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Abstract
Extreme cold events (ECEs) on the Tibetan Plateau (TP) exert serious impacts on agriculture and animal husbandry and are 
important drivers of ecological and environmental changes. We investigate the temporal and spatial characteristics of the 
ECEs on the TP and the possible effects of Arctic sea ice. The daily observed minimum air temperature at 73 meteorological 
stations on the TP during 1980–2018 and the BCC_AGCM3_MR model are used. Our results show that the main mode of 
winter ECEs over the TP exhibits the same spatial variation and interannual variability across the whole region and is affected 
by two wave trains originating from the Arctic. The southern wave train is controlled by the sea ice in the Beaufort Sea. It 
initiates in the Norwegian Sea, and then passes through the North Atlantic Ocean, the Arabian Sea, and the Bay of Bengal 
along the subtropical westerly jet stream. It enters the TP from the south and brings warm, humid air from the oceans. By 
contrast, the northern wave train is controlled by the sea ice in the Laptev Sea. It originates from the Barents and Kara seas, 
passes through Lake Baikal, and enters the TP from the north, bringing dry and cold air. A decrease in the sea ice in the 
Beaufort Sea causes positive potential height anomalies in the Arctic. This change enhances the pressure gradient between 
the Artic and the mid-latitudes, leading to westerly winds in the northern TP, which block the intrusion of cold air into the 
south. By contrast, a decrease in the sea ice in the Laptev Sea causes negative potential height anomalies in the Artic. This 
change reduces the pressure gradient between the Artic and the mid-latitudes, leading to easterly winds to the north of the 
TP, which favors the southward intrusion of cold polar air. A continuous decrease in the amount of sea ice in the Beaufort 
Sea would reduce the frequency of ECEs over the TP and further aggravate TP warming in winter.
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1 Introduction

Sea ice in the Arctic region has been melting at an unprec-
edented rate and record low coverage has been repeatedly 
observed. According to the latest data from the US National 
Snow and Ice Data Center, the area of sea ice in October 
2020 was 5.28 million square kilometers, the lowest since 
satellite records began. This was 450,000 square kilometers 
less than the previous lowest October record set in 2019. The 
Arctic climate system has undergone dramatic changes since 
the start of the twenty-first century (Wu 2018; Ma and Zhu 
2019; Ding 2021). The accelerated melting of sea ice and the 
rapid evolution of Arctic vegetation and ecosystems have led 
to further physical and biochemical changes in the oceans 
(Koenigk et al. 2020). More heat is transferred from the 
oceans to the atmosphere at the high latitudes. Temperature 
gradients at the middle-high latitudes of the northern hemi-
sphere are therefore weakened, leading to a weakening of the 
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westerly wind belt and baroclinicity in these regions (Zhu 
et al. 1999; Outten and Esau 2012; Overland et al. 2012; 
Zhao et al. 2015; Wu et al. 2019a). The baroclinic instabil-
ity of baroclinic and planetary waves begins earlier (Bader 
et al. 2011) and the intensities of polar low pressure regions 
and polar front jet streams are also affected (Zahn and Storch 
2010). The number of extreme cold waves in Europe, East 
Asia and North America has increased (Kim et al. 2014; Gao 
et al. 2015; Wu et al. 2017; Ma and Zhu 2020).

The decrease of SIC in early autumn is closely related 
to the tripolar pattern of surface winds in the middle-high 
latitudes of Eurasia in winter and is negatively related to 
the intensity of the Siberian high (Hu et al. 2004; Wu et al. 
2011; Chen and Wu 2014; Chen et al. 2020). The SIC on 
the eastern side of Greenland decreases and a negative 
phase of the Arctic Oscillation or North Atlantic Oscilla-
tion appears, which facilitates an intrusion of cold air from 
the Artic to Europe, leading to widespread cooling (Alex-
ander et al. 2004; Hu and Wu 2004; Hu and Huang 2006; 
Li et al. 2005; Wu et al. 2018). Li et al. (2021) found that 
changes in the amount of sea ice in the Barents Sea in March 
affected the circulation and temperature anomalies in eastern 
China through the Silk Road teleconnection, leading to a 
“warm in the south and cold in the north” mode of surface 
temperatures in eastern China in August. Variations in the 
Arctic SIC and the corresponding atmospheric circulation 
are therefore important reasons for the decreasing trend in 
surface temperatures and the frequent occurrence of ECEs 
over the Eurasian continent in winter (Wu et al. 1999, 2013, 
2015; Honda et al. 2009; Hopsch et al. 2012; Jaiser et al. 
2012; Peings et al. 2014).

