAT variation have been reported in specific seasons or
regions. Moberg et al. (2000) demonstrated that, based on
eight observations in Europe, intra-monthly (30-day) SAT
variation decreased by 5-10% in northeast Europe but
increased by 5% in southwest Europe from 1880 to 1998.
Schneider et al. (2015) showed that, as climate change pro-
gressed, SAT variation on the synoptic timescale (3—7 days)
has mostly decreased in the mid-latitudes during summer
and winter. However, they also observed an increase in SAT
variation in some extratropical regions, particularly the
Southern Ocean and central and eastern Europe in summer.
Furthermore, Babina and Semenov (2019) found that SAT
variations on a timescale of 820 days during the winter
increased over southern Siberia in 2000-2015, compared to
1970-1999. In other words, the changes in SAT variation in
recent decades exhibited spatial and temporal heterogeneity,
emphasizing the need for more regional studies.

Meanwhile, many of the previous studies on SAT varia-
tions have focused on seasons with extreme temperature
events, but SAT variations from an agricultural perspective,
particularly in the spring, are also worth noting. In terms of
dormancy periods and ontogenesis, the temperature in the
early spring plays an important role in plant development
(Chmielewski et al. 2004). Moreover, spring frost damage,
which occurs when temperatures drop below freezing after
sufficient heat has accumulated for seed germination, can
be a major threat to overall agricultural production (Rigby
and Porporato 2008). This may become more severe as
global warming causes crops to bud or flower earlier than
usual (Chmielewski et al. 2004). For example, in the spring
of 2017, Switzerland and Germany experienced unprec-
edented frost damage as a cold Arctic air mass penetrated
central and western Europe following an unusually warm
period (Vitasse and Rebetez 2018). Meanwhile, Zohner et
al. (2020) showed that the risk of late spring frost damage
from 1959 to 2017 increased in Europe and East Asia more
than in North America in response to climate change. There-
fore, this study focuses on investigating changes in spring
SAT variations, which have a devastating impact on agri-
culture in East Asia.

Regionally, SAT variation is often dominated by specific
large-scale atmospheric circulation patterns (Dione et al.
2017). For example, based on observations in China from
1962 to 2008, Wu et al. (2017) found that the variation of
summertime maximum temperatures correlated positively
with the intensity of the Western Pacific subtropical high
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and the upper-level East Asian subtropical jet stream in
the mid-lower Yangtze River basin. From this perspective,
long-term changes in specific atmospheric circulations can
often contribute to changes in SAT variation. Gong and Ho
(2004) observed a significant decrease in wintertime SAT
variations (November to March; 150 days) based on data
from 155 stations in China and Korea from 1954 to 2001.
They revealed that the positive phase of the Arctic Oscilla-
tion (AO) has a negative effect on SAT variations, and they
concluded that the strengthening trend of the AO during the
study period significantly explained the decreasing trend in
SAT variations in the region. Thus, a study of atmospheric
circulation associated with regional SAT variations can
provide essential information for understanding changes
in SAT variations in the region. Additionally, global warm-
ing may also directly affect SAT variations, so in this study,
both atmospheric circulation and global warming are con-
sidered and investigated as possible causes of changes in
SAT variations.

The purpose of this study is to examine and understand
the changes in spring SAT variations over East Asia from
1979 to 2020. The data and methods used in the research
are described in Sect. 2, and the climatology and long-term
trends of spring SAT variations are examined in Sect. 3. All
subsequent analyses focus on the SAT variations for March
where significant changes were observed. Section 4 analy-
ses the atmospheric circulation and climatic conditions that
influence SAT variations. Then, in Sect. 5, the contribu-
tion of both atmospheric circulation and global warming to
changes in SAT variations is statistically estimated, and the
role of global warming is discussed in Sect. 6. Finally, a
summary and conclusions from this study are presented in
Sect. 7.

2 Data and methods
2.1 Data

We define the standard deviation of SAT over a period of
time (e.g., season or month) as the daily temperature varia-
tion (DTV), which represents the SAT variation for that
period (Michaels et al. 1998; Moberg et al. 2000; Schnei-
der et al. 2015; Babina and Semenov 2019). Here, standard
deviation is an appropriate measure to assess SAT varia-
tion from among various statistical measures (Moberg et
al. 2000). The present study was conducted using Japanese
55-year reanalysis (JRA-55) data with a horizontal resolu-
tion of 1.25° x 1.25°, provided by the Japan Meteorological
Agency (JMA 2013a, b). This dataset, which is an improve-
ment on Japanese 25-year reanalysis (JRA-25), is consid-
ered to have a reduced systemic bias from the observations
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(Ebita et al. 2011), and it has been frequently used in recent
East Asian climate studies like Gong et al. (2021) and Nan
et al. (2022). Monthly averaged variables used in this study
include sea-level pressure (SLP), SAT, soil moisture, pre-
cipitation, geopotential height (GPH) at 850 hPa, 500 hPa
and 300 hPa, and horizontal wind at 850 hPa and 300 hPa.
Additionally, six-hour data on the SAT, GPH at 500 hPa,
relative vorticity at 850 hPa, and temperature and horizontal
wind at 1000 hPa are used. Among these variables, the SAT
data are reprocessed into daily mean data to estimate DTV
because the dataset does not provide data on a daily times-
cale. The analysis period for this study spans the spring sea-
son (March to May) over the 42 years from 1979 to 2020,
but we examine the climatology and trends in DTV of the
other seasons for reference (Figs. S1-S3). Thus, six-hour
SAT is the only variable that covers not only spring but the
other seasons as well.

