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Abstract
In this paper, the synergistic effect of the preceding winter positive Northern Hemisphere annular mode (pNAM) and spring 
negative tropical North Atlantic (nTNA) sea surface temperature anomaly (SSTA) on spring extreme cold events in the mid-
high latitudes of East Asia (MHEA) is investigated. The results show that the co-occurrence of the two factors is unfavorable 
for extreme cold events during spring in the MHEA via the snow cover and atmospheric bridges. Over the Atlantic, the 
spring nTNA SSTA can lead to an atmospheric response that is similar to the North Atlantic Oscillation, which enhances the 
persistence of the pNAM and in turn amplifies the negative spring Eurasian snow cover extent (EASCE) anomaly caused by 
the preceding winter pNAM. Meanwhile, the spring EASCE is closely related to the spring MHEA anomalous anticyclone. 
In addition to storing its signal in the spring EASCE, the spring nTNA SSTA can also lead to the spring MHEA anomalous 
anticyclone via the eastward Rossby wave train. The evidence shows that the Rossby wave energy can propagate eastward 
to the MHEA as a result of the enhanced negative spring EASCE anomaly and Rossby wave induced by the spring nTNA 
SSTA, and the two factors have an obvious synergistic effect on the spring MHEA anomalous anticyclone. This anomalous 
MHEA anticyclone becomes a barrier that can hinder the intrusion of cold air from the polar region and can increase the 
thickness of the atmospheric layer. The anomalous sinking motion of the spring MHEA anomalous anticyclone can also 
lead to an increase in net radiation received at the surface and increase the air temperature through the vertical motion of air. 
The southerly wind over the west side of the spring MHEA anomalous anticyclone leads to horizontal warm advection. All 
of the above processes favor an increase in air temperature and dampen extreme cold events, implying the synergistic effect 
of the preceding winter pNAM and spring nTNA SSTA on spring extreme cold events in the MHEA.
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1  Introduction

East Asia is among the global regions that are most sen-
sitive to extreme temperatures because it experiences 
evident climatic fluctuations and has a large population 
(Easterling 2000; Xin et al. 2013). The mid-high latitudes  *	 Fei Zheng 
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of East Asia (MHEA) are mainly semi-arid, and the most 
important climatic characteristic in this region is its tem-
perature fluctuations, and semi-arid regions are always vul-
nerable to climate change (Huang et al. 2016). The Rossby 
wave train brings cold advection downstream and readily 
causes cold-air outbreaks into East Asia (Joung and Hitch-
man 1982; Cheung et al. 2012; Park et al. 2014). Extreme 
cold events occur frequently in this area and, with the 
accompanying snowstorms and cold rains, they often cause 
heavy losses to arable and livestock farming, which are 
the main industries in this region (Chen et al. 2002; Chen 
et al. 2004; Jeong et al. 2008; Park et al. 2008). Therefore, 
investigating the interannual variability of extreme cold 
events in the MHEA and the associated mechanisms is of 
great importance and may help people better understand 
and predict these extreme climatic events and reduce the 
impacts associated with them.

The large-scale atmospheric circulation in the extrat-
ropical Northern Hemisphere is dominated mainly by the 
Northern Hemisphere Annular Mode (NAM), also known 
as the Arctic Oscillation (AO; Wallace and Gutzler 1981; 
Thompson and Wallace 1998, 2000; Li and Wang 2003). 
Several studies have demonstrated that the NAM deforms 
the Siberian high and then influences the outbreak of cold 
waves that can further impact the occurrence of East Asian 
snowstorms (Li and Wu 2012; Screen and Simmonds 
2013). The coupled land–atmosphere bridge plays an 
important part in linking the mid-latitude air temperature 
with the NAM (Li et al. 2019a). As the Eurasian snow 
cover anomalies are strongly associated with the NAM, 
and can persist for a long time, the Eurasian snow cover 
can store the signal of the NAM and then release it into the 
atmosphere (Bamzai 2003; Robock et al. 2003; Saito and 
Cohen 2003; Saito et al. 2004). Yin et al. (2013) showed 
that the preceding winter NAM is negatively correlated 
with spring extreme cold events in northeast China via 
the coupled land–atmosphere bridge (Li et al. 2019a). The 
NAM is also related to the Siberian high, and the strong 
westerlies when the positive phase of the NAM develops 
are a major factor in the weakening of the Siberian high, 
which can have further impacts on the East Asian climate 
(Gong and Ho 2002; Gong et al. 2011).

In addition to the NAM, are there other factors that 
influence the MHEA? Previous studies have found that 
the North Atlantic can modulate the surface air tempera-
ture (SAT) over East Asia through the easterly propagating 
Rossby wave (Li 2004; Liu et al. 2014; Sun et al. 2015; Wu 
et al. 2011, 2016; Lin et al. 2016; Li and Ruan 2018; Zhang 
et al. 2019). Monerie et al. (2017) highlighted the role of 
the Atlantic sea surface temperature anomaly (SSTA) in 
predicting the SAT anomaly in the MHEA. Chen et al. 
(2016) showed that the North Atlantic SST tripole mode 
is important for the tripole SAT anomalies pattern over the 

Eurasian continent in spring. Qiao and Feng (2016) found 
that the North Atlantic SSTA can influence the East Asia 
trough, which is important in modulating the SAT in the 
MHEA through the Rossby wave train.

The NAM and Atlantic SSTA can both influence climate 
variability in the MHEA. However, the synergistic effect of 
these two factors on influencing the interannual variability of 
extreme temperatures in East Asia is unknown, and the asso-
ciated internal mechanism remains unclear. Li et al. (2019a) 
put forward a new method to examine the synergistic effect 
of these two factors, and this method has been applied in sub-
sequent studies. For example, Zheng et al. (2021) found that 
the 2020/21 winter extreme cold event in China was related to 
the synergistic effect of the 2020/21 La Niña in winter and the 
warm Arctic. An et al. (2021) revealed the impact of Pacific 
and Atlantic SSTAs on the SAT anomaly over the Mongo-
lian Plateau and showed that these two factors rely mainly on 
changing the strength of the circumglobal teleconnection to 
exert their synergistic effect. Sun and Li (2021) found that win-
tertime precipitation over southeastern China and the Kuroshio 
Current in the East China Sea, are significantly enhanced by 
the synergistic effect of El Niño and the positive phase of the 
North Pacific Oscillation.

