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Abstract

The spatial structure of the Arctic sea ice concentration (SIC) variability and the connection to atmospheric as
well as radiative forcing during winter and summer for the 1979–2017 period are investigated. The interannual
variability with different spatial characteristics of SIC in summer and winter is extracted using the empirical
orthogonal function (EOF) analysis. The present study confirms that the atmospheric circulation has a strong
influence on the SIC through both dynamic and thermodynamic processes, as the heat flux anomalies in summer
are radiatively forced while those in winter contain both radiative and “circulation-induced” components. Thus,
atmospheric fluctuations have an explicit and extensive influence to the SIC through complex mechanisms during
both seasons. Moreover, analysis of a variety of atmospheric variables indicates that the primary mechanism
about specific regional SIC patterns in Arctic marginal seas are different with special characteristics.
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1  Introduction
In recent decades, the Arctic climate system has been under-

going dramatic changes in terms of global warming (Hinzman et
al., 2005; Comiso and Hall, 2014; Johannessen et al., 2004). Dra-
matically declining sea ice in the Arctic Ocean has been ob-
served over the last decades (Comiso, 2006; Nghiem et al., 2007;
Comiso et al., 2008). Owing to the widespread distribution in the
Arctic Ocean and adjacent seas, sea ice serves as a vital indicator
of the climate system due to its fundamental role in altering the
surface albedo (Screen and Simmonds, 2010; Serreze and Barry,
2011), regulating atmosphere-sea interactions (Serreze et al.,
2009) and modulating the global energy/fresh water balance
(Eisen and Kottmeier, 2000; Bamber et al., 2018).

There is a consensus that interannual variability of sea ice is
largely controlled by the changes in atmospheric circulation re-
gimes (Deser et al., 2000; Rigor et al., 2002; Wu et al., 2006; Wang
et al., 2009; Ogi et al., 2016). The atmospheric forcing over the
Arctic is generally characterized by several large-scale patterns,
such as the Arctic Oscillation (AO) (Fang and Wallace, 1994; Rig-
or et al., 2002; Kwok, 2009; Ogi et al., 2016), North Atlantic Oscil-
lation (NAO) (Deser et al., 2000; Partington et al., 2003; Ukita et
al., 2007), and Dipole Anomaly (DA) (Wu et al., 2006; Wang et al.,
2009; Overland and Wang, 2010). Furthermore, previous studies
also reported the response of sea ice loss to the changes in occur-
rence frequency of different atmospheric circulation patterns
(Crasemann et al., 2017; Wei et al., 2019). Changes in atmospher-

ic circulation could impact sea ice concentration (SIC) interan-
nual variation strongly is due to the control which both dynamic
and thermodynamic processes have on coupled ice motion, melt
and decay (Wu et al., 2006; Ogi and Wallace, 2007; Deser and
Teng, 2008; Pleijter, 2014; Ding et al., 2016; Hegyi and Taylor,
2018; Lei et al., 2019).

Plenty of previous studies suggest that variability in sea-ice
area might be mainly driven and controlled by fluctuations in at-
mospheric temperature (Fang and Wallace, 1994; Deser et al.,
2000; Ukita et al., 2007; Ding et al., 2016; Olonscheck et al., 2019).
The non-radiative forcings are induced by anomalies in surface
winds and poleward oceanic heat/water vapor transport (Ogi et
al., 2010; Årthun et al., 2012; Zhang, 2015; Hegyi and Taylor,
2018). Possible radiative mechanisms that relevant to sea ice
variability include the feedbacks related to surface albedo (Hall,
2004), cloud cover (Letterly et al., 2016; Wang et al., 2019) and
water vapor (Curry et al., 1995; Lee et al., 2017). For instance,
Hegyi and Taylor (2017) argue that sea ice growth in cold season
is impacted by variability in surface downwelling and net long-
wave (LW) surface fluxes. Olonscheck et al. (2019) demonstrate
that internal variability of sea ice is primarily caused directly by
atmospheric temperature fluctuations which due to variations in
moist-static energy transport or regional heat content and heat
loss to the atmosphere.

