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Abstract Autumn Arctic sea ice has been declining since the beginning of the era of satellite sea ice observations. In this study,
we examined the factors contributing to the decline of autumn sea ice concentration. From the Beaufort Sea to the Barents Sea,
autumn sea ice concentration has decreased considerably between 1982 and 2020, and the rates of decline were the highest around
the Beaufort Sea. We calculated the correlation coefficients between sea ice extent (SIE) anomalies and anomalies of sea surface
temperature (SST), surface air temperature (SAT) and specific humidity (SH). Among these coefficients, the largest absolute value
was found in the coefficient between SIE and SAT anomalies for August to October, which has a value of —0.9446. The second
largest absolute value was found in the coefficient between SIE and SH anomalies for September to November, which has a value of
—0.9436. Among the correlation coefficients between SIE and SST anomalies, the largest absolute value was found in the coefficient
for August to October, which has a value of —0.9410. We conducted empirical orthogonal function (EOF) analyses of sea ice, SST,
SAT, SH, sea level pressure (SLP) and the wind field for the months where the absolute values of the correlation coefficient were the
largest. The first EOFs of SST, SAT and SH account for 39.07%, 63.54% and 47.60% of the total variances, respectively, and are
mainly concentrated in the area between the Beaufort Sea and the East Siberian Sea. The corresponding principal component time
series also indicate positive trends. The first EOF of SLP explains 41.57% of the total variance. It is mostly negative in the central
Arctic. Over the Beaufort, Chukchi and East Siberian seas, the zonal wind weakened while the meridional wind strengthened.
Results from the correlation and EOF analyses further verified the effects of the ice—temperature, ice—SH and ice—SLP feedback
mechanisms in the Arctic. These mechanisms accelerate melting and decrease the rate of formation of sea ice. In addition, stronger
meridional winds favor the flow of warm air from lower latitudes towards the polar region, further promoting Arctic sea ice decline.
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1 Introduction since 1979 for all months of the year and the long-term

decline is more pronounced over the autumn months
Monthly Arctic sea ice extent (SIE) has been decreasing (September, October, November) (Perovich et al., 2020).
The increase in melt season length (Belchansky et al., 2004;
Gui et al., 2019) and the rapid decline of SIE (Comiso et al.,
2008; Wu et al., 2012) are both related to Arctic warming
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(Stroeve et al., 2014; Lind et al., 2018). The rate of Arctic
warming is twice the average global rate of warming
(Cohen et al., 2014; Ballinger et al., 2020; Timmermans and
Labe, 2020), and is referred to as Arctic amplification (Ding
etal., 2017).

Arctic sea ice decline is a result of various processes,
including changes in atmospheric circulation (Ogi and
Rigor, 2013; Serreze and Stroeve, 2015), oceanic circulation
(Ogi et al., 2008) and cloud cover (Lindsay et al., 2008;
Letterly et al., 2016; Huang et al., 2019). Ding et al. (2017)
indicated that trends in summertime atmospheric circulation
may have contributed as much as 60% to the September SIE
decline since 1979. This is because the troposphere over
Greenland and the Arctic Ocean has a barotropic structure,
and a stronger anticyclonic circulation has made the lower
troposphere warmer and wetter, increasing the downward
longwave radiation over the ice. Ogi and Rigor (2013)
demonstrated that the winter westerly jet over the Beaufort
Sea has contributed to accelerated decreases in the sea ice
cover to the east of Europe and north of Alaska. The
interannual variation of September SIE in the Arctic Ocean
is associated with summer sea level pressure (SLP) and
surface air temperature (SAT) at high northern latitudes, and
the years with low September SIE are characterized by
anticyclonic circulation anomalies (Ogi and Wallace, 2007).

The variations in sea ice volume can be explained
reasonably well by the anomalous exchanges of sea ice, air,
and water between the North Atlantic and the Arctic
(Goosse et al., 2004). A strong jet or high jet latitude
increases the sea ice fraction over the Labrador Sea and
decreases the sea ice fraction along the eastern side of
Greenland (Ma et al., 2020). Lindsay et al. (2008)
investigated the connection between changes in sea ice and
cloud cover over the Arctic seas during autumn. They
showed that the retreat of sea ice was associated with a
decrease in cloud cover in the lower layer and an increase in
cloud cover in the middle layer. Although these studies have
identified several factors contributing to the general
observed decline in sea ice, factors contributing to sea ice
decline at specific times of the year, such as the month of
September, have yet to be investigated.

