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Abstract

Extratropical cyclones are critical weather systems that affect large-scale weather and climate changes at mid-
high latitudes. However, prior research shows that there are still great difficulties in predicting extratropical
cyclones for occurrence, frequency, and position. In this study, mean sea level pressure (MSLP) data from the
European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5) are used to calculate the
variance statistics of the MSLP to reveal extratropical cyclone activity (ECA). Based on the analysis of the change
characteristics of ECA in the Northern Hemisphere, the intrinsic link between ECA in the Northern Hemisphere
and Arctic sea ice is explored. The results show that the maximum ECA mainly occurs in winter over the mid-high
latitudes in the Northern Hemisphere. The maximum ECA changes in the North Pacific and the North Atlantic,
which are the largest variations in the Northern Hemisphere, are independent of each other, and their
mechanisms may be different. Furthermore, MSLP is a significant physical variable that affects ECA. The North
Atlantic Oscillation (NAO) and North Pacific Index (NPI) are significant indices that impact ECA in the North
Atlantic and North Pacific, respectively. The innovation of this paper is to explore the relationship between the
activity of extratropical cyclones in the Northern Hemisphere and the abnormal changes in Arctic sea ice for the
first time. The mechanism is that the abnormal changes in summer-autumn and winter Arctic sea ice lead to the
phase transition of the NPI and NAO, respectively, and then cause the occurrence of ECA in the North Pacific and
North Atlantic, respectively. Arctic sea ice plays a crucial role in the ECA in the Northern Hemisphere by
influencing the polar vortex and westerly jets. This is the first exploration of ECAs in the Northern Hemisphere
using Arctic sea ice, which can provide some references for the in-depth study and prediction of ECAs in the
Northern Hemisphere.
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1  Introduction
An extratropical cyclone is an approximately elliptical baro-

clinic atmospheric eddy that occurs in mid-high latitudes where
the central air pressure is lower than the surroundings and has a
cold core that is not the same as that of tropical cyclones. It is an
important bridge for the transportation of moisture and mo-
mentum to polar regions from low latitudes and plays a critical
role in the global climate system. However, extratropical cyc-
lones are usually accompanied by severe weather, such as ex-
treme temperatures, heavy rainfall, severe storms, storm surges,
and other meteorological disasters (Averkiev and Klevannyy,
2010; Colle et al., 2015; Feser et al., 2015). It threatens the human
living environment, our lives, and property safety. Therefore, it is
of great significance to study the temporal and spatial distribu-
tion as well as the activity regularity and the variation trend of ex-
tratropical cyclones to understand the regional and global cli-
mates.

In recent decades, great efforts and progress have been made
in the long-term prediction and short-term forecasting of ex-

tratropical cyclone activity (ECAs). However, accurately forecast-
ing and predicting ECA is not straightforward, not only because
of the variability of extratropical cyclones and the uncertainty in
the physical properties of this complex three-dimensional weath-
er system, but also considering that some operational forecasting
systems have difficulty providing satisfactory forecasts beyond
7 d due to inherent predictability limitations (Froude, 2011; Mar-
shall et al., 2009; Maycock et al., 2011). Despite the use of weath-
er maps, satellite cloud images and other numerical forecasting
products have been extensively analyzed and verified, and the
prediction skill still needs to be improved further because of the
limitations of data, observations, improper models, and other
factors (Bengtsson et al., 2006; Pinto et al., 2006, 2007; Raible,
2007).

Geng and Sugi (2001) used objective methods and reana-
lyzed data from the European Centre for Medium-Range Weath-
er Forecasts (ECMWF) to study the intensity of the North Atlantic
(NA) extratropical cyclone. They realized that there is an increas-
ing trend as a result, which may be related to large-scale baro-  
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clinic waves in the troposphere and North Atlantic Oscillation
(NAO). There is a close relationship between the activity of ex-
tratropical cyclones in the Atlantic Ocean in winter and the NAO
(Fu et al., 2016). The high-frequency area of extratropical cyc-
lones during the positive phase of a NAO event is moving north-
ward and it is moving southward during the negative phase. The
study by Serreze et al. (1997) shows a certain connection between
cyclone activity in low-pressure areas of Iceland and NAO. When
NAO is significantly negative, the occurrence of cyclones in cold
seasons is twice that in normal years, and the intensity decreases,
but the location of the cyclone generation and the maximum
deepening rate of the cyclone are the same as those in normal
years. When the NAO phase is positive, there is no obvious in-
crease in cyclones in Iceland during the cold season, but the cyc-
lone activity in the area north of 60°N increases significantly in
both the cold and warm seasons, especially in the Arctic Ocean
and the waters near Canada. It is related to the reduced mean sea
level pressure (MSLP). Studies have shown that the NAO has in-
terannual and interdecadal variability characteristics (Gong et
al., 2002). Its weather-scale variability characteristics are an im-
portant factor influencing the interannual variability of extratrop-
ical cyclones in the NA (Luo et al., 2012).