The vast and complex terrain of the Tibetan Plateau (TP), 
often referred to as the “Roof of the World” or the “Third 
Pole”, serves as a diver and an amplifier of global climate 
change (Chen and Wu 2000; Lu et al. 2011; Liu et al. 2014). 
The TP often experiences extreme weather and climate 
events and, like the Arctic SIC, is indicative of global cli-
mate change. Cold events in winter over the TP most appar-
ently occurred in the 1960s and 1980s, while warm events 
mainly appear in the 1990s and early twenty-first century 
(Wu et al. 2005; Zhou et al. 2019; Suolang et al. 2020).

Among the limited studies on the impact of Arctic sea 
ice on the TP, Jiao et al. (2017) analyzed the characteris-
tics of the ECEs in autumn and winter over the TP from 
1979 to 2011 and found a decreasing trend. The ECEs over 
the TP are significantly negatively correlated with the SIC 
in the key areas of the Laptev Sea–eastern Siberian Sea 
and the Beaufort Sea–Baffin Bay regions. The lack of sea 
ice in these key areas leads to a negative–positive–nega-
tive (− + −) pattern in the 500 hPa geopotential height 
of the polar and plateau regions and a Rossby wave from 
north to south over the TP. Gu et al. (2018) analyzed the 
relationship between the Arctic SIC and the weather at 

mid-latitudes and found that the transient vortices over 
the TP are closely related to the SIC. The activity of tran-
sient vortices, the meridional circulation, the westerly jet 
stream and the high-altitude trough and ridge pattern are 
all inter-restricted internal units and correspond to dra-
matic changes in temperature over the TP (also see Ren 
et al. 2021). Zhang et al. (2019) analyzed the winter snow 
anomalies on the TP and showed that the wave activity 
from the Arctic could reach the TP through both north-
ern and southern routes when the atmospheric circulation 
is in a coupled mode of the positive phase of the Arctic 
Oscillation (+ AO) and the negative phase of the Western 
Pacific (− WP) teleconnection. This creates the dynamic 
and moisture conditions required for snowfall over the TP 
and therefore connects the TP with the Arctic. No wave 
activity could reach the TP when only one of these condi-
tions was present.

Moreover, Li et al. (2020) analyzed the influence of 
the winter SIC in the North Atlantic on the transport of 
aerosols from the TP. The polar front jet is weakened when 
the North Atlantic subpolar SIC decreases, which reduces 
the amount of warm and humid oceanic air entering the 
northern Eurasian continent, further reducing snow cover 
in the Ural Mountains. This strengthens both the high-
pressure ridge in the Ural Mountains and the East Asian 
trough, forming a quasi-stationary Rossby wave across the 
Eurasian continent. These conditions lead to an increase 
in the subtropical westerly jet stream at the southern edge 
of the TP and an increase in the combination of upslope 
winds and mesoscale updrafts, which favors a discharge 
of pollutants over the Himalaya. Yang et al. (2020) used 
reanalysis datasets to depict the characteristics of ECEs in 
the northern hemisphere in winter and their relationships 
with the Arctic SIC in autumn. The ECEs in the northern 
hemisphere showed north–south reverse-phase changes 
and the TP was located at the center of a high-temperature 
anomaly that was significantly and positively correlated 
with the SIC in the Beaufort Sea and the Barents Sea–Kara 
Sea in autumn. The ECEs on the TP exert serious impacts 
on agriculture and animal husbandry and are important 
drivers of ecological and environmental changes. How-
ever, there have been relatively few studies on the relation-
ship between the extreme climate change over the TP and 
the Arctic SIC, and thus the responsible mechanisms can 
hardly be understood. In this paper, we intend to investi-
gate these issues to understand the mechanism for the ECE 
variations over the TP, which will be helpful for predicting 
extreme events and providing a scientific basis for disaster 
prevention and mitigation.