In addition, daily mean temperature data from the Berke-
ley Earth Surface Temperatures (BEST) dataset (Rohde et
al. 2013) was utilized to verify the long-term trends in DTV
found in the reanalysis data. The BEST dataset contains
approximately 39,000 observational records from 1880 to
the present, and it is available at a 1° X 1° horizontal resolu-
tion through the Berkeley Earth webpage (https://berkele-
yearth.org/data/).

2.2 Extratropical cyclones and anticyclones

Mid-latitude synoptic-scale pressure systems are key driv-
ers of daily weather changes (Okajima et al. 2021; Priestley
and Catto 2022). They can modulate SAT variation by caus-
ing temporary local anomalies in the temperature advection.
In particular, East Asia experiences frequent extratropical
cyclones (ETCs) (Adachi and Kimura 2007; Zhang et al.
2012; Chen et al. 2014; Lee et al. 2020) as a result of its
proximity to the location of the climatological maximum of
the warm conveyor belt (Madonna et al. 2014), as well as
high wave activity in the upper level of the region (Chang et
al. 2002; Hoskins and Hodges 2002; Madonna et al. 2014).
Furthermore, synoptic-scale transient eddy activity and
baroclinic instability, which play a role in the generation of
ETCs, are most pronounced in the spring (Ren et al. 2010).
Therefore, ETC activity in East Asia is most active in the
spring, compared to other seasons (Wang et al. 2009; Kim et
al. 2021), indicating they can contribute significantly to SAT
variation. Consequently, this study includes an analysis of
their impact on spring SAT variations over East Asia.

A variety of methods to detect migratory pressure sys-
tems have been developed and utilized, some of which are
based on the SLP filed (Adachi and Kimura 2007; Zhang
et al. 2012). However, the SLP-based approach is mostly
useful for vertically well-developed systems, but is less

effective in the early stages of system development (Sin-
clair 1997; Hodges 1999). For complex terrain with moun-
tain ranges and plateaus like the terrain in East Asia, SLP is
calculated by vertical extrapolation, which introduces con-
siderable error (Sinclair 1997; Hodges 1999; Hoskins and
Hodges 2002). To avoid this, researchers have used relative
vorticity at 850 hPa instead of SLP in recent studies of the
ETC, such as Chen et al. (2014), Kang et al. (2020), and Lee
et al. (2020). Compared to SLP, relative vorticity at 850 hPa
is more efficient when focusing on smaller spatial scales,
and is less affected by background, making it easier to iden-
tify synoptic tracks (Mailier et al. 2006).

Our study followed the method proposed by Hodges
(1994, 1995, 1999), which uses six-hour relative vorticity
at 850 hPa to identify and track migratory pressure systems.
In order to focus on synoptic-scale ETCs, relative vorticity
is spectrally truncated to a T42 spectral resolution (approxi-
mately 2.8° of latitude), and waves with wavenumbers less
than 5 were masked to remove the influence of planetary-
scale waves. Then, the Connected Component Labeling
Algorithm (Rosenfeld 1976) was employed to separate
individual vorticity features from the background, and the
centers of selected migratory pressure systems were tracked
at six-hour intervals based on specific criteria. Further
details can be found in Hodges (1994, 1995, 1999), and the
final conditions were as follows: (1) occurrence at latitudes
above 25°N, (2) lifetime of at least two days, (3) a trajectory
of more than 1000 km, and (4) center intensity greater than
1.0x 1073 s7! for ETCs, or less than —1.0x 107> s~! for
migratory anticyclones (Hoskins and Hodges 2002; Kang et
al. 2020; Lee et al. 2020).

2.3 Climate indices

For this study, regression analysis was used to estimate the
effects of atmospheric circulation and global warming on
SAT variation for East Asia. This method was utilized in
previous studies like Kim et al. (2022) because it is simple
and efficient in explaining the relationship between vari-
ables. Therefore, various atmospheric circulation indices
were collected in order to select one that is closely related
to the March DTV, which showed a significant increasing
trend for 42 years, as detailed in Sect. 3 below.

