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ABSTRACT

Current East Asian winter monsoon (EAWM) indices effectively depict the associated high- and low-latitude atmospheric circu-
lations. However, the spatial dynamics of the winter coldness within the monsoon domain are not well adequately represented by
EAWM indices. We introduce a novel approach to classify winter temperatures based on both their co-variability and their mean
values. We classified the EAWM domain into three distinct modes: northern (ranging from —27°C to —15°C), central (—14°C to
5°C), and southern (6°C to 27°C). The northern mode, characterised by intense coldness, correlates with a strengthened west-
erlies that traps Arctic cold air masses during the positive phase of the Arctic Oscillation (AO). In contrast, the southern mode
is primarily influenced by low-latitude oceanic and atmospheric patterns, particularly for near-coast areas. The central mode,
representing an interplay of both high and low-latitude processes, encapsulates the comprehensive characteristics of the EAWM.
Our analysis reveals a notable shift in the relationships among the northern, central, and southern modes around 1990. Prior to
this year, the EAWM was predominantly influenced by northern atmospheric patterns, while there is a discernible increase in
the influence of low-latitude drivers afterwards. This shift may be linked to the significant warming in the western Pacific and
Indian Oceans, underscoring the heightened role of low-latitude drivers on the EAWM.

1 | Introduction Li et al. 2023). For example, the large-scale low temperatures,

rain, snow, and freezing conditions in China from January to

The East Asian winter monsoon (EAWM) represents the most
robust winter circulation system in the Northern Hemisphere,
exerting a profound impact on the climate from high to trop-
ical Asia (Duan, Zhang, and Lv 2013; Jin et al. 2019; Wang
et al. 2006; Wang and Lu 2017). Linked with extreme coldness
and significant snowpack, the EAWM often leads to substan-
tial socioeconomic losses, disrupting everyday life, including
traffic, tourism, and agriculture (Duan, Zhang, and Lv 2013;

February 2008, the East Asian cold wave in January 2021, and
the cold wave in 2022 were all influenced by the EAWM, caus-
ing direct economic losses of 151.6 billion yuan, 6.63 billion
yuan, and 7.89 billion yuan, respectively (Li et al. 2023; Tao and
Wei 2008; Yu et al. 2022).

The EAWM is primarily driven by the Siberian-Mongolian
High, under the significant influence of the Arctic cold air mass,
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closely associated with the Arctic Oscillation (AO) (Gong, Wang,
and Zhu 2001). Concurrently, the low-pressure systems over
the maritime continent in the low latitudes also significantly
modulate the EAWM towards the tropics (Huang, Wang, and
Wright 2016; Thun and Lee 2004; Liu et al. 2012). Various EAWM
indices have been proposed to capture its dynamic patterns (Liu
et al. 2012; Wang and Chen 2010), including the pressures of the
Siberian-Mongolian High (Wang et al. 2006), its contrast with
oceanic and low-latitude pressures (Li and Yang 2010), surface
northerlies (Yang, Lau, and Kim 2002), upper-level jet streams
(Jhun and Lee 2004), and potential vorticity (Huang, Wang, and
Wright 2016). The EAWM predominantly influences tempera-
ture reductions in East Asia (Wang et al. 2006), contrasting the
EASM's primary impact on precipitation (Huang et al. 2023;
Wang et al. 2013). Consequently, EAWM indices often incor-
porate mean temperature anomalies across the entire monsoon
domain (Lee et al. 2013). However, there are ongoing debates
regarding the ability of these indices to effectively characterise
temperature and precipitation anomalies in the East Asian mon-
soon region. Some studies (Wang and Chen 2010) have pointed
out that these indices fail to accurately capture the main fea-
tures of winter temperature variations in China, as they are
primarily based on a single EAWM circulation component and
are influenced by the region's complex underlying topography
(Ao et al. 2024). This limitation hinders our understanding of
the dynamic influences of high- and low-latitude drivers on
the EAWM.

To address this knowledge gap, we utilise the covarying isoline
method, which effectively delineates areas encircled by climatic
isolines, such as those for precipitation or temperature (Fang
et al. 2024). This approach aligns well with our objective to map
large-scale covarying winter temperature isolines within the
monsoon domain and investigate their regimes associated with
high- and low-latitudes drivers. According to Liu et al. (2012),
the East Asian low-latitude winter monsoon (EAWM-L) and
mid-high-latitude winter monsoon (EAWM-M) indices are de-
fined by the 1000 hPa meridional wind (v wind) averaged over
the regions (10°N-25°N, 105°E-135°E) and (30°N-50°N,
110°E-125°E), respectively (Liu et al. 2012). We selected the
broader East Asian winter monsoon region (10°N-50°N,
105°E-135°E), which encompasses both the high- and low-
latitude components, enabling a comprehensive analysis of the
factors influencing the monsoon across different latitudes.