The organization of the paper is as follows. Data and 
methods are described in Sect. 2. The main results obtained 
are shown in Sect.  3. Section  4 presents the summary 
and discussions.
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2  Data and methods

We use the relatively complete dataset of the daily 
observed minimum air temperature from 73 meteorologi-
cal stations on the TP (Duan 2008). These data are based 
on the six-hourly observed air temperature from > 2400 
meteorological stations in China for 1980–2018 provided 
by the National Meteorological Information Center of the 
China Meteorological Administration. Since the stations 
are mainly distributed in the eastern TP region, with only 
several stations in the western TP, we also analyze the 
temperature climate index from the HadEX3 data with a 
horizontal resolution of 1.25° × 1.875° (Dunn et al. 2020) 
to confirm the reliability of the results obtained.

Moreover, we use the ERA5 reanalysis dataset (Hers-
bach et  al. 2020) from 1980 to 2018 provided by the 
European Centre for Medium-range Weather Forecasts 
(ECMWF). The variable elements include the vertical 
37-layer geopotential height, zonal and meridional wind, 
the surface pressure and the 2-m air temperature at a hori-
zontal resolution of 0.25° × 0.25°. Monthly SIC data with 
a horizontal resolution of 1° × 1° from 1980 to 2018 pro-
vided by the UK Hadley Center (Rayner et al. 2003) is 
also applied.

A number of statistical and diagnostic methods such 
as the Empirical Orthogonal Function (EOF), detrending, 
correlation, composite, linear regression analysis and Stu-
dent’s t test have been employed in this study. Autumn 
is defined as September–October-November, and winter 
from December to February of the following year. The 
definition of the Expert Team on Climate Change Detec-
tion and Indices (Karl et al. 1999; Peterson 2005) is used 
to calculate the number of days with ECEs based on the 
daily observed minimum temperature. The daily mini-
mum temperature data of 73 stations in winter from 1980 
to 2018 are arranged in ascending order, and the value 
of 10th percentile is defined as the ECE threshold of the 
stations. If the minimum temperature of the station on a 
certain day is lower than the threshold, it is considered 
occurrence of an ECE at the station on that day. The total 
number of days with an ECE at a single station in the 
TP from 1980 to 2018 is calculated statistically (TN10p) 
when the daily minimum temperature is < 10% threshold. 
To eliminate the influence of synoptic-scale disturbances, 
a seven-point moving average is applied before the statisti-
cal threshold (Ren et al. 2017). We remove all variables 
from the long-term linear trends before synthesis and cor-
relation analysis. The three-dimensional wave flux under 
quasi-geostrophic conditions defined by Takaya and Naka-
mura (2001) is used to determine the fluctuations related 
to the air temperature over the TP and the Arctic SIC as 
follows:

where �′ denotes the disturbed stream function, f is the 
Coriolis parameter, R is the gas constant, |U| = (u, v) is the 
horizontal wind velocity, T is the temperature, p is the pres-
sure and Cp is the specific heat at constant pressure.

To better understand the observational results, we utilize 
the Beijing Climate Center Atmosphere General Circulation 
model (BCC_AGCM3_MR) to conduct a series of numeri-
cal experiments. The model has a horizontal resolution of 
1.875° × 1.875°, and 46 vertical levels. It is developed by 
National Climate Center of China Meteorological Admin-
istration on the basis of the Community Atmosphere Model 
version 3 (CAM3) of the US National Center for Atmos-
pheric Research (NCAR), and has been widely applied in 
climate researches (Wu et al. 2019b). The integration dura-
tion of all experiments is 55 years. In order to avoid the 
deviation caused by the instability of the initial of the model, 
the data of the first 20 years are discarded and the results of 
the last 35 years are analyzed.