Additionally, there are studies examining the local corres-
pondence between the atmospheric forcing and sea ice variabil-  
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ity. Germe et al. (2011) found that the sea ice in the Greenland
Sea is largely consistent with the wind anomalies as well as the
surface air temperature (SAT) anomalies. Herbaut et al. (2015)
suggested that surface winds explain approximately 50% of the
SIC variance in the Barents Sea, while the residual is caused by
the heat inflow related to Atlantic Water input. In addition, Na-
kanowatari et al. (2015) demonstrated that approximately 29% of
the ice area variability in the Bering Sea is associated with
changes in the geopotential height at 500 hPa (Z500) during the
leading three-month period. Lynch et al. (2016) identified that
the sectoral asymmetric sea ice anomalies in the Arctic are partly
attributable to the atmospheric circulation in summer. These
studies demonstrate both the large-scale and regional behaviors
of the atmospheric forcing can impact the spatiotemporal variab-
ility in sea ice within the Arctic Ocean.

During the past two decades (1998–2018), the spatial and
temporal characteristics of sea ice variability have changed signi-
ficantly (Eisen and Kottmeier, 2000; Pleijter, 2014). For instance,
Arctic Sea ice is decreasing in extent at an accelerated rate (Com-
iso et al., 2008), becoming thinner (Maslanik et al., 2007; Lindsay
and Schweiger, 2015) due to a warmer climate, and transforming
toward a younger ice pack (Maslanik et al., 2007, 2011). In addi-
tion, the enhanced SIC trend in the Barents Sea and Greenland
Sea has recently become dominant (Deser and Teng, 2008;
Pleijter, 2014), which leads to a potential shift in the variability
structure of the winter SIC. However, the knowledge of the
quantitative role of the varying forcing in the recent Arctic sea ice
changes remains vague.

Based on satellite-derived SIC data over the 1979–2017 peri-
od, the aim of the present study is to investigate the two leading
principal mode structures of SIC variability in the Arctic Ocean
during both winter and summer seasons. The association with
the distinct SIC variability due to different variables related to at-
mospheric forcings, including SAT and sea level pressure (SLP),
are examined. Contrast to previous studies, here we draw atten-
tion on the second mode of interannual variations of SIC in two
seasons, which were not discussed in details. Moreover, the re-
gional SIC variability together with the relevant dynamic and
thermodynamic mechanisms are outlined.

The paper is organized as follows. Datasets and analysis
methods are described in Section 2. In Section 3, the retrieved
EOF modes of SIC variability are presented. The relationship
between the distinct mode of SIC variability and a variety of at-
mospheric variables (SAT, SLP and surface radiation, etc.) are
analyzed in Section 4. The conclusions of this study are presen-
ted in Section 5.

2  Data and methods

2.1  Data
Monthly SIC and Sea ice motion (SIM) data were obtained

from the National Snow and Ice Data Center (NSIDC). SIC is de-
rived from brightness temperature measured with a series of
satellite-based radiometers by applying the Bootstrap algorithm
(Comiso, 2017). It is available on a polar stereographic projec-
tion with a grid size of 25 km × 25 km. SIM fields are retrieved
from multiple sources, including satellite measurements and
buoy observations, as well as surface winds from the National
Centers for Environmental Prediction and the National Center
for Atmospheric Research (NCEP/NCAR). The SIM vectors has a
grid cell size of 25 km × 25 km. The large-scale atmospheric in-
dex, AO (Thompson and Wallace, 1998), is provided by the NOAA
Climate Prediction Center(CPC). Cryosphere Science Research

Portal of NASA provides data of early melt (earliest observed melt
conditions) and early freeze (earliest observed freeze conditions)
for the surface of sea ice, the results are derived from SSM/I data
following Markus et al. (2009) and use the same grid with SIC.
Other variables including SLP, SAT, surface albedo, vertical in-
tegral of heat, water vapor flux, total column water vapor, total
column water vapor, total cloud cover, surface net downward
shortwave flux and surface net downward longwave flux are
provided in a 2.5°×2.5° global grid, retrieved from ERA-Interim
Archive at European Centre for Medium Range Weather Fore-
casts (ECMWF).

The seasonal division, appropriate for middle and high latit-
udes, could capture a better activity center if the atmospheric
field is utilized (Fan et al., 2012). For all these data, the monthly
means are used to extract the seasonal means for winter (Decem-
ber–March) and summer (June–September). The seasonal aver-
ages of all datasets for each year during 1979–2017 are calculated,
and the anomaly field for each individual year is calculated by
subtracting the 39-year climatology.

2.2  Methodology
The empirical orthogonal function (EOF) analysis was ap-

plied to retrieve the distinct mode of sea ice variability in differ-
ent seasons, which accounts for a major fraction of the variance
in SIC anomalies. This technique has been widely adopted be-
cause of its capacity to simultaneously obtain the temporal and
spatial variabilities. The extracted spatial structure corresponds
to a specific distribution pattern of SIC variations. The principal
component (PC) time series of each mode is determined by pro-
jecting the derived orthogonal patterns onto the spatially
weighted anomalies, and the PC represents a measure of the de-
gree of similarity between the dominant pattern and an individu-
al anomaly pattern.