The interannual variability of extreme temperatures in East 
Asia is of great importance; however, it is rarely investigated. 
As the NAM in the preceding winter may dampen spring 
extreme cold events in the MHEA (Yin et al. 2013), and the 
Atlantic SSTA can also influence the air temperature in East 
Asia (Qiao and Feng 2016; Monerie et al. 2018), we will focus 
in this paper on the synergistic effect of the preceding winter 
positive NAM (pNAM) and the negative tropical North Atlan-
tic (nTNA) SSTA in spring.

The remainder of the paper is organized as follows. Sec-
tion 2 describes the data and methodology used in this study. 
Section 3 describes the synergistic effect of the preceding win-
ter pNAM and spring nTNA SSTA on spring extreme cold 
events and the related atmospheric circulation characteristics 
in the MHEA, as well as the factors influencing the variability 
of the spring extreme cold events. The mechanisms related to 
the synergistic effect are presented in Sect. 4. A summary and 
discussion follow in Sect. 5.

2 � Data and methods

2.1 � Data

The datasets used in this study are listed in Table 1. The 
SST data used here is HadISST1 (version 1.1) provided by 
the Met Office Hadley Center (Rayner et al. 2003) for the 
period between 1870 and March 2021 on a 1° latitude × 1° 
longitude grid. For the extreme temperature indices, we 
use HadEX3 from the Met Office Hadley Center (Dunn 
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et al. 2020) to provide the gridded data. The HadEX3 data-
set is derived from a number of stations, includes quality 
control checks, and provides reliable extreme temperature 
indices. HadEX3 covers the period 1901–2018 on a 1.25° 
latitude × 1.875° longitude mesh. We used the TNn, TXn, 
TN10p, and TX10p indices from the HadEX3 dataset, 
which represent the monthly lowest value of the daily min-
imum temperature, the monthly lowest value of the daily 
maximum temperature, the percentage of time when the 
daily minimum temperature is lower than the 10th percen-
tile, and the percentage of time when the daily maximum 
temperature is lower than the 10th percentile, respectively. 
These extreme temperature indices can accurately describe 
the intensity and frequency of extreme cold events (Dunn 
et al. 2020). We use the global time series in the Had-
CRUT4 dataset (from 1850 to January 2021), obtained 
from the Met Office Hadley Center (Morice et al. 2012), 
to remove the influence of global warming. To investigate 
the variability of Eurasian snow cover, the monthly Eura-
sian snow cover extent (EASCE) time series was obtained 
from the Global Snow Lab of Rutgers University, which 
covers the period between 1966 and May 2021 (Robinson 
et al. 2012). For the spatial distribution of snow cover, the 
monthly snow cover data from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) reanalysis 
version 5 (ERA5) is used, which covers the period from 
1950 to November 2021 on a 0.1° latitude × 0.1° longitude 
grid (Hersbach et al. 2020). We used the National Centers 
for Environmental Prediction–National Center for Atmos-
pheric Research (NCEP–NCAR) reanalysis dataset for the 
geopotential height, winds, vertical velocity (omega), air 
temperature, and sea level pressure (SLP) data (Kalnay 
et al. 1996). The NCEP–NCAR reanalysis dataset covers 
the period from 1948 to May 2021 on a 2.5° latitude × 2.5° 
longitude grid.

As the HadEX3 dataset ends in 2018, and has some 
missing data over East Asia before 1960, we use the period 
1961–2018 for this study.

2.2 � Methods

In this paper, we define winter as December–January–Febru-
ary and spring as March–April–May. For example, spring in 
2010 covers the period March–May of 2010, and the preced-
ing winter covers December 2009 to February 2010.

We used the two-tailed Student’s t test to determine statis-
tical significance. To examine whether there is a synergistic 
effect from two forcing factors F1 and F2 , we follow the 
method put forward by Li et al. (2019a). This method can 
diagnose the joint effects statistically and judge the exist-
ence of synergistic effect. Each of the forcing factors can be 
divided into positive, negative, and neutral phases, and one 
phase is chosen for each factor. Assuming we select the posi-
tive phase for each factor, the condition for each factor can 
be presented as F+

1
 and F+

2
 . F+

1
F+
2
 denotes the cases when F+

1
 

and F+
2
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Table 1   Datasets employed in this study

Variable Period of record Spatial resolution Source

SST 1870–3/2021 1° × 1° HadISST1 (version 1.1) from the Met Office Hadley 
Center (Rayner et al. 2003)

Extreme temperature indices 1901–2018 1.25° × 1.875° HadEX3 from the Met Office Hadley Center (Dunn et al. 
2020)

Geopotential height, winds, vertical velocity 
(omega), air temperature and sea level pres-
sure

1949–5/2021 2.5° × 2.5° National Centers for Environmental Prediction–National 
Center for Atmospheric Research (NCEP–NCAR) 
reanalysis version 1 (Kalnay et al. 1996)

Snow cover 1950–11/2021 0.1° × 0.1° The European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis version 5 (Hersbach et al. 
2020)

The Global SAT time series 1850–1/2021 – HadCRUT4 from Met Office Hadley Center (Morice 
et al. 2012)

Eurasia snow cover extent (EASCE) time series 1966–5/2021 – The Northern Hemisphere snow cover extent climate data 
record (NH SCE CDR v01r01) from the Global Snow 
Lab of Rutgers University (Robinson et al. 2012)
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method, we can easily judge whether the two influencing 
factors can generate a synergistic effect.

We also performed dynamical diagnosis by using the 
Rossby wave ray tracing theory in a horizontally non-uni-
form basic flow (Li and Li 2012; Li et al. 2015, 2019b, 2021; 
Zhao et al. 2015, 2019), by means of which the trajectory of 
the stationary Rossby wave train is traced and the pathway 
of the impact of the TNA is characterized. As in previous 
studies (Karoly 1983; Li and Nathan 1997; Li and Li 2012; 
Li et al. 2015; Zhao et al. 2015, 2019), the dispersion rela-
tionship of the Rossby wave frequency and wavenumber in 
a horizontally non-uniform flow can be written as:

where � is the wave frequency; k  and l  are the 
zonal and meridional wavenumbers, respectively; (
uM , vM

)
=
(
u, v

)
∕ cos� is the Mercator projection of zonal 

and meridional winds; � is the latitude; q = ∇2

M
�∕ cos2 � + f  

represents the absolute vorticity of the background; and 
qx and qy are the zonal and meridional gradients of q . Let 
K =

√
k2 + l2 represent the total wavenumber, and the zonal 

and meridional components of the group velocity take the 
form:

As the background flow changes along the ray, the 
wavenumbers determined by the kinematic wave theory 
(Whitham 1960) can be written as:

where dg
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ative moving with the group velocity. According to Eq. (3a, 
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the wave ray, which differs from the classic theory (Hoskins 
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and Karoly 1981). Equations (2a, 2b) and (3a, 3b) are termed 
the wave ray tracing equation set. Therefore, after giving the 
initial position and zonal wavenumber k , the initial local 
meridional wave number l can be determined using Eq. (1). 
Then, the wave ray tracing equation set can be applied to 
obtaining the corresponding wave ray trajectory. For a large-
scale Rossby wave, the integration is terminated when the 
local meridional wavelength is less than 1000 km.