In terms of changes in extratropical cyclones in the Northern
Hemisphere (NH), an empirical orthogonal function (EOF) ana-
lysis of variance statistics of the MSLP of ECA in the North Pacific
(NP) and NA was carried out. It was found that the frequency of
cyclone activity in North Atlantic/North America had obvious in-
terannual changes, and the overall trend was significant (Zhang
et al., 2012). However, the distribution pattern of the EOF at high-
er latitudes is opposite to that at lower latitudes. The North At-
lantic/North American region shows the characteristics of in-
creasing baroclinicity at higher latitudes and weakening baro-
clinicity at lower latitudes (Hall et al., 2015). This change in baro-
clinicity of the atmosphere may have caused the shifting charac-
teristics of storm tracks in the North Atlantic/North America to
higher latitudes (Knippertz et al., 2000).

Graham and Diaz (2001) used EOF to analyze the climatic
characteristics and changes in cyclones in the NP from 1958 to
2011 and found that the frequency and intensity of strong cyc-
lones increased significantly. Favre and Gershunov (2006) used
EOF to show that the intensity of extratropical cyclones in the
Northeast Pacific region has increased since the 1970s, and the
cyclone’s path has shifted to the south. The seasonal Aleutian low
pressure may cause the positive phase of the interdecadal oscilla-
tion in the NP, the positive anomaly of sea surface temperature
on the west coast of North America, and the negative anomaly of
the central Pacific pressure. In recent decades, scientists have
mainly used sea level pressure fields (Lionello et al., 2008;
Mendes et al., 2010) or geopotential height fields (Haak and Ul-
brich, 1996; Blender et al., 1997) to objectively identify and track
extratropical cyclones. These analysis methods have shortcom-
ings, for example, the surface pressure field is often affected by
large-scale systems such as the Icelandic low pressure, and fast-
moving weak systems are also covered by strong background air
currents such as subtropical jets. They cannot be objectively
judged and tracked until they develop strongly. Therefore, the in-
dex defined by sea level pressure and geopotential height field
can be favored for the slow-moving large-scale low-pressure sys-
tems (Hoskins and Hodges, 2002). In another way, Wallace et al.
(1988) defined ECA by applying a 24-h difference filter using
MSLP data called ECApp, shown as follows, where t is any time
step of the dataset. Hence ECA is quantified at each grid point by
the mean square of the 24-h difference of MSLP. The overbar rep-

resents averaging over time, which can be 1 week, 2 weeks, or 1
month.

ECApp = {(MSLP(t+  h)−MSLP(t)}. (1)

Its advantage is that the bandpass filter has half power points
at periods of 1.2 d and 6 d, which is an extratropical cyclone life
cycle, thus highlighting synoptic-scale information variability,
and so the 24-h MSLP variation statistics have been widely used
to quantify “storminess” (Alexander et al., 2005; Feser et al.,
2015). According to previous studies (Wallace et al., 1988), the
maxima from this filter usually occur over extratropical cyclone
high-frequency regions. Chang and Fu (2002) have shown that
this matrix can retain the synoptic time scale well, so variance
statistics can be used as an indicator of the ECA.

Based on previous studies, several phenomena can provide
sources for ECA predictability, including the El Niño-Southern
Oscillation (ENSO), polar vortex, Madden-Julian Oscillation
(MJO), and quasi-biennial oscillation (QBO) (Black et al., 2017;
DelSole et al., 2017; Garfinkel et al., 2018; Tian et al., 2017; Xiang
et al., 2019). ENSO could modulate ECA significantly in NH
(Eichler and Higgins, 2006; Zhang and Held, 1999). El Niño
events are associated with equatorward and eastward shifts of
boreal winter ECA over the Pacific, and ECA over North America
weakens, while La Niña events are associated with opposite
trends. ECAs over North America can be shifted due to the MJO
when tropical diabatic heating is at different locations, but the
MJO also has a significant impact on ECAs over the NP, the NA,
and North America (Guo et al., 2017; Lee and Lim, 2012) through
the MJO-induced Rossby waves that propagate into the mid-latit-
udes. The QBO generates variability of ECA in the upper tropo-
sphere in the NH, and the polar vortex in the NH stratosphere has
also been shown to influence ECA (Kidston et al., 2015; Scaife
et al., 2012), especially over the NA (Walter and Graf, 2005).
Moreover, the midlatitude jet is modulated by stratospheric wind
anomalies via the “downward control” mechanism (Haynes
et al., 1991), which results in enhanced or suppressed ECA due to
stronger or weaker zonal flow.