3  Results

3.1  Temporal and spatial characteristics of ECEs 
over the Tibetan Plateau

We perform an EOF analysis on the anomalous days of ECEs 
over the TP in winter. Figure 1 shows the first EOF mode, 
which explains 37.71% of the total variance. The ECEs 
over the TP show a uniform mode throughout the region, 
although the variability in the northern TP is slightly greater 
than that in the south (Fig. 1a). The time coefficient shows 
clear interannual variations. ECEs were more frequent in 
the 1990s and less frequent in the early twenty-first century 
(Fig. 1c). Overall the first EOF mode shows a decreasing but 
insignificant trend, consistent with the result from previous 
results (Jiao et al., 2017). Figure 1b shows the result of the 
HadEX3 data, which also exhibits a uniform EOF1 mode as 
in station observations. The correlation coefficient between 
the EOF1 time series of the two datasets is 0.72 (passing 
the significance test of 99% confidence level). Consider-
ing that the HadEX3 data interpolated from 316 stations in 
China only include 35 stations in the eastern TP, we adopt 
the observation dataset from 73 stations in the following 
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ū
�
𝜑�2
x
− 𝜑�𝜑�

xx

�
+ v̄(𝜑�

x
𝜑�
y
− 𝜑�𝜑�

xy
)

ū
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analysis. We define the standardized time coefficient of the 
first EOF mode as the TN10p index of the TP.

3.2  Atmospheric circulation associated with ECEs 
over the Tibetan Plateau in winter

According to the standardized TN10p index (Fig. 1c), eight 
high-TN10p index years (1982, 1991, 1992, 1994, 1996, 
2007, 2010 and 2014) with standard deviations > 0.7 were 
selected to represent the years with frequent occurrences of 
ECEs over the TP. Eleven years of low-TN10p index (1980, 
1986, 1993, 1998, 2000, 2002, 2004, 2005, 2008, 2009 and 
2016) with standard deviations less than − 0.7 were selected 
to represent the years with a rare occurrence of ECEs. The 
possible causes of the ECEs were explored through compos-
ite analyses of the atmospheric circulation.

We calculated the difference in the atmospheric circula-
tion in winter between the years of low- and high-TN10p 
indices (Fig. 2). The geopotential height anomaly exhibits an 
equivalent barotropic structure at 250 hPa and 500 hPa. The 
Arctic region is generally controlled by positive geopoten-
tial height anomalies. There was a “ +  −  +  −  + ” wave train 
along the subtropical westerly jet stream from the North 
Atlantic–western Europe to Saudi Arabia–northern Indian 
Ocean–TP. There was also a negative height anomaly over 
Lake Baikal, indicating the trough deepening in this area.

The distribution of the difference in wave activity flux 
between the years of low- and high-TN10p indices shows 
two branches of wave activity flux propagating from the Arc-
tic. The southern branch of the wave train (SBWT) origi-
nates from the Arctic Ocean and the Norwegian Sea. It trav-
els southeastwards through the North Atlantic and Eurasia 
along the subtropical westerly jet stream and passes through 
the Arabian Sea and the Bay of Bengal before reaching the 
southern TP. This branch brings warm, humid air from the 
ocean to the TP. The correlation coefficient between the 
TN10p index and the subtropical westerly jet stream index 
was 0.5, significantly passing 99% confidence level (figure 
not shown). Therefore, we refer to this branch as the wave 
train captured by the subtropical westerly jet stream. Li et al. 
(2020) analyzed the mechanism for the influence of Arctic 
sea ice on aerosol emissions from the TP, and explained 
the role of the subtropical westerly jet stream in this bridge 
between the TP and the Arctic.

By contrast, the northern branch of the wave train 
(NBWT) originates from the Barents Sea–Kara Sea, extends 
to the north of China, passes through Lake Baikal and 
reaches the northern TP. This feature favors the invasion of 
cold air from the north. We calculated the difference in the 
vertical wave activity flux between the low- and high-TN10p 
index years and found that the two wave trains from the 
North Pole were related to the variations in the SIC. Figure 3 

Fig. 1  The first EOF (EOF1) mode of the winter ECEs (shading; 
day) of a observations of 73 meteorological stations and b HadEX3 
data over the TP during 1980–2018. c Standardized EOF1 time coef-
ficients of the winter ECEs of the observational stations (red solid 

curve) and HadEX3 data (red dashed curve). The black dots in Fig. 1a 
indicate the locations of the observational stations, and black solid 
lines in Fig. 1c represent 0.7 standard deviations
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shows the distribution of the wave activity flux with altitude 
along 0° longitude, the origin longitude of the two wave 
trains. Anomalous wave activity flux propagates upward and 
to the middle-low latitudes from the Arctic region. When 
sea ice changes, the temperature gradient in the edge region 
will change, which further results in the baroclinity of the 
changed lower atmosphere, triggers the planetary wave-
number 1 and wave-number 2, and affects the atmospheric 
heat flux (Zahn et al. 2010; Inoue et al. 2012). We therefore 
conclude that the number of days with ECEs over the TP is 
related to the anomalies of the Arctic SIC.