The East Asian monsoon climate is strongly dominated
by planetary-scale circulation characterized by the Sibe-
rian High (SH), the Aleutian Low (AL), the East Asian
Trough (EAT), and the East Asian jet stream (EAJS) during
the winter (Ha et al. 2012), and these systems persist until
early boreal spring. The details of the four East Asian win-
ter monsoon (EAWM) indices are summarized in Table 1.
Because each index represents a major component of the
EAWM system and has a strong correlation with the East
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Table 1 Description of the East Asian winter monsoon (EAWM) indices used in this study

Name Definition Reference

Siberian High The area-averaged sea-level pressure for the region (40°—60°N, 70°—120°E) Gong et al. (2001)
(SH)

Aleutian Low The area-averaged sea-level pressure for the region (45°—65°N, 160°E-160°W) Sun et al. (2019)
(AL)

East Asian Trough The area-averaged 500 hPa geopotential height for the region (30°-45°N, 125°-145°E) Sun and Li (1997)
(EAT)

East Asian jet stream The difference in the area-averaged zonal wind speed at 300 hPa between the two regions: Jhun and Lee (2004)
(EAJS) (27.5°-37.5°N, 110°-170°E) — (50°-60°N, 80°-140°E)

Asian SAT, they have been widely used in EAWM-related
studies (e.g., Ha et al. 2012; Shin and Moon 2018; Miao
and Wang 2020). In the study, the AL index was replaced
by the spring AL index defined by Sun et al. (2019) to con-
sider its northward retreat with the seasonal transitions. A
strong EAWM is expressed by positive values for the SH
and EAJS indices and negative values for the AL and EAT
indices. Additionally, seven teleconnection and atmospheric
circulation indices known to influence the East Asian SAT
during the cold season (Kim et al. 2017) were used in this
study. They are the Pacific/North American (PNA), North
Atlantic Oscillation (NAO), Western Pacific (WP), East
Atlantic (EA), Scandinavia (SCAND), Eastern Asia/West-
ern Russia (EA/WR), and Arctic Oscillation (AO) indices,
which can be obtained from the NOAA Climate Prediction
Center (CPC) website (https://www.cpc.ncep.noaa.gov/
data/teledoc/telecontents.shtml).

2.4 Long-term global warming trend index

The long-term trend in global warming can be utilized as
an index to examine the direct impact of global warming
on SAT variations in East Asia. In this study, the long-term
global warming trend (GWT) index is defined as the 42-year
linear trend of the global mean 500 hPa GPH. The slope of
the global mean SAT is sensitive to the period of interest; for
example, the warming rate for 1998-2012, which contained
a strong El Nifio, was slower (0.05 °C/10 years) than for
1951-2012 (0.12 °C/10 years) (IPCC 2014). In contrast, the
global mean 500 hPa GPH thermally contracts or expands
with the mean temperature in the lower troposphere, making
it a suitable variable to provide information on changes in
the atmospheric thermal structure. In this regard, Christi-
dis and Stott (2015) detected a substantial global increase
in the annual and seasonal mean 500 hPa GPH by using
four reanalysis datasets, and they evaluated them as reli-
able compared to the global mean SAT. Therefore, the GWT
index is defined based on the global mean 500 hPa GPH
to minimize under- or overestimation of the direct effect of
global warming on SAT variation.
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3 SAT variation during spring over East Asia

Figure 1 illustrates the climatology and 42-year linear trend
of the spring DTV and monthly (March, April, and May)
DTVs for the period 1979 to 2020. As shown in Fig. la,
the spring DTV is less than 2.5 K over the ocean, 2.5-4 K
over coastal areas such as southern and eastern China, the
Korean Peninsula, and Japan, and up to 5.5 K inland. Each
March, April, and May, the DTV is also greater over the
land than over the ocean, and on land is relatively greater
inland than over coastal areas (Fig. 1b—d). In brief, regard-
less of the timescale used to define the variation (e.g., sea-
sonal or monthly), the climatological DTV increased as the
ocean influence decreased, similar to the findings of Babina
and Semenov (2019). Furthermore, the DTV decreased over
time from March to May, with the decrease being greater
over land than over the ocean and at higher latitudes than at
mid-latitudes. Hence, these features led to high DT Vs above
6 K in March at high latitudes above 60°N.

As for the long-term trend, DTV for the entire spring
season decreased over the 42-year period, but was not sta-
tistically significant (see Fig. 1a), whereas the DTV for one
month varied from month to month (see Fig. 1b—d). Both
the March and April DTVs tended to increase in East Asia,
with a statistically significant and relatively large increase
in March. Meanwhile, the May DTV showed a decreas-
ing trend in southern China and east of Lake Baikal, which
partially offsets the increasing trend in March and April,
making the spring DTV trend insignificant. Furthermore,
additional analyses of other seasons and months showed no
significant changes over the 42-year period (see Figs. S1—
S3), and these features are also evident in the observations
from the BEST dataset (Fig. S4).

This long-term trend of an increasing March DTV is not
sufficiently explained by the prevailing hypothesis of Arctic
amplification under global warming. In order to analyze the
mechanisms involved, the DTV averaged from the boxed
area of Fig. 1b is denoted DTV_EA, and subsequent analy-
ses were performed using it. Figure 2 presents its time series
and the long-term trend from 1979 to 2020, where DTV_EA
above 6 K is observed in the final decade.
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Fig. 1 (Top) climatology and (bottom) linear trends of daily tempera-
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Fig. 2 Time series of the DTV_EA for March from 1979 to 2020, and
its (solid line) average and (dashed line) trend over 42 years

Table 2 Years in which March DTV_EA was greater than + 1 standard
deviation or less than — 1 standard deviation from 1979 to 2020. In
this study, the former is defined as Above Years (AYs) and the latter as
Below Years (BYs)