As we mentioned above, ECA in the NH is influenced by air
temperature, air pressure, and atmospheric circulation, espe-
cially at high latitudes. On the other hand, the variability of Arc-
tic sea ice has a significant impact on high latitude temperature,
pressure field and circulation (Chen and Sun, 2022a; Vihma,
2014). For example, previous studies have shown the role of Arc-
tic sea ice in global atmospheric circulation (Budikova, 2009;
Chen and Sun, 2023), the relationship between sea ice and NAO,
storms (Bader et al., 2011), and the significant correlation
between Greenland sea ice concentration anomalies and the
Eurasian mid- and high-latitude atmospheric circulation (Wu
et al., 2013). Arctic sea ice variability has a critical impact on mid-
and high-latitude climate change, especially on the frequency of
winter weather extremes in Eurasia (Chen and Sun, 2022b), but
there are few investigations into the analysis of the relationship
between ECA and sea ice. The changes in Arctic sea ice could af-
fect the ECA in the NH through some “bridges”, but the “bridges”
have not received sufficient attention thus far. Meanwhile, the
North Pacific Index (NPI) and NAO are indices of the Pacific and
Atlantic atmospheric circulation modes, which have significant
effects on the climate in the NH at middle and high latitudes, and
they will also have some connections to the ECA (Kaplan, 2011).
NPI is the average monthly sea level pressure anomaly in the
Aleutian low-pressure area near Alaskan Bay (30°−65°N, 160°E−
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140°W) (Trenberth and Hurrell, 1994). The main mode of atmo-
spheric circulation in the NP in winter shows the intensity
change of the Aleutian Low (AL). NPI is a sensitive index for this
mode, which can be used to reveal the variability of the NP sea
level pressure in the cold season. Negative (positive) NPI values
correspond to stronger (weaker) Aleutian low than average, as
well as increased south (north) winds in the eastern Pacific
Ocean and warmer (colder) temperatures on the west coast of
North America (Allan and Komar, 2006). To date, there has been
little research on the relationship between extratropical cyclone
activity and the NPI in the NP. Therefore, this paper focuses on
the relationship between the NH ECA and Arctic sea ice variabil-
ity to reveal the potential mechanism between them. Our re-
search intends to provide some references for an in-depth study
and prediction of ECA in the NH.

2  Data and methods

2.1  Data
The variables adopted include geopotential height, zonal

wind (u), meridional wind (v), and vertical wind (w) ranging from
10 hPa to 1 000 hPa, with 17 levels in total as well as MSLP, which
come from the ECMWF since it has the highest skill level for
nearly all cyclone properties, including cyclone position, intens-
ity, and propagation speed, which is 6 h ERA5 (Hersbach et al.,
2020) with a 1°×1° horizontal resolution from 1979 to 2021.
Moreover, we also use the monthly NAO index from Climate Pre-
diction Center, NOAA, as well as the monthly NPI from National
Center for Atmospheric Research.

According to the relevant description from the data source,
the NAO index is based on the surface sea-level pressure differ-
ence between the subtropical (Azores region) high and the sub-
polar low (Iceland), and the NPI is the area-weighted sea level
pressure in the region 30°−65°N, 160°E−140°W. Arctic sea ice con-
centration (ASIC) data were derived from the Hadley Center with
a horizontal resolution of 1° × 1° (Rayner et al., 2003) from 1951 to
2021.

2.2  Methods

2.2.1  Calculation of ECApp
As discussed in the introduction, ECApp is defined by apply-

ing a 24-h difference filter on MSLP data (Eq. (1)). The 24-h MSLP
change statistics have been widely employed to evaluate “stormi-
ness” due to the benefit that the bandpass filter includes half
power points at intervals of 1.2 d and 6 d, which is an extratropic-
al cyclone life cycle, highlighting synoptic time scale variability.
ECApp could highly correlate with precipitation and extreme
wind events in the NH, including parts of North America (Chang
et al., 2015; Ma and Chang, 2017) and much of Europe (Yau and
Chang, 2020). Thus, the variance statistics of MSLP (ECApp) can
be a good measure of ECA.

2.2.2  EOF analysis
EOF analyses are often used to study possible spatial patterns

of climate variability and how they change with time (Hannachi
et al., 2007). In statistics, one can project the original climate data
on an orthogonal basis, which is derived by computing the eigen-
vectors of a spatially weighted anomaly covariance matrix, and
the corresponding eigenvalues provide a measure of the percent
variance explained by each pattern. Therefore, we use EOF ana-
lysis to represent the spatial distribution and temporal changes in
ECA in our research.

2.2.3  Pearson correlation analysis
The proportion of the total variance in the observed data that

can be described by a linear model of the research variables is ex-
pressed by Pearson’s product-moment correlation coefficient,
also known as the Pearson coefficient. The value can be any-
where between −1 and 1, with greater absolute values suggesting
stronger interdependence between the variables (Benesty et al.,
2009). Here, we adopt this method to demonstrate the relation-
ship between ECA and NAO in the Atlantic sector and the link-
age between ECA and NPI in the Pacific sector, as well as the po-
tential links between ECA and Arctic sea ice.