2 | Data Sources and Research Methods
2.1 | Climate Data

In this research, we utilised the Climate Research Unit (CRU
TS4.07) temperature dataset, which provides monthly resolution
data in a 0.5°x0.5° grid system, covering the period from 1901
to 2022 (Harris et al. 2020). Given that the majority of meteoro-
logical stations in Central and Eastern Asia, contributing to this
dataset, were established post-1950, we specifically focused on
temperature data from this period onwards (Cook et al. 2010). To
understand the interaction between temperature and oceanic-
atmospheric conditions, we examined correlations with sea
surface temperature (SST), geopotential height (GPH), and near-
surface wind speed. For SST, we employed the HadISST dataset

from the Met Office Hadley Centre for Climate Prediction and
Research, offering 1°x 1° spatial resolution and extending from
1870 to the present (Rayner et al. 2003). GPH and wind data were
sourced from the European Center for medium-range weather
forecasting (ECMWF) Reanalysis version 5 (ERAS), providing a
finer spatial resolution of 0.25° X 0.25°, and ranging from 1950 to
present (Hersbach et al. 2023). The AO was first introduced by
Thompson and Wallace (1998). It is typically defined as the lead-
ing mode of the empirical orthogonal function (EOF) decompo-
sition of sea level pressure fields north of 20°N. The AO index
used in this study is sourced from https://www.cpc.ncep.noaa.
gov/products/precip/CWlink/daily_ao_index/ao.shtml.

2.2 | Analytical Methods

Our approach hinges on the concept of the covarying isoline
method, which interprets the monsoon as a seasonal tempera-
ture shift from high to low latitudes, driven by large-scale circu-
lation patterns (Liu et al. 2012). A specific monsoon-associated
circulation pattern is expected to cause a set of temperature iso-
lines to exhibit covarying trends. To this end, we first calculated
the areas below temperature isolines ranging from —27°C to
27°C in 1°C increments within the EAWM domain for the win-
ter season (December-February) since 1950. These areas were
weighted using the Cylindrical Equal Area projection method
to account for geographic distortion (Snyder 1987). Temperature
isolines were then grouped based on their inter-correlations
using hierarchical clustering analysis, with a threshold set at
30% of the maximum distance (Ward 1963).

Pearson correlation analysis was used to calculate the rela-
tionships between variables. The wavelet coherence (WTC)
(Grinsted, Moore, and Jevrejeva 2004) was used to assess time-
dependent correlations between the areas below specific tem-
perature isolines. This technique decomposes time series data
into different temporal components through wavelet analysis,
followed by calculating localised correlations across various
scales. Additionally, running correlations with a 21-year win-
dow were utilised to detect dynamic relationships among the
areas below different temperature isolines, providing insights
into their temporal evolution.

3 | Results

We revealed distinct modes of EAWM temperatures corre-
sponding to the northern (below —27°C to —15°C), central
(below —14°C to 5°C), and southern (below 6°C to 27°C) modes
(Figure 1a). These modes are geographically demarcated with
the northern mode primarily above 45°N, the central mode en-
compassing areas north of the Yangtze River (~ between 30°N
and 45°N), and the southern mode extending into the tropics (~
south of 30°N) (Figure 1b). Notably, a warmer climate typically
coincides with a smaller area below a given temperature isoline,
leading to observable negative correlations between tempera-
ture and the area below these isolines (Figure 2). Specifically,
the northern mode exhibits significant negative correlations
(p<0.1) with temperatures across central and northeastern
Asia (Figure 2a). For the central mode, these significant tem-
perature correlations extend southward, impacting regions from
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FIGURE 1 | Groupings of Winter (December-February) Temperature Isolines. (a) Classification tree for winter temperatures below specific

isolines in eastern Asia. (b) The black square represents our calculation area, and the —15°C and —5°C temperature isolines divide eastern Asia into
three regions, illustrating three distinct modes of the winter monsoon. [Colour figure can be viewed at wileyonlinelibrary.com]

central Asia to southeastern China (Figure 2b). The southern
mode demonstrates strong temperature correlations along the
southeastern Asian to eastern Chinese coastlines (Figure 2c).
Compared to other EAWM indices, such as those defined by the
sea-land pressure difference (Kim, Sohn, and Kug 2017), high-
pressure characteristics (Zhi and Zheng 2022), low-level wind
fields (Wang, Wu, and Wang 2022), and mid- to high-level wind
fields (Zhu 2008) (Figure S1), our method demonstrates a stron-
ger correlation with temperature (Figure 2).

