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Recent observations demonstrate that the Bering Sea exhibits a substantial
positive trend of sea ice area increment (ASIA, difference in SIA between the
current and preceding months) in January contrasted to the considerable
negative seaice area (SIA) trend from 1979 to 2020, and the ASIA is unrelated to
the local wind field anomaly. To better understand the January ASIA variability
and its physical characteristics, we explore two distinct empirical orthogonal
function (EOF) modes of sea ice concentration increments. EOF1 features a
reduction in sea ice concentration (SIC) in the south of St. Lawrence Island.
EOF2 is characterized by the rise of SIC surrounding St. Lawrence Island. EOF1
is related to the well-known physical process of December strong poleward
heat transport in mixed layer depth. During the southward expansion of seaice,
the multiyear variation of the December SST tendency mostly relies on warm
advection in the Bering Sea shelf rather than net air-sea heat flux, and the
abnormal northeast wind in December no longer plays the role of a dynamic
process dominating the ice area expansion, but generates a stronger poleward
heat transport in the Bering Sea shelf to inhibit the southward development of
sea ice in the later stage. The two physical processes together result in oceanic
poleward heat transport regulating the Bering Sea SIA in competition with
atmospheric forcing in early winter. Since PC1 (principal component (PC) time
series for EOF1) has a high correlation of -0.76 with the maximum SIA in the
Bering Sea, it can be used as the prediction index of the Bering Sea
maximum SIA.
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1 Introduction

The Bering Sea, as one of the marginal seas in the Arctic
Ocean, is very different from the Arctic Ocean in terms of its sea
ice changes and even exhibits the characteristics of significant
oppositional changes (Brown and Arrigo, 2012; Cavalieri and
Parkinson, 2012; Stabeno et al., 2012a; Stabeno et al., 2012b; Wu
and Chen, 2016). The sea ice cover in the Arctic Ocean exhibited
a significant decline in recent years (Parkinson et al, 1999;
Parkinson and Cavalieri, 2008; Cavalieri and Parkinson, 2012;
Babb et al., 2013; Comiso et al., 2017; Parkinson and
DiGirolamo, 2021). Both sea ice area (SIA) and sea ice extent
from January-April showed positive trends in the Bering Sea,
opposite to the negative trends observed in other Northern
Hemisphere regions from 1979 to 2012 (Cavalieri and
Parkinson, 2012). Some studies even pointed out that the co-
occurrence of sea-ice minima in the Arctic and maxima in the
eastern Bering Sea in 2007-2010 suggested a lack of continuity or
a ‘decoupling’ between summer sea-ice minima in the Arctic and
the subsequent winter/spring sea-ice maxima in the Bering Sea
(Stabeno et al., 2012a; de la Vega et al., 2019; Xiao et al., 2020).

Generally, sea ice in the Bering Sea begins to form around
the beginning of October and expands southward throughout
the winter (Niebauer et al., 1999; Stabeno et al., 2012a; Li et al.,
2014). In winter, sea ice forms mainly in the northern coastal
area of the Bering Sea and the polynya areas on the southern
coast of St. Lawrence Island and is then transported southward
by north winds (Alexander and Niebauer, 1981; Niebauer, 1998;
Stabeno et al., 2007; Ohshima et al., 2020). With respect to the
sea ice generation area, in December, sea ice often occurs north
of St. Lawrence Island, while the January SIA increases are more
likely to occur in the Bering Sea shelf area (Stabeno et al., 2012a).
The large amount of warm water carried by the Bering Sea
continental slope current in the southern waters causes a large
amount of sea ice to melt, eventually leading to an S-shaped
asymmetrical sea ice edge (Niebauer et al., 1999; Li et al,, 2014).

Sea ice plays a key role in shaping the ecosystems of the
Bering Sea (Kearney et al., 2021). Bering Sea waters contain one
of the most productive marine ecosystems in the world and
consequently support a large oceanic fishery that is critical for
both commercial and subsistence use (Zhang et al., 2010; Hunt
et al, 2011; Li et al., 2014; Hunt et al., 2020). Winter ice cover
creates a pool of cold bottom water (<2°C) that is protected from
summer mixing by the thermocline (Mueter and Litzow, 2008;
Stabeno et al., 2012b). The cold pool acts as a cross-shelf
migration barrier for subarctic fish species (e.g., walleye
pollock and Pacific cod), forcing these fish to remain on the
outer shelf and separating them from food sources in the middle
shelf and coastal domain (Stabeno et al., 2012b). The extent of
ice is also the dominant factor controlling summer conditions
for demersal taxa (Mueter and Litzow, 2008). The maximum
extent of sea ice and the timing of its retreat in spring also affect
where and when sea-ice algae will be available (Hunt et al., 2011;
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Sigler et al, 2016; Hunt et al, 2020). Understanding the
processes that control the temporal evolution of the sea ice
distribution is vital for anticipating how the physical-biological
system will change in future years and decades (Wang et al,
2012; Alabia et al., 2020).

