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A B S T R A C T   

Station observations and global reanalysis datasets were applied to investigate the dominant modes of winter 
cold days (CDs) in China and their relationships with the Arctic Oscillation (AO) and El Niño–Southern Oscil
lation (ENSO). The dominant modes of the CDs exhibited an interdecadal shift around the 1980s. The first mode 
reflected a nearly coherent interannual variability with a maximum center over central-northeastern China 
during 1961–1985 (P1), whereas the maximum center shifted to central-southwestern China during 1993–2017 
(P2). The second mode represented a north-south dipole variation, with maximum variations over southern 
China in the P1 but northeastern China in the P2. The first mode was significantly related to the AO in the P1 and 
ENSO in the P2, whereas the second mode was closely linked to ENSO in the P1 and the AO in the P2. During the 
P1, an anomalous quasi-barotropic cyclone over northern East Asia was induced by a negative AO, deepening the 
East Asian trough along the East Asian coast, which was favorable for the occurrence of CDs over central- 
northeastern China (i.e., the first mode). The El Niño excited an anomalous anticyclonic circulation over the 
Northwest Pacific, impeding cold air along the coast of southern China, which seemed to produce a pattern of the 
second mode. During the P2, the AO was weaker (smaller magnitude), and the AO-related anomalous cyclone 
shifted northwestward compared to that in the P1, limiting its effect to northeastern China and inducing a north- 
south dipole pattern. On the other hand, ENSO-related anomalous circulation shifted southwestward compared 
to the P1, modulating CDs over central-southwestern China and producing an anomalous pattern of CDs similar 
to the first mode.   

1. Introduction 

Extreme cold events exert devastating effects on human health, 
economic development, and regional ecosystems (McMichael, 2013; 
Curtis et al., 2017; Shang and Zhang, 2021). As one of the hardest hit 
area, China has experienced several mega extreme cold events (Wen 
et al., 2009; Wang and Chen, 2010; Wang et al., 2021), for example, the 
long-lasting snowstorms in January 2008 (Wen et al., 2009; Zhou et al., 
2009; Wang et al., 2020), the extreme cold temperatures in January 
2016 (Song and Wu, 2017) and from late December 2020 to mid- 
January 2021 (Zhang et al., 2021). During the boreal winter of 2020/ 
21, successive extreme cold events occurred over China. Specifically, 
cold air outbroke swept across East Asia from Siberia in late December 

2020, causing record-breaking cold surface air temperatures and 
freezing-related damages (Yang and Fan, 2022). Extremely cold tem
peratures reached − 19.6 ◦C and − 19.9 ◦C in Beijing and Tianjin 
respectively on 7 January 2021, breaking their previous coldest record 
on the same date in 1967 (Zhang et al., 2021). A deeper understanding of 
winter extreme cold events and associated mechanisms is critical for 
socioeconomic planning in China. 

The spatial-temporal characteristics of extreme cold events in China 
have been investigated by several studies (e.g., Kang et al., 2009; Chen 
et al., 2013a; Shi et al., 2018; Gao et al., 2021; Zuo et al., 2021). There 
are remarkable interannual variations of winter surface air temperature 
over China, of which the two dominate modes are depicted by a spatially 
consistent pattern and a north-south dipole pattern (Kang et al., 2009; 
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Xiao et al., 2018; Zuo et al., 2021). Similarly, the first mode of winter 
extreme cold events also showed consistent spatial variability (Fu and 
Ding, 2021). 

The extreme cold events also exhibit remarkable interdecadal 
changes in China. While the winter temperature in China showed an 
overall upward trend during the past six decades, it remained stable 
after 2006 and the extreme cold events increased apparently (Cui et al., 
2017; Fu and Ding, 2021). On the other hand, several studies have 
demonstrated that the number of winter extreme cold days (CDs) 
experienced a significant decrease after the mid-1980s with a decline 
rate of 0.5–4.5% (− 3.9 days) per decade in almost the entire country 
(Chen et al., 2013a; Zhou et al., 2016; Shi et al., 2018; Gao et al., 2021; 
Zhao and Chen, 2021). However, Cheung et al. (2015) found that the 
number of CDs in Hong Kong appeared to increase from the late 1990s to 
the 2000s. Apparently, there is disagreement in terms of the inter
decadal changes in extreme cold events, which warrants further 
investigations. 