Regression and correlation analyses are further used to as-
sess the relationship between the variations in SIC and different
variables. A regression analysis is applied on each grid to inspect
the coupled mechanism between the atmospheric forcing and
the PC time series of the SIC anomaly fields. A correlation analys-
is is used to examine the connection between two patterns or
driving factors. We analyze interannual variability rather than the
low-frequency changes which can confound the identification of
physical mechanisms in the short period (1979 to present) for
which high-quality sea ice data are available. Thus, prior to carry-
ing out the regression and correlation analyses, the significant
SIC trends are removed to characterize the interannual vari-
ations (King et al., 2016).

3  Results

3.1  Spatiotemporal characteristics of SIC variability

3.1.1  Spatial structures and temporal changes in winter
Based on the detrended SIC data, the first and second EOFs

account for less variance than that based on raw data, approxim-
ately 21.4% and 11.9% (Table A1 in Appendix), respectively. The
spatial pattern of the dominate mode exhibits out-of-phase vari-
ations between the Sea of Okhotsk, Bering Sea and between the
Barents Sea as well as Labrador Sea (Fig. 1). The EOF1 pattern is
largely consistent with the modes presented in previous studies
(Fang and Wallace, 1994; Deser et al., 2000; Ukita et al., 2007).
The second mode is characterized by a variability structure with
roughly opposite sign located at around the Baffin Bay, Nordic
seas and the Bering Sea, Sea of Okhotsk, respectively.
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Interestingly, the leading EOF pattern is reminiscent of the
wintertime trend pattern, with a high correlation coefficient of
0.978 (Fig. A1 in Appendix). Also, we identify that the second and
third EOF mode, based on the original SIC data, correspond well
to the first and second modes applied on detrended SIC data
(with correlation coefficients of 0.91 and 0.92). These facts seem
to suggest that the leading EOF mode using the raw data mostly
captures the changes due to the linear trend in SIC, while the
second EOF mode largely reflects a pattern associated with some
interannual fluctuations. Owing to the strong negative trend in
the SIC during winter in the past decades, the proportion of vari-
ability caused by the trend has become more significant and
dominates the overall variability.

3.1.2  Spatial structures and temporal changes in summer
Figure 2 shows the SIC anomaly EOF modes in summer

(June–September). The leading mode explains 15.2% (Table A1
in Appendix) of the variance and is characterized by broad in-
phase variability over the broad marginal seas from the Beaufort
Sea eastward throughout the Kara Sea with a small contrary area
northeastern of Greenland (Fig. 2a). According to the definition,
a positive (negative) leading EOF index indicates a decline (an in-
crease) in most marginal areas of the Arctic. In particular, the two
outstanding positive values appearing in 2007 and 2012 are in
tune with the two extreme minimums of the September SIE in the
Arctic. Figure 2b reveal the second mode of SIC in summer,
which shows a tri-pole feature in the Arctic marginal seas, with a
decrease in the sea-ice variability mainly in the Chukchi Sea, East
Siberian Sea and Laptev Sea, whereas the Beaufort Sea, Barents

Sea and Kara Sea show the opposite pattern. The good resemb-
lance (R=0.96) between the two second modes of sea ice variabil-
ity with and without the superimposed trend (Figs 2b and A2b in
Appendix) further indicates that the regional pattern of SIC vari-
ation is robust and less subject to the influence of the SIC trend.

To some extent, spatial distribution of the leading EOF using
raw data bears resemblance that in Fig. 2a (R=0.72), suggesting
that there are significant trends in most of the marginal seas dur-
ing summer, which overlap with the interannual fluctuations.
However, using the detrended SIC, we found the explained vari-
ance fraction decreased sharply from 30.3% with the original SIC
to 15.2% with the detrended SIC. Therefore, the SIC changes dur-
ing the 1979–2017 period seem to be dominated by trends.

3.2  Role of the atmospheric forcing in winter
To identify the influence of different variables, regression

maps were constructed at each grid point between the drivers an-
omaly patterns and leading EOF index (i.e., PC index) for both
seasons.