To investigate the propagation of a stationary Rossby 
wave, we also calculated the wave activity flux (Takaya and 
Nakamura 2001). The horizontal wave activity flux is cal-
culated as follows:

where � ′ denotes the perturbation stream function; 
U =

(
u, v

)
 represents the climatological mean wind velocity 

horizontal flow in spring; p is the pressure that is normalized 
by 1000 hPa; and a represents the Earth’s radium.

We use the perturbation hypsometric equation (Li et al. 
2021) as follows to investigate the influence of the atmos-
pheric circulation variation on the air temperature:

where T ′ and ΔZ� are the anomaly or deviations from 
their time average between two pressure surfaces p1 and 
p2 , respectively, g0 is the acceleration owing to gravity, and 
R is the gas constant of dry air. According to Eq. (6), the 
perturbation mean air temperature of the atmospheric layer 
is proportional to the perturbation atmospheric thickness 
bounded by isobaric surfaces. Therefore, the atmospheric 
thickness anomaly can be applied to represent the perturba-
tion mean air temperature of the atmospheric layer. When 
the atmospheric thickness is reduced, the mean air tempera-
ture of the atmospheric layer drops, and vice versa. We use 
this perturbation hypsometric equation to investigate the 
influence of the upper-level atmospheric circulation on the 
air temperature anomalies.

We defined the NAM index used in this study as the 
difference in the normalized zonal-mean SLP between 
35° N and 65° N (Li and Wang 2003). To exclude the 
influence of global warming, all variables used in this 
study are detrended by removing their trends related to 
global warming.

A dry version of the linear baroclinic model (LBM) is 
used in this study. The LBM consists of primitive equa-
tions linearized about a spring climatology obtained 
from the NCEP–NCAR reanalysis dataset, and adopts 
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a T21 horizontal resolution and 20 vertical levels using 
the sigma coordinate system. The horizontal diffusion 
has a damping time scale of 0.5  day for the smallest 
value, and the Rayleigh friction and Newtonian damp-
ing have a time scale of (0.5 day)-1 in the lowest three 
levels and (20 day)-1 in the rest of levels. The further 
detailed description of the LBM is given in Watanabe 
and Kimoto (2000). The model is integrated for 30 days. 
It takes about 20 days for the model to achieve the steady 
atmospheric circulation, and we use the averaged results 
of days 26–30.

3 � Synergistic effect of the preceding winter 
NAM and spring TNA SST

Figure 1 shows the correlation maps between the preced-
ing winter NAM and spring extreme temperature indices 
in East Asia. It can be seen from Fig. 1 that the significant 
correlation areas for the four extreme cold indices are found 
across the MHEA. This indicates that when the preceding 
winter pNAM occurs, the spring daily minimum temperature 

is usually higher than normal and the number of low-tem-
perature days is less than normal in the MHEA, which fur-
ther implies that the preceding winter pNAM is unfavorable 
for the spring extreme cold events in the MHEA (Fig. 1). 
This result is consistent with the previous study by Yin et al. 
(2013).

Based on Fig.  1, we select the domain bounded by 
40°–60° N and 90°–130° E in the MHEA as the study area. 
Figure 2 shows the correlation maps between the spring 
global SSTA and spring area-averaged extreme temperature 
indices in the MHEA (40°–60° N, 90°–130° E). As shown 
in Fig. 2a and b, there is a large area in the TNA where 
the SSTA is significantly positively correlated with TN10p 
and TX10p simultaneously. This indicates that there are less 
spring cold days and nights in the MHEA when the spring 
TNA SST becomes colder. Figure 2c and d shows that the 
spring TNA SSTA is significantly negatively correlated with 
both TNn and TXn simultaneously, indicating that when 
the spring TNA SST becomes colder, the spring minimum 
temperature in the MHEA is usually higher than normal. 
The above results imply that the spring TNA SSTA may be 
another crucial factor with respect to the spring extreme cold 

Fig. 1   Correlation maps between the preceding winter NAM and spring extreme temperature indices in East Asia. a TN10p. b TX10p. c TNn. d 
TXn. Dotted areas indicate significant values at the 95% confidence level based on the Student t test
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events in the MHEA. To further quantify the SST variability 
in TNA, the domain bounded by 0°–20° N and 20°–80° W 
is selected.

As the preceding winter pNAM and spring nTNA SSTA 
are both related to the decrease and weakening of the spring 
extreme cold events in the MHEA, we selected these two 
factors to investigate whether there is a synergistic effect 
using the method proposed by Li et al. (2019a). To include 
more cases in our study, 0.6 standard deviations was used 
as the threshold to select the preceding winter pNAM and 
spring nTNA SSTA events. Table 2 lists the numbers and 
years of the joint events of the preceding winter pNAM and 
spring nTNA SSTA (pNAM ⊕ nTNA), single preceding 
winter pNAM events, and single spring nTNA SSTA events. 
Between 1961 and 2018, there were 7 joint events pNAM 
⊕ nTNA, 9 single preceding winter pNAM events, and 9 
single spring nTNA SSTA events, and the total number (25 
events) accounts for more than one third of all cases across 
the whole period. This implies that the preceding winter 

pNAM is not always followed by the spring nTNA SSTA 
and they are two relatively different factors.