Years

1985, 2004, 2014,
2015, 2018

1984, 1996, 2008,
2013,2017,2019

Above Years (> + 10)

Below Years (< — 1o)

4 Climate processes affecting the March
DTV over East Asia

4.1 Large-scale atmospheric circulation

In this study, a composite analysis is carried out to investi-
gate the climatic processes affecting the March DTV. This
method shows the response of the surrounding regions in
relation to the phenomenon of interest, proving crucial

20N .
90E 120E 150E

-0.03 0 0.03

-0.03 0 0.03

level; the box indicates the region used to define DTV over East Asia
(DTV_EA) for March

information needed to formulate hypotheses that can explain
the relationship among them (Boschat et al. 2016). For
the analysis, Above Years (AYs) and Below Years (BYs),
respectively, are defined as years that deviate by +1 and
— 1 standard deviation in the 42 years of the DTV_EA time
series (Table 2). We detrended all variables to remove some
of the effects of global warming, especially those associated
with linear changes in each variable.

Figure 3 shows composite maps for each climate variable
in the surface layers and upper troposphere during AY's and
BYs, and the differences between them. Here, the noticeable
differences between AY's and BY s reveal that the March DTV
in East Asia is associated with a large-scale atmospheric cir-
culation. For AYs, the DTV anomaly is positive over the
mid-latitudes of the Eurasian continent, especially+2 K
or more southeast of Lake Baikal (Fig. 3a). As shown in
Fig. 3b, the spatial pattern of the composite SLP consists
of a positive anomaly in the North Pacific and a negative
anomaly over Russia, with the positive anomaly being rela-
tively more distinct. The anomalies are negligible southwest
of Lake Baikal, the climatological location of the SH, sug-
gesting a weak connection to the March DTV in East Asia.
Meanwhile, much of the region near the Aleutian Islands,
where the center of the AL is climatologically located, has
positive anomalies due to the anomaly in the North Pacific.
As one of the main components of the EAWM system, the
AL is active from late autumn to late spring, and retreats
towards the Arctic as the subtropical high dominates the
North Pacific during the summer (Pickart et al. 2009; Sun et
al. 2019). Therefore, the positive anomaly located south of
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Fig. 3 Composite maps of detrended anomalies in a DTV, b sea level
pressure, ¢ 300 hPa geopotential height, and d 300 hPa zonal wind
in March for (left) AYs, (center) BYs, and (right) the difference. The
contour lines in the left and center columns represent climatology from

the AL center during the AY's can be interpreted as a faster-
than-normal AL retreat associated with the seasonal change.
This pattern of anomalies over East Asia is also evident in
the 300 hPa GPH, indicating that the anomalies have a ver-
tically developed structure from the lower to upper tropo-
sphere (Fig. 3¢). In particular, the positive GPH anomaly in
the North Pacific induces an anomalous anticyclonic circu-
lation in the region, which weakens the 300 hPa zonal wind
at 20°—40°N (i.e., a negative anomaly), but strengthens at
40-50°N (i.e., a positive anomaly) (Fig. 3d). This eventu-
ally suggests a weakening of the EAJS during the AYs.

In contrast, the anomalous patterns in SLP and 300 hPa
GPH for the BYs consist of a negative anomaly in the North
Pacific and a positive anomaly over Russia. The negative
anomaly represents a southward extension or development
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1979 to 2020, and the boxes in the right column indicate the region for
the DTV_EA. Thin nets indicate significance at the 95% confidence
level

of the AL during the BYs, implying persistence of a strong
AL influence into March. As a result of these anomalous
GPH patterns, anomalous cyclonic circulation in the North
Pacific led to an intensification of the EAJS at 300 hPa.

To explore the relationship between the atmospheric con-
ditions shown in Fig. 3 and the March DTV in East Asia, we
further examined the GPH and horizontal winds in the lower
troposphere and the monthly mean SAT (Fig. 4). During
the AY's, the composite map for the 850 hPa GPH consists
of a positive anomaly in the North Pacific and a negative
anomaly over Russia (Fig. 4a), similar to the SLP in Fig. 3b
and the 300 hPa GPH in Fig. 3c. As shown in Fig. 4b, the
anomalous anticyclonic circulation caused by the positive
GPH anomaly in the North Pacific brings warm air from
the subtropical North Pacific over eastern China, the Korean
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Fig. 4 Composite maps of detrended anomalies in a 850 hPa geopo-
tential height and b monthly surface air temperature (shading) and
850 hPa horizontal wind (vectors) in March for (left) AYs, (center)
BYs, and (right) the difference. In a, the contour lines represent clima-

Peninsula, and Japan. Meanwhile, the anomalous cyclonic
circulation caused by the negative GPH anomaly over Rus-
sia transports cold Arctic air into the Eurasian continent,
especially at 60°E. Additionally, the two GPH anomalies
drive strong northeastward wind anomalies over Manchu-
ria, which is located in between. In other words, the anom-
alous circulations during AYs make Manchuria, eastern
China, the Korean Peninsula, and Japan warmer than nor-
mal, and make Russia colder. As a result, the meridional
gradient of the SAT increases regionally at around 5S0°N due
to colder conditions in the north and warmer conditions in
the south. This makes the environment more susceptible to
drastic temperature changes, resulting in a greater than nor-
mal March DTV.