2.2.4  Composite analysis
Composite analysis, also referred to as superposed epoch

analysis and conditional sampling, is a useful tool to help under-
stand the relationships among different phenomena and determ-
ine some of the basic structural characteristics of a meteorologic-
al or climatological phenomenon that are difficult to observe in
totality (Haurwitz and Brier, 1981; Laken and Čalogović, 2013).
We use the method to explain the internal connection between
the NPI and the NP ECA.

2.2.5  Singular value decomposition (SVD) analysis
SVD is a factorization of a real or complex matrix in linear al-

gebra. It applies the orthonormal eigenbasis square normal mat-
rix’s eigendecomposition to any m×n matrix (Kalman, 1996). It is
connected to polar decomposition and used in meteorology to
examine the interactions between two fields.

2.2.6  Calculation of the polar vortex index
The 550-dam contour of 500 hPa geopotential height is used

to define the southern boundary of the polar vortex in the Pacific
sector using the definition of the polar vortex by the National Cli-
mate Center of China Meteorological Administration (http://cm-
dp.ncc-cma.net/).

3  Results and discussion

3.1  The climatology and monthly standard deviation of the ex-
tratropical cyclones in the NH
Figure 1 shows the variation of the ECA climatology (Fig. 1a)

and standard deviation (Fig. 1b) in the NH, from which it can be
seen that the maximum value of the annual variation of climato-
logy occurs in winter (from December to February) (49.6 hPa2,
48.2 hPa2, 46.8 hPa2), while the minimum value occurs in sum-
mer (from June to August) (17.6 hPa2, 14.6 hPa2, 17.1 hPa2). The
maximum value of the standard deviation also occurs in winter
(66.4 hPa2, 64.8 hPa2, 63.3 hPa2), while the minimum occurs in
summer (23.9 hPa2, 19.3 hPa2, 23.2 hPa2)

3.2  Multiyear mean variability of extratropical cyclones in the NH
Figure 2 shows the spatial climatology and standard devi-

ation distribution of ECA in NH from 1979 to 2021.
The multiyear mean and winter ECAs mainly occur in the

middle and high latitudes in the NH (Figs 2a and b). The maxim-
um in the NH primarily appears in the NP and the NA, both in the
multiyear mean and winter, which are 85 hPa² and 140 hPa2, re-
spectively.

Figures 2c and d show the standard deviation distribution
characteristics of ECA in the multiyear mean and winter.
Through comparative analysis, the pattern is similar to the multi-
year mean (Fig. 1). The multiyear and winter maximum standard
deviations in the NH both appear in the NP and NA, which are
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140 hPa² and 170 hPa², respectively. The value in winter is higher
than that in multiple years.

The above analysis shows that ECA mainly occurs in winter.
Therefore, we will next focus on the characteristics of ECA
changes in winter.

To further determine the temporal and spatial variation char-
acteristics of extratropical cyclones in the NH, EOF analysis is ap-
plied to investigate the ECA of winter in the NH from 1979 to
2021. The results show that the contribution of the first mode of
ECA in the NH is 19.5%, and the contribution of the second mode
is 14.5% (Fig. 3).

It is shown that the spatial distribution of the first mode of
ECA in the NH is mainly a quasi-Arctic Oscillation (AO) pattern.
The second mode is centered on the North Pole, forming a di-
pole with the NA and NP. Meanwhile, Fig. 3c shows that the ECA
temporal distribution of the first mode slightly increases from
1979 to 2021, whereas the ECA spatial pattern of the second
mode demonstrates a weak decreasing trend during the period in
Fig. 3d. Moreover, according to the correlation analysis of ECA
and MSLP (Fig. 4), the changes of ECA are closely related to the
changes of MSLP in the NH, and the high correlation can be seen
in the high-frequency region of ECA in NP and NA. This shows
that MSLP variations make a vital contribution to ECA, which is
consistent with the prior result (Hannachi et al., 2007).

3.3  The relationship between NAO and ECA in the NH
The analysis of monthly ECA and NAO in the winter from

1979 to 2021 in the NH using the above calculation methods
(Fig. 5a) shows that the high correlation between NAO and ECA
changes occurs in the NA, North America to Greenland, and the
Eurasian continent, while there is a negative correlation between
these two in the Asia-Europe region and the southeastern United
States. There is also a positive correlation between them in the
Arctic region. Figure 5a depicts the dipole mode for the ECA in
the NA as well, and Fig. 3b’s dipole mode between the NP and the
Arctic-Pacific sector can be explained by the location of the
strong baroclinicity region and the westerly belt position, as Fu

et al. (2016) discovered for the dipole mode between the NA and
the Arctic-Atlantic sector.