Substantial efforts have been dedicated to identify the physical 
causes responsible for the interannual-interdecadal variability of 
extreme cold events (Park et al., 2011; Chen et al., 2013a; Chen et al., 
2013b; Jian et al., 2021). The East Asian winter monsoon (EAWM) is one 
of the main factors for the extreme cold events in East Asia, on both 
interannual and interdecadal time scales (Cheung et al., 2015; Hu et al., 
2015; Wang and Lu, 2017). More extreme cold events tend to occur 
when the EAWM is strong, whereas when the EAWM is weak, cold 
events occur less frequently in East Asia (Wang et al., 2009; Wang and 
Chen, 2013; Zuo et al., 2021). In addition, it is also reported that the 
Arctic Oscillation (AO) and El Niño–Southern Oscillation (ENSO) could 
significantly modulate the interannual variability of cold surges over 
East Asia (Park et al., 2011; Chen et al., 2013a; Lu et al., 2016; Lu and 
Zhou, 2018; Song and Yan, 2021). Negative AO and La Niña are favor
able for the occurrence of cold surges (He et al., 2017; Zheng et al., 
2021). These relationships of interannual variation of the extreme cold 
events in China with the AO and ENSO displayed interdecadal changes, 
as pointed out by previous studies (Cheung et al., 2012; Chen et al., 
2013a; Yun et al., 2014; Liu et al., 2017; Jian et al., 2021). For example, 
Chen et al. (2013a) indicated that a significant connection existed be
tween the winter extreme CDs in eastern China and AO before the mid- 
1980s, while the extreme CDs in southern China are closely linked to 
ENSO after the mid-1980s. On the other hand, Jian et al. (2021) found 
that a significant connection between ENSO and winter synoptic tem
perature variability over eastern China occurred before the mid-1980s, 
and this connection became insignificant after 1988. The AO and 
ENSO play important roles in prediction of the winter extreme cold 
events, and it is important to consider whether there is a stable rela
tionship between the two systems and the cold events in China. It should 
be noted that the results may be affected by the definition of cold events. 
Therefore, the current study will reexamine the spatiotemporal varia
tions of winter CDs in China, and further investigate the relative roles of 
AO and ENSO in the first two leading modes of the CDs during the 
different periods. 

The rest of this paper is organized as follows. The datasets and 
methods applied are described in Section 2. The spatiotemporal char
acteristics of China extreme cold events, including the interdecadal 
changes in their dominant modes, are displayed Section 3. The inter
decadal shift in the relationships of the CDs with the AO and ENSO, and 
the associated mechanisms, are discussed in Sections 4 and 5. Finally, a 
summary of the study and further discussions are provided in Section 6. 

2. Data and methods 

The observational station data of daily minimum temperature 
(Tmin) of 1964 meteorological stations within mainland China from 
1961 to 2018 are used in this study. This dataset is collected from the 
China National Stations’ Fundamental Elements Datasets V3.0 (Ren 
et al., 2012; Cao et al., 2016). Quality-control procedures have been 

applied to improve the data quality and integrity (Cao et al., 2016; Deng 
et al., 2019). 

Currently, the fifth generation European Centre for Medium-range 
Weather Forecasts reanalysis (ERA5) for the global climate and 
weather is available from 1950, which splits into the Climate Data Store 
entries for 1950–1978 and from 1979 to update (Hersbach et al., 2020; 
Bell et al., 2021). Monthly geopotential heights, sea surface temperature 
(SST), vertical velocity and winds from the ERA5 (accessed from the 
Copernicus Climate Change Service Climate Data Store) with a hori
zontal resolution of 1◦ × 1◦ are utilized. The monthly AO index and 
Niño-4 index are obtained from https://www.cpc.ncep.noaa.gov/ 
products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.curre 
nt.ascii.table and https://www.cpc.ncep.noaa.gov/data/indices/ersst5. 
nino.mth.91-20.ascii, respectively. 