In winter, the large-scale atmospheric circulation impacts
seem to be immediate. Overall, the associated SLP distribution
pattern in winter demonstrated in Fig. 3a appears to be consist-
ent with a positive phase of AO. As shown in Fig. 3a, the below-
normal SLP values are widespread throughout the central Arctic
with maximum negative anomalies directly east of Greenland,
while the positive SLP fields occur along 40°N over North Americ-
an Continent and the northern part of Pacific. Simultaneously,
the North Pacific witness north winds that facilitate a southward
transport of sea ice and cold air masses, and thus, the newly pro-
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Fig. 1.   The first and second modes of SIC interannual variability in winter (December–March) in the Arctic Ocean over the period of
1979/1980–2017/2018 (a), and the associated PC time series (b). The solid line with red dots denotes the PC time series of the leading
mode of EOF analysis and the dashed line with blue dots corresponds to the second mode. Note that the EOF analysis is applied over
the SSM/I polar spatial coverage. The PC is normalized to the unit variance.
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duced ice increases. Similar SLP patterns are found when SLP
leads SIC by one, two and three months (not shown), indicating
that atmospheric conditions in autumn can impact the SIC vari-
ability in a lead-lagged way. These SLP modes favor southwest-
erly winds from the Norwegian Sea through the Arctic Ocean and
northerly or northwesterly winds over the Davis Strait and Lab-
rador Sea, which exerts a strong influence on SIC by advecting
moist and warm air mass from low latitude or inducing sea ice
drift.

There is a notable coupled relationship between the large-
scale atmospheric circulation and SIC anomalies, so SIC and SAT
influence each other. On one hand, the greatest SAT positive an-
omaly occurs in the Barents Sea, into which a large amount of
water vapor and heat inputted (Fig. A3b in Appendix), with the
largest amplitude of SIC variations and trends, and the corres-
ponding remarkable negative SAT anomalies occur around the
Hudson Bay, the Davis Strait and Labrador Sea with increased
SIC (Fig. 3a). Consistent with SLP, similar SAT patterns are found
when SAT leads SIC by one, two and three months (not shown).
On the other hand, the SAT pattern associated with the leading
ice EOF displays a broad-scale warming (cooling) trend in SAT in
the regions where the SIC decreases (increase) (Fig. A3a in Ap-
pendix), as result of the positive ice albedo feedback. The dynam-
ic effect of wind-driven ice drift is also reflected in the SIC vari-
ations.

The SIM pattern is expected to accompany the leading EOF of
the winter SIC, shown in Fig. A4 in Appendix, which agrees with
the above mentioned SLP pattern. The SIM pattern is expected to
accompany the leading EOF of the winter SIC, shown in Ap-

pendix Fig. A3b, which agrees with the above mentioned SLP pat-
tern. Negative SLP centers east of Greenland bring about a strong
cyclonic circulation with the flow directed toward and through
the Fram Strait, and the southward SIM along the east coast of
Greenland. Notably, in the marginal ice zone (north of 70°N) near
the west coast of Greenland, sea ice along the coast drifts south-
ward while the peripheral ice is transported northward, which
results in a stripe of negative SIC anomaly and a small positive
anomaly south of that area. Strong wind-driven sea ice inflow
emerges in the Bering Sea and Labrador Sea, leading to the SIC
increase in these regions. In contrast, anomalous northward sea
ice advection facilitates the notable reduced SIC in the Barents
Sea.

3.3  Role of radiative and atmospheric forcing in summer
Compared with winter, the intensified large-scale retreat of

sea ice that occurs in summer with an enhanced SIC was found
only in vicinity of the Fram Strait after detrending. Figure 4
demonstrates the trends of surface albedo in summer. Not sur-
prisingly, the area with negative trend coincides with the greatest
loss of sea ice, widespread throughout the central Arctic. This is
primarily caused by the surface-albedo feedback, because in
summer, the expand of open water favors a gain in downward
shortwave flux, amplifying the heat flux changes by virtue of the
strong contrast between ice surface and sea surface temperat-
ures. As a result, the surface wind influence on the SAT is smaller
than that in winter. It is suggested that the overall spatial struc-
ture of SIC variability in summer is mainly associated with the
general warming trend (Fig. A2a in Appendix) experienced over
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Fig. 2.   The first and second modes of SIC interannual variability in summer (June–September) in the Arctic Ocean over the period of
1979–2017 (a), and the associated PC time series (b). The solid line with red dots denotes the PC time series of the leading EOF analysis
mode, and the dashed line with blue dots corresponds to the second mode. Note that the EOF analysis is applied over the SSM/I polar
spatial coverage. The PC is normalized to the unit variance.
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the Northern Hemisphere during the past 30–40 years and is
linked to sea ice drifts induced by surface wind variations.