It can be explained that the NAO has an important effect on
the change of the ECA in the North Atlantic, but the opposite pro-
cess is observed in the Arctic. That is, ECA appears to be less in
the North Atlantic when the NAO has a positive anomaly, while
ECA tends to increase in the Arctic. The mechanism is that when
the NAO is a positive anomaly, ECA will increase due to low pres-
sure in high latitudes and decrease due to high pressure in mid-
latitudes. In addition, due to an increase in the north-south pres-
sure difference, the meridional circulation is strengthened and
the westerly flow is strengthened and moved northward, which in
turn leads to more high-latitude ECAs and vice versa (Chiang
et al., 2014; Fu et al., 2016; Yang et al., 2022).

3.4  The relationship between NPI and ECA in the NH
As far as current research is concerned, the use of NPI to

study ECA is limited. As mentioned earlier, the maxima of ECA
occur mainly in the NP and NA, and the changes between them
are independent. Thus, we speculate that the changes in the NP
ECA may be related to the NP MSLP since the results of the ana-
lysis in Fig. 4 indicate that ECA is closely related to MSLP. For this
reason, we use the NPI that reflects the changes in the MSLP
pressure field in the NP to analyze and explore its relationship
with the NP ECA.

Figure 5b shows the correlation field between ECA in NH and
NPI in winter. The high correlation between ECA and NPI is loc-
ated in the NP and Arctic-Pacific sectors and central North Amer-
ica, and it shows an obvious dipole pattern. When the NPI has a
positive (negative) anomaly, the NP ECA will have a negative
(positive) anomaly, and the Arctic-Pacific sector and the ECA in
central North America will have a positive (negative) anomaly.
The results of this analysis show that the variations of ECA in the
NP and Arctic-Pacific sectors, as well as the central United States,
are strongly affected by the NPI.

To explain the internal relationship between the NPI and ECA
in the NP, we selected the 850-hPa geopotential height and u and
v wind components corresponding to the positive and negative
NPI maximum anomaly years from 1979 to 2019, respectively, for
composite analysis.

Figure 6 shows the composite analysis of the 850-hPa geopo-
tential height as well as the wind vector field corresponding to
NPI positive anomaly and negative anomaly. Figure 6a shows the
geopotential height and wind vector field corresponding to the
NPI positive anomaly years. When the NPI is in positive anomaly
years, the geopotential height of the NP Ocean is obviously high,
and a strong anticyclonic circulation appears. On the east side of
the anticyclonic circulation, there is a southward airflow, and the
southward dry and cold airflow has been driven from high latit-
udes to mid-latitudes. Figure 6b shows the geopotential height
and wind vector field corresponding to the NPI negative anom-
aly years. When the NPI is in negative anomaly years, the geopo-
tential height of the NP Ocean is obviously low, and strong cyc-
lonic circulation appears. On the east side of the cyclone circula-
tion, there is a southerly airflow, and the northward warm and
humid airflow is affected by the mid-latitude of the Pacific Ocean
to the high latitudes.

With the geopotential height and anticyclone (cyclone) circu-
lation field corresponding to the NPI positive and negative anom-
alies reflected in Figs 6a and b, this circulation will affect the oc-
currence of ECA in the NP through the meridional dry and cold
(warm and wet) air currents, respectively. When the NPI is a pos-
itive (negative) anomaly, the geopotential height of the NP is
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Fig. 1.   The monthly climatology (a) and standard deviation (b)
of the ECA in the NH for 1979−2021.
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higher (lower), and the anticyclone (cyclone) circulation guides
the high (middle) latitude dry and cold (warm and wet) airflow to
the south (north), leading to a decrease (increase) of frontal
activity in the mid-high latitudes of the NP, which eventually res-
ults in less (more) ECA in the NP.

3.5  Linkage between extratropical cyclones and Arctic sea ice
To understand the connection between the Pacific ECA and

Arctic sea ice, we conducted an SVD analysis of the Pacific ECA in
winter and Arctic sea ice in summer and autumn from 1979 to
2021, and the coupling results between them are shown in
Fig. 7. There is a close relationship between the Pacific ECA in
winter and the Arctic sea ice changes in summer and autumn.
From the spatial distribution of SVD, the Pacific ECA shows the
inverse phase variation in middle and high latitudes correspond-
ing to the inverse phase variation in the Pacific sector and the At-
lantic sector of the Arctic sea ice. The results of this Pacific ECA
spatial distribution are consistent with Zhang et al. (2012), while
the dipole distribution of the Arctic sea ice spatial distribution is
similar to the Arctic dipole (Overland and Wang, 2010; Chen
et al., 2016). The most significant regions for the coupling of the
two variables are mainly the Beaufort Sea, Chukchi Sea, East

