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Since at least the 1990s, global warming has caused the decline of multi-year ice
(MYI) in the Arctic, which has made the Arctic Ocean more susceptible to the
effects of climate change and weather processes. In this study, an analysis of the
variations in Arctic sea ice age was carried out based on the results of an
Empirical Orthogonal Function (EOF) analysis. Variations in three time periods
were investigated. The first period (1984-1995) is characterized by high sea ice
age, with antiphase variation processes in the eastern and western parts of the
Arctic Ocean. The second period (1996-2012) represents a rapid reduction in ice
age, characterized by a gradual replacement of MYI in the Arctic Ocean with
seasonal sea ice, resulting in a decreased extent of MYI. The third period (2013-
2022) is characterized by low sea ice age, with ice age being in a significantly
negative phase. Furthermore, trend-like changes were weak during this period.
During the first period, the spatial distribution and significant variations in ice age
were driven by cyclonic wind anomalies associated with the Arctic Oscillation
(AO) atmospheric pressure modes. The cyclonic wind fields in winter and
anticyclonic wind fields in summer collectively influenced the sea ice. This led
to a decrease/increase in ice age in the eastern/western Arctic, and antiphase
variations were apparent. During the second study period, winter ice age
variations were driven by cyclonic wind anomalies associated with the AO
atmospheric pressure modes, leading to ice divergence and a decrease in ice
age. In summer, both thermodynamic (Arctic warming) and dynamic (DA)
mechanisms play a role in modulating the changes of sea ice age, while Arctic
warming is the primary driver. The DA generated anomalous wind patterns,
characterized by the Beaufort Gyre and Transpolar Drift, which resulted in the
outflow of MYI from the Arctic under the influence of meridional winds. During
the third study period, the influence of AO/DA and air temperature on sea ice age
changes is greatly weakened.
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1 Introduction

With the continuous rise in global temperatures, Arctic sea ice
has undergone drastic and rapid variations (Kim et al, 2019),
primarily manifested in reduced sea ice extent, decreased ice
thickness, and shortened periods of ice freezing (Kwok and
Rothrock, 2009; Stroeve et al., 2012). The reduction in Arctic sea
ice extent during summer is typically accompanied by a substantial
decrease in winter sea ice thickness. However, observations and
model results suggest that the trend of Arctic sea ice thinning is even
more pronounced than the extent reduction (Stroeve et al., 2014;
Kwok, 2018). As sea ice becomes thinner, more solar radiation is
absorbed, leading to a positive feedback loop that will potentially
lead to a seasonally ice-free region (Kwok, 2018; Bi et al., 2020). This
feedback effect further contributes to the warming of the Arctic
atmosphere, thereby impacting the global atmospheric circulation
system (Tschudi et al,, 2016; Hao et al, 2020). However, the
available data on existing sea ice thickness are limited in terms of
both temporal span and spatial coverage. Long-term/pan-Arctic
basin ice thickness data are lacking (Tilling et al., 2016; Markus
et al,, 2017; Kwok, 2018), which hinders the analysis of large-scale,
long-term temporal series. The study by Tschudi et al. (2016)
suggests an approximate linear relationship between Arctic sea ice
thickness and sea ice age, where sea ice age can serve as an indicator
of the variations in sea ice thickness distribution (Sallila et al., 2019).

Research indicates that multi-year ice (MYI) with greater
thickness exhibits higher reflectivity, which has an impact on the
average albedo of the Arctic region, making it a more significant
factor among the influencing factors of climate (Perovich et al,
2002; Overland et al., 2019). Over the past three decades, the extent
of MYT in the Arctic Ocean has been declining at a significant rate,
approximately 9% to 15% per decade (Comiso, 2012; Polyakov
et al.,, 2012; Kwok, 2018). The MYI extent has reduced from
approximately two-thirds of the Arctic basin area to less than
one-third, and MYI has currently been confined mainly to the
Greenland and the northern regions of the Canadian Arctic
Archipelago coast (Fowler et al., 2004; Galley et al., 2016; Kwok,
2018). As its extent decreases, MYI has also exhibited a transition
toward thinner and younger ice (T'schudi et al., 2016). Specifically,
the proportion of sea ice with a duration of five years or more has
been steadily decreasing, declining from 20% to below 5% of the
total sea ice extent (Maslanik et al., 2011; Stroeve et al.,, 2012; Bi
et al., 2020).

Regarding dynamics, sea ice transport and convergence/
divergence mechanisms play important roles in the variability of
MYI extent (Zhang et al, 2012; Kwok and Cunningham, 2015).
Atmospheric pressure fields and associated wind forcing have an
impact on subsequent sea ice anomalies (Rigor and Wallace, 2004).
The ice export and regional exchanges induced by wind forcing
have been shown to be the dynamic factors behind the variations in
MYI (Watanabe et al., 2006; Bi et al., 2019; Wei et al., 2019). During
the late 1980s to the mid-1990s, the Arctic oscillation (AO)
exhibited a persistent positive phase, resulting in a cyclonic wind
field circulation pattern. Positive AO conditions lead to increased
drift along the Siberian coast, resulting in enhanced outward ice
advection through the Fram Strait. This process effectively flushes
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out older ice from the Arctic and reduces the extent of MYI (Rigor
et al.,, 2002; Rigor and Wallace, 2004). Beginning in the mid to late
1990s, the Arctic sea ice and AO entered a “decoupled” phase/stage
(Deser et al., 2000; Maslanik et al., 2007). The Arctic Dipole
Anomaly (DA), owing to its strong meridional component, is
widely considered as the large-scale atmospheric circulation
pattern driving variations in sea ice export through the Fram
Strait (Watanabe et al., 2006; Wu et al., 2006). During the
positive phase of the Arctic DA, anomalous meridional winds
blow from the western to the eastern Arctic, facilitating the
outflow of MYT through the Transpolar Drift from the Arctic.
Since 2000, DA has been widely recognized as a significant impact
on the decline of sea ice (Watanabe et al., 2006; Wu et al., 2006;
Wang et al., 2009; Bi et al., 2016).