Considering the significant difference in regional climatology, the 
relative threshold is more meaningful to detect the local extremes in 
China (Deng et al., 2019; Zhang et al., 2022). In this study, the CDs are 
defined based on a 10th percentile method, which is widely used in 
previous studies (e.g., Chen et al., 2013a; Cheung et al., 2015; Grotjahn 
et al., 2015; Shi et al., 2018; Om et al., 2022). For a specific day in 
December–January–February (DJF), its threshold is determined by the 
10th percentile of Tmin for a total of 870 days (58 × 15; the 15 days 
correspond to 7 days on either side of the target date) for the 58 years 
(1961–2018). By moving the 15-day sampling window forward or 
backward, we can obtain a consecutive threshold for every day. An 
extreme CD is identified when Tmin is below the threshold. Then, the 
number of extreme cold events is obtained by the cumulative number of 
CDs during each winter. In this study, the winter of a specific year is 
defined as the December of the current year and the January–February 
of the following year. 

In order to extract the dominant modes of China CDs, we apply the 
Empirical Orthogonal Function (EOF) analysis to the cold events. An 
area-weighted method is applied at each station by multiplying the 
square root of the cosine of latitudes (North et al., 1982; Dawson, 2016; 
Deng et al., 2019). Other analysis methods conducted include linear 
correlation and linear regression. All data used in this study are 
detrended before further calculations of correlation and regression to 
focus on the interannual variations of cold events. The Student’s t-test 
and P-value are applied to assess the statistical significance of the results 
obtained. 

3. Spatiotemporal characteristics of China extreme cold events 
during 1961–2017 

The climatological CDs and 10th percentile thresholds of Tmin in 
DJF are presented in Fig. 1a–b for 1961–2017, respectively. The spatial 
distribution of the 10th percentile threshold shows a north-low–south- 
high structure (Fig. 1b), which is similar to the climatology of Tmin 
(figures not shown). Specifically, the threshold exceeding 0 ◦C appears 
to the south of 25◦N and over the Sichuan Basin. The lowest threshold is 
below − 30 ◦C over northern China and the highest threshold reaches 
about 6–8 ◦C over southern China. On the other hand, the winter CDs in 
climatology show a relative uniform distribution (about 8–10 days per 
year) in China during 1961–2017 (Fig. 1a). While the interannual 
variability of Tmin in China displayed an increasing magnitude after the 
1980s, there was a weaker interannual oscillation of China CDs after 
1980s (Fig. 1c). The number of winter CDs in China varied from 4 to 24 
days during 1961–1985 (P1) and in the range of 0–8 days during 
1993–2017 (P2). Apparently, there is less winter CDs after 1985, which 
could be partly related to the increase in Tmin (Fig. 1c). This inter
decadal shift around 1985 was further verified by the 10-year sliding t- 
test (Fig. 1c), and was basically consistent with Chen et al. (2013a). 

The dominant modes of detrended winter CDs over China are 
extracted by EOF and are presented in Fig. 2. The first EOF mode (EOF1) 
of CDs reflects a coherent interannual variability with a maximum 
center over central China (Fig. 2a), similar to the pattern of 
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climatological winter CDs (Fig. 1a). While the second mode (EOF2) is 
depicted by a north-south dipole structure over China (Fig. 2b). These 
spatial patterns of dominant modes are consistent with previous studies 
(Kang et al., 2009; Xiao et al., 2018; Zuo et al., 2021). The EOF1 and 
EOF2 account for 37.17% and 13.81% of the interannual variability of 
China cold events, respectively, together explaining more than half of 
the total variance. These two modes are statistically distinguishable 

from each other, according to the rule by North et al. (1982). Therefore, 
we mainly focus on the two leading modes in this study. The corre
sponding principal component (PC1 hereafter) of EOF1 exhibits a 
weaker interannual oscillation during the P2 than that during the P1 
(Fig. 2c), consistent with the interdecadal shift of the area-averaged CDs 
of the entire country (Fig. 1c). The correlation coefficient between the 
PC1 and the CDs averaged over China is 0.996, statistically exceeding 