Ogi et al. (2016) reported that the interannual
variability of September SIE since 2007 is related to the
surface temperatures of the Beaufort Sea, the Chukchi Sea
and the East Siberian Sea. The Arctic Oscillation (AO) is
the leading empirical orthogonal function (EOF) of the
wintertime SLP, and is a large scale mode of climate
variability (Thompson and Wallace, 1998). Changes in the
AO have led to increased cyclonic activities in the Arctic
region, accelerating sea ice decline (Rigor et al., 2002;
Nakamura et al., 2015). The melting and freezing of Arctic
sea ice are significantly correlated with the seasonal
strength of the AO (Belchansky et al., 2004; Yang et al.,
2016). Nakamura et al. (2015) showed that the recent
reduction in November SIE has led to more negative phases
of AO and North Atlantic Oscillation (NAO) in early and

late winter. Moreover, positive AO and positive NAO
contribute to reduction in winter sea ice, while the positive
Pacific/North American Pattern (PNA) contributes to
reduction in summer sea ice ( Zhang et al., 2020). Sea ice
thickness and net surface longwave radiation are also
significant drivers of rapid sea ice decline (Markus et al.,
2009; Urrego - Blanco et al, 2019). Kwok (2018)
summarized the large-scale changes in ice thickness, ice
volume and multiyear ice coverage and concluded that the
Arctic ice cover has thinned. Urrego - Blanco et al. (2019)
reported a positive correlation between SIE and net surface
longwave radiation in the melting season and a negative
correlation in the freezing season. Studies have also used
EOF analysis to investigate atmospheric influences on
Arctic sea ice (Liang et al., 2020; Platov et al., 2020). To
improve our understanding of Arctic sea ice decline, this
study uses EOF analysis to examine the relationships
between Arctic sea ice and different dynamic and
thermodynamic variables over the periods of July to
September, August to October and September to November.
By examining lower atmospheric and upper oceanic
circulations in the Arctic region in autumn, we aim to
identify factors contributing to the rapid decline in Arctic
sea ice in autumn. In Section 2, we present our methods and
data sources. In Section 3, we describe the long-term trends
of Arctic sea ice in autumn, and investigate the influences
of sea surface temperature (SST), SAT, specific humidity
(SH), SLP and wind fields on SIE decline in autumn.
Conclusions and discussion are presented in Section 4.

2 Data and methods

We used National Oceanic and Atmospheric Administration
(NOAA) optimum interpolation (OI) SST Version 2 (V2)
monthly mean SST and sea ice concentration (SIC) data,
which have spatial resolutions of 1°x1°, and the temporal
coverage is from December 1981 to April 2021. Monthly
SIE data were obtained from the National Snow and Ice
Data Center (NSIDC) for the period November 1978 to
April 2021 (Fetterer, 2017). Surface air temperature, SLP,
surface winds and SH were obtained from the National
Center for Atmospheric Research/ National Center for
Atmospheric Research (NCEP/NCAR) Reanalysis 1 project.
The data have spatial resolutions of 2.5°%2.5° and cover the
time period from January 1948 to April 2021. All the
selected variables are distributed from 60°N to 90°N and
covered the period from 1982 to 2020. The period analyzed
in this paper was chosen for when all data products were
available.

Empirical orthogonal function analysis is used in
meteorological and climate studies to analyze the spatial
and temporal variability of single geophysical fields
(Thompson and Wallace, 1998). It is also known as space—time

decomposition, whereby X ZEOmem X P men; m refers to
the location in space, n indicates the length of the time
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series, EOF corresponds to the spatial patterns of variability,
and PC is the principal component (PC) and corresponds to
the temporal patterns of variability. The EOFs are also
known as the spatial modes. They reflect the spatial
distribution of the factor field, and their values represent the
degree of variability. The PC is also known as the time
coefficient, and reflects the weight change of the
corresponding spatial mode with time.

3 Results

Figure 1 shows the spatial distribution of autumn SIC
anomalies. Over most parts of the Arctic, sea ice in the
autumn retreated considerably between 1982 and 2020. The
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decline was mainly concentrated in the Beaufort Sea, the
Chukchi Sea, the East Siberian Sea, the Laptev Sea, the
Kara Sea and around the Barents Sea, and was the most
pronounced in the Beaufort and Chukchi seas (Figure la
and 1b). The decline of Arctic sea ice in autumn is related to
many factors. Here, we consider the contributions of SST,
SAT, SH, SLP and the wind field to rapid decline of autumn
sea ice.

Temperatures over the Arctic Ocean can influence
Arctic sea ice directly through positive ice—temperature
(SST or SAT) feedbacks. Changes in temperature also lead
to changes in SH, SLP and wind, influencing Arctic sea ice
through positive feedbacks between ice and SLP, wind or
SH.
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Figure 1 a, A map of the Arctic with major sea areas labeled; b, Arctic sea ice concentration anomalies for September, October and
November (Sep—Nov) 2020 relative to Sep—Nov 1982. Gray shading indicates land.