While some understanding has been gained regarding the
trends in sea ice age variations and the atmospheric circulation
mechanisms underlying these trends, further investigation is
required to identify the accompanying interannual and decadal
oscillatory characteristics. Additionally, with the rapid variations in
Arctic sea ice and significant alterations in atmospheric circulation,
sea ice exhibits a greater dynamic response to wind resistance
(Rampal et al., 2009). In this study, temporal variations in sea ice
age were examined utilizing sea ice age data provided by the U.S.
National Snow and Ice Data Center (NSIDC). The focus is on the
atmospheric circulation modes (pressure fields and wind fields) that
contributed to sea ice age variations during different time periods.

2 Data and methodology

2.1 Sea ice data

The sea ice age data, provided by the NSIDC, are in the form of
weekly averaged data with a resolution of 12.5 km x 12.5 km on an
equal-area grid. The data cover the time period from 1984 to 2022.
In this dataset, sea ice within each grid cell is treated as Lagrangian
particles, advected by ice drift, and tracked with a weekly time step
(Tschudi et al., 2020). In this study, the region selected for
calculating the sea ice age extent corresponds to the areas with
potential MYT presence (Figure 1A). The months of March (weeks
9-13) and September (weeks 36-39) were selected to represent the
first half-year (Jan-Jun) and the second half-year (Jul-Dec)
respectively, for the purpose of analyzing the variations in Arctic
sea ice age. The monthly average sea ice thickness data used in this
study, covering the period 1984 to 2022, were obtained from the
Pan-Arctic Ice Ocean Modeling and Assimilation System
(PIOMAS) developed by Zhang and Rothrock (2003).

2.2 Atmospheric data

Atmospheric data were utilized to analyze the atmospheric
circulation forcing fields that were responsible for ice age
variations. The data were obtained from the ERAS5, the fifth-
generation ECMWF global climate and weather reanalysis
product (Hersbach et al., 2019). This dataset, spanning the period
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Proportions of different sea ice age categories in Arctic sea ice in March and September from 1984 to 2022 (A, B). The time series of the extent of
different sea ice age categories in March and September, with linear trends depicted as dashed lines (C, D). The region of sea ice age values
(potential MYI presence) is indicated by the red shaded area in the upper right corner of (A). This region represents the potential MY| presence.

from 1984 to 2022, includes sea surface temperature at 2 m height,
sea-level pressure, and wind field data at 10 m height, with a spatial
resolution of 0.25°x0.25°.

2.3 Empirical orthogonal function analysis

The Empirical Orthogonal Function analysis method,
pioneered by Pearson (1901) and later enhanced by Hannachi
et al. (2007), allows for the separation of long sequences into their
temporal and spatial components. Applied to ice age data, the EOF
method reveals significant spatial modes of ice age and their
temporal variation characteristics.

A is the anomaly matrix of sea ice age, First, compute the
covariance matrix R = ATA and solve the eigenvalue:

RC=CA (1)

where the columns of C are the eigenvectors (EOFs) and the
eigenvalues (EOF variances) are on the leading diagonal of A. The
time series P can then be computed from the projection of A onto
the EOFs:

@)

2.4 Singular value decomposition method

The singular value decomposition (SVD) method, developed by
Klema and Laub (1980) and further explored by Mandel (1982) and
Stewart (1993), is primarily employed to decompose the
spatiotemporal fields of coupled elements and extract their

Frontiers in Marine Science

03

correlated spatial and temporal information. The SVD technique,
applied to ice age and wind data, establishes a connection between
coupled elements, revealing the primary types of wind fields driving
ice age variations. The calculation steps for SVD of sea ice age and
wind are as follows:

1. Calculate the anomaly field or standardized variable field of
sea ice age data X and wind data Y;

2. Calculate s singular values and eigenvectors of the
covariance matrix S;, of the two variable fields;

3. Determine the number of extracted modes based on the
cumulative square covariance contribution percentage of
the first m (less than s) modes, and obtain the distribution
map of the spatial field corresponding to each mode;

4. Calculate the time series of left and right field expansion
coefficient variables corresponding to each mode;

5. Find the left and right anisotropic correlation fields and
isotropic correlation fields corresponding to each mode.

3 Analysis and results

3.1 Characteristics of spatial and temporal
variations in Arctic Sea ice age

Sea ice age changes in winter (Jan-Mar) and spring (Apr-Jun)
from 1984 to 2022 are positively correlated in Arctic significantly,
with correlation coefficients exceeding 99% confidence test for most
sea areas (Figure 2A). Similarly, sea ice age changes in summer (Jul-
Sep) and autumn (Oct-Dec) also exhibit highly positive correlations
in the Arctic, with correlation coefficients over 0.70 in other sea areas
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FIGURE 2

Correlation coefficients of sea ice age between different seasons (the colored regions pass the significance test at the 99% confidence level).
(A) Winter and Spring; (B) Summer and Autumn; (C) January-June and July-December.

except Barents Sea (Figure 2B). The correlations of sea ice age in the
first half-year (Jan-Jun) and the second half-year (Jul-Dec) are poor
in the marginal seas (Barents-Laptev Sea and the southern of East
Siberian-Beaufort Sea), but the correlation coefficients in other areas
are over 0.60 (Figure 2C). Therefore, the sea ice age changes of Arctic
in winter and spring are consistent, and the changes in summer and
autumn are consistent, but the sea ice age changes of Arctic in the
first half-year and second half-year are different in the marginal seas.