Figure  3a and b shows the time series of the spring 
area-averaged TN10p and TNn in the MHEA (40°–60° N, 
90°–130° E). The magnitudes of most of the spring extreme 
cold event anomalies in the MHEA for the joint events 
pNAM ⊕ nTNA are clearly far greater than those for the 
single preceding winter pNAM or single spring nTNA SSTA 
events (Fig. 3a, b). For the joint events pNAM ⊕ nTNA, 6 
out of 7 are negative (positive) TN10p (TNn) anomalies, and 
the other is a weak positive (negative) anomaly. However, 
for the single preceding winter pNAM and spring nTNA 
SSTA events, only one third show positive TN10p anomalies 
and, compared with the joint events pNAM ⊕ nTNA, these 
positive anomalies are relatively weak. This demonstrates 
that the same-sign rate of the joint events pNAM ⊕ nTNA 
is much greater than that of the single events, indicating a 
greater probability of negative extreme cold event anomalies 
in the MHEA for the cooccurrence of the preceding winter 

Fig. 2   Correlation maps between the spring global SSTA and spring area-averaged extreme temperature indices in the MHEA (40°–60° N, 90°–
130° E). a TN10p. b TX10p. c TNn. d TXn. Dotted areas indicate significant values at the 95% confidence level based on the Student t test

Table 2   Numbers and years of the joint events of preceding winter pNAM and spring nTNA SSTA (pNAM ⊕ nTNA), single preceding winter 
pNAM events and single spring nTNA SSTA events

Joint events of preceding winter pNAM and 
spring nTNA (pNAM ⊕ nTNA)

Single preceding winter pNAM events Single spring nTNA SSTA events

Numbers 7 9 9
Years 1975, 1976, 1989, 1990, 2000, 2002, 2008 1973, 1983, 1988, 1992, 1993, 1995, 1999, 

2007, 2016
1974, 1985, 1986, 1991, 1994, 

2001, 2009, 2014, 2015
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pNAM and spring nTNA SSTA than for the occurrence of 
only one factor. The composite area-averaged TN10p and 
TNn anomalies in the MHEA are − 3.71 and 1.85, respec-
tively, which are far greater than the anomaly values of the 
single preceding winter pNAM events (− 0.27 and 0) and 
single spring nTNA SSTA events (− 0.74 and 0.19). The 
above analysis indicates that the MHEA tends to experi-
ence a warm spring, and the extreme cold events occur far 
less and are weaker than normal when both the preceding 
winter pNAM and spring nTNA SSTA occur, which further 
indicates that there is a strong synergistic effect from the pre-
ceding winter pNAM and spring nTNA SSTA with respect 
to spring extreme cold events in the MHEA.

To further compare the spatial characteristics of the 
spring extreme cold anomalies from different events, Fig. 4 
shows the composite spatial distributions of spring TN10p 
and TNn anomalies from the joint events pNAM ⊕ nTNA, 
single preceding winter pNAM events, and single spring 
nTNA SSTA events. Compared with the single preceding 
winter pNAM events and single spring nTNA SSTA events, 
the composite maps of extreme spring temperature indices 

for the joint events pNAM ⊕ nTNA have a large same-sign 
area over the MHEA, extending from 70°E to the east side of 
the MHEA continent, with the greatest anomaly in the cen-
tral area of the MHEA (Fig. 4). Based on Li et al. (2019a), 
the synergistic effect of the preceding winter pNAM and 
spring nTNA SSTA on the spring extreme cold events is sig-
nificant in this area, especially in the region that is the most 
closely correlated with the NAM. The spatial distribution 
shown in Fig. 4 is consistent with Fig. 3, further supporting 
the strong synergistic effect of the preceding winter pNAM 
and spring nTNA SSTA on weakening and decreasing the 
spring extreme cold events in the MHEA. As the interannual 
variations and spatial distributions of the various extreme 
temperature indices anomalies across the MHEA are similar, 
we will focus on TN10p in the rest of this paper.

To investigate the mechanism associated with the syn-
ergistic influence of the two factors on the spring extreme 
cold events in the MHEA, Fig. 5a shows the correlation map 
between the spring TN10p in the MHEA and the spring 500-
hPa geopotential height. There is an area of significantly 
negative correlation on the east side of the Eurasian con-
tinent and over the adjacent Okhotsk Ocean. This implies 
that the spring atmospheric circulation anomaly in this area 
is vital to the variation of the spring extreme cold events in 
the MHEA. When a strong anomalous anticyclone appears 
in this area, the extreme cold events decrease and weaken in 
the MHEA. Thus, we use the spring area-averaged 500-hPa 
geopotential height anomaly across the domain 45°–70° N, 
90°–150° E as the spring MHEA anomalous anticyclone 
index to quantify the anomalous atmospheric circulation.

Figure 5b shows the time series of the spring MHEA 
anomalous anticyclone index and TN10p in spring. The 
spring MHEA anomalous anticyclone index is highly cor-
related with TN10p, with a correlation coefficient of − 0.75, 
far exceeding the 99% confidence level. This indicates that 
the spring MHEA anomalous anticyclone may lead to a 
decrease and weakening of the spring extreme cold events 
in the MHEA.

In the large-scale atmospheric circulation, changes in air 
temperature can be caused by horizontal temperature advec-
tion, the vertical motion of air, and diabatic heating (e.g., 
longwave and shortwave radiation). The atmospheric thick-
ness mentioned in Sect. 2 is a key factor that can be used to 
investigate changes in air temperature caused by changes in 
the atmospheric circulation (Li et al. 2021). From the per-
turbation thermodynamic equation, horizontal temperature 
advection can be written as −

(
u′

�T

�x
+ v′

�T

�y
+ u

�T′

�x
+ v

�T′

�y

)
 , 

and the temperature change caused by the vertical motion of 
air is represented as −

(
�d − �

)
w . To investigate how the 

spring MHEA anomalous anticyclone influences the spring 
extreme cold events in the MHEA, Fig. 5c shows the correla-
tions of the spring area-averaged horizontal temperature 

Fig. 3   Time series of the spring area-averaged a TN10p (%) and b 
TNn (°C) in the MHEA (40°–60° N, 90°–130° E). The red, green 
and blue dots represent the joint events of preceding winter pNAM 
and spring nTNA SSTA (pNAM ⊕ nTNA), single preceding winter 
pNAM events and single spring nTNA SSTA events respectively
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advection, temperature change caused by the vertical motion 
of air, 500–1000 hPa atmospheric thickness, and the differ-
ence between the net shortwave and longwave radiation flux 
in the MHEA with the spring MHEA anomalous anticyclone 
index. The correlation coefficient between the spring MHEA 
anomalous anticyclone index and area-averaged horizontal 
temperature advection in the MHEA is 0.58 (significant at 
the 99% confidence level), indicating that the stronger the 
spring MHEA anomalous anticyclone is, the greater the 
spring horizontal warm advection in the MHEA will be. As 

shown in Fig. 5a, the MHEA continent is located in the west-
ern part of the spring MHEA anomalous anticyclone, which 
is featured with southerly winds. The southerly winds deliver 
warm air from the lower latitudes to the MHEA, which 
favors the increase in air temperature in the MHEA. In addi-
tion, the correlation coefficient between the spring MHEA 
anomalous anticyclone and temperature increase caused by 
the vertical motion of air in the MHEA is 0.40, which is also 
significant at the 99% confidence level. This reflects a sce-
nario in which the spring MHEA anomalous anticyclone 