On the other hand, the 850 hPa GPH anomaly pattern
for BYs is the opposite of AYs, with a negative anomaly
in the North Pacific and a positive anomaly over Russia.
Here, the negative GPH anomaly in the North Pacific trans-
ports cold air from the Bering Sea and the Sea of Okhotsk
through southwestward wind anomalies into eastern China,
the Korean Peninsula, and Japan. The positive anomaly over
Russia also induces strong eastward wind anomalies near
70°-80°N that prevent cold Arctic air from moving south
and bring relatively warm air from the Atlantic Ocean to the
continent. As a result, a widespread warm anomaly appears
over the Eurasian continent, while a cold anomaly occurs
over eastern China, the Korean Peninsula, Japan, and some
areas of the northwestern Pacific. This reduces the meridi-
onal SAT gradient over the Eurasian continent, ultimately
leading to a decrease in DTV compared to normal years.

60E 90E 120E 150E 180 150W 60E 90E 120E
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tology from 1979 to 2020 and thin nets indicate significance at the 95%
confidence level. The boxes in the right column indicate the region for
the DTV_EA

4.2 Migratory pressure system

The potential impact of synoptic-scale pressure system
activity on the March DTV in East Asia is further studied
in Fig. 5 and S5. Figure 5 shows composites of the ETC
frequency anomaly during AYs and BYs, where the ETC
frequency is the number of ETCs that pass through each
grid point during March. If the same ETC was detected mul-
tiple times at a grid point, it was counted only once. For AY's
(Fig. 5a), the positive ETC frequency anomaly for 50°—65°N
overlaps with the region where the meridional gradient of
the SAT increased due to anomalous atmospheric circula-
tion (see Fig. 4b). Considering that ETCs are mainly caused
by conversion of potential energy from the meridional tem-
perature gradient into eddy kinetic energy (Okajima et al.
2021), we can infer that the enhanced meridional SAT gradi-
ent contributed positively to the activities of ETCs. Mean-
while, the negative anomaly of the ETC frequency over
Manchuria in Fig. 5a is related to strong northward wind
anomalies that prevent ETCs from entering the region (see
Fig. 4b). Additionally, the ETCs play a role in maintaining
the thermal structure and mid-latitude westerly jet stream
by systematically transporting heat and momentum (Oka-
jima et al. 2021). In this regard, in Fig. 3d, an upper-level
westerly anomaly appears to the north of the Tibetan Pla-
teau where the East Asian polar jet (EAPJ) is climatologi-
cally located. On the other hand, during BY's (Fig. 5b), ETC
activity is lower than normal across the Eurasian continent,
with an anomaly of about — 1.6 over Russia. This is related
to the weakening of the meridional SAT gradient and the
westward 850 hPa wind anomalies shown over the region in
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Fig.5 Anomalies in track density

(b) Below Years

for the extratropical cyclone in
March for a AYs, b BYs, ¢ the
difference between them, and d
the spatial field of the correla-
tion coefficient between track
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Fig. 4b. The former may suppress the generation and devel-
opment of ETCs, while the latter may impede their east-
ward propagation. Furthermore, the upper-level zonal wind
shows westward anomalies north of the Tibetan Plateau,
resulting in a weaker-than-normal EAPJ. Moreover, the
composite result for the migratory anticyclone also shows
more frequent passage over East Asia in the AY's than in the
BYs (Fig. S5) influenced by anomalous eastward wind that
appear at 40°-50°N during AYs.

The previous results demonstrate that March DTV in
East Asia tends to be larger than normal under climatic
conditions where migratory pressure systems are generally
more active than normal (Fig. Sa-c). Although this relation-
ship is not statistically significant (Fig. 5d), the difference
in ETC activity during AYs and BYs may be physically
important with respect to thermal advection, considering
the enhancing SAT gradient in East Asia during AY's. There-
fore, we examined the changes in regional temperature
advection and analyzed the relationship with March DTV
in East Asia. Figure 6 shows the difference in mean warm
and cold advection between AYs and BYs, using only land
grid points since the difference in the DTV is smaller over
the ocean than over the land. Because warm (cold) advec-
tion is a positive (negative) value, a positive (negative)
value on the x-axis (y-axis) indicates stronger warm (cold)
advection during AYs than during BYs. In other words, a
dot in the fourth (second) quadrant represents a grid point
where both warm and cold advection is stronger (weaker).
Comparing the difference in temperature advection between
BYs and AYs showed that 39.6% of the grid points in East
Asia experienced an increase in both warm and cold advec-
tion, and 38.3% of the grid points experienced an increase in
either warm or cold advection alone (Table 3). Furthermore,
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the color of the dots indicates the DTV difference, and the
majority of the dots in the fourth quadrant have values
above 1.0, indicating the DTV increases more significantly
for grid points with increased warm and cold advection. In
conclusion, the enhanced SAT gradient and active migra-
tory pressure systems over East Asia can contribute to the
increase in March DTV by causing locally transient tem-
perature advection anomalies.