The determining coefficients (R?, which represents the
percentage of the contribution of independent variable to the
dependent variable) of sea ice age changes in March to those in
the first half-year exceed 99% confidence test in most areas of
Arctic, and the average determining coefficient is 74.47%
(Figure 3A). The sea ice age changes in March can well explain
that in the first half-year. The determination coefficients of sea ice
age changes in September to those in the second half-year exceed
99% confidence test in the sea where ice exists, and the average
determination coefficient is 73.12% (Figure 3B). The sea ice age
changes in September can well explain that in the second half-year.
Therefore, in the following analysis, we only analyze the sea ice age
changes in March and September to present the changes in the first
half-year and second half-year respectively.

From 1984 to 2022, the variations in Arctic sea ice during winter
months of March primarily manifested as an increase in first-year

ice and a decrease in MYI, with a variation rate of 6.9 x10* k1n2/yr
and -7.6 x 10" km?/yr respectively. Prior to 2000, MY accounted
for over 50% of the total sea ice. However, after 2008, the proportion
of MYT in the sea ice has dropped below 40%. The decline in MYI is
particularly significant for the “5+yr” ice category. Specifically, in
1984, “5+yr” ice accounted for 30.5% of the total sea ice extent.
However, by 2022, it had decreased to a mere 2.9% of the total sea
ice extent (Figure 1A). During the study period, the rate of decline
for the “5+yr” ice extent was 7.1 x 10* km*/yr, which accounted for
93.3% of the overall MYT decline rate (Figure 1C).

From 1984 to 2022, there was a gradual increase in the
proportion of “1-2yr” ice in the Arctic sea ice during September,
whereas the proportion of 3+yr sea ice decreased. Specifically, the
retreat of 5+yr ice was one of the most significant variations
observed in the sea ice. In the mid-to-late 1980s, over 40% of the
sea ice consisted of 5+yr ice, whereas by 2022, only 5.75% of the sea
ice remained as 5+yr ice (Figure 1B). During the study period, MYI
gradually transformed into lyr ice and open water, with a more
significant increase observed in the latter. The retreat rate of 5+yr
ice was 7.7 x 10* km?/yr, accounting for 93.1% of the overall MYI
retreat rate. This indicates that the retreat of 5+yr ice played a
dominant role in the variations observed in MYI (Figure 1D).

To further analyze the spatiotemporal distribution characteristics
of sea ice age, we present the first two modes of sea ice age fields

FIGURE 3

Determination coefficients of sea ice age change in March to that in the first half-year (A). Determination coefficients of sea ice age change in
September to that in the second half-year (B). the colored regions pass the significance test at the 99% confidence level.
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obtained through EOF analysis. The cumulative variance
contribution rates of the first two modes in March and September
are 42.7% and 49.1% respectively, both passing the North significance
test (Figure 4).

The EOF analysis results for sea ice age in March and September
show consistent patterns, with the first mode contributing 33.8%
and 39.9% of the cumulative variance respectively. With respect to
spatial modes, the most significant sea ice age variations were
observed in the western hemisphere of the Arctic Ocean
(Figures 4A, E). PCI exhibited a rapid decreasing trend overall,
with positive/negative phases observed in September before/after
2005 and in March before/after 2006. After 2013, PC1 displayed a
smaller magnitude of variation and slowed-down trend-like

10.3389/fmars.2023.1274665

changes. This mode reflected the rapid reduction in sea ice age in
the Arctic Ocean (Figures 4A, B, E, F). The spatial mode of EOF2 is
characterized by an antiphase variation pattern of ice age between
the eastern and western regions of the Arctic Ocean, delineated by
the line connecting the Fram Strait (5.60°W, 81.33°N) to the Bering
Strait (169.83°W, 66.08°N). The eastern and western regions exhibit
a seesaw-like pattern of variation (Figures 4C, G). PC2 underwent a
substantial transition from positive to negative values before 1995,
indicating a shift from higher ice age anomalies in the eastern region
to higher ice age anomalies in the western region. This pattern
overlaid the overall decrease in ice age as represented by EOF1, and
it was predominantly observed before 1995, with a smaller

magnitude of change after 1996 (Figures 4D, H). This result
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EOF analysis results of Arctic sea ice age in March and September from 1984 to 2022. Spatial distribution of EOF1 (A, E); Time series of PC1 (B, F); Spatial

distribution of EOF2 (C, G); Time series of PC2 (D, H).
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raises an interesting question: Do these anomalies represent a
genuine physical phenomenon or are they an artefact of the
calculation method used to derive sea ice age?