Fig. 1. Maps of (a) CDs and (b) 10th percentile thresholds in boreal winter (DJF) during 1961–2017 from in-situ observations. (c) Time series of China winter CDs 
(thick blue line) and Tmin (dashed orange line). The thin blue line represents the 10-year sliding t-test for the CD series, and the dashed horizontal line denotes the 
95% confidence level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Spatial patterns of (a) first and (b) second EOF modes of detrended winter CDs over China, and (c–d) the corresponding PCs (black line). In (c-d), the red 
(grey) line represents the 21-year sliding correlation coefficient between the PCs and the AO (Niño-4) index, and the dashed horizontal line denotes the 95% 
confidence level. The correlation coefficients of the PCs with the AO and Niño-4 indices during1961–2018 are shown in (c) and (d), with red fonts representing the 
significant values exceeding the 95% confidence level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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the 99.9% confidence level. On the other hand, there is no apparent 
interdecadal shift around 1985 for the principal component (PC2 here
after) of EOF2 (Fig. 2d). 

4. Interdecadal shift in the oceanic-atmospheric processes 
associated with extreme cold events over China 

The interannual variation of extreme cold events over China and the 
associated oceanic-atmospheric processes are investigated separately for 
the P1 and the P2, regarding to the interdecadal shift of both the 
national-averaged and the first mode of extreme cold events around 
1980s. The climatological winter CDs during the P1 and the P2 from the 
in-situ observations are presented in Fig. 3a and b, respectively. The 
number of winter CDs in climatology changes from 9 to 15 days per year 
in the P1 to 4–7 days per year in the P2 (Fig. 3a–b). Compared with the 
whole period, the spatial patterns show a relative inhomogeneous 
feature in the P1 and the P2. During the P1, the largest frequency of CDs 
around 13–15 days per year is located over central-northeastern China, 
where the CDs occur less frequently compared to other parts of China 
during the P2 (Fig. 3a–b). 

The first two dominant modes are further presented in Fig. 4. Ac
cording to the rule by North et al. (1982), the first two leading modes of 
CDs, which account for above 50% of the total variances during the two 
periods, are statistically distinguishable from each other. During the P1, 
the first two modes were respectively depicted by a nearly national- 
coherent structure and a north-south dipole structure, similar with 
those during the whole period (Figs. 2a–b and 4a–b). During the P2, the 
first mode was characterized by positive anomalies over most regions 
and slightly negative anomalies over northeastern China and the Tibetan 
Plateau (TP) (Fig. 4c). The largest interannual variation shifted from 
central-eastern China in the P1 to central-southwestern China in the P2 
(Fig. 4a and c). The second mode also represented a north-south dipole 
variation, but the maximum center was located over northeastern China, 
instead of over southern China as in the P1 (Fig. 4b and d). The EOF2 
accounted for 21.57% of the total variance in the P2, more than that in 
the P1, suggesting that the north-south dipole variation appeared more 
frequently in the P2. In addition, the corresponding PCs were presented 

in the right panels of Fig. 4. The coefficient of correlation between the 
PC1 and detrended national-averaged winter CDs (Figs. 3c–d) was 0.99 
and 0.92 in the P1 and the P2, respectively (Fig. 4e and g), indicating 
that the first modes well reflected the overall interannual variability of 
CDs in China. 