The northern mode shows the weakest association with SST,
with only weak correlations observed over the Indian Ocean
(Figure 3a). In contrast, the central mode exhibits significant
negative correlations (p <0.1) with SSTs, particularly over the
western Pacific and Indian Ocean (Figure 3b). This pattern be-
comes even more pronounced in the southern mode (Figure 3c),
where negative correlations extend further across the Indo-
Pacific. This suggests that low-latitude oceanic patterns have a
greater influence on EAWM temperatures in southern regions
compared to northern areas. Conversely, the northern mode
displays stronger correlations with Arctic atmospheric patterns

than the central and southern modes (Figure 4) (Li et al. 2022;
Sun, Li, and Zhou 2019; Sun et al. 2023). The positive correla-
tions with low-troposphere (850 hPa) GPH predominantly occur
over the Arctic (Figure 4a), aligning with the negative phase of
the AO (Thompson and Wallace 1998). Negative correlations
with the high GPH over high Asia are observed at the upper
troposphere (200hPa). The central and southern modes, how-
ever, exhibit weaker correlations with high-latitude GPH, in-
stead showing stronger associations with GPH over the western
Pacific and Indian Oceans (Figure 4c,f). Overall, the northern
mode correlates strongly with atmospheric patterns linked
to the AO, showing the highest correlation with the AO index
(r=-0.53), while the central and southern modes exhibit weaker
correlations, with coefficients of —0.39 and —0.14, respectively
(Figure S2). Additionally, the central and southern modes cor-
relate with SST and GPH along the eastern Asian and Indian
Ocean coasts.

A warm northern mode correlates with enhanced westerlies
over high Asia (Figure 5a) and weaker northerlies from the
Arctic (Figure 5b). The influence of the westerlies on the EAWM
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FIGURE2 | Correlations between areas beneath winter (December-February) temperature isolines of (a) —27°C to —15°C, (b) —14°C to 5°C, and
(¢) 6°C to 27°C during the period 1950-2021. Maps only illustrate significant (p <0.1) correlations. [Colour figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 3 | Correlations of areas beneath winter (December-February) temperature isolines of (a) —27°C to —15°C, (b) —14°C to 5°C, and (c)
6°C to 27°C with the SST in winter (December-February) during the period 1950-2021. Only significant (p <0.1) correlations are displayed. [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE4 | Correlations of areas beneath winter (December-February) temperature isolines of (a and b) —27°C to —15°C, (c and d) —14°C to 5°C,
and (e and f) 6°C to 27°C with geopotential height (GPH) at 850 hPa and 200 hPa during the period 1950-2021. Only significant (p <0.1) correlations

are displayed. [Colour figure can be viewed at wileyonlinelibrary.com]

diminishes for the central and southern modes (Figure 5c,e),
which instead show strong correlations with northerlies near
the eastern Asian coast, particularly in the southern mode
(Figure 5f). This indicates the significant role of tropical and
subtropical southerlies in shaping the EAWM.

Post-1990, correlations between the areas of the northern and
central modes have strengthened, particularly at interannual
timescales (Figure 6a,b). Conversely, correlations between
the central and southern modes have weakened, especially
after 1990, and predominantly at interannual timescales
(Figure 6¢,d). The low correlation between the northern and
southern modes is attributed to their modulation by high- and

low-latitude drivers, respectively. The declining trend post-
1980s and the evolving correlation patterns around 1990 suggest
a potential shift in the EAWM regime around that time.

All areas of the northern, central, and southern modes exhibit
a declining trend, coinciding with global warming reducing
areas below given temperature isolines (Figure 6). This down-
trend is especially pronounced around the 1980s, corroborating
earlier studies (He 2013; Ma and Chen 2021; Yu, Zhang, and
Zhong 2019). Post-1990, correlations between the northern and
central modes have strengthened, particularly at interannual
timescales (Figure 6a,b). Conversely, correlations between the
central and southern modes have weakened, especially after
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1990 at interannual timescales (Figure 6c,d). The declining
trend post-1980s and the evolving correlation patterns around
1990 suggest a potential shift in the EAWM regime around
that time.

The EAWM exhibits time-varying relationships with GPH be-
fore and after 1990 (Figure 7). Prior to 1990, all three modes
(northern, central, and southern) displayed stronger correlations
with high Asia GPH, indicative of significant high-latitude at-
mospheric pattern impacts (Figure 7a,c,e). However, after 1990,
the influence of the positive geopotential height over the high
latitudes of Eurasia on the southern mode weakened. In con-
trast, low-latitude drivers had a significantly stronger impact on

the southern, central, and northern modes (Figure 7b,d,f), as ev-
idenced by the spatial correlation analysis with SST (Figure S3),
zonal wind fields (Figure S4), and meridional wind (Figure S5).