3.3  Association of the SIC in key Arctic areas 
with winter ECEs over the Tibetan Plateau

Our results indicate that the variation of the ECEs over 
the TP is closely related to the Arctic SIC. We therefore 

calculate the correlation of the TN10p index with the 
Arctic SIC in autumn after removing the long-term linear 
trend of the SIC and the TN10p index. Figure 4 shows that 
there are two regions in the Arctic where the TN10p index 
is significantly correlated with the Arctic SIC in autumn: 
the Arctic Ocean portion close to the northern Laptev Sea 
(120–160° E, 75–85° N) and the Beaufort Sea (165–140° 
W, 72–76° N). These areas are referred to as the key areas 
of SIC. The autumn SIC in the Laptev Sea–East Siberian 
Sea is negatively correlated with the winter TN10p index 

Fig. 2  Composite differences 
in a 250 hPa and b 500 hPa geo-
potential heights (shading; gpm) 
and wave activity fluxes (vec-
tors;  m2/s2) in winter between 
low- and high-TN10p index 
years. The thick red and blue 
contours denote wind speeds 
of 40 and 20 m/s, respectively. 
The light and dark purple dots 
indicate the geopotential height 
differences significantly exceed-
ing 90% and 95% confidence 
levels, respectively

Fig. 3  Composite differences in the vertical component of wave 
activity flux (vectors; Pa*m/s2) in winter between low- and high-
TN10p index years

Fig. 4  Correlation coefficients between the TN10p index in winter 
and the Arctic SIC in autumn. The 90% and 95% confidence levels 
are denoted by black thick contour and cross hatching, respectively
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of the TP, whereas the SIC in the Beaufort Sea is posi-
tively correlated with the winter TN10p index of the TP. 
Therefore the effects of the SIC in autumn on the ECEs in 
winter are the opposite in these two key areas. The number 
of days of ECEs over the TP decreases when the SIC in the 
Beaufort Sea is reduced, whereas the number of days of 
ECEs over the TP increases as the SIC in the Laptev Sea 
is reduced. This result is different from that of Jiao et al. 
(2017), whose analysis showed that there was a signifi-
cant negative correlation between the Arctic SIC and the 
ECEs. A reduction in SIC would increase the number of 
ECEs over the TP, but could not explain the decrease in 
the number of ECEs.

To verify the relationship between the SIC in the key 
areas and the number of ECEs over the TP, we established 
two sea ice concentrate indexes (SICIs), the detrended 
standardized average SIC of the two key areas (Fig. 5). 
The correlation coefficient is − 0.35 between the Laptev 
Sea SICI (LSICI) and the TN10p index, and 0.39 between 
the Beaufort Sea SICI (BSICI) and the TN10p index, both 
significantly passing 95% confidence level. No significant 
correlation can be found between the BSICI and the LSICI 
(correlation coefficient − 0.03). This feature indicates that 
the SIC in the two sea areas are independent from each 
other.

We therefore infer that the SIC in the two key areas 
affects the ECEs over the TP through different mecha-
nisms. Based on a standard deviation of 0.7, we define the 
years with an SICI > 0.7 as heavy-ice years and the years 
with an SICI <  − 0.7 as light-ice years. In the Laptev Sea, 
the heavy-ice years include 1996, 2001, 2002, 2004, 2013, 
2016 and 2017 and the light-ice years are 2005, 2007, 
2012, 2014 and 2018. In the Beaufort Sea, the heavy-ice 
years include 1991, 1992, 1994, 1995, 1996, 2001, 2005, 
2013, 2014 and 2015 and the light-ice years are 1993, 

1997, 1998, 2002, 2003, 2004, 2007, 2008, 2012, and 
2016.