We further analyze the atmospheric circulations and SST anomalies 
related to the dominant modes of winter extreme cold events in China. 
Hereafter, the PC1 and PC2 in the P1 and P2 are briefly denoted as the 
PC1_P1, PC1_P2, PC2_P1, and PC2_P2, respectively. Fig. 5 presents the 
regression patterns of geopotential heights, winds, and SST upon the 
PC1 for the two periods. Corresponding to the positive phase of PC1_P1 
during the P1, at the upper and middle levels (200 hPa and 500 hPa), 
significant positive anomalies of geopotential height occupied the high 
latitudes, and significant negative geopotential height anomalies and an 
anomalous cyclonic circulation appeared over central-northern China 
(Fig. 5a–b). The quasi-barotropic anomalous cyclonic circulation signi
fied a deepening East Asian trough along the East Asian coast 
(Fig. 5a–b), facilitating the intrusion of cold air from Siberia to China 
(Park et al., 2011). Correspondingly, at the lower-level (850 hPa), 
anomalous northerly winds appeared over China (Fig. 5e), favoring the 
occurrence of extreme cold events over the entire country, in particular 
for northern China. There were basically insignificant SST anomalies 
associated with the first mode in the P1 (Fig. 5e). These anomalous at
mospheric processes over the mid-higher latitudes were similar to those 
associated with the negative phase of the AO (Park et al., 2010, 2011; 
Yang et al., 2020). In the P2 for PC1_P2, at the upper troposphere, an 
anomalous anticyclonic circulation with positive geopotential height 
anomalies and an anomalous cyclonic circulation with negative geo
potential height anomalies appeared over southern and northern China, 
respectively (Fig. 5c). The atmospheric anomalies became weaker at the 
middle-level (Fig. 5d). At the lower-level, there was an anomalous 
cyclonic circulation over southern China-northwestern Pacific, which 
induced anomalous northerly winds and favored the occurrence of 
extreme cold events over southern China (Fig. 5d and f). This lower-level 
anomalous cyclonic circulation seemed to be associated with a La Niña- 
like SST pattern in the tropical Pacific (Fig. 5f), and the upper-level 
anomalous anticyclonic circulation was more likely a response to the 

Fig. 3. Maps of winter CDs during the (a) P1 and the (b) P2 from in-situ observations, and (c, d) corresponding detrended time series of China CDs (blue line), AO 
(black line), and Niño-4 index (grey bar). The correlation coefficients of the CDs with the AO and Niño-4 indices during the P1 and the P2 are shown in (c) and (d), 
respectively. The red fonts denote the significant values exceeding the 95% confidence level. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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low-level heating (modulation on the local Hadley circulation). The 
anomalous circulations over northeastern China were weaker, consis
tent with the slight oscillation of CD frequency of EOF1 in northeastern 
China (Figs. 4c and 5e–f). From the above, the first mode in the P2 might 
be mainly affected by the low-level circulation, instead of the upper- 
level processes. 

Regression maps of 200-hPa and 500-hPa geopotential height and 
winds, 850-hPa winds and SST onto the PC2s in the P1 and the P2 are 
shown in Fig. 6. In the P1 for PC2_P1, the north-more–south-less pattern 
of CDs was accompanied by upper- and middle-level anomalous anti
cyclone over southeastern China-northwestern Pacific and anomalous 
cyclone to its northwest (Fig. 6a). The associated upper- and middle- 

tropospheric circulation might be regulated remotely by both tropical 
and extra-tropical systems (Fig. 6a–b). From Fig. 6e, significant warm 
SST anomalies were observed in the tropical central Pacific (Fig. 6e), 
suggesting that the equatorial central Pacific is a key region for regu
lating the CDs in China. There were lower-level anomalous anticyclonic 
circulations that induced significant anomalous southerlies over south
ern China, impeding intrusion of the cold air into southern China 
(Fig. 6e). In contrast, there was weak SST signal for PC2_P2 (Fig. 6f). The 
lower-level anomalous southerlies were weaker compared to those in 
the P1 (Fig. 6e–f), consistent with the moderate magnitude of interan
nual variation of CDs in the P2 (Fig. 4b and d). At the middle and upper 
levels, there was an anomalous cyclone to the north of 40◦N, inducing 

Fig. 4. (a–d) The spatial patterns for the first two EOF modes of detrended winter CDs over China, and (e–h) the corresponding PCs (black line) during the periods of 
P1 (top four panels) and P2 (bottom four panels). Correlation coefficients between the PCs and the area-averaged CDs in China are presented in the right panels. 
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easterly anomalies and bringing cold air from Siberia to northeastern 
China (Fig. 6c and d). 