Based on the characteristics of the time-series variations of the
first two modes derived from EOF analysis, the sea ice age variations
were analyzed in three distinct time periods: 1984-1995, 1996-2012,
and 2013-2022. The evolution of PC1 during these periods
exhibited a pattern of high sea ice age phase followed by a
rapid decline and subsequent low ice age phase (Figures 4B, F). In
contrast, PC2 displayed a distinct pattern of significant interannual
variations followed by smaller variations and eventually transitions
to weak interannual variations (Figures 4D, H).

Based on the periodization described above, we calculated the
average spatial distribution of sea ice age for the entire study period
and the three sub-periods (Figure 5), as well as the linear change
slopes of sea ice age distribution (Table 1). From 1984 to 2022, most
of the Arctic Ocean was covered by MYI, with the western region
(west of the line connecting Fram Strait and Bering Strait)
dominated by 5+yr ice. In contrast, the eastern region (east of the
line connecting Fram Strait and Bering Strait) predominantly
consisted of ice younger than 5 years (Figures 5A, E). The period
from 1984 to 2022 witnessed significant trend-like changes in the
sea ice age distribution. Each March, the most notable trend-like
change was the decrease in MYT extent and the increase in the 1yr
ice extent. In September, the trend was characterized by a decrease
in the MYT extent and an increase in the extent of open water
(Table 1). These trends indicate that with the global temperature
rising, the Arctic is experiencing a transition from MYT to seasonal
sea ice.

During the first period (1984-1995), there was a significant
presence of 5+yr ice in the Arctic Ocean, with most regions
covered by MYI (Figures 5B, F). The changes in ice age
distribution during March are characterized by an increase in

1984-2022

1984-1995

10.3389/fmars.2023.1274665

the proportion of 1-3yr ice and a decrease in the proportion of 4
+yr ice. In September, the pattern was dominated by an increase in
the proportion of 0-3yr ice relative to 4+yr ice, with a significant
decline observed in the 5+yr ice distribution (Table 1). The sea ice
age variations during this period are characterized by a transition
from the oldest ice (24 years) to the 3-yr ice category (<3 years).
While the extent of MYI was decreasing, the extent of 2-3yr ice
was increasing. During the second timeframe (1996-2012), the
western regions of the Arctic were predominantly covered by 5+yr
ice, while the eastern regions consisted primarily of ice younger
than 5 years (Figures 5C, G). This period is characterized by a
rapid retreat in MYI, with substantial 1yr ice formation during
winter and extensive melting of sea ice during summer, leading to
a significant increase in the extent of open water (Table 1). It is
evident that this timeframe was a critical period in which MYT was
replaced by seasonal sea ice. The third period (2013-2022) is
characterized by a low sea ice age; in this period most areas of the
Arctic Ocean were covered by 2-yr ice (<2 years). 5+yr ice was
only present in narrow regions, primarily in the northern part of
the Canadian Arctic Archipelago (Figures 5D, H). While MYI
continued to decrease, the variations in sea ice age distribution for
various categories all pass the 90% confidence level test. This
indicates that trend-like changes in sea ice age during this period
are not uniformly statistically significant.

In Figure 6, we present the spatial distribution of trend-like
changes in sea ice age during the three time periods. From 1984 to
1995, trend-like changes in sea ice age were primarily observed in
areas where MYI was present. The sea ice age increased in the
western region of the Arctic Ocean, whereas the sea ice age
decreased in the eastern region (Figures 6A, D). The trends
during this period aligned with the spatial distribution pattern of
sea ice age as captured by EOF2. The conclusion that ice age
increased in the western Arctic Ocean primarily after 1989, as

1996-2012 2013-2022

FIGURE 5

Spatial distribution of average sea ice age in March and September over the entire study period and three sub-periods. 1984-2022 (A, E); 1984-1995

(B, F); 1996-2012 (C, G); 2013-2022 (D, H).
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TABLE 1 Linear change slopes of sea ice age distribution (10*km?/yr)*.

10.3389/fmars.2023.1274665

water 1yr 2yr 3yr 4yr 2+yr 5+yr
Mar
1984-2022 0.65 6.92 0.87 -0.49 -0.88 -7.57 -7.06
1984-1995 -0.11 8.31 3.27 0.73 -1.47 -8.20 -10.73
1996-2012 2.04 10.19 0.44 -1.83 226 -12.23 -8.58
2013-2022 -1.15 2.80 0.25 -0.99 -0.07 -1.65 -0.85
Sep
1984-2022 6.88 1.36 0.80 039 -0.98 -8.24 -7.67
1984-1995 4.82 4.27 3.81 1.30 -0.70 -9.09 -13.49
1996-2012 15.47 020 -1.12 -1.24 -2.54 -15.67 -10.77
2013-2022 431 0.96 -2.02 -1.72 -0.66 -5.27 -0.86

*Bold font indicates trend-like changes in sea ice age distribution exceeding 90% confidence level. The shading indicates that the trend of sea ice age change is negative.

inferred from the combined analysis of Figures 4C, D, F, G, should

be interpreted with caution in terms of physical validity. This is

because satellite data is available beginning in 1979, whereas ice age

data is only available from 1984, with a maximum ice age of merely

5 years during that period. However, the actual ice present might

have exceeded 5 years in age. Therefore, the observed increase in ice

age during this timeframe could potentially be attributed to

computational factors, namely, the calculations have not yet

reached equilibrium. However, the spatial distribution of sea ice

age anomaly fields, sea ice thickness anomaly fields, and 2-m

1984-1995

temperature anomaly fields (Figure 7) are consistent during this

timeframe. Specifically, around 1989, the data indicate a transition

from high sea ice age/thickness anomalies in the eastern Arctic

Ocean to high anomalies in the western region, whereas in

September, the high temperature anomaly shifted from the

western to the eastern region. This finding provides further

support for the observed pattern in this period of initial high sea

ice age followed by low sea ice age. Despite the uncertainties

regarding the accuracy of the sea ice age data during this

timeframe, we can conclude that the antiphase variations

1996-2012

2013-2022

FIGURE 6

Spatial distribution of trend-like changes in sea ice age during three time periods. 1984-1995 (A, D); 1996-2012 (B, E); 2013-2022 (C, F).
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1984-1989