3.4  Regulation of the atmospheric circulation 
in the northern hemisphere by SIC in the key 
Arctic regions

We carry out a composite analysis of the heavy-ice and light-
ice years based on the SIC anomalies. Figures 6a, b show 
that a decrease in the SIC in the Beaufort Sea results in posi-
tive geopotential height anomalies over the whole Arctic, 
which favors the accumulation of cold air in the Arctic, but 
not an intrusion of cold air into the middle-low latitudes. 
Western Europe–Saudi Arabia–northern Indian Ocean–TP 
show a “ −  +  −  + ” zonal wave train (Fig. 6a, b). When the 
cold air mass passes through the North Atlantic and the 
Indian Ocean, the subtropical jet stream acts as a waveguide 
(correlation coefficient between the BSICI and the subtropi-
cal westerly jet stream index is 0.32, passing the significance 
test of 95% confidence level). It transports warm, humid air 
to the TP, and thus ECEs are less likely to form. By contrast, 
negative anomalies in the SIC in the Laptev Sea lead to a 
zonal belt of positive geopotential height anomalies in north-
ern Eurasia. This reduces the pressure gradient between the 
Arctic and the middle-low latitudes, and the polar cold air 
mass is more likely to spread southward. A decrease in the 
SIC in the Laptev Sea causes wave activity fluxes through 
northern Eurasia–Lake Baikal, transporting cold air masses 
from the Arctic to the TP (Fig. 6c, d). The wave activity 
fluxes caused by the changes in SIC in these two key areas 
correspond to the wave activity flux propagation pathways 
analyzed in Sect. 3.2.

Figure 7 shows the difference in 500 hPa wind (vectors; 
m/s) and the 2 m temperature (shading; K) between light-
ice and heavy-ice years. A reduction in the Beaufort Sea 
SIC produces a significant westerly anomaly in the north-
ern TP, which does not favor the southward movement of 
cold air over the TP. By contrast, a decrease in the Laptev 
Sea SIC forms anomalous easterly wind from Lake Baikal 
to the northwestern TP, strengthening meridional activity. 
The decrease in the Beaufort Sea SIC leads to a decrease 
in temperature in northern Eurasia and an increase in tem-
perature in southern Eurasia, which increases the difference 
in temperature between the north and the south, and the TP 
becomes warmer. By contrast, a reduction in the Laptev Sea 
SIC reduces the north–south temperature gradient, favoring 
the southward movement of cold air.

The surface pressure in the entire polar region increases 
when the SIC in the Beaufort Sea decreases (Fig. 8a), which 
does not favor the southward movement of cold air. The 
TP presents a significant positive surface pressure anomaly 
(Fig. 8a) and therefore the warm air from the Indian Ocean 
accumulates over the TP. By contrast, when the SIC in the 

Fig. 5  Time series of the standardized regional average SIC in the 
key Arctic regions in autumn. The red curve indicates the TN10p 
index. The orange and blue curves indicate the SIC indexes in the 
Beaufort Sea and the Laptev Sea in autumn, respectively. The black 
solid lines represent 0.7 standard deviations
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Laptev Sea decreases, there is a negative surface pressure 
in the Artic and a positive surface pressure at middle-low 
latitudes (Fig. 8b). This favors the extension of cold air 
southward, forming ECEs over the TP. However, most of 
the correlation is insignificant, which may indicate that the 
SIC in the Laptev Sea exerts little effect on the TP.

The effects of autumn SIC on winter TP ECEs is opposite 
between the two key areas. To determine the relative effects 
of the SBWT and the NBWT on the ECEs, we use binary 
linear regression to calculate the partial correlation coef-
ficients between the SIC in the two key areas and the num-
ber of days with ECEs at each station on the TP. The two-
dimensional scatter point distribution in Fig. 9a shows that 
there are different effects of the SIC in the two regions on 
the number of days with ECEs at the 73 stations on the TP. 
The BSICI (LSICI) is positively (negatively) correlated with 
the number of ECEs. The dots above the black diagonal line 

(upper right corner) of the figure indicate that the absolute 
value of the partial correlation coefficient between the num-
ber of ECEs and the BSIC is greater than the absolute value 
of the partial correlation coefficient with the LSIC. The dots 
below the black diagonal line shows an opposite feature. In 
particular, 43 points are above the diagonal line and 36% 
(26 stations) of them are significantly above 90% confidence 
level. There are a total of 30 points below the diagonal line 
and 30% (22 stations) of them are significant (above 90% 
confidence level). In general, the SIC in the Beaufort Sea 
(SBWT) exerts a greater impact on the TP ECEs.