4.3 Simultaneous correlation with climate indices

The previous composite analysis showed that the March
DTV in East Asia is closely related to the surrounding atmo-
spheric circulation. Since the results of composite analy-
ses do not always imply a physical relationship, however,
additional statistical analyses should be made to confirm
the analyzed results (Boschat et al. 2016). In this section,
we estimate simultaneous correlations between the March
DTV_EA (the area-averaged value) and various EAWM
and climate indices from 1979 to 2020. Prior to calculat-
ing the correlation coefficients, long-term linear trends were
removed from both the DTV_EA and all indices.

Among the four EAWM indices, the March DTV_EA
showed significant negative and positive correlations with
the EAJS and EAT indices, respectively (Table 4). This can
be explained by the negative zonal wind anomaly in the
EAJS core (20°-40°N, 110°-170°E) as shown in Fig. 3d,
and the positive 500 hPa GPH anomaly in the EAT (30°-
45°N, 125°-145°E), as shown in Fig. S6 during the AYs
(opposite to the pattern in BYs). On the other hand, the
SH index had a correlation coefficient close to zero with
the DTV_EA, indicating the relationship is nearly indepen-
dent. This is related to the lack of a distinct SLP anomaly
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Table 3 Number of grid points from differences in 1000 hPa tempera-
ture advection for March over East Asia between BY's and AYs. Only
land grid points are used

Difference (AYs — BYs)

Warm advection

Increase  No Decrease Total

change
Cold advection Increase 964 87 429 1,480
No 20 0 63 83
change
Decrease 397 12 463 872
Total 1,381 99 955 2,435

in the region of SH during AYs and BYs (see Fig. 3b). Fur-
thermore, the SLP anomaly in the North Pacific that affects
the March DTV includes only a southern part of the AL, as
illustrated in Fig. 3b, so the correlation coefficient between
DTV_EA and the AL index is positive, although not statisti-
cally significant. In summary, the March DTV in East Asia
is independent of the SH index but correlates positively with

Table4 Correlation coefficients between DTV _EA and climate indices
for March from 1979 to 2020

EAWM indices Correlation Other Correla-
coefficients indices tion coef-
ficients
SH 0.021 PNA -0.108
AL 0.289 NAO -0.030
EAT 0.317* WP 0.148
EAJS -0.403** EA 0.208
SCAND  0.009
(EU1)
EA/WR  0.306*
(EU2)
AO 0.077

The indices used are four EAWM indices and seven Northern Hemi-
sphere winter atmospheric teleconnection indices (including AO)

* and ** indicate significance at the 95% and 99% confidence levels,
respectively. All variables were detrended prior to calculation
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the AL and EAT indices and correlates negatively with the
EAJS index. In short, the March DTV in East Asia tends to
be larger when the overall EAWM system is weaker.

When examining the correlations with various climate
indices influencing the SAT during the cold season in East
Asia, only the EA/WR index showed a significant posi-
tive correlation (see Table 4). The EA/WR pattern, a major
planetary-scale circulation pattern occurring in the east-
ern Atlantic, consists of two major large-scale anomalies
in the Caspian Sea and western Europe, which propagate
eastward to affect the mid-latitude continent of Asia (Barn-
ston and Livezey 1987). In this regard, Lim (2015) men-
tioned that the wave structure of the EA/WR pattern can
lead to alternating periods of locally warm and cold weather
through anomalies in atmospheric circulation and tempera-
ture advection. Furthermore, according to Lim and Kim
(2013), who studied temperature and atmospheric circula-
tion anomalies associated with the EA/WR teleconnection,
the positive phase of the EA/WR pattern causes negative
SAT anomalies over Russia and positive SAT anomalies
over East Asia. This generates a strong cyclonic circulation
anomaly over western Russia and an anticyclonic circula-
tion anomaly over East Asia and the North Pacific in the
lower troposphere while weakening the EAJS in the upper
troposphere. These key features resemble the composite
results for AYs in Figs. 3 and 4, and the EA/WR index also
showed a strong negative correlation coefficient of -0.72
with the EAJS index. These results indicate that the EAJS
index can represent the atmospheric circulation affecting the
March DTV in East Asia.

. EAJS (w/o Trend)

2.0

0:0 ‘\A/\ MA'AA"A A AA
NV v “"V“V‘
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-2.0 4

40 T T T T T
1980 1990 2000 2010 2020

EAJS (w/o Trend)
4.0 4.0

GWT

5 Contribution estimation based on
regression analysis

In this section, we quantitatively evaluate the contribution
of atmospheric circulation and global warming to the East
Asian March DTV by using regression analysis. Figure 7
presents a time series of regression results for the DTV_EA
and the independent variables used in each regression anal-
ysis. The upper row shows the results of linear regression on
the DTV_EA using the detrended EAJS index, and the lower
row shows the results of adding the GWT index as an inde-
pendent variable. Since the EAJS index had a weak declin-
ing trend at the 90% significance level from 1979 to 2020
(Fig. S7a), the long-term trend was removed to ensure the
statistical independence of the independent variables in the
multiple regression analysis. Details of the GWT index are
described in Sect. 2.4. The correlation coefficients between
the observed DTV _EA and the two regression results are
0.37 and 0.53, and 0.12 and 0.24 for the adjusted coeffi-
cients of determination. Including the GWT index improves
agreement with the observations, suggesting that the long-
term trend in global warming contributes to the increase in
March DTV in East Asia.