1990-1995

FIGURE 7

10.3389/fmars.2023.1274665

1984-1989 1990-1995

Iceage

yr

Spatial distribution of sea ice age (A=D), ice thickness (E—-H), and 2-m temperature (I, J) anomaly average fields over the periods 1984-1989 and

1990-1995 in the Arctic Ocean.

between the eastern and western Arctic Ocean are indeed a
real phenomenon.

During the period 1996-2012, the extent of MYI in the Arctic
Ocean decreased compared to the previous period. The area of 3+yr
ice retreated to the western regions of the Arctic Ocean, but still
accounted for 32.6% (in March) and 34.4% (in September) of the
total sea ice area. During this period, there was a consistent trend of
declining ice age in the Arctic Ocean as a whole, as evidenced by the
rapid retreat of the MYI area. Specifically, the extent of 3+yr ice
decreased considerably (Figures 6B, E). Since 2013, the MYT extent
reached its lowest historical level, and the proportion of seasonal sea
ice within the Arctic sea ice extent exceeded 70.8%. During this
period, the trend-like changes in sea ice age were relatively mild,
indicating a period of low sea ice age, indicating the trend-like
changes in ice age were relatively weak.

The above analysis indicates that the spatial variations of ice age
in the Arctic Ocean are characterized by a general decrease in ice
age throughout the entire region and an antiphase variation
between the eastern and western Arctic Ocean. The data indicate
that from 1984 to 2022 there was an overall trend of rapid sea ice
age reduction, although the specific characteristics of the variations
varied across different time periods. Bi et al. (2020) found that in the
earlier period, the sea ice age in the Canadian Basin had a slightly
older tendency. The period from 1984 to 1995 was characterized by
high ice age, with an antiphase variation of sea ice age between the
eastern and western Arctic Ocean. The sea ice age gradually
transitioned from 4+yr to lower age categories, representing a
period of significant variations. The period from 1996 to 2012
marked the peak of sea ice age reduction, characterized by a rapid
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reduction in MYT extent. Winter months witnessed a substantial
presence of lyr ice, whereas summer months (September)
experienced extensive open water areas. This phase represents a
transition where MYI is gradually replaced by seasonal sea ice,
leading to a reduction in the MYT extent to a lower level. The years
from 2013 to 2022 represent a low ice age period, characterized by a
significant negative phase of ice age. During this period, the MYI
extent was relatively small, with seasonal sea ice dominating.
Moreover, trend-like changes in the sea ice age distribution were
relatively weak.

3.2 Coupling relationship between
winter ice age and atmospheric
circulation variations

We employed SVD analysis to examine the impact of winter
(January to March) sea surface wind fields on March ice age
variations during different timeframes. The following sections will
be devoted to the discussion of the first mode identified by the SVD
analysis (Figure 8).

The SVD analysis of winter sea surface wind fields and sea ice
age during the period of 1984-1995 revealed that the first mode
accounted for 32.6% of the covariance. A significant transition was
observed in 1988, characterized by a shift from a negative to a
positive phase. The main characteristic of the wind field is a weak
anticyclonic/cyclonic wind field circulation flowing from the
western/eastern part of the Arctic Ocean towards the eastern/
western part before/after 1988. The variations in wind field
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The first mode of SVD analysis between winter (January-March) sea surface wind field and standardized anomaly of sea ice age in March for three
periods: 1984-1995, 1996-2012, and 2013-2022. Column 1: spatial mode of sea surface wind field (color bar indicates wind vorticity, with cyan and
purple circles representing the cyclonic wind field circulation centers in the second and third periods, respectively) (A, D, G). Column 2: spatial mode
of sea ice age (B, E, H). Column 3: time series of wind field and sea ice age (C, F, I).

circulation resulted in a negative anomaly/positive anomaly of sea
ice age in the western/eastern Arctic Ocean before 1988 and a
positive anomaly/negative anomaly after 1988 (Figures 8A-C). The
variations in sea surface wind field and sea ice age during this
timeframe are highly correlated (R=0.94), indicating that the
cyclonic wind field circulation, which flows from the eastern to
the western Arctic Ocean, plays a dual role. On the one hand, this
circulation facilitates the accumulation of thick ice in the western
Arctic Ocean; on the other hand, it promotes ice divergence within
the Eurasian Basin and outward transport from the Eurasian Basin,
leading to the antiphase variations in sea ice age between the eastern
and western Arctic Ocean.

During the winter period of 1996-2012, under the positive
phase of SVD-PC1 between the sea surface wind field and ice age,
the wind field mode exhibited an anomalous cyclonic wind blowing
from the East Siberian coast towards the Barents Sea. The cyclonic
center was located at 125.5°E, 82.2°N. The wind field’s vorticity is
positive, indicating ice divergence. Driven by this wind field
circulation, the corresponding sea ice age field reveals a general
decrease in the entire Arctic Ocean, aside from the Barents Sea and
its northwest region. During this timeframe, the winter season
experiences an initial increase followed by a decrease in the extent of
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MYI (Figure 1C). The temporal coefficients of the wind field and sea
ice age also undergo a transition from positive to negative and then
back to positive values (Figures 8D-F).