Figure 9b shows the spatial distribution of the relative 
contributions of the SIC in different key areas to the ECEs 
at each station on the TP. There is a total of 43 stations in the 
southern TP for which the Beaufort Sea makes a large con-
tribution to the ECEs (absolute value of the partial regres-
sion coefficient ratio > 1) at 56% (24 stations) (blue dots). 

Fig. 6  Composite differences 
in a 250 hPa and b 500 hPa 
geopotential heights (shad-
ing; gpm) and wave activity 
fluxes (vectors;  m2/s2) in winter 
between light-ice years and 
heavy-ice years in the Beaufort 
Sea. Composite differences in 
c 250 hPa and d 500 hPa geo-
potential heights (shading; gpm) 
and wave activity fluxes (vec-
tors;  m2/s2) in winter between 
light-ice and heavy-ice years in 
the Laptev Sea. The thick red 
and blue contours denote wind 
speeds of 40 and 20 m/s, respec-
tively. The light and dark purple 
dots indicate geopotential height 
differences significantly exceed-
ing 90% and 95% confidence 
levels, respectively
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There is a total of 30 stations in the northern TP for which 
the Beaufort Sea makes a large contribution to the ECEs 
(absolute value of the partial regression coefficient ratio > 1) 
at 63% (19 stations). The influence of the BSIC on the TP 
ECEs is therefore greater than the effect of the LSIC. That 
is, the influence of the SBWT on the TP is greater than influ-
ence of the NBWT.

We further perform experiments with the BCC_
AGCM3_MR to corroborate the findings from obser-
vational analysis. Based on the observed Beaufort SIC 
index and Laptev SIC index, we chose the years of sea ice 
anomalies. We only focus on the climate anomalies caused 
by the anomalous SIC in the two key regions, with other 
external variables fixed. Five groups of experiments are 
conducted. The first experiment was control experiment, in 
which the SIC and SST adopt the climate from 1980–2010. 
For the second group, SIC corresponds to the climatic SIC 
and the Beaufort anomalous positive SIC in autumn. For 
the third group, SIC corresponds to the climatic SIC and 
the Beaufort anomalous negative SIC in autumn. For the 
forth group, SIC corresponds to the climatic SIC and the 

Laptev anomalous positive SIC in autumn. Finally, for the 
fifth group, SIC corresponds to the climatic SIC and the 
Laptev anomalous negative SIC in autumn. The results 
shown hereafter mainly refer to the differences between 
these experiments.

Figures 10a–d represent the composite differences in the 
observed (Fig. 10a, b) and simulated (Fig. 10c, d) 250 hPa 
geopotential heights and wave activity fluxes. From the simu-
lated results, we can still clearly find the two wave trains, the 
southern (Fig. 10a, c) and northern (Fig. 10b, d) trains, that 
affect the TP. The decrease in the Beaufort Sea ice forms a 
polar high pressure, while the decrease in the Laptev Sea ice 
is the opposite. Figures 11a–d show the composite differences 
in the observed (Fig. 11a, b) and simulated (Fig. 11c, d) 2 m 
air temperatures. It can be seen that the decrease in the sea 
ice in the Beaufort Sea (Fig. 11a, c) leads to a decrease in 
temperature in northern Eurasia and an increase in southern 
Eurasia, which enhances the gradient between the north and 
the south. This doesn’t favor the southward movement of cold 
air over the TP, and thus the TP becomes warmer. By contrast, 
a reduction in the SIC in the Laptev Sea (Fig. 11b, d) reduces 
the north–south temperature gradient, favoring the southward 
movement of cold air.

Fig. 7  Composite differences in 500 hPa wind (vectors; m/s) and 2 m 
air temperature (shading; K) in winter between light-ice and heavy-
ice years in a Beaufort Sea and b Laptev Sea. The black vectors pass 
the significance test at 95% confidence level. The light and dark pur-
ple dots indicate 2 m air temperature differences significantly exceed-
ing 90% and 95% confidence levels, respectively

Fig. 8  Composite difference in surface pressure (shading; Pa) in 
winter between light-ice and heavy-ice years in a Beaufort Sea and 
b Laptev Sea. The light and dark purple dots indicate the significant 
surface pressure differences above 90% and 95% confidence levels, 
respectively
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4  Summary and discussion

We have analyzed the possible mechanism for the impact 
of autumn Arctic sea ice on the ECEs in the TP. Based on 
analyses of both observations and model simulations, we 
can conclude several important features.