Siberian Sea and the Laptev Sea in the Pacific sector, as well as
around Greenland and north of the NP and the Aleutian Islands.
In addition, the spatial distribution of the coupling of the two
variables shows that when there is a positive (negative) anomaly
in Arctic sea ice in summer and autumn, there is more (less) ECA
in the Pacific Ocean at mid-latitudes and less (more) ECA at high
latitudes. The coupling time series of the two variables show that
they both have the same phase change relationship, and the cor-
relation is significant (r = 0.72). That is, when there is anomal-
ously more (less) sea ice in summer and autumn, the Pacific ECA
will be anomalously more (less). From 1979−2021, both summer-
autumn Arctic sea ice and ECA show a decreasing trend, while
the decreasing rate of summer-autumn sea ice is slightly larger
than that of Pacific winter ECA.

The seasonal and annual characteristics of extratropical cyc-
lones in the NH have been analyzed and explored in the previous
section, revealing that extratropical cyclones in the NH mainly
occur in winter, and their maximum frequency occurs in the NP
and NA. The NPI and NAO are the critical factors affecting the oc-
currence of extratropical cyclones in the NP and NA, respectively.
Therefore, this section will focus on analyzing and exploring the
link between the abnormal changes of NPI and NAO and Arctic
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Fig. 2.   The multiyear mean (a) and winter mean (b) distribution of ECA and multiyear (c) and winter (d) standard deviation (std) of
ECA over the NH for 1979−2021 based on ERA5 reanalysis daily MSLP data.
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sea ice, expecting to reveal the mechanism of extratropical cyc-
lone generation in the NH.

To reveal whether there is a link between Arctic sea ice and
the NPI and NAO, the monthly Arctic sea ice concentration (AS-
IC) data from 1951−2021 are used for analysis with the NPI and
NAO. Considering that Arctic sea ice has a melt season in sum-
mer-autumn and a freezing season in winter each year, there is a
close relationship between sea ice changes in these two different
seasons and climate (Francis et al., 2009; Ghatak et al., 2010).
Therefore, summer-autumn and winter sea ice anomaly changes

are selected as the key seasons for analysis to explore the linkage
with the NPI and NAO. Figure 8 shows the correlation fields
between summer-autumn Arctic sea ice and NPI and winter Arc-
tic sea ice and NAO, and it can be seen that the sea ice changes
that are strongly correlated with NPI and NAO are both in the Pa-
cific sector (reaching the 95% confidence level), the Chukchi Sea
and the Beaufort Sea. Figure 8a shows the correlation field
between Arctic summer and autumn sea ice and winter NPI,
which have an inverse phase correlation. Figure 9b shows the
correlation field between winter sea ice and winter NAO, and
there is the same phase correlation between them. This relation-
ship indicates that when there is an abnormally high (low)
amount of sea ice in summer and autumn, there will be an ab-
normally low (high) change in the NPI in the winter of that year.
In contrast, when there is an abnormally high (low) amount of
sea ice in winter, there is a positive (negative) change in the NAO
phase in winter of that year.

Further studies have revealed that in different seasons, the
abnormal sea ice in the key Arctic region influences ECA over the
different regions. The key area in Fig. 8a (green area) is the high
correlation field for winter NPI and summer/fall ASIC; the key
area in Fig. 8b (green area) is the high correlation field for winter
NAO and winter ASIC. Figures 9a and b show the composite 500-
hPa geopotential height field reflecting the spatial distribution of
geopotential height anomalies as well as polar vortex and jet
stream intensity changes for anomalously more (less) sea ice in
the Arctic key region in summer and autumn. That is, when the
Arctic key area sea ice has positive anomalies in summer and au-
tumn, there are significant negative anomalies in geopotential
height in the NP region, and positive anomalies in Eurasia, North
America and the Nordic continent. Anomalous low pressure will
occur at sea surface level in the NP, and ECA will increase. When
the Arctic key area sea ice is a negative anomaly in summer and
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Fig. 3.   The EOF spatial patterns and the time series of ECA in the NH in winter (from December to February). a and b are spatial pat-
terns of the Mode 1 (19.5% of the total variance) and the Mode 2 (14.5% of the total variance); c and d are the time series of the Mode 1
and Mode 2.

 

−0.8 −0.6 −0.4 −0.3 0 0.3 0.4 0.6 0.8

90°

90°

180° 0°
W

E

W

E

r
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autumn, the NP region shows a significant positive anomaly in
geopotential height, and the Eurasian, North American and Nor-
dic continents show a negative anomaly. Anomalous high pres-
sure will occur on the NP sea surface, and ECA will decrease.