Fig. 4   Composite maps of spring extreme temperature indices for dif-
ferent events. a TN10p (%) for the joint events of preceding winter 
pNAM and spring nTNA SSTA (pNAM ⊕ nTNA). The white dotted 
areas indicate the synergistic effect of preceding winter pNAM and 
spring nTNA SSTA. The white contour lines indicate significant val-

ues at the 95% confidence level based on the Student t test. b As in a 
but for spring TNn (°C). c As in a, but for the single preceding winter 
pNAM events. d As in b, but for the single preceding winter pNAM 
events. e As in a, but for the single spring nTNA SSTA events. f As in 
b, but for the single spring nTNA SSTA events
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generates the sinking motion over the MHEA, which in turn 
leads to an increase in the air temperature. There is a high 
positive correlation coefficient (0.82) between the spring 
MHEA anomalous anticyclone index and the atmospheric 
thickness in the MHEA, and this implies that the atmos-
pheric thickness anomaly is a reflection of the upper-level 
geopotential height anomaly. The anomalous anticyclone can 
weaken the spring extreme cold events in the MHEA by 
increasing the atmospheric thickness in the MHEA, because 
the atmospheric thickness anomaly is proportional to the 

change of the mean air temperature of the atmospheric layer 
(Li et al. 2021). In addition, the correlation coefficient 
between the spring MHEA anomalous anticyclone and the 
net radiation flux is 0.41, which is also above the 99% con-
fidence level. The sinking motion brought about by the 
spring MHEA anomalous anticyclone restricts cloud forma-
tion in the MHEA. The decrease in cloud cover leads to an 
increase in net radiation received by the surface, causing the 
decrease and weakening of the spring extreme cold events 
in the MHEA.

Figure 6 shows the composite maps of the spring 500-
hPa geopotential height and 850-hPa wind anomalies for 
the three different types of event. In the joint events pNAM 
⊕ nTNA, there are strong positive geopotential height 
anomalies in the MHEA, mainly around the east side of the 
Eurasian continent and over the adjacent Okhotsk Ocean, 

Fig. 5   a The correlation map between the spring TN10p in the 
MHEA and spring 500-hPa geopotential height. Dotted areas indicate 
significant values at the 95% confidence level based on the Student t 
test. b Time series of the spring MHEA anomalous anticyclone index 
and TN10p in spring. c Correlations of the spring area-averaged hori-
zontal temperature advection (TA), temperature change caused by the 
vertical motion (VM), 500–1000 hPa atmosphere thickness (AT), dif-
ference between the net shortwave and longwave radiation flux (SR–
LR) in the MHEA with the spring MHEA anomalous anticyclone 
index

Fig. 6   Composite maps of the spring 500-hPa geopotential height 
(gpm; shaded) and 850-hPa winds (m s−1; vectors) at for a the joint 
events of preceding winter pNAM and spring nTNA (pNAM ⊕ 
nTNA), b single preceding winter pNAM events and c single spring 
nTNA SSTA events. The white dotted areas in a indicate the syner-
gistic effect of preceding winter pNAM and spring nTNA SSTA. The 
white contour lines indicate significant values at the 95% confidence 
level based on the Student t test
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extending from 90° E to around 160° E (Fig. 6a). How-
ever, for the single preceding winter pNAM events, there 
is no obvious spring MHEA anomalous anticyclone over 
East Asia, but a weak positive geopotential height anomaly 
in the north of the MHEA (Fig. 6b). For the single spring 
nTNA SSTA events, a considerably weak anomalous anti-
cyclone appears over the MHEA. Compared with the joint 
events pNAM ⊕ nTNA, the area of the anomalous anticy-
clone associated with the single spring nTNA SSTA events 
is smaller and most of the anomalous anticyclone is around 
the Okhotsk Ocean instead of over the east of the mid-high 
latitudes Eurasian continent. This implies that the anomalous 
anticyclone can impact only a smaller area with the reduced 
strength of influence (Fig. 6c). In addition, as shown in the 
time series of the spring MHEA anomalous anticyclone 
index in Fig. 5a, the spring MHEA anomalous anticyclone 
index for the joint events pNAM ⊕ nTNA is much larger 
than for the two single events, and 6 out of the 7 joint events 
pNAM ⊕ nTNA have positive anomalies (the only negative 
anomaly is relatively weak), which is similar to the extreme 
temperature indices.

The above analysis indicates that the preceding winter 
pNAM and spring nTNA SSTA have a strong synergistic 
effect on the spring anomalous anticyclone over the MHEA, 
which means that the cooccurrence of the preceding winter 
pNAM and spring nTNA SSTA lead to the strong spring 
anomalous anticyclone over the MHEA. This strong spring 
anomalous anticyclone over the MHEA gives rise to a sig-
nificant increase in surface air temperature over the MHEA 
through the processes in Fig. 5c. Thus, it is unfavorable for 
the spring extreme cold events in the MHEA, and the MHEA 
is likely to experience a warm spring. This means that taking 
both the preceding winter pNAM and spring nTNA SSTA 
into consideration while predicting and studying the spring 
extreme cold events in the MHEA is of vital importance.

4 � Mechanism of the synergistic effect

Previous studies found that the East Asian surface air tem-
perature during spring is closely correlated with the spring 
EASCE (Yin et al. 2013; Ye and Lau 2019; Zhou et al. 
2021). The NAM in winter is closely related to the EASCE 
through the temperature anomalies produced by the NAM, 
and the EASCE anomalies that store the NAM signal can 
persist for a long time (Bamzai 2003; Robock et al. 2003; 
Saito and Cohen 2003; Saito et al. 2004). Therefore, the 
preceding winter pNAM can reduce the EASCE, and the 
EASCE plays the role of a snow cover bridge. Figure 7a 
shows the time series of the spring EASCE anomalies and 
spring MHEA anomalous anticyclone index. The varia-
tions of the spring MHEA anomalous anticyclone cor-
respond well with variations in the spring EASCE, with 

a correlation coefficient of − 0.49, which is significant at 
the 99% confidence level. Figure 7b shows the correla-
tion map between the 500-hPa geopotential height and 
EASCE anomalies in spring. There is a significant nega-
tive correlation coefficient on the MHEA continent and 
over the adjacent Okhotsk Ocean. In addition, this large 
area with the negative correlation is significant at the 95% 
confidence level, indicating the strong connection between 
the spring EASCE and atmospheric circulation over the 
MHEA. Figure 7d shows the composite map of the spring 
500-hPa geopotential height and wind anomalies for the 
joint events pNAM ⊕ nTNA. The highly correlated area in 
Fig. 7b is similar to the area of high positive geopotential 
height anomalies in Fig. 7d. This further indicates that 
the spring anomalous anticyclone is closely related to the 
spring EASCE, and the spring EASCE affects the spring 
extreme cold events in the MHEA through the atmospheric 
circulation over the MHEA.