5. Relative roles of the AO and ENSO in the two periods 

The AO and ENSO play important roles in the interannual variability 
of climate over East Asia by remotely regulating atmospheric circula
tions (He et al., 2017; Wang and Lu, 2017). The above analysis suggests 
that the extreme cold events over China may be affected by the AO and 
ENSO in different periods. From Fig. 2c–d, the corresponding PCs of the 
dominant modes during the whole period show distinctive relationships 
with the AO and ENSO. Both the PC1 and the PC2 are significantly 
correlated with the AO index during the whole period, with correlation 

coefficients of − 0.37 and − 0.40 for PC1 and PC2, respectively. On the 
other hand, ENSO is insignificantly correlated with the PC1 (R = − 0.17) 
but significantly correlated with the PC2 (R = 0.29) during the whole 
period. Apparently, these relationships exhibit inter-decadal changes, 
and the results varies in the different periods. The PC1-AO relationship 
was significant only before the 1990s, and after that, the PC1-ENSO 
relationship became significant (Fig. 2c). The PC2 was basically signif
icantly connected with the AO with an exception for 1961–1982 and is 
significantly related to ENSO only before the 1990s (Fig. 2d). In fact, the 
interannual variations of the AO and the CDs averaged over China were 
consistent during the P1 (R = − 0.45) (Fig. 3c) but distinctive from each 
other during the P2 (R = − 0.26) (Fig. 3d). ENSO displayed an opposite 
relationship with the CDs averaged over China during the two periods 

Fig. 5. Regression maps of 200-hPa and 500-hPa geopotential height (shading; Pa) and winds (vectors; m s− 1) onto the PC1s for the P1 (a–b) and for the P2 (c–d). 
(e–f) Same as in (a, c), but for 850-hPa winds (vectors; m s− 1) and SST (shaded; ◦C). Significant values exceeding the 95% confidence level are marked by black dots 
or vectors. 
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(Fig. 3d). In addition, the relationships between the first two modes of 
the cold events and the AO and ENSO indices are listed in Table 1. The 
PC1_P1 showed a significant relationship with the AO (R = − 0.43) and 
an insignificant relationship with ENSO (R = − 0.01) in the P1, whereas 

PC1_P2 exhibited opposite relationships with the AO (R = − 0.06) and 
ENSO (R = − 0.40) in the P2, similar to the features for the CDs averaged 
over China. On the other hand, the second mode was significantly 
connected with ENSO (R = 0.51) in the P1 but significantly associated 
with the AO (R = − 0.55) in the P2. 

We further investigate how and why the AO and ENSO affect the 
extreme cold events over China in different periods. As shown in 
Fig. 7a–b, significant negative correlations between the CDs and the AO 
index were observed over central-northeastern China in the P1, and a 
north-south dipole pattern with maximum variation over southern 
China was found from the correlation maps of CDs with Niño-4 index. 
These correlation patterns were similar to those associated with the 
EOF1 and EOF2 in the P1, respectively (Fig. 4a–b). In the P2, the AO- 
associated CDs were mainly observed over northeastern China and 
they exhibited moderate and opposite variations over the other parts of 

Fig. 6. Same as in Fig. 5, but for the PC2s.  

Table 1 
Correlation coefficients of PC1s and PC2s with the AO index and the Niño-4 
index for different periods. Boldface denotes the significant values with corre
lation coefficients exceeding the 95% confidence level.  

Period Index PC1 PC2 

1961–1985 
AO ¡0.43 − 0.18 
Niño4 − 0.01 0.51 

1993–2017 
AO − 0.06 − 0.55 
Niño4 − 0.40 − 0.20  
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the country, similar to the spatial structure of the EOF2 (Fig. 4d and 7c). 
In addition, the ENSO-related cold events were found over central- 
southwestern China, consistent with the spatial structure of the EOF1 
(Fig. 4c and 7d). These features indicate that the first mode of extreme 
cold events over China was significantly related to the AO in the P1 but 
to ENSO in the P2. In comparison, the second mode showed an opposite 
relationship with the AO and ENSO in the two periods compared to the 
first mode. 