We calculated the correlation coefficients between
autumn SIE anomalies and the anomalies of SST, SAT and
SH, respectively (Table 1). The correlation coefficients
were calculated for three periods: July to September
(Jul-Sep), August to October (Aug—Oct) and September to
November (Sep—Nov). We use these broad and overlapping
time periods to determine the periods with the highest
coefficients for subsequent EOF analysis. Table 1 shows
that SST, SAT and SH were all strongly negatively
correlated with SIE. Absolute values of the Pearson
correlation coefficients between the SIE anomalies and the
SST and SAT anomalies were the largest in Aug—Oct. The
absolute value of the correlation coefficient between
autumn SIE anomalies and SH anomalies was the largest in
Sep—Nov.

Table 1 Correlation coefficients between Arctic sea ice extent
anomalies in autumn and sea surface temperature
(SST), surface air temperature (SAT) and specific
humidity (SH) anomalies

Coefficients

Months

SST SAT SH
Jul-Sep —0.9207 —0.9347 —0.8540
Aug—Oct —0.9410 —0.9446 -0.9259
Sep—Nov —0.9371 —0.9240 —0.9436

We analyzed the time series of SIE anomalies in
autumn, the SST and SAT anomalies in Aug—Oct and the
SH anomalies in Sep—Nov (Figure 2). Arctic SIE decreased
over the 39 years of the study period. The rate of decrease
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was considerably higher after 2001. Linear regression
analysis of SIE indicates that the rate of SIE decrease over
2002-2020 was almost twice that over 1982-2001. Years of
low SIE mostly coincided with years of high SST, SAT and
SH. Autumn SIE was at record low in 2007, 2012 and 2016.
During these years, high SST, SAT and SH were recorded.
The relationships shown in Figure 2 further corroborate the
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negative correlations presented in Table 1. However, the
correlation coefficients and time series provide insufficient
information to explain the relationships between SIE and
SST, SAT and SH. Therefore, we conducted EOF analyses
to Dbetter understand the factors and mechanisms
contributing to the rapid decline of Arctic autumn sea ice
over the past 39 years.
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Figure 2 Average of Arctic SIE anomalies in autumn, SST anomalies in Aug—Oct, SAT anomalies in Aug—Oct, SH anomalies in Sep—Nov
from 1982 to 2020. The sloping red lines in Figure 2 depict the SIE linear trends that fit over the time periods 1982-2001 and 2002-2020.

To further investigate the relationship between SST in
Aug—Oct and Arctic sea ice in autumn, we conducted an
EOF analysis of SST in the Arctic region. We focused on
Aug—Oct because the correlation between SST and sea ice
was the strongest during this period (Table 1). We examined
the first EOF, which explains 39.07% of the total variance,
and is the spatial pattern that explains the most variance of
the data. The first EOF and the corresponding PC time
series are shown in Figures 3a and 3d, respectively. In
Figure 3a, positive values indicate SST increase while
negative values indicate SST decrease. In areas covered by
sea ice all year round, SST variation is zero. Between 1982
and 2020, SST increased in the Beaufort Sea, the East
Siberian Sea, the Barents Sea, the Kara Sea and Laptev Sea
where there was also a pronounced decrease of Arctic sea
ice. Combining Figure 3a with Figure 3d, we found that
SST mainly increased over the 39 years of the study period.
The time coefficient changed from negative to positive
around 2002, indicating that the mean SST over the entire
study period was higher than the mean SST over the first
part of the period prior to 2002 and was lower than the
mean SST over the second part of the period after 2002.
Small peaks in the time coefficient in 2007 and 2016 are
consistent with the time series shown in Figure 2.

SST is an important indicator of sea ice feedback
mechanisms. The first EOF of SST is mostly positive along
the coast of the Arctic Ocean. Through the positive ice—SST
feedback, SST leads to sea ice decrease along the coast,