The SAT pattern regressed on the PC time series of the lead-
ing SIC mode in summer demonstrates that most of the Arctic
Sea have a warmer SAT in summer during 1979–2017, with the
largest positive anomaly occurring in the Beaufort Sea and the
marginal sea of the Pacific sector, including the Chukchi Sea,
East Siberian Sea and Laptev Sea, where sea ice retreat is also
dramatic. Therefore, the SAT anomalies have an important im-
pact on the SIC changes in summer (Fig. 5). However, the SAT
changes in the Barents Sea and Fram Strait are negligible, where
the positive SIC anomaly is primarily attributed to the increase in
sea ice flux through the Fram Strait in summer (Bi et al., 2016),
see Fig. 6. In addition, the SAT pattern connected with the second
mode shows analogous picture that the elevated of surface air
temperature corresponds to the decline of sea ice and vice versa
(Fig. 5).
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Fig. 3.   EOF patterns of SIC (shading) and regression map for SLP anomalies (contours) upon the leading PC time series (left) and
second PC time series (right) of the SIC in winter. The patterns were constructed by linearly regressing the SLP anomalies upon the
first two PC time series (lines in Fig. 1b). The regressed SLP fields have units of mb per standard deviation of PC index. The long
dashed lines represent zero and negative values and solid lines represent positive values. Green dots indicate areas with a linear
regression that is significant at the 90% confidence level.
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Fig.  4.     Surface  albedo trend in  the  Arctic  Ocean in  summer
(1979–2017).
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Fig. 5.   EOF patterns of SIC (shading) and regression map for SAT anomalies (contours) upon the leading PC time series (a) and
second PC time series (b) of the SIC in summer. The patterns were constructed by linearly regressing the SAT anomalies upon the first
two PC time series (lines in Fig. 1b). The regressed SAT fields have units of K per standard deviation of PC index. The long dashed lines
represent zero and negative values and solid lines represent positive values. Green dots indicate areas with a linear regression that is
significant at the 90% confidence level.
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The summer atmospheric circulation also plays an important
role in modulating the summer SIC variations. Since there is a
broad-scale replacement of sea ice by open water, sea ice drifts
freely and the response of sea ice to wind forcing is stronger in
summer than in winter. The summer SLP pattern (Fig. A5 in Ap-
pendix) and the corresponding SIM pattern (Fig. 6) are highly
coupled, maintaining the summer SIC variability structure
(Fig. 2a). The summer SLP pattern associated with the first EOF
mode of detrended SIC is similar to the negative AO phase (Ogi et
al., 2016). The anticyclonic circulation over the Arctic Ocean
(Fig. A6 in Appendix) reduces the SIC in the marginal sea of the
Pacific sector by triggering the Ekman Sea ice drift (Ogi et al.,
2008), the sea ice can be advected out of the marginal seas and
toward the central Arctic. Additionally, northerly winds and
southward transport of sea ice in the northwest of Greenland fa-
vor the advection of sea ice within the Arctic basin toward the
Fram Strait.

4  Discussion
After removing the trends of SIC, the second modes could still

explain nonnegligible percent variance (11.9% in winter and
13.1% in summer). Besides, on the basis of results above, the
structures of the primary SIC mode are generally connected with
atmospheric circulation anomalies throughout most part of the
Arctic. Put slightly differently, the second mode of SIC interannu-
al variances reflects different regional mechanisms that drive sea
ice change, therefore, in the following discussion, we focus on the
analysis of distinct mechanisms related to the second mode of
SIC in different marginal seas during winter and summer.

4.1  Different mechanisms in winter
SLP pattern contributed to the second EOF have two extens-

ive low-pressure centers in the Bering Sea and Norwegian Sea,
respectively, while elevated pressure extended from the Kara Sea
to Baffin Bay. Similarly, SIC variability can be modulated and
controlled atmospheric circulation, but as outlined above, the
second mode is a regional pattern, the mechanism of atmospher-
ic forcings on sea ice is different in distinct areas. Now we ex-

plore the connection of the second mode of SIC with various vari-
ables to gain insight into the intricate pathways of atmosphere.