Fig. 8 presents the regression maps of 200-hPa and 500-hPa geo
potential height and winds onto the detrended negative AO index during 
the P1 and the P2 in winter. As shown in Fig. 8a–b, during the negative 
phase of the AO, significant anomalous low pressure and a cyclone 
appeared at middle-upper levels over northern East Asia in the P1. This 
quasi-barotropic cyclonic circulation was accompanied by anomalous 
rising motions and hence adiabatic cooling over northeastern China 
(Fig. 9a). In addition, it induced anomalous northerly and northeasterly 
winds over eastern China, favoring southward propagation of cold air 
and occurrence of extreme cold events (Fig. 9a). These features signified 
a deepening East Asian trough along the East Asian coast, consistent 
with those associated with the first mode in the P1. The AO showed a 
weaker magnitude in the P2 (Fig. 3c–d), and the AO-related cyclone 
anomalies shifted northwestward compared to that in the P1, which 
might transport cold air from Siberia to northeastern China (Fig. 8b and 
d). This northwestward shift of cyclone anomalies limited the main ef
fect of the AO on northeastern China during the P2. There were low-level 
southerly anomalies over southeastern China, consistent with the 
slightly negative anomalies of the CDs there (Fig. 9b). According to 
previous studies, the AO could modulate the pathway of the winter cold 
air mass in East Asia during different periods (Jhun and Lee, 2004; Yang 
et al., 2020; Liu et al., 2021). 

Fig. 10a–b show the regression maps of 850-hPa geopotential height 
and winds onto the detrended positive and negative Niño-4 index during 
the P1 and the P2 in winter, respectively. During the P1, El Niño excited 
an anomalous southwest-northeast elongated anticyclone over the 
northwestern Pacific, inducing anomalous southerlies along the eastern 
coast of China and impeding cold air propagation to southern China 

(Fig. 10a). Negative geopotential height and westerly anomalies 
emerged from northern China, favoring the occurrence of extreme cold 
events (Fig. 10a). During the P2, the SST anomalies associated with La 
Niña tended to be concentrated to the south of 20◦N in the western 
Pacific compared to the P1 (Fig. 10c–d). Correspondingly, cyclone 
anomalies developed over the South China Sea (Fig. 10b). This anom
alous cyclone resulted in anomalous northerly winds (Fig. 10b) and 
favored cold advection (figures not shown) in the lower troposphere 
over southern China. The ENSO-related anomalous cyclone shifted 
westward compared to that in the P1 (Fig. 10a and b), favoring cold air 
propagation to central-southwestern China and producing an anomalous 
pattern of CDs similar to the EOF1 in the P2 (Fig. 4c). 

6. Summary and discussion 

Extreme cold events exert substantial effects on the society, and thus 
they have received increasing attentions for research in the recent years. 
In this study, the dominant interannual modes of winter CDs in China 
and their relationships with the AO and ENSO are investigated, with 
applications of station observations and global reanalysis datasets. 

During the entire period of 1961–2017, the number of climatological 
winter CDs was evenly distributed over China (about 8–10 days per 
year), and the national-averaged CDs exhibited a remarkable decreasing 
trend. The first EOF mode of the CDs reflected a coherent interannual 
variability with a maximum center over central China, while the second 
mode represented a north-south dipole variation. These two major EOF 
modes explained more than half of the interannual variability of China 
cold events. In addition, the correlation coefficient between the PC1 and 
CDs averaged over China was 0.996, statistically exceeding the 99.9% 
confidence level, suggesting that the dominant features of interannual 
variability of the CDs in China were well reflected by the first mode. 