The main mode of the winter ECEs over the TP shows a 
uniform pattern over the entire region. Variability is greater 
in the north than in the south, with clear interannual time-
scale variations. The ECEs over the TP are affected by two 
independent wave trains from the Artic, the SBWT and 
the NBWT, and both are regulated by the SIC. The SBWT 

Fig. 9  a Two-dimensional scatter distribution of the partial correla-
tion coefficients between the BSICI, the LSICI and the number of 
days with ECEs at each station on the TP. The black dots indicate the 
sites where the correlation coefficients do not pass the significance 
test. The blue and green dots indicate the sites where the partial cor-
relation coefficients of the LSICI and the BSICI pass the significance 
test at 90% confidence level, respectively. The red dots indicate the 
sites where the correlation coefficients of both the LSICI and the 

BSICI pass the significance test at 90% confidence level. b Relative 
contribution of the Beaufort and Laptev seas to winter ECEs at each 
station on the TP (ratio of partial correlation coefficients). The blue 
dots indicate stations where the influence of the SIC in the Beaufort 
Sea is greater than that of the SIC in the Laptev Sea, whereas the red 
dots indicate the stations where the influence of the SIC in the Beau-
fort Sea is weaker than that of the SIC in the Laptev Sea

Fig. 10  Composite differences 
in the a, b observed and c, d 
simulated 250 hPa geopotential 
heights (shading; gpm) and 
wave activity fluxes (vectors; 
 m2/s2) between light and heavy 
SIC years. a, c Beaufort SIC; 
b, d Laptev SIC. The red thick 
contours denote wind speeds of 
40 m/s. The light and dark pur-
ple dots indicate the geopoten-
tial height differences exceeding 
90% and 95% confidence levels, 
respectively



2290 M. Bi et al.

1 3

originates in the Arctic Ocean over Iceland and the Norwe-
gian Sea and is controlled by the Beaufort SIC. It spreads 
from the North Atlantic and Eurasia along the subtropical 
westerly jet stream to the southeast, passes through the Ara-
bian Sea and the Bay of Bengal, and reaches the southern 
TP. The NBWT originates from the Barents and Kara seas, 
extends to the north of China, passes through Lake Baikal, 
and then reaches the northern TP. It is controlled by the 
Laptev SIC.

The processes and mechanisms through which the Arc-
tic sea ice in autumn influences the ECEs over the TP in 
the following winter can be summarized in the schematic 
diagram presented in Fig. 12. The reduction in the Arc-
tic SIC strengthens the meridional activity of cold air in 
the Arctic and the middle-high latitudes, causing a large 
amount of cold air to move southwards. Importantly, this 
explains the frequent occurrence of cold winters in the 
low latitudes of the northern hemisphere. Our results show 

another path of the southward invasion of cold air through 
the North Atlantic Ocean and the North Indian Ocean, 
and along the subtropical westerly jet stream. The cold 
air mass is likely to undergo transformation when passing 
through warm, humid oceans and then becoming warm 
air mass. This provides an important explanation for the 
reduction in the number of ECEs over the TP. Previous 
studies have shown the key bridging role of the subtropical 
westerly jet stream in the influence of the Arctic on the TP 
(Wallace et al. 1988; Yang et al. 2002; Bao and You 2019; 
Li et al. 2020). From the observational results, the effect of 
the SBWT may be slightly greater than that of the NBWT, 
but more evidence is needed to support this feature in the 
future. Furthermore, the physical mechanisms responsible 
for the anomalies in the atmospheric circulation resulted 
from the variations of the SIC in key areas and the quan-
titative influence of the SIC on TP temperature require 
further investigations.

Fig. 11  Composite differences 
in the a, b observed and c, d 
simulated 2 m air temperatures 
(shading; K) between light and 
heavy SIC years. a, c Beaufort 
SIC; b, d Laptev SIC. The light 
and dark purple dots indicate 
the 2 m air temperature differ-
ences exceeding 90% and 95% 
confidence levels, respectively
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