Under the positive phase of the SVD-PCI1 for the winter season
sea surface wind field and sea ice age during the period of 2013-
2022, the wind field mode exhibits an anomalous cyclonic wind
pattern blowing from the coastal regions of East Siberia towards the
Atlantic sector, with the cyclone center located at coordinates
(120.0°E, 84.0°N). Compared with the second timeframe, this
pattern has shifted towards the northwest direction and increased
in intensity. Under the influence of the cyclonic wind pattern, the
sea ice disperses and is transported from the coastal regions of East
Siberia towards the Atlantic sector. The wind-driven sea ice age
exhibits positive anomalies in the range of -120° to -100°E, while
negative anomalies dominate in other areas. The variations in wind
field and sea ice age during this period are primarily characterized
by interannual variations, with alternating positive and negative
anomalies occurring (see Figures 8G-I).

The atmospheric pressure field and its associated wind-driven
sea ice export and regional exchange are the dynamic drivers of
MYT variations (Watanabe et al., 2006). Based on the results of the
wind field and sea ice age SVD analysis, we extracted the time series
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of the wind field from SVD-PCI1 to calculate the composite field of
surface atmospheric pressure north of 20°N (the difference between
the pressure anomaly fields in the positive and negative phases of
SVD-PC1). This allows us to analyze the atmospheric pressure
modes that cause variations in sea ice age.

From Figures 8 and 9, it can be seen that the winter AO drives the
cyclonic wind circulation, which in turn leads to variations in sea ice
age. The correlation coefficients between the AO index and the time
series of the wind field in SVD-PCI for the three periods are 0.90,
0.63, and 0.94 respectively, all exceeding a 99% confidence level.
During the winter of 1984-1995, the low-pressure center of
atmospheric pressure shifted towards the Atlantic, with a large
coverage area spanning the entire Atlantic sector (Figure 9A). This
atmospheric pressure pattern generated a weak cyclonic wind
circulation, flowing from the eastern to the western Arctic Ocean,
driving the antiphase variation in sea ice age between the eastern and
western regions. During the winter of 1996-2012, the low-pressure
center of atmospheric pressure shifted towards the Eurasian Basin,
with a relatively smaller coverage area (Figure 9B). The Arctic Ocean
was predominantly covered by low-pressure systems, resulting in a
cyclonic wind circulation pattern. This cyclonic wind circulation led
to ice divergence, contributing to the reduction of MYT in the region.
During the winter of 2013-2022, the low-pressure center of
atmospheric pressure remained located in the Eurasian Basin.
However, in comparison to the second period, the low-pressure
center shifted towards the Atlantic sector, resulting in a larger
coverage area (Figure 9C). This atmospheric pressure mode
generated a cyclonic wind circulation, with winds blowing from the
Laptev Sea-Chukchi Sea towards the Barents Sea-Kara Sea. As a
result, the sea ice age increased in the range of -120to -100°E and
decreased in other areas of the Arctic Ocean.

3.3 Coupling relationship between
summer ice age and atmospheric
circulation variations

The wind anomalies in summer (July-September) can influence
the subsequent sea ice anomalies in September (Rigor and Wallace,

1984-1995

1996-2012

10.3389/fmars.2023.1274665

2004). In the period of 1984-1995, the SVD-PC1 analysis of summer
sea surface wind fields and September sea ice age showed a
transition in 1988 from a negative phase to a positive phase. The
dominant feature of the wind field was a closed cyclonic/
anticyclonic circulation before/after 1988, with the cyclonic center
located at coordinates (171.9°E, 82.0°N). During the positive phase
of SVD-PC1, the winds blow from the eastern to the western part of
the Arctic Ocean. The wind-driven sea ice age in the western Arctic
Ocean is negative before 1988 and positive after, while in the eastern
region, it is predominantly positive before 1988 and negative after
(see Figures 10A-C). The correlation coefficient of 0.94 between the
time series of the two variable fields indicates that anticyclonic wind
patterns lead to enhanced ice drift towards the outer regions of the
eastern Arctic Ocean (reduced ice age), resulting in the transport of
more MYI to the western regions (increased ice age). This leads to
antiphase variations in ice age between the eastern and western
parts of the Arctic Ocean in September.

During the period from 1996 to 2012, the SVD analysis of
summer sea surface wind field and September sea ice age reveals
that the first mode contributes to 48.5% of the covariance. Under
the positive phase of SVD-PCI1, the wind field exhibits a pattern
characterized by the Beaufort Gyre and Transpolar Drift, which
reflected in the trend of Arctic sea ice motion(Bi et al., 2019; Zhang
et al.,, 2022). The Transpolar Flow originates from the Pacific sector
and traverses the central Arctic, flowing towards the Atlantic
Ocean. The central axis of the Transpolar Flow exhibits a
deviation towards the direction of the Prime Meridian. The
corresponding sea ice age field shows an overall change across the
entire Arctic Ocean, except for the eastern region of Greenland.
Specifically, there is a transition from negative to positive phase
around the year 2004. The temporal coefficients of the two variable
fields show a predominant increasing trend, corresponding to the
strengthening of the Beaufort Gyre and Transpolar Drift, as well as
the decrease in sea ice age. The correlation coefficient between the
two variables is 0.85 (0<0.01) (See Figures 10D-F). Under the
positive phase, thick ice in the Pacific sector flows towards the
Atlantic sector driven by meridional winds and exits the Arctic
Ocean through the Fram Strait. This dynamic process serves as the
driving mechanism for the rapid retreat of MYI during this period.