The northern part of Pacific, especially Sea of Okhotsk, where
SIC have a notable rise in the second EOF is mainly because of an
increased surface air temperature (Fig. A6a in Appendix) around
the area. However, the temperature rise in this area is not due to
more absorption of solar radiation or extratropical heat flux. The
underlying mechanism is that more water vapor content in the
atmosphere leads to an increase in the cumulative energy input
from down welling longwave surface fluxes, as shown in Fig. 7a,
SAT decreases throughout the Chukchi Sea, east part of Bering
Sea and Sea of Okhotsk, coincides with regions where consider-
able decline in total column water vapor (pink dashed line in
Fig. 7a) and surface net downward longwave flux (grey dashed
line in Fig. 7a). It is noteworthy that the negative SAT anomaly at
the entrance of Bering Strait is relatively weak, further analysis
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Fig.  6.     Concurrent summer SIM anomaly pattern associated
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Fig. 7.   Regression map for total column water vapor and downward longwave flux (contours) and SAT (shading) anomalies upon the
second EOF of the SIC in winter in the North Pacific (30°–80°N, 135°W–135°E) (a) and Hudson Bay (40°–75°N, 45°–90°W) (b). The
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at the 90% confidence level.
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found that that expanded sea ice area in the Bering Sea may also
be contributed by southward SIM through the Bering Strait (Fig. 8).
The Hudson Bay and the Davis Strait with enhanced sea ice have
an identical mechanism, but witness more water vapor and
downward longwave radiation. These results also serve to con-
firm the notion that changes in Arctic downward clear-sky sur-
face longwave flux is a function of temperature and total column
water vapor content in the atmosphere and at the surface, espe-
cially in the relatively cold and dry season (Sedlar and Dev-
asthale, 2012).

Although many studies pointed out that a major source of wa-
ter vapor that supports the increased downwelling thermal fluxes
is transport from lower latitudes, occurring as episodic moisture
intrusions (Woods et al., 2013; Park et al., 2015; Boisvert et al.,
2016) by anomalous winds, these areas described above with an-
omalous water vapor is mostly a result of increased/decreased

oceanic water vapor released to the atmosphere (Fig. A4 in Ap-
pendix) other water vapor flux (not shown).

The second EOF capture shrinkage of sea ice cover in the Bar-
ents Sea as well as the dominant mode, owing to the severe sea
ice loss occurred around the area during winter in the past dec-
ades. As shown in Fig. 3b, the Barents Sea is located exactly at the
shift of low pressure center and high pressure center with isobar-
ic line across the region. These SLP modes favor southwesterly
winds from Eurasia through the Barents Sea which carries moist
and warmer air mass, and thus, the sea ice decline. On the basis
of our results shown in Fig. 9, the winds which consistent with
SLP patterns facilitate a southward transport of heat flux and wa-
ter vapor flux.

4.2  Different mechanisms in summer
Consistent with the leading mode, further analysis reveal that

the second mode of summer SIC year-to-year variability is regu-
lated and controlled by anomalies of solar radiation absorption
(Fig. 10), this is consistent with the argument that the surface
heat budget of the Arctic Ocean is dominated by surface radiat-
ive fluxes. More dark open water in summer are capable of ab-
sorbing much more heat, thereby accelerating the ice albedo
feedback. The associated SAT pattern is significant throughout
most part of the Arctic. As depicted in Fig. 10, regions with posit-
ive surface net solar radiation coincide with the greatest loss of
sea ice in the Chukchi Sea, East Siberian Sea and Laptev Sea,
whereas another two centers with enhanced SIC witness negat-
ive shortwave radiation flux. Negative anomalies in received sol-
ar radiation over much of the Beaufort Sea, Barents Sea and Kara
Sea in summer reflect primarily positive anomalies in total cloud
cover, as cloud serves to reflect solar radiation back to space in
summer Arctic, therefore cool that atmosphere down. However,
the driving mechanism of cloud is very complicated since they
are associated with many aspects of the energy balance and dy-
namics in the atmosphere (Liu and Key, 2014; Letterly et al., 2016;
Liu and Schweiger, 2017; Wang et al., 2019).