Figure 7c shows the spring EASCE anomalies for the 
three types of events. There is a strong decrease in the spring 
EASCE in the joint events pNAM ⊕ nTNA, which can lead 
to the strong spring anomalous anticyclone over the MHEA. 
However, for the two types of single event, the decrease 
in the spring EASCE is far weaker than that for the joint 
events pNAM ⊕ nTNA. In addition, the time series of spring 
EASCE anomalies (Fig. 7a) shows that the amplitudes of the 
joint events pNAM ⊕ nTNA are greater than those of the 
single events. It is also worth noting that 6 of the 7 pNAM 
⊕ nTNA events have positive EASCE anomalies (the only 
negative anomaly is also relatively weak), which matches the 
extreme spring temperature indices and the MHEA spring 
anomalous anticyclone index, and this means that there is 
a higher same-sign rate in the joint events pNAM ⊕ nTNA 
than that in the single spring nTNA SSTA events or sin-
gle preceding winter pNAM events. The spatial patterns of 
snow cover anomaly in the three types of events are shown 
in Fig. 8. In the joint events pNAM ⊕ nTNA, the strong 
negative anomaly of snow cover covers a large area in the 
MHEA, and the preceding winter pNAM and spring nTNA 
SSTA exhibit an obvious synergistic effect over the MHEA 
(Fig. 8a). However, as for the single preceding winter pNAM 
events (Fig. 8b) and the single spring nTNA SSTA events 
(Fig. 8c), there are few small areas showing significant 
anomaly of snow cover in the MHEA.

The above analysis shows that the preceding winter 
pNAM and spring nTNA SSTA act synergistically to 
reduce the spring EASCE. The EASCE anomalies for the 
joint events pNAM ⊕ nTNA and single preceding winter 
pNAM events are roughly equal in the preceding winter. 
However, the difference of the EASCE anomalies for the 
two events gradually becomes larger after the preceding 
winter (not shown). The large reduction of EASCE in the 
joint events pNAM ⊕ nTNA leads to the strong spring 
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anomalous anticyclone over the MHEA around the east 
side of the Eurasian continent via the snow-hydrological 
effect, which suggests that the negative snow cover anom-
aly can lead to the anticyclone over the MHEA through 
the reduced soil moisture (Matsumura et al. 2010, 2015; 
Matsumura and Yamazaki 2012; Yin et al. 2013; Liu et al. 
2020). Thus, the preceding winter pNAM and spring 
nTNA exert their synergistic effect on the MHEA anoma-
lous anticyclone via the snow cover bridge. Through the 
process of temperature advection, the vertical motion of 
air, atmospheric thickness, and radiation in the MHEA, the 
two factors exert their synergistic effect on spring extreme 
cold events in the MHEA, which are greatly suppressed in 
the joint events pNAM ⊕ nTNA.

As there is an evident synergistic effect of the preceding 
winter pNAM and spring nTNA SSTA on the spring MHEA 
anomalous anticyclone, we will now consider how the spring 
nTNA SSTA acts synergistically with the preceding win-
ter pNAM and further influences the air temperature in the 
MHEA. Figure 10a shows the composite map of the spring 
500-hPa geopotential height anomalies for all spring nTNA 
SSTA events. The atmospheric circulation beyond the Atlan-
tic displays a dipole mode from the polar to the extratropical 

area, which is an atmospheric circulation pattern similar to 
a positive North Atlantic Oscillation (NAO). The NAO can 
be seen as a branch of the NAM in the Atlantic, and the cir-
cumglobal atmospheric circulation displays evident annular 
mode characteristics (Fig. 9a).

This result is consistent with a previous study that dem-
onstrate that the spring TNA SSTA can force the NAO-like 
atmospheric response through the wind–evaporation–sea 
surface temperature (WES) feedback (Wu et al. 2007). That 
is, when the spring TNA SST drops, the atmospheric cir-
culation favors the formation of the spring pNAM, and the 
spring pNAM will store the signal of the spring nTNA SSTA 
in the spring EASCE, which can release the signal into the 
atmosphere in the MHEA. In this process, the spring nTNA 
SSTA sends its signal to the atmospheric circulation in the 
MHEA via the atmospheric bridge of an NAO-like atmos-
pheric response and the snow cover bridge of the EASCE. 
The spring nTNA-induced pNAM can be seen as the persis-
tence of the preceding winter pNAM; i.e., the pNAM can 
persist from the preceding winter to spring in the joint events 
pNAM ⊕ nTNA.

The above analysis implies that the spring nTNA SSTA 
may amplify the signal of the preceding winter pNAM by 

Fig. 7   a Time series of the spring EASCE anomalies (blue line, unit: 
106 km2) and spring MHEA anomalous anticyclone index (green 
line). b Correlation between the geopotential height (gpm) at 500-
hPa and EASCE anomalies (106 km2) in spring. Dotted areas indicate 
the significant values at the 95% confidence level based on the Stu-
dent  t test. c The spring area-averaged EASCE anomalies (106 km2) 

for the joint events pNAM ⊕ nTNA (red), single preceding winter 
pNAM events (green) and single spring nTNA SSTA events (blue) in 
spring. d The composite map of spring 500-hPa geopotential height 
(gpm; shaded) and 850-hPa winds (m s−1; vectors) for the joint events 
pNAM ⊕ nTNA
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inducing the spring pNAM, and the spring pNAM is a key 
factor in the atmospheric bridge linking the spring nTNA 
SSTA to the spring EASCE. To reveal how important the 
persistence of the pNAM is to the variability of the spring 
EASCE, Fig. 9b shows the spring EASCE anomalies for 
the different NAM combinations from the preceding win-
ter and following spring. We divided the pNAM into three 
categories; i.e., only the preceding winter pNAM occurs, 
only the spring pNAM occurs, and cooccurrence of the 
preceding winter pNAM and spring pNAM. As shown in 
Fig. 9b, all three pNAM scenarios can induce a reduction in 
the spring EASCE. However, with respect to the degree of 

reduction, the three scenarios show different characteristics. 
Compared with the preceding winter-only and spring-only 
pNAM events, there is a much stronger negative anomaly of 
the spring EASCE if the preceding winter and spring pNAM 
both occur, and the negative spring EASCE anomaly value 
is − 0.69. This indicates that the persistence of the pNAM 
from the preceding winter to spring leads to a greater reduc-
tion in the spring EASCE. This result further demonstrates 
why joint events pNAM ⊕ nTNA generate a larger spring 
EASCE anomaly than the two single events.