2013-2022
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Synthesis analysis results of atmospheric pressure field during three periods (1984-1995 (A), 1996-2012 (B), and 2013-2022 (C)) in January to March.
Yellow, red, and pink circles represent the centers of low pressure systems in the respective periods.
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The first mode of SVD analysis between summer (July-September) sea surface wind field and standardized anomaly of sea ice age in September for
three periods: 1984-1995, 1996-2012, and 2013-2022. Column 1: spatial mode of sea surface wind field (color bar indicates wind vorticity, with
yellow, red, and pink circles representing the anticyclonic wind field circulation centers in the first, second and third periods, respectively) (A, D, G).
Column 2: spatial mode of sea ice age (B, E, H). Column 3: time series of wind field and sea ice age (C, F, ).

In a study by Wang et al. (2009), it was noted that anomalous
meridional winds contribute to the net export of MYI from the
Arctic Ocean to the Fram Strait.

Our methodology also addressed the specific timeframes and
the relationship between ocean dynamics and sea ice age. In
addition, the wind patterns of the Beaufort Gyre and Transpolar
Drift contribute to a significant inflow of MYI from the northern
regions of the Canadian Arctic Archipelago into the southern
Beaufort Sea. It has been observed that the sea ice in this region
undergoes intense melting during the summer months (Bi et al,
2019), which is also a contributing factor to the reduction of MYI.
However, it is noteworthy that under this pattern, the decrease in
sea ice age is not limited to the regions of MYI. The marginal seas
where seasonal sea ice exists also exhibit a significant decrease in sea
ice age.

During the period from 2013 to 2022, under the positive phase
of the summer wind field and September sea ice age SVD-PCI, a
closed anticyclonic wind field circulation pattern was observed.
Compared with the first period, there is a northwestward shift in the
center of the circulation. Furthermore, the wind vorticity in the
Pacific sector is negative, leading to ice convergence and an increase
in sea ice age. On the other hand, there is an enhancement of wind
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transport from the Atlantic sector towards the Fram Strait, resulting
in increased ice export towards the Atlantic Ocean and a decrease in
sea ice age. This clockwise wind circulation pattern contributes to
an increase in sea ice age in the Pacific sector and a decrease in sea
ice age in the Atlantic sector (refer to Figures 10G-I).

The findings shown in Figures 10 and 11 demonstrate that
during the period of 1984-1995, in summer, when the AO was in its
negative phase, there was a positive anomaly in sea-level pressure
(SLP) over the Arctic Ocean (Figure 11A). This atmospheric
pressure pattern resulted in an anomalous anticyclonic wind
circulation, with winds blowing from the eastern to the western
Arctic Ocean. It appears that these winds drove the transport of
MYI from the eastern to the western Arctic Ocean, leading to
antiphase variations in the sea ice age distribution between the
eastern and western regions (Figures 10A, B). During the period of
1996-2012, the summer composite analysis of atmospheric pressure
reveals the presence of the Arctic DA, characterized by positive
anomalies in sea-level pressure (SLP) over the western Arctic and
negative anomalies over the eastern Arctic (Figure 11B). The wind
field associated with the DA exhibits a combination of Beaufort
Gyre and Transpolar Drift circulation patterns. Under the influence
of these wind patterns, the thick ice in the Pacific sector of the Arctic
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Synthesis analysis results of atmospheric pressure field during three periods (1984-1995 (A), 1996-2012 (B), and 2013-2022 (C)) in July to September.
Cyan, purple, and green circles represent the centers of high pressure systems in the respective periods

Ocean is transported meridionally towards the Atlantic sector,
eventually exiting the Arctic Ocean through the Fram Strait. This
process contributes to a reduction in sea ice age within the region.
During the period of 2013-2022, the summer atmospheric
conditions were dominated by the AO. Compared to the first
period, there was a shift in the atmospheric pressure center
towards the Eurasian Basin, accompanied by an expansion of the
low-pressure system (Figure 11C). The negative phase of the AO
drives an anticyclonic wind field circulation pattern. On the one
hand, this pattern leads to ice convergence in the Pacific sector,
resulting in an increase in sea ice age. On the other hand, the same
process strengthens the wind transport from the Atlantic sector
towards the Fram Strait, enhancing the ice export to the Atlantic
Ocean and leading to a decrease in sea ice age.

The reduction of MYT is accompanied by a thinning of sea ice
thickness, which has been observed in the Greenland and the
northern regions of the Canadian Arctic Archipelago coast
(Kumar et al.,, 2020). We found that since 2013 the MYI extent
was relatively small, with seasonal sea ice dominating. Sea ice
thickness represent a low-level period, which was difficult to
restore to its previous state. That made the Arctic Ocean more
susceptible to the effects of climate change and weather processes.
As unveiled from satellite observations, the distinct interannual
variability of MYT extent are related to large-scale atmospheric
circulations. In mid-1990s AO played a leading role, and since 2000
DA exerted more influences (Rigor et al., 2002; Wu et al., 2006; Bi
et al., 2016). Our results indicate that winter sea ice age variations
were mainly influenced by AO, while summer sea ice age variations
from 1996 to 2012 were mainly influenced by DA. However,
thermodynamics also plays an important role in the changes of
sea ice age, so we will also discuss the effect of air temperature
changes on sea ice age in following research.