Figure 8 is the correlation coefficient maps between the
regression results and observations in order to examine the
spatial influence of the EAWM and GWT on the March DTV
in East Asia. The linear regression results with the detrended
EAIJS index alone showed relatively high correlation coef-
ficients of up to 0.5 centered on Lake Baikal, while cor-
relation coefficients below 0.2 were found over the Korean
Peninsula and southern Japan (Fig. 8a). This is attributed to
the changes in the meridional SAT gradient associated with
the anomalous atmospheric circulation, which is more pro-
nounced around Lake Baikal than over the Korean Peninsula
and southern Japan. Meanwhile, as shown in Fig. 8b, the
linear regression results using only the GWT index indicate

4.0
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Fig. 7 Time series of the (left and center) standardized independent
variables and (right) regression results for the DTV_EA in March from
1979 to 2020. The independent variable in the upper row is only the
detrended EAJS index, and in the lower row, the long-term global
warming trend (GWT) index is added as an independent variable. The
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GWT index is defined as the 42-year linear trend (black line) in the
global-averaged 500 hPa geopotential height (gray line). In the right
column, the dots are the standardized versions of the DTV_EA shown
in Fig. 2, and ‘COR’ means correlation coefficient with the regression
results
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Fig. 8 Spatial maps of correlation
coefficients of a, b linear and ¢
multiple regression results with
the observed March DTV during
1979-2020. Each predictor is a
the detrended EAJS index, b the
GWT index, and ¢ both
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correlation coefficients that are relatively evenly distributed
across East Asia (at least 0.3) except in local areas such as
eastern China, the Korean Peninsula, and the adjacent sea.
In the multiple linear regression analysis with both indices
(Fig. 8c), the correlation coefficients generally ranged from
0.3 to 0.6 in the East Asian region, indicating higher values
than when only one independent variable was considered.
These results suggest that both atmospheric circulation and
global warming should be considered for a clear under-
standing of the changes in March DTV in East Asia.

6 Discussion
6.1 The role of global warming

In this study, the global warming effect was represented
through the GWT index, but the actual global warming
effect varies depending on the period, region, and variables.
Therefore, we discuss the role of global warming on March
DTV from various aspects.

Although statistical independence of the EAWM and the
GWT was assumed for the multiple regression analysis, this
does not mean their physical relationship is also indepen-
dent (Kim et al. 2022). The linear regression result consider-
ing the long-term trend in the EAJS (Fig. S7b) has a higher
correlation coefficient with the observations (0.46) than
when it is removed (0.37), suggesting that the weak declin-
ing trend in the EAJS can contribute to the increase in the
DTV_EA. If the long-term weakening of the EAJS is partly
due to global warming, it shows an indirect contribution
from global warming to DTV. In this regard, various previ-
ous studies have demonstrated that the overall weakening of
the EAWM systems has been attributed to global warming
(Hori and Ueda 2006; Archer and Caldeira 2008; Song et al.
2019; Sun et al. 2019). The change in zonal mean SLP aver-
aged in the North Pacific (160°-200°E) from 1979 to 2020
shows a steady increase, especially in the region of the AL
(45°-65°N, 160°-200°E) (Fig. S8). This finding is similar
to the results of Sun et al. (2019), who reported a significant
weakening of the AL in spring. Therefore, the weakening of
the EAWM system associated with global warming could
partially contribute to the increase in March DTV over East

0 01 02 03 04 05 06 o

01 02 03 04 05 06

Asia. However, in Fig. 8, the spatial patterns of the EAWM
and GWT contributions are clearly different, suggesting the
existence of a global warming role that is unrelated to the
EAWM.

A reasonable hypothesis concerns spatially heteroge-
neous warming rates of the monthly mean SAT. Figure 9
shows the 42-year linear trends of monthly mean SAT and
soil moisture for March and April. The March SAT shows
a strong and significant trend above 0.08 K/year over east-
ern China, but in Manchuria, it is relatively weak (about
0.06 K/year) and not significant at the 95% confidence level
(Fig. 9a). As a result, the meridional SAT gradient increases
locally in the eastern region of Lake Baikal, ultimately mak-
ing it favorable for the DTV to increase. This could be the
reason for the relative concentration of the GWT contribu-
tion in the region, as shown in Fig. 8b. Additionally, while
the warming signal is negligible in the Yellow Sea, the East
Sea shows a warming of up to 0.06 K/year. Under these con-
ditions, the daily SAT on the Korea Peninsula is more vari-
able, depending on local changes in zonal wind.