increasing the area of open water. Because the albedo of
open water is much lower than that of sea ice, more sunlight
is absorbed by the ocean surface, resulting in increase in
absorption and decrease in reflection of solar radiation. As a
result, the SST increases, heat is transferred to nearby sea
ice that has remained intact, and leads to further melting of
the ice. As the main variable of surface atmospheric
circulation, SAT plays an important role in the melting and
freezing of sea ice. We conducted an EOF analysis of SAT
in the Arctic region in Aug—Oct between 1982 and 2020.
The first EOF accounts for 63.54% for the total variance.
The first EOF and the corresponding PC time series are
shown in Figures 3b and 3d, respectively. In the Beaufort
and East Siberian Seas, the first EOF is large and positive in
Aug—Oct, and is consistent with the spatial distribution of
SIE decline (Figure 1b). By combining Figure 3b with
Figure 3d, we found that the SAT mainly increased over the
study period. We also found a lag between SAT and SIE,
similar to that between SST and SIE. Temperature increases
prior to and including month X were associated with sea ice
decline in month X, while sea ice decline in month X was
also associated with temperature increase in month X+/,
indicating the presence of a positive ice—-SAT feedback
mechanism. As the main variable of surface atmospheric
circulation, SAT has a direct impact on the melting of sea
ice. It also affects the SLP, the wind field and the SH, which
in turn influence the melting of sea ice. Upwelling
longwave radiation is a component of the sea surface heat
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budget. It is a function of sea surface water temperature,
atmospheric water vapor content and other variables. SH is
the ratio of water vapor mass to total moist air mass. It also
plays an important role in the melting of sea ice. As SAT
increased, regions with relatively high SH (Figure 3c) also
experienced relatively large decreases in SIC. When the
moisture content in the air is high, relative humidity
increases even if the temperature remains unchanged. The
outgoing long-wave radiation from surface to outer space
increases, and the significant reradiation of the sea surface
decreases, resulting in the increase of SAT and SST (Cui et
al., 2015). Therefore, SH also has an indirect effect on sea
ice through its influence on temperature. As sea ice melts, it
releases water vapor into the atmosphere. As open water
area increases, evaporation increases, which further

June (2021) Vol. 32 No. 2

increases the water vapor content in the air, reinforcing the
relationship between SH increase and SIC reduction. The
first EOF of SH and the corresponding time coefficient are
shown in Figures 3c and 3d, respectively. The first EOF
explains 47.60% of the total variance, and is positive over
the main regions of sea ice decline. It is large and positive
in autumn in the Chukchi Sea, the East Siberian Sea, the
Kara Sea and the Barents Sea. The corresponding time
coefficient shows that SH mainly increased over the 39
years of the study period (Figure 3d). The corresponding
time coefficients of SST, SAT and SH show roughly the
same pattern. They changed from negative to positive
around 2002. In particular, mean SST, SAT and SH over the
last 18 years of the study period were higher than mean SST,
SAT and SH over the entire study period.
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Figure 3 The first EOFs of (a) SST in August, September and October (Aug—Oct), (b) SAT in August, September and October (Aug—Oct),
(¢) SH in September, October and November (Sep—Nov), and (d) the corresponding PC time series of SST, SAT and SH. All analyses were

conducted for 1982-2020. Gray shading indicates land.

In addition, SLP and the wind field also play important
roles in the melting of Arctic sea ice. Therefore, we
conducted an EOF analysis of SLP and the wind field in

Aug—Oct. The first EOF of SLP accounts for 41.57% of the
total variance. The first EOFs of zonal wind and meridional
wind account for 25.22% and 30.96% of the total variance,
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respectively. The first EOFs of the SLP, zonal wind and
meridional wind in the Arctic region in Aug—Oct between
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1982 and 2020 and their corresponding PC time series are
shown in Figure 4.
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Figure 4 The first EOFs of (a) SLP, (b) zonal wind, (¢) meridional wind in the Arctic in August, September and October (Aug—Oct), and
(d) the corresponding PC time series. All analyses were conducted for 1982-2020.

The first EOF of SLP in Aug—Oct indicates the
presence of a low pressure pattern over the Arctic
(Figure 4a), with surface winds blowing from the
Norwegian Sea and the Greenland Sea to the Arctic Ocean.
We compared the first EOF of SLP with SIC decline and
found that SLP decreased in areas of SIC decline. The first
EOFs of SST and SH are strongly positive over the North
Atlantic. The low pressure pattern over the Arctic brought
warm seawater and moist air from the North Atlantic to the
Arctic, causing considerable decrease in sea ice.