3.4 Relationship between ice age variations
and Arctic warming

Research has shown that trends and variability in surface air
temperature tend to be larger in the Arctic region than those of the
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Northern Hemisphere or globe as a whole (Serreze and Barry,
2011). Assuming that AO/DA and surface air temperature are
linearly superposed to form the variation in sea ice age, the
contribution rate of each factor can be estimated via a regression
equation (Ye et al., 2015). The regression equations are shown
in Table 2.

The fitting results are highly consistent with multi-year/5+yr ice
before 2012. In March, 80.77%/68.59% and 73.45%/82.85% of
multi-year/5+yr ice could be explained by the regression
equations during the first/second period respectively. In
September, 69.22%/84.73% and 84.96%/65.16% of multi-year/5
+yr ice could be explained by the regression equations during the
first/second period respectively, indicating that SLP and air
temperature are the main factors resulting in the variations of
Arctic sea ice age. While during the third period, the fitting results
are poorly consistent with Arctic sea ice age (Table 2), indicating
that with the decrease of sea ice age, the effects of oceanic inflow,
poleward water vapor intrusion and synoptic weather are enhanced
(Bi et al., 2020; Kumar et al., 2020).

The influence of AO on ice age was dominant during the period
of 1984-1995, while the effect of temperature is significantly
enhanced from 1996 to 2012. The effect of the air temperature
became more prominent in September, and the standardized
boundary contribution rates are 72.42% and 84.01% to multi-year
and 5+yr ice respectively, indicating that the Arctic warming is the
primary driver of sea ice age changes during the second
period (Table 2).

4 Conclusions

In recent years, the Arctic has been undergoing a transition
from MYT to seasonal sea ice, with a rapid retreat in the MYI extent.
In this study we applied the EOF analysis approach to examine the
variations in Arctic sea ice age from 1984 to 2022 and divided the
study period into three sub-periods, based on the pre-dominant
trends and possible underlying mechanisms. In particular, we
analyzed the relationship between sea ice age and atmospheric
circulation variations during each of the time periods (Figure 12).
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TABLE 2 Regression analysis of AO/DA and surface air temperature to multi-year/5+yr ice*.

10.3389/fmars.2023.1274665

March
2 2
‘ R Rlao Rltemp R Rlao Rltemp
1984-1995 80.77% 73.79% 26.21% 68.59% 93.48% 6.52%
2+yr S5+yr
1996-2012 73.45% 87.18% 12.82% 82.85% 68.24% 31.76%
2013-2022 19.52% 9.53% 90.47% 11.34% 52.93% 47.07%
September
‘ R? Rlao Rltemp R? Rlro Rltemp
1984-1995 69.22% 38.55% 61.45% 84.73% 70.15% 29.85%
2013-2022 2+yr 69.49% 22.37% 77.63% 5+yr 15.84% 91.99% 8.01%
2 2
‘ R Rlap Rltemp R Rlap Rltemp
1996-2012 84.96% 27.58% 72.42% 65.16% 15.99% 84.01%

*R* is the determining coefficient, which represents the percentage of the contribution of regression equation to multi-year/5+yr ice. RI, is the standardized boundary contribution rate obtained
using the relative importance analysis method, which is the relative contribution rate of the regression factor (n) to R? and it represents the relative importance of each factor.

(1) The period from 1984 to 1995 is characterized by a high ice
age in the Arctic Ocean, with a significant presence of 5+yr ice.
During this period, the winter AO, centered around the Atlantic
sector, drove a cyclonic wind field circulation (blowing from the
eastern to the western Arctic), resulting in the transport of MYI
from the eastern Arctic (reducing ice age) toward the western Arctic
(increasing ice age). During the summer months, when the AO is in
its negative phase, an anticyclonic wind field circulation pattern
forms over the Arctic, with winds blowing from the eastern to the
western Arctic. This circulation pattern drives the transport of sea
ice from the eastern Arctic to the west, resulting in a reduction in
sea ice age. Additionally, a significant amount of sea ice enters the
western Arctic and converges in the northern region of the
Canadian Arctic Archipelago, resulting in an increase in sea ice
age. During this period, the variations in the wind field induced by
the AO drive antiphase variations in sea ice age between the eastern
and western Arctic regions.

Winter SLP

(2) The period from 1996 to 2012 marks the peak phase of ice
age reduction, characterized by MYI gradually being replaced by

seasonal sea ice. During this

period, winter ice age variations were

primarily influenced by the AO. The positive phase of the AO
generated a cyclonic wind field circulation pattern blowing from the

East Siberian coast towards

the Barents Sea, resulting in sea ice

divergence and a reduction in ice age. In summer, Arctic warming
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Atmospheric circulation driving mechanisms underlying Arctic sea ice age variations.
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(3) The period from 2013 to 2022 represents a low ice age phase,
characterized by significantly negative phase in ice age. The
variations of winter and summer ice age during this period were
primarily influenced by the AO. The cyclonic wind field mode
generated by the winter AO drove the exchange of sea ice between
different regions, whereas the summer wind field mode affected ice
convergence/divergence and the transport of sea ice towards the
Atlantic. In this third time period, variations of sea ice age were
dominated by interannual variations, accompanied by weaker
trend-like changes.
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