Meanwhile, soil moisture can affect DTV by partitioning
of the surface fluxes in intermediate moisture regimes. For
example, low soil moisture conditions reduce evapotranspi-
ration, which enhances sensible heat flux, and thus increases
SAT. Because an increased SAT makes the soil drier, a
decrease in soil moisture ultimately leads to a short-term
increase in SAT. For detailed information on soil moisture-
temperature feedback, see Seneviratne et al. (2010). More-
over, based on the CMIP5 models, Bathiany et al. (2018)
suggested that the increased DTV is partially associated
with decreased soil moisture. In this respect, the significant
localized decrease in soil moisture associated with global
warming could partially contribute to the increase in March
DTV in East Asia over the 42-year period (Fig. 9b).

6.2 The unique features of March

The significant and strong increase in DTV is observed only
in March, as shown in Fig. 1, which raises the question,
What makes March unique? To discuss this, we conducted
additional research on April, which shows a weak increasing
trend in DTV (not statistically significant), and compared it
with March. This suggested that the change in March DTV
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Fig.9 Linear trends from 1979 to
2020 of a, ¢ monthly surface air
temperature and b, d soil mois-
ture in a, b March and ¢, d April.
Thin nets indicate significance at
the 95% confidence level
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is associated with the EAWM (especially the EAJS), het-
erogencous warming rates, and a decrease in soil moisture.
From this perspective, the East Asian climate in April is no
longer affected by the EAWM, and even the April EAJS
index has not changed significantly in 42 years (Fig. S9a).
Moreover, the strong warming trend over eastern China in
March does not appear in April, and the warming rates are
faster at high latitudes compared to mid-latitudes, weak-
ening the meridional SAT gradient (Fig. 9¢). In contrast,
soil moisture tends to decrease significantly in Manchuria
(Fig. 9d), which is associated with decreased precipitation
in the region (Fig. S9b). Considering that the April DTV has
an increasing trend in the region (Fig. 1¢), we can conclude
that unlike March, the April DTV is mainly determined by
soil moisture changes. This suggests that the increase in the
March DTV is the result of a combination of unique condi-
tions in March related to atmospheric circulation changes
and global warming.
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7 Summary and conclusion

It is important to understand how SAT variation will change
under global warming, as well as the mechanisms involved.
In general, a decreasing trend in SAT variation associated with
Arctic amplification has been reported in the mid- and high
latitudes of the Northern Hemisphere. However, increasing
trends in SAT variation were also observed in some regions
and during some seasons, suggesting that SAT may become
more variable in these regions in the future. Changes in spring
SAT variation can be directly related to the quantity and qual-
ity of agricultural production during the year in terms of crop
germination and fruit development, although most previous
studies have focused on the summer and winter. The purpose
of this study is ultimately to understand the changes in spring
SAT variation in East Asia during the 1979-2020 period.
Observational and reanalysis data showed that the March
DTV increased significantly over that 42-year period, while
other spring SAT variations did not exhibit significant changes.
Therefore, we identified the atmospheric circulation associated
with the March DTV and examined its impact on the March
DTV with global warming.

According to the composite analysis, the climate patterns
in East Asia in years with above-normal March DTV were
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generally the opposite of those in years with below-normal
DTV. The climatic features associated with above-normal
March DTV included positive SLP anomalies in the North
Pacific and negative SLP anomalies over Russia, which
bring subtropical warm air and Arctic cold air, respectively,
to inland East Asia in the lower troposphere. This leads to an
increase in the meridional SAT gradient in East Asia, which
is conducive to an increase in March DTV. These circulation
anomalies are similar in the upper troposphere, and those
in the North Pacific weaken the EAJS by causing west-
ward anomalies in the core region of the EAJS (20°—40°N,
110°-170°E). In addition, March DTV tends to be larger
than normal as more migratory pressure systems pass over
East Asia. This could lead to stronger transient temperature
advection anomalies under the enhanced meridional SAT
gradient due to anomalous atmospheric circulation.

Simultaneous correlation analysis of the East Asian
March DTV with various EAWM and climate indices gener-
ally indicated that a weaker EAWM system was associated
with greater DTV, supporting the previous composite analy-
sis. Although the SH index was not significantly correlated,
the AL and EAT indices correlated positively, and the EAJS
index correlated significantly and negatively at the 99%
confidence level. Moreover, the EA/WR index was the only
significant correlation among the seven climate indices. The
temperature and atmospheric circulation anomalies associ-
ated with the positive phase of the EA/WR teleconnection
included the main climatic features of the year in which the
March DTV in East Asia was above normal.

Regression analysis was used to examine the impact of
the EAWM and global warming on March DTV in East
Asia. The results showed that both factors significantly con-
tributed to March DTV from 1979 to 2020. Spatially, the
impact of the EAJS on March DTV was relatively concen-
trated in the inland regions around Lake Baikal, while the
GWT was evenly distributed across East Asia, except for a
few regions. These differences in spatial patterns imply that
global warming affects the March DTV separately from the
EAWM. In this respect, the role of global warming is likely
related to heterogeneous warming rates and localized soil
drying in East Asia during the study period.

We examined spring SAT variations and found a unique
increasing trend in March DTV, which is a result of signifi-
cant effects from atmospheric circulation (i.e., EAWM) and
global warming. These results suggest that further regional
studies should be conducted to ensure a sustainability, as the
effects of atmospheric circulation and global warming on
SAT variation vary regionally and temporally.
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