Other than sending its signal to the atmospheric circula-
tion in the MHEA through the atmospheric bridge of the 
spring pNAM and the snow cover bridge of the decreased 
EASCE in turn, there may be another way for the spring 
nTNA SSTA to affect the atmospheric circulation in the 
MHEA. To investigate the dynamic mechanism that allows 
the spring nTNA SSTA to affect the atmospheric circulation 
in the MHEA, we applied the horizontal wave activity flux 
proposed by Takaya and Nakamura (2001). As shown in 
Fig. 10a, the spring nTNA can excite the easterly propagat-
ing Rossby wave, and the Rossby wave energy can propagate 
northeastwards into the MHEA. The Rossby wave energy 
over the eastern side of the Eurasian continent can excite 
the spring MHEA anomalous anticyclone and further impact 
on the spring extreme cold events in the MHEA. Thus, the 
easterly propagating Rossby wave plays the role of another 
atmospheric bridge linking the spring nTNA SSTA to the 
spring MHEA anomalous anticyclone.

To further confirm that the eastward Rossby wave is 
another such atmospheric bridge, we use the approach of 
Rossby wave ray tracing in a horizontally nonuniform back-
ground flow developed by Li and Li (2012), Li et al. (2015, 
2019b, 2021), and Zhao et al. (2015, 2019). Figure 10b 
shows the stationary Rossby wave trajectories in the hori-
zontally nonuniform flow for the spring nTNA SSTA events 
at 500-hPa. The starting region is set in the TNA, there are 
easterly propagating Rossby wave rays along the Eurasian 
continent, and the Rossby wave rays concentrate over the 
eastern side of the MHEA continent. The stationary Rossby 
wave trajectories indicate that the concentrated Rossby wave 
energy favors the formation of an anomalous anticyclone 
over the MHEA, which is consistent with the wave activity 
flux in Fig. 10a. The Rossby wave induced by the spring 
nTNA SSTA acts jointly with the diminished spring EASCE, 
leading to the strong MHEA anomalous anticyclone, and 
then the decrease and weakening of the spring extreme cold 
events in the MHEA. The above results show that the spring 
nTNA SSTA has a synergistic impact on the spring MHEA 
anomalous anticyclone jointly with the preceding winter 
pNAM via the snow cover bridge of the spring decreased 
EASCE and the atmospheric bridge of the easterly propagat-
ing Rossby wave.

Fig. 8   Composite maps of the spring snow cover anomaly (%) for a 
the joint events of preceding winter pNAM and spring nTNA (pNAM 
⊕ nTNA), b single preceding winter pNAM events and c single 
spring nTNA SSTA events. The white dotted areas in a indicate the 
synergistic effect of preceding winter pNAM and spring nTNA SSTA. 
The white contour lines indicate significant values at the 95% confi-
dence level based on the Student t test
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The LBM is used to confirm the heating effect of snow 
cover anomaly and nTNA SSTA on the atmospheric circu-
lation. Three experiments are carried in the LBM. In the 
first experiment (EXP1), to simulate the heating effect of 
snow cover anomaly, the heating source is set in the domain 

40°–60° N, 100°–140° E, where the snow cover significantly 
decreases in the joint events (Fig. 8a). In the second experi-
ment (EXP2), the heating sink is set in the domain 0°–20° N, 
20°–80° W, which is the same as the TNA SST region. The 
third experiment (EXP3) is the combination of the EXP1 

Fig. 9   a The composite map 
of spring 500-hPa geopotential 
height (gmp) for all the spring 
nTNA SSTA events. b The 
spring EASCE anomalies (106 
km2) for different NAM com-
binations. The red, green and 
blue bars represent the spring-
only pNAM events, preceding 
winter-only pNAM events and 
cooccurrence of the spring 
and preceding winter pNAM 
respectively

Fig. 10   a The composite map 
of spring 500-hPa T-N wave 
activity flux (m2 s−2; vectors) 
and anomalous QG stream func-
tion (m2 s−1; shaded) for all the 
spring nTNA SSTA events. b 
Spring stationary Rossby wave 
trajectories in the horizontally 
nonuniform flow (blue curves) 
with zonal wavenumber k = 4 
for all the spring nTNA SSTA 
events. The black dots denote 
the Rossby wave source. The 
shaded area is the climatologi-
cal mean 500-hPa zonal wind 
(m s−1). The Rossby wave ray 
tracing is calculated by adopt-
ing the approach by Li and Li 
(2012), Li et al. (2015, 2019b, 
2021) and Zhao et al. (2015)
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and EXP2, including the heating source of EXP1 and heat-
ing sink of the EXP2. Figure 11 shows the steady 500 hPa 
geopotential height response in the three experiments. As 
shown in Fig. 11a, the heating source of EXP1 can induce 
the anomalous anticyclone over MHEA and its adjacent 
Okhotsk. This is consistent with the previous studies dem-
onstrating that the decreased snow cover can produce the 
heating effect and thereby induce the anomalous anticyclone 
via the snow-hydrological effect (Matsumura et al. 2010, 
2015; Matsumura and Yamazaki 2012; Yin et al. 2013; Liu 
et al. 2020). Besides, as shown in Fig. 11b, the atmospheric 
response to the TNA heating sink shows the NAO-like pat-
tern over the Atlantic and relatively weak positive geopoten-
tial height anomaly over MHEA, which is consistent with 
the observational results. In the EXP3, the combination of 
the two heating forcings indicates a synergistic effect on 
the MHEA anomalous anticyclone, which implies that the 
MHEA anomalous anticyclone is strengthened by the two 

heating forcings, and confirms the effect of snow cover 
anomaly and TNA SSTA on the MHEA anomalous anticy-
clone (Fig. 11c). The LBM results confirm the effect of the 
EASCE and TNA SST on the atmospheric circulation, which 
can further influence the spring extreme cold temperature 
events in the MHEA.