4 | Discussion

In this study, we grouped EAWM temperatures into three
groups, defined by the area below specific temperature thresh-
olds. This approach, based on the concept that covarying iso-
lines indicate control by similar circulation patterns, offers
an innovative perspective on EAWM dynamics. Traditional
climate classifications typically rely on the co-variability of
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regional climate time series (Lorenz 1956), often overlooking the ~ both aspects: the co-variability of regional climate changes and
absolute climate conditions (Fang et al. 2018, 2014). The meth- their absolute climatic conditions. Consequently, this tempera-
odology adopted is grounded in temperature isolines, combining ture isoline method provides a more nuanced representation of
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the spatial shifts in temperature patterns affected by EAWM
(Fang et al. 2024).

The dichotomy in temperature patterns between the north-
ern and southern domains of the EAWM is well-established
(Ma and Chen 2021). Our findings describe the boundaries
of the northern, central, and southern modes associated with
EAWM temperature changes. While the northern and south-
ern modes are dominated by high- and low-latitude drivers,
respectively, neither mode exhibits simultaneous connec-
tions to both high- and low-latitude atmospheric and oceanic
patterns. We suggest that the central mode, bridging both
high- and low-latitude influences, may better represent the

overarching characteristics of the EAWM. This mode predom-
inantly reflects areas north of the winter temperature isoline
of 5°C, aligning with key geographical regions like the south-
ern Himalayan Mountains and the Yangtze River (Figure 1b).
Despite the EAWM's marginal impact on tropical regions, it
predominantly governs winter temperatures north of the 5°C
isoline (Wang and Lu 2017).

The EAWM indices derived from our winter temperature anal-
ysis generally resonate well with the atmospheric patterns de-
scribed by previous indices (Wang and Chen 2010). However,
a notable distinction is our indices’ weaker correlations with
the low-troposphere Siberian-Mongolian High, compared to
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previous indices (Jhun and Lee 2004; Wang et al. 2006; L.
Wang and Chen 2010), as demonstrated in Figure 4a. This dis-
crepancy arises because the Siberian-Mongolian High typically
triggers cold surges in a northwest-southeast direction, diverg-
ing from our zonally distributed temperature isoline-based in-
dices (Figure 1b). Our indices instead show robust correlations
with zonally elongated westerlies and the AO. Particularly over
the high troposphere, our indices correlate strongly with the
Siberian-Mongolian High (Figure 4b), reflecting less sensitivity
to regional surface temperature patterns than its low-troposphere
counterpart. Our approach effectively captures the regime where
enhanced westerlies during the AO's positive phase constrain
the Arctic cold air mass, leading to a weakened EAWM (Fan and
Wang 2006; Fang et al. 2022; Gong, Wang, and Zhu 2001).

The amplified influence of low-latitude processes on the
EAWM since around 1990 might be linked to the interdecadal
weakening of the EAWM in the late 1980s (He 2013; Yancheva
et al. 2007), the interdecadal variation in Siberian High intensity
(Jeong et al. 2011) and the reduced winter snow in the 1990s (Ma
and Chen 2021). The low-latitude factors impacting the EAWM
are predominantly associated with western Pacific SST and the
consequent intensification of the Western Pacific branch of the
Hadley Circulation (Ma and Chen 2021). Generally, the Hadley
Circulation has expanded and shifted poleward in response to
the current warming trend (Fu et al. 2006; Seidel et al. 2007).
The western Pacific, experiencing one of the most pronounced
SST warming trends (Cravatte et al. 2009), may exhibit an
anomalously enhanced Western Pacific Hadley Circulation.
This northward shift of the Hadley Circulation could be a key
factor in the rising influence of low-latitude processes on the
EAWM (Figure S5).

5 | Conclusions

In this study, we delineated the northern (below —27°C to —15°C),
central (below —14°C to 5°C), and southern (below 4°C to 27°C)
modes of winter temperatures within the EAWM domain, em-
ploying a novel approach centred on the co-variability of areas
lower than varying temperature thresholds. Our analysis reveals
that the central mode, with its connections to both high- and
low-latitude oceanic and atmospheric processes, most compre-
hensively encapsulates the EAWM's overall characteristics. This
method, based on temperature isolines, demonstrates enhanced
correlations with zonally distributed atmospheric patterns, offer-
ing a more refined perspective compared to previous indices.

A key finding of our research is the strong correlation between
the EAWM and zonally elongated atmospheric patterns, includ-
ing enhanced westerlies and the positive phase of the AO. These
dynamics play a crucial role in trapping the Arctic cold air mass,
leading to a weakened EAWM. In the context of global warm-
ing, the pronounced warming of the western Pacific Ocean
and the resultant intensification of the Western Pacific Hadley
Circulation have emerged as significant factors. This phenome-
non appears to amplify the influence of low-latitude processes
on the EAWM, particularly post-1990. Our study underscores
the evolving nature of the EAWM, highlighting the increasing
importance of low-latitude dynamics in the face of ongoing
global climate changes.
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