In addition, the present study finds that the substantial rise in
SAT in winter and spring (Fig. 11) contributes to the severe sea
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Fig. 8.   Concurrent winter SIM anomaly pattern associated with
the  second  SIC  EOF  around  the  Bering  Strait  (40°–80°N,
135°W–135°E). Note that the shading indicates the SIM speed.
The regressed SIM fields have units of km/d per standard devi-
ation of PC index.
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Fig. 9.   The second EOF of SIC (shading) and regression map for heat flux (a) and water vapor flux anomalies (vectors) (b) upon the
second EOF of the SIC in winter in the Barents Sea (60°–80°N, 10°–90°E). The patterns were constructed by linearly regressing the two
variables upon the second PC time series (blue dashed line in Fig. 1a). The regressed heat flux and water vapor flux fields have units of
W/m and kg/(m·s) per standard deviation of PC index, respectively. Note that most areas are significant at the 90% confidence level.
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ice shrinkage occurs in the Chukchi Sea, East Siberian Sea and
Laptev Sea which found by the first two leading modes collect-
ively. Figure 11 demonstrates that all of the lead-lag SAT patterns
associated with the second mode of SIC in summer (when SAT
lags the sea ice by 2, 3 and 4 months, respectively) portray a stat-
istically significant warming anomalies around these areas. A
possible pathway is that large amount of energy retained in the
Arctic atmosphere in late winter and spring would be reradiated
back toward the surface therefore further increase SAT. The
warmer temperatures, together with the fact that first year ice
melts at lower temperatures because it is saltier, brings on an
earlier onset of melt (Markus et al., 2009; Persson, 2012; Liu and
Schweiger, 2017). The reduction of sea ice cover during the sea-
son of strong solar radiation reduces the albedo enabling the up-
per ocean to absorb heat that can be released back to the atmo-
sphere during autumn and early winter, thus later freeze-up of

sea ice is not unexpected. Figure 12 shows average melt onset,
freeze onset, and average melt duration in days for the specific
areas same with Fig. 11, a strong upward trend of 0.68 d/a is ob-
served in the melt season length. The prolongation of melting
season retards the growth of sea ice in cold season, thinner and
younger ice in spring in turn fosters a stronger summer ice-al-
bedo feedback through earlier formation of open water areas
next year.

5  Conclusions
The distinct variability modes of Arctic SIC, as well as the con-

nection to the atmospheric forcing and radiative forcing over the
1979/1980–2017/2018 period (winter: December–February) and
1979–2017 period (summer: June–September) have been docu-
mented in this study. The primary mode of wintertime SIC inter-
annual variability is characterized by a seesaw structure between
the western and eastern North Atlantic, together with a weaker
dipole in the North Pacific. In summer, the SIC variability exhib-
its a uniform polarity over most of the marginal seas in the Arctic
Ocean. The second mode of winter SIC shows a structure that
with opposite phase in the Nordic seas and Bering Sea-Sea of Ok-
hotsk while in summer a robust tri-pole pattern is found. The res-
ults from a regression analysis reveal that SIC anomalies are not-
ably regulated and controlled by radiative forcing in summer and
atmospheric activity in winter. The large-scale atmospheric cir-
culation patterns associated with the dominant SIC mode corres-
pond well with the positive Arctic Oscillation (AO) in winter and
the negative AO in summer, implicating explicit and extensive in-
fluence of atmosphere to the SIC interannual variability during
both summer and winter. The winds can exert either thermody-
namic effects by advecting the surface air mass and/or dynamic
effects by driving sea ice motion (SIM) on SIC variations while re-
gional surface radiation budget impact sea ice melt and growth.
However, different mechanisms are linked to the second mode of
variability in Arctic marginal seas including heat/water vapor flux
induced by anomalous atmospheric, sea ice drift, changes in total
column water vapor and cloud cover, air-sea interaction and sur-
face energy budget.

Although various contributing factors have been examined
and investigated, the fundamental physical process, which or-
chestrates these contributors to drive the, remains unknown as
disentangling the effects of these mechanisms is challenging be-
cause of strong coupling of these variables. The results are un-
doubtedly correct in a qualitative sense, but to quantify the con-
tributions of different variables would provide more accurate res-
ults. Besides, there was a “preconditioning” of thin ice in the
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Fig. 10.   Regression map for total cloud cover (contours) and sur-
face net downward shortwave flux (shading) anomalies upon the
second EOF of the SIC in summer in the marginal seas of Arctic
(65°–90°N). The patterns were constructed by linearly regressing
the three variables upon the second PC time series (blue dashed
line in Fig. 2a). The regressed surface net downward shortwave
flux fields have unit of W/m2 per standard deviation of PC index,
respectively. The long dashed lines represent zero and negative
values and solid lines represent positive values. Note that the
green circles and purple dots indicate areas with a linear regres-
sion that is significant at the 90% confidence level for regressed
cloud and downward shortwave flux fields, respectively.
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Fig. 11.   EOF patterns of SIC (shading) and regression map for SAT anomalies (contours) upon the second PC time of the SIC in
Chukchi Sea, East Siberian Sea and Laptev Sea (65°–85°N, 105°E–20°W) during summer when SAT lags the ice by 2 months (a), 3
months (b) and 4 months (c). The patterns were constructed by linearly regressing the SAT anomalies upon the second PC time series
(blue dashed line in Fig. 2b). The regressed SAT fields have unit of K per standard deviation of PC index. The long dashed lines
represent zero and negative values and solid lines represent positive values. Green dots indicate areas with a linear regression that is
significant at the 90% confidence level.
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western Arctic at the beginning of the melt season in recent years
(Comiso et al., 2008). Due to the lack of an environment for sea
ice to substantially recover because of rising air temperatures in
all seasons, multiyear sea ice cover has notably depleted in re-
cent years. Therefore, to improve our understanding, the use of
sophisticated models is necessary. The combined use of models
and observations in our incoming work will aid us in understand-
ing the nature of the coupled mechanisms between sea ice and
the atmosphere.
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Appendix:

Table A1.   Percent variance explained by EOFs during 1979–2017
Percent variance in EOF1/% Percent variance in EOF2/%

Winter raw SIC 30.3 14.8

detrended SIC 21.4 11.9

Summer raw SIC 38.3   9.0

detrended SIC 15.2 13.1
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Fig. A1.   SIC trends in the Arctic Ocean in winter (1979/1980–2017/2018) (a), the first and second modes of SIC variability in winter
(December–March) in the Arctic Ocean over the period of 1979/1980–2017/2018 based on raw data (b), and the associated PC time
series (c). The solid line with red dots denotes the PC time series of the leading EOF analysis mode, and the dashed line with blue dots
corresponds to the second mode. Black solid lines denote the trend that is significant at the 95% confidence level. Note that the EOF
analysis is applied over the SSM/I polar spatial coverage.
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Fig. A2.   The first and second modes of SIC variability in summer (June–September) in the Arctic Ocean over the period of 1979–2017
based on raw data (a), and the associated PC time series (b). The solid line with red dots denotes the PC time series of the leading EOF
analysis mode, and the dashed line with blue dots corresponds to the second mode. Note that the EOF analysis is applied over the
SSM/I polar spatial coverage.

0.03

0.02

0.01

0

-0.01

-0.02

-0.03

135° 45°

90°

90° 0°

135°

45°

135° 45°

180°

60°N

80°N

70°N

60°N

50°N

90°

90° 0°

135°

45°

E
ig
en
v
ec
to
r

0.03

0.02

0.01

0

-0.01

-0.02

-0.03

E
ig
en
v
ec
to
r

a b

W

E
180°
W

E

 

Fig. A3.   EOF patterns of SIC (shading) and regression map for SAT anomalies (contours) (a), and heat flux anomaly (vectors) (b)
upon the leading PC time series of the SIC in winter. The patterns were constructed by linearly regressing the SAT anomalies upon the
leading PC time series (red bold line in Fig. A1b). The regressed fields have units of K/(W·m2) per standard deviation of PC index. The
long dashed lines represent zero and negative values and solid lines represent positive values. Green dots indicate areas with a linear
regression that is significant at the 90% confidence level.
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Fig. A4.   Concurrent winter SIM anomaly pattern associated with
the leading ice  EOF.  Note that  the shading indicates  the SIM
speed. The regressed SIM fields have unit of km/d per standard
deviation of PC index.
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Fig. A5.   EOF patterns of SIC (shading) and regression map for
SLP anomalies (contours) upon the leading PC time series of the
SIC in summer. The patterns were constructed by linearly re-
gressing the SLP anomalies upon the leading PC time series (red
bold line in Fig. A2b). The regressed SAT fields have unit of K per
standard deviation of PC index. The long dashed lines represent
zero and negative values and solid lines represent positive values.
Green dots indicate areas with a linear regression that is signific-
ant at the 90% confidence level.
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Fig. A6.   EOF patterns of SIC (shading) and regression map for SAT anomalies (contours) (a) and surface latent heat flux anomalies
(contours) (b) upon the second pc time series of the SIC in winter. The patterns were constructed by linearly regressing the anomalies
anomalies upon the socond PC time series (blue dashed line in Fig. A1b). The regressed fields have unit of K/(W·m2) per standard
deviation of PC index. The long dashed lines represent zero and negative values and solid lines represent positive values. Green dots
indicate areas with a linear regression that is significant at the 90% confidence level. Two green boxes are the rough boundaries of two
specific analysis areas.
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