Both the climatological CDs and the dominant modes of the CDs in 
China displayed an interdecadal shift in the 1980s. The number of 
winter CDs in China varied from 4 to 24 days during 1961–1985 (P1) to 
0–8 days during 1993–2017 (P2), with a weaker interannual oscillation 
of the national-averaged CDs during the P2 compared to the P1. The first 

Fig. 7. Correlation maps of CDs with (a) AO index and (b) Niño-4 index in winter during the P1 (detrended). (c–d) Same as in (a–b), but for the P2. Value of 0.396 
denotes the significance at the 95% confidence level. 
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mode was depicted by a nearly nationally-coherent structure with a 
maximum center over central-northeastern China in the P1. However, 
the maximum center shifted to central-southwestern China and a 
slightly opposite variation of the CDs appeared over northeastern China 
in P2. The second mode was characterized by a north-south dipole 
structure in the two periods, with a maximum center over southern 
China in the P1 and over northeastern China in P2. 

A further analysis suggested that the dominant modes of CDs in 
China during the two periods was linked to the AO and ENSO. Specif
ically, the EOF1 was significantly related to the AO in the P1 and ENSO 
in the P2, whereas the EOF2 was closely connected with ENSO in the P1 
and the AO in the P2. During the P1, the negative AO induced an 
anomalous quasi-barotropic cyclone over northern East Asia, deepening 
the East Asian trough and hence resulting in anomalous ascending mo
tions and northerlies over central-northeastern China. These atmo
spheric processes were favorable for the occurrence of CDs over central- 
northeastern China, producing a spatial structure of CDs similar to the 
feature associated with the EOF1 in the P1 (Fig. 11a). In the P2, the AO 
was weaker, and the AO-related cyclone anomalies shifted 

northwestward (compared to the P1), which was unfavorable for 
deepening the East Asian trough, limiting its effect to northeastern China 
and inducing a north-south dipole pattern (Fig. 11b). On the other hand, 
El Niño excited an anomalous anticyclonic circulation over the North
west Pacific, impeding cold air thus causing fewer CDs along the coast of 
southern China, which explained the EOF2 pattern in the P1 (Fig. 11a). 
Then, in the P2, under a weakening effect of the AO, ENSO played a 
more dominant role in modulating the first mode. The SST anomalies 
associated with La Niña events mainly appeared to the south of 20◦N in 
the western Pacific (compared to the P1). These warmer SST anomalies 
induced a further westward-located and ENSO-related cyclonic circu
lation that resulted in anomalous northerly wind and cold advection in 
the lower troposphere over southern China, favoring cold air to propa
gate to central-southwestern China and producing EOF1-like pattern of 
the CDs in the P2 (Fig. 11b). 

This study emphasizes an interdecadal shift of the roles of the AO and 
ENSO in modulating the interannual variation of cold events in China. 
Previous studies have revealed that the Atlantic Multidecadal oscillation 
(AMO) and the Pacific Decadal Oscillation (PDO) could modulate the 

Fig. 8. Regression maps of 200-hPa geopotential height (shading; Pa) and winds (vectors; m s− 1) onto the negative AO index in winter (detrended) during the (a) P1 
and the (c) P2. (b, d) Same as in (a, c), but for 500-hPa geopotential height and winds. Significant values exceeding the 95% confidence level are marked by black 
dots or vectors. 
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impact of ENSO on the East Asian winter monsoon (Li and Bates, 2007; 
Wang et al., 2008; He and Wang, 2013), while AMO could also affect 
China extreme CDs via regulating the Ural blocking (Zuo et al., 2021). 
Gong et al. (2018) suggested that the AO seemed to be fundamentally 
rooted in the variability over the North Atlantic and that the structure of 
the AO could modulate its relationship with regional surface air tem
perature. In addition, Chen et al. (2013b) revealed the combined effects 
of the AO and ENSO on the winter climate anomalies in East Asia, 
although they might be affected by the stratosphere-troposphere 

interaction and the extratropical-tropical interaction. Moreover, these 
atmospheric interactions (teleconnections) depend on the background 
atmospheric circulations as well. Nevertheless, how the interdecadal 
changes in the mean state, the AMO, and the PDO influence the impacts 
of the AO and ENSO on cold events warrant further investigations. 
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