In addition, when there is a positive anomaly of sea ice in the
key area in summer and autumn, the position of the southern

boundary of the polar vortex in the Pacific sector is southward,
and the westerly jet stream in the Pacific Ocean is strengthened
and expands southward and eastward. When negative anomalies
occur in the key area in summer and autumn, the position of the
southern boundary of the Pacific sector polar vortex is north-
ward, and the Pacific westerly jet stream is weakened and moves
northward and westward.

The strengthening and weakening of the Pacific westerly jet
stream play an important role in the Pacific ECA (Luo et al., 2007;
Sanders and Gyakum, 1980; Yoshida and Asuma, 2004), and
when the jet stream strengthens and moves southward, the NP
ECA becomes more frequent (Kobashi et al., 2019). When the Pa-
cific jet stream weakens and withdraws northward, the NP ECA
decreases. This result suggests that there is an important influ-
ence of Arctic sea ice change in the key areas in summer and au-
tumn on the Pacific ECA and that the polar vortex and westerly
jets are important mechanisms leading to ECA in the Pacific re-
gion during winter.

However, as mentioned previously, in different seasons, the
abnormal sea ice in the key Arctic region influences ECA over the
different regions. Figures 9c and d show the spatial distribution of
the composite 500-hPa potential height field reflecting the poten-
tial height anomalies as well as the changes in the intensity of the
polar vortex and jet streams for the anomalously more (less) sea
ice in the Arctic key region in winter. When anomalously more or
less sea ice occurs in the key Arctic region in winter, the 500-hPa
geopotential height field appears to have a completely opposite
spatial distribution, similar to the positive and negative NAO
phases (Donat et al., 2010). When there is a positive anomaly of
sea ice in the key area during wintertime, the southern boundary
of the polar vortex in the Atlantic sector northward and the North
American jet streams are weakened and shift northward. When
there is a negative sea ice anomaly in the key area in winter, the
southern boundary of the Atlantic sector polar vortex is south-
ward, and the North American jet stream strengthens and moves
southward.

The mechanism of the influence of the North American west-
erly jet on the Atlantic ECA is the same as that of the Pacific west-
erly jet on the Pacific ECA. In other words, when the jet streng-
thens and moves south, the mid-latitude ECA will become more
frequent, while the high latitude ECA will decrease. When the jet
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stream weakens and withdraws northward, the mid-latitude ECA

will decrease, while the high-latitude ECA will increase. From

this, it can be concluded that Arctic sea ice changes in the key re-

gion during winter have an important influence on the Atlantic

ECA.

To further analyze the process of sea ice changes in the Arctic

key region on NPI and NAO, a total of 43 years of Arctic sea ice

and MSLP data from 1979−2021 were selected based on the cri-

terion of anomalous changes in Arctic sea ice up to one standard

deviation, and years of positive and negative anomalies in the key
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region sea ice and the corresponding winter MSLP in NH were
selected for composite analysis. Figure 10 shows the spatial dis-
tribution characteristics of the NH MSLP, the meridional circula-
tion, and the time-series variation curves of the Arctic sea ice and
NPI in the key region corresponding to the positive (negative) an-
omalies of the Arctic sea ice. When the sea ice in the key region of
the Arctic is a positive anomaly, the negative anomaly MSLP in
the NP region is obvious, while the sea ice in the key region is a
negative anomaly, the positive anomaly sea level pressure field in
the NP region is obvious. The regions with positive and negative
anomalies of MSLP extremes in the NP region happen to be the
regions where ECA occurs most frequently. Figures 10c and d
show the altitude-longitude profiles after latitudinal averaging
(170°−135°W). In the altitude-longitude profile, when the Arctic
sea ice is a positive anomaly, a positive anomaly appears in the
high latitude pressure, while a negative anomaly appears in the
middle and low latitudes, with a sinking flow at high latitudes, an
updraft at middle latitudes, and a strong cyclonic circulation at
middle and low latitudes. In the altitude-longitude profile, when
Arctic sea ice is a negative anomaly, negative anomalies appear
in the high latitude pressure, while positive anomalies appear in

the middle latitudes, with updrafts at high latitudes, downdrafts
at middle latitudes, and a strong anticyclonic circulation at
middle and low latitudes.

Figure 11a shows the long-term variation of sea ice anom-
alies in the Arctic key region and the NPI variation. It can be
found that there is an obvious inverse phase relationship
between them, and when there is abnormally high (low) sea ice
in the Arctic key region, there will be a negative (positive) anom-
aly in the NPI, which will lead to a high (low) frequency of the NP
extratropical cyclone.

Similarly, the analysis of sea ice changes in the Arctic winter
key region and winter NAO shows that there is a positive correla-
tion between them, i.e., when there is more (less) sea ice in the
key region in winter, there will be positive (negative) changes in
the NAO phase in winter, and the positive (negative) NAO phase
has an important role in stimulating extratropical cyclone out-
breaks in the NA, resulting in the less (more) frequent occur-
rence of extratropical cyclones in the NA (Fig. 11b).