We analyzed the first EOFs of zonal wind and
meridional wind. The EOF of zonal wind exhibits a
relatively uniform distribution over the Arctic Ocean, and
variability is the largest around the North Pacific Ocean. It
is mainly negative over the Laptev Sea, the East Siberian
Sea, the Chukchi Sea and the Beaufort Sea in Aug—Oct, and
is positive over Europe, most of Russia and the North

Atlantic. The EOF of meridional wind in Aug—Oct exhibits
two distinct patterns. It is negative from the North Atlantic to
the North Pole, and positive from the North Pacific to the
North Pole. We compared the wind field with SIC, and found
that enhancement of meridional wind and weakening of zonal
wind resulted in warm air blowing from high pressure to low
pressure areas and towards the polar region. Over the
Chukchi Sea, the strengthening of meridional wind and
weakening of zonal wind cause heat to flow in from the
Pacific Ocean. SST increases and the freezing rate decreases
during the early stages of freezing. Sea ice decline in the East
Siberian Sea, the Beaufort Sea, the Laptev Sea and the Kara
Sea is accelerated, forming feedback mechanisms between
sea ice and SLP and the wind field.

Figure 5 summarizes the positive and negative
ice—SST, ice—SAT, ice-SH and ice-SLP feedback
mechanisms that we have examined and verified through
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EOF analyses of SST, SAT, SH, SLP and the wind field.
Temperatures can influence the melting of sea ice, creating
ice—temperature (SST or SAT) feedbacks. Temperature
increase leads to the melting of sea ice, which increases the
area of open water and leads to further melting of sea ice.
The decrease in albedo and increase in the absorption of
shortwave radiation lead to cloud formation or atmospheric
warming. This further increases downward and upward
longwave radiation. Changes in temperature and sea level
lead to changes in ocean -currents, which influence
atmospheric circulation through air—sea interactions, and in
turn, impact sea ice. As temperature rises, evaporation
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increases, leading to an increase in the amount of water
vapor in the atmosphere. With more water vapor, the
atmosphere absorbs more longwave radiation, leading to
temperature increase and acceleration of the melting of sea
ice, thus, creating a positive ice-SH feedback. When the
SLP decreases, the cyclonic circulation pattern formed by
the low pressure center over the Arctic results in the
weakening of the zonal wind and strengthening of the
meridional wind. This counterclockwise circulation brings
warm and moist air from the lower latitudes into the Arctic,
accelerating the melting of sea ice and forming a positive
ice—SLP feedback.
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Figure 5 The feedback mechanisms of SST, SAT, SH, SLP and wind field with sea ice.

4 Conclusions and discussion

We investigated the decline of Arctic sea ice between 1982
and 2020 using NOAA OI SST V2 data. In terms of the
spatial distribution of sea ice decline, linear regression
analysis indicates a negative trend in SIC in most parts of
the Arctic Ocean. Sea ice has been clearly declining in the
Beaufort and Barents seas, and the rates of decline were the
highest in the Beaufort Sea. The correlation coefficients
between SIE anomalies and anomalies of SST, SAT and SH
were calculated for different periods (Table 1). Results
show negative correlations between sea ice and the other
variables. The absolute values of the correlation coefficients
are highest for Aug—Oct. Therefore, to identify the factors
contributing to sea ice decline, we focused our analysis on
these months, and examined the time series of the different
variables. We found that the SIE decreased in Sep—Nov,
SST and SAT clearly increased in Aug—Oct, and the SH
clearly increased in Sep—Nov.

Furthermore, we conducted EOF analyses of SLP, the
wind field and other variables for the same months. The
first EOFs of SST, SAT and SH account for 39.07%,
63.54%, 47.60% of the total variances, respectively.
Positive values are mainly concentrated between the
Beaufort and Barents Seas. The PC time series indicate
positive trends. These results verify the existence of the

positive ice—SST, ice—SAT and ice—SH feedbacks in the
Arctic. These feedback mechanisms contribute to the rapid
sea ice decline observed in different months. The first EOFs
of SLP, zonal wind and meridional wind explain 41.57%,
25.22%, 30.96% of the total variances, respectively. A low
pressure center over the Arctic Ocean results in the
weakening of the zonal wind over the Beaufort, Chukchi
and East Siberian seas, reducing the resistance to warm
winds blowing from the lower latitudes. The meridional
wind also strengthens in these areas, verifying the ice—SLP
feedback mechanism in the Arctic. The combined effects of
these feedback mechanisms contribute to the rapid melting
of autumn sea ice in the Arctic.

We conclude that increases in SST, SAT and SH, as
well as changes in SLP and near-surface winds all impact
the melting of sea ice. In this study, we examined four
feedback mechanisms. Other factors also affect the melting
of sea ice. These include the polar vortex in the troposphere
(Overland and Wang, 2016; Savelieva, 2020), sea ice age
and ice thickness (Spreen et al., 2011; Serreze and Meier,
2019). These factors also have impacts on climatic changes
(Kim et al., 2013) and need to be investigated further. Our
analysis was based on observational data. Future studies can
also include numerical atmospheric models to further
investigate the relationships between sea ice and different
variables.
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