5 � Summary and discussion

In this paper, we have demonstrated that the preceding 
winter pNAM and the spring nTNA SSTA have a syner-
gistic effect that leads to a significant decrease in extreme 
cold events in the MHEA. Both the single preceding winter 
pNAM and single spring nTNA SSTA can slightly decrease 
and weaken the extreme cold events in the MHEA. How-
ever, when both factors occur, the reduction in intensity of 
the extreme cold events is much greater than that caused 
by either factor alone, and the probability of a weakened 
extreme cold event is far greater than that associated with a 
single factor event. It is worth noting that the region affected 
is not confined to northeast China, but covers a much larger 
area of the MHEA.

Figure 12 summarizes the process associated with the 
synergistic effect of the preceding winter pNAM and the 
spring nTNA SSTA on the extreme cold events in the 
MHEA. The preceding winter pNAM can store its signal 
in the EASCE, which diminishes the simultaneous EASCE. 
Owing to the persistence of the snow cover, the negative 
EASCE anomaly can persist into the spring of the following 
year (Bamzai 2003; Robock et al. 2003; Saito and Cohen 
2003; Saito et al. 2004). This process is seen as the snow 
cover bridge sending the signal from the preceding winter 
pNAM to the atmospheric circulation over the MHEA. In 
spring, the occurrence of the spring nTNA SSTA forces 
a positive NAO-like atmospheric response, leading to the 
formation of the anomalous high (low) pressure over the 
subtropical Atlantic (subpolar area of the Atlantic; Wu et al. 
2007). As the NAO can be seen as a branch of the NAM 
over the Atlantic region, the spring TNA SST cooling could 
result in the spring pNAM. Then, the spring pNAM induced 
by the spring nTNA SSTA can further reduce the simultane-
ous EASCE.

By comparing the response of the spring EASCE anom-
alies with different NAM phase combinations in the pre-
ceding winter and spring, we find that the spring EASCE 
exhibits the greatest negative anomaly when the pNAM 
persists from the preceding winter to the following spring. 
As a result, by inducing the pNAM atmospheric response 
in spring, the spring nTNA SSTA and the preceding win-
ter pNAM exert a synergistic effect that causes the great 
reduction in the spring EASCE. The reduction of EASCE 
can induce the anomalous anticyclone over the MHEA via 

Fig. 11   Steady 500 hPa geopotential height response (gpm) to a the 
snow cover heating source, b TNA heating sink and c combination of 
snow cover heating source and TNA heating sink. The white dotted 
areas in c indicate the synergistic effect of the EASCE heating source 
and TNA heating sink
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the snow-hydrological effect (Matsumura et al. 2010, 2015; 
Matsumura and Yamazaki 2012; Yin et al. 2013; Liu et al. 
2020). The above processes show that the positive spring 
NAO-like atmospheric response induced by the spring 
nTNA SSTA acts as the atmospheric bridge, and the spring 
EASCE acts as the snow cover bridge. These two bridges 
together send the signal of the spring nTNA SSTA to the 
atmospheric circulation over the MHEA.

As a result of the significant decrease in the spring 
EASCE (i.e., the snow cover bridge), the two factors also 
have an evident synergistic effect on the spring MHEA 
anomalous anticyclone, which is strongest in the joint events 
pNAM ⊕ nTNA. We found that the strength of the spring 
MHEA anomalous anticyclone is closely related to horizon-
tal temperature advection, the temperature increase caused 
by the vertical motion of air, atmospheric thickness, and 
net shortwave and longwave radiation in the MHEA. The 
anomalous southerly winds on the western side of the spring 
MHEA anomalous anticyclone cause warm advection that 
brings warm air from the south and leads to the increase 
in air temperature and the weakening of the extreme cold 
events in spring in the MHEA.

In addition, according to the perturbation hypsometric 
equation, the increased atmospheric thickness can lead to 

an increase in the mean air temperature of the atmospheric 
layer. Furthermore, the anomalous high pressure over the 
MHEA can become a barrier that is able to hinder the south-
ern movement of the cold air from the polar area. Therefore, 
the above process further decreases and weakens the spring 
extreme cold events in the MHEA.

In addition to the above atmospheric processes, the anom-
alous high pressure can also change the net radiation in the 
MHEA. The sinking motion caused by the anomalous high 
pressure hinders cloud formation, and thereby increases net 
radiation received at the surface, and further leads to warmer 
air temperatures, and less and weaker spring extreme cold 
events than normal in the MHEA.

In addition to influencing the atmospheric circulation 
over the MHEA through the snow cover bridge of the spring 
EASCE, the spring nTNA SSTA has an additional impact on 
the atmospheric circulation over the MHEA via the atmos-
pheric bridge of the Rossby wave train. We have revealed 
that the Rossby wave energy over the Eurasian continent 
favors the propagation of the Rossby wave downstream 
when the spring nTNA SSTA occurs, which can affect the 
500-hPa geopotential height over the MHEA and favor the 
formation of the spring MHEA anomalous anticyclone. This 
atmospheric process further increases the air temperature 

Fig. 12   The schematic diagram showing the synergistic effect of the preceding winter pNAM and spring nTNA SSTA on the spring extreme 
cold events in the MHEA. The yellow shaded parts indicate that there are previous studies in the processes
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and weakens the spring extreme cold events. In the end, the 
MHEA may experience a warmer spring.

In this paper, we have analyzed the synergistic effect of 
the preceding winter pNAM and spring nTNA SSTA on the 
interannual variability of the spring extreme cold events in 
the MHEA. However, one extreme cold case in East Asia 
may be influenced by some weather processes, such as the 
cold vortex. Thus, the whole process of one extreme tem-
perature case needs the further detailed analysis. Besides, it 
can be seen from Fig. 2 that SSTs over some places are also 
significantly correlated with the extreme cold temperature 
events in the MHEA. This indicates that SSTs in these places 
might have synergistic effects with other factors on influ-
encing the spring extreme cold events over MHEA, and the 
synergistic effects need more further studies. Note that we 
analyzed only two influencing factors over the interannual 
timescale in this study because of the length of the avail-
able dataset, but extreme temperature can be influenced by 
more than these two factors. If we take multiple factors into 
consideration, observational data covering a much longer 
period will be required to obtain an adequate sample size. 
Consequently, a longer observational dataset and compre-
hensive consideration of the synergistic effects of multiple 
factors will be required in a future study.
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