4  Conclusions
In summary, the maximum value of the multiyear mean and
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Fig. 9.   Spatial distribution of the geopotential height anomaly, polar vortex intensity, and westerly jet intensity at 500-hPa corres-
ponding to the key area ice variation anomaly in summer and autumn (a, b) and winter (c, d). The distribution corresponding to the
positive sea ice anomaly (a, c); the distribution corresponding to the negative sea ice anomaly (b, d). The purple closed curve is the cli-
matology of the polar vortex range in winter (550 gpm), and the green closed curve is the polar vortex variation corresponding to the
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speed of the jet (m/s).
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standard deviation of ECA occurs in the winter in the middle and
high latitudes of the NH. The ECA changes in the NH mainly oc-
cur in the NP and NA regions, with the highest frequency occur-
ring in winter. The MSLP anomaly is an important factor that af-
fects the frequency and region of ECA. The spatial distribution
characteristic of the first mode of ECA in the NH is mainly a
quasi-AO pattern. The spatial distribution characteristic of the
second mode of ECA is centered on the North Pole and forms a

dipole with the NA and NP, respectively. The time series trends of
the first and second modes for ECA in NH are both not obvious
from 1979 to 2021.

The ECA maximal variations in the NP and the NA are inde-
pendent of each other. The trend of the largest variance area of
ECA in the NP is small, while the trend of the largest variance
area of ECA in the NA shows a slight decrease. The ECA in the At-
lantic sector (middle latitude and high latitude) and Eurasia are
mainly affected by the same period of NAO, and the ECA in the
NP and the Arctic in Pacific sectors, as well as the central United
States, are mainly affected by NPI.

The process of NAO influence on the NA ECA is mainly
through the changes in the pressure field affecting the ECA vari-
ations in the middle and high latitudes. In addition, the NAO
change anomaly can affect the meridional circulation variation,
which will lead to the strengthening (weakening) of the westerly
jet and the southern (northern) movement, which ultimately af-
fects the spatial distribution of ECA.

The influence of the NPI on ECA in the NP mainly affects the
higher (lower) geopotential height field in the NP, which tends to
form anticyclonic (cyclonic) circulation and then influences the
frontal activity at mid-high latitudes through the meridional dry
and cold (warm and wet) air currents. This process eventually
leads to a decrease (increase) of ECA in the NP.

The maximum ECA in the NH is located in the NP Ocean and
the NA Ocean, and there are different mechanisms of ECA in
these two regions. The ECA in the NP region is mainly influenced
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Fig. 10.   The results of a composite analysis of more ice years and less ice years. a and b are the NH MSLP corresponding to more and
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Fig. 11.   The variation curves of summer-autumn ASIC in the key
area and NPI in winter (a). The variation curves of winter ASIC in
the key area and NAO in winter (b).
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by the NPI, while the ECA in the NA region is mainly influenced
by the NAO. In turn, the ECAs in the NP and NA are closely re-
lated to the sea ice in the key Arctic regions during different sea-
sons. The ECA in the NP is mainly related to Arctic sector sea ice
changes in early summer and autumn, while the ECA in the NA is
mainly related to sea ice in the key Arctic regions in winter.

The physical mechanism by which abnormal changes in Arc-
tic sea ice affect NP and NA extratropical cyclones can be ex-
plained as follows respectively. When there are positive anom-
alies (negative anomalies) in summer and autumn sea ice, there
are negative anomalies (positive anomalies) in the pressure
gradient of mid-high latitudes, and the NPI shows a negative
phase (positive phase) and the AO shows a negative phase (posit-
ive phase), resulting in the increase (decrease) of ECA in the NP.
When the winter sea ice has a positive anomaly (negative anom-
aly), the Polar vortex has a positive anomaly (negative anomaly),
the NAO shows a positive phase (negative phase), and the
strength of the Polar Front Jet stream shows a positive anomaly
(negative anomaly), resulting in an increase (decrease) of NA
ECA (Fig. 12).
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Fig. 12.   The linkage between Arctic sea ice variability and the
NH ECA. “+” and “−” indicate positive and negative anomalies.
 

The innovation of this paper is reflected in the first explora-
tion of the relationship between the occurrence of tropical cyc-
lones in the Northern Hemisphere and the abnormal changes of
Arctic sea ice, and it is proposed that the abnormal changes of
Arctic sea ice are an important mechanism causing ECA in the
NP and NA. This will provide a theoretical basis for the further
study and prediction of extratropical cyclones. However, there
are still some unresolved issues in this paper. Although statistical
analysis is used to propose the potential mechanism, such as the
influence of the NPI on the ECA in the NP, it is still necessary to
use numerical models for investigation in the next step.
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