A conveyor belt mechanism with a northern source, a
southern sink, and an intermediate zone where ice is
transported southward by northerly winds, has been proposed
to explain the basic north-south SIA structure using
observations alone (Pease, 1980; Niebauer et al., 1999; Li et al.,
2014). In the northern Bering Sea, northerly or northeasterly
wintertime winds promote ice growth and favor the southward
transport of sea ice, while northward oceanic heat transport
from the southern Bering Sea shelf can accelerate sea ice melting
and inhibit southward sea ice expansion (Stabeno et al., 2007;
Brown and Arrigo, 2012; Li et al., 2014). Simulation results have
shown that from January to May, northeasterly winds transport
1.4x10"* m? of sea ice to the south. At the same time, the amount
of sea ice melted by warm southern waters is 1.5x10'> m® (Zhang
etal., 2010). The substantial interannual variability in the Bering
Sea ice cover is dominated by changes in this combination of the
wind-driven ice mass advection and the ocean thermal front at
the sea ice edge (Zhang et al., 2010).

The competition between atmospheric forcing and ocean
heat transport largely controls the SIA in the Bering Sea. To date,
the causes of SIA variabilities in the Bering Sea have been
investigated in terms of large-scale atmospheric circulation
anomalies (Niebauer, 1988; Nakanowatari et al., 2015), cyclone
activity (Screen et al., 2011), local winds (Stabeno and Bell, 2019)
and ice influxes driven by northeast winds from the Arctic
Ocean (Babb et al., 2013). These studies clearly illustrate the
promotion effect of the local wind field on the annual SIA in
mid-winter. Cooling at the ice edge and growth/melt in sea ice
influence ocean stability and heat transport in the ocean making
it difficult to establish a causal relationship between oceanic heat
transport and sea-ice extent (Bitz et al., 2005), resulting in less
research on the effect of ocean heat transport. Stabeno and Bell
(2019) mentioned that sea ice advances are primarily dependent
upon atmospheric forcing and, to a smaller degree, on ocean
temperatures. In fact, although warm ocean water can delay the
advance of ice, persistent cold northerly winds will eventually
cool (radiative heat flux and ice melt) the water column
sufficiently to push sea ice southward. The inhibition signal of
ocean heat transport is probably to be excluded in the
interannual variation of SIA in mid-winter. The footprint of
the inhibition signal may only be found on an intra-seasonal
scale. Li et al. (2014) suggested that it is necessary to evaluate the
temporal evolution of SIA anomalies by considering the mean
seasonal cycle, including the impacts of anomalous winds,
surface energy fluxes, fluctuating currents and mesoscale eddy
effects in sea ice research conducted in the Bering Sea. Herein, we
present the importance of northward oceanic heat transport of
intra-seasonal variability in SIAs in the Bering Sea during early
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winter in an effort to better understand the factor that contribute
to sea ice fluctuations and to address the lack of knowledge
regarding the ocean heat transport’s influence on sea ice.
Different from previous studies, the paper focuses on the
increment of SIA in January, which will be introduced in
detail in Section 2.2.1.

This paper is organized into four sections. In Sect. 2, the
employed data and methods are described. In Sect. 3, the sea ice
concentration increment (ASIC) dominance in the Bering Sea in
early winter is analyzed, and the first two derived modes are
shown to be related to physical processes. Finally, in Sect. 4, the
main conclusions are summarized.

2 Materials and methods

2.1 Datasets

Satellite sea ice concentration (SIC) data are employed from
the NASA team monthly data derived from the Scanning
Multichannel Microwave Radiometer (SMMR) on the
Nimbus-7 satellite and from the SSM/I sensors on the DMSP-
F8, -F11, and -F13 satellites (Comiso, 2015), with a resolution of
25 km. The temporal range of the dataset is chosen from Jan 1,
1979, to January 31, 2020. The region of interest covers the
whole Bering Sea (51-66°N,165-205°E). The SIA is computed as
the area weighted by SIC on the grid-cell level and then
integrated over the region of interest.

To explore the influence of atmospheric and ocean forcing
on sea ice, several satellite remote sensing datasets are used,
including sea surface temperature (SST), wind speed at 10 m
above the sea surface, and geostrophic current. The SST data
used in the paper are from the National Oceanic and
Atmospheric Administration (NOAA) optimum interpolation
(OI) SST version 2 dataset, a monthly dataset with a resolution
of 0.25°x0.25° that is derived from a blend of in situ observations
and Advanced Very High-Resolution Radiometer (AVHRR)
satellite infrared data. The selected temporal range of this
dataset spans from January 1979 to March 2020. Detailed
information regarding these data can be found in Rayner
et al. (2003).

Wind data at 10 m above mean sea level are acquired from
the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
project conducted in the Earth System Research Laboratory of
NOAA (Kalnay et al.,, 1996). The 2.5° latitude x 2.5° longitude
global grid (144x73) data are interpolated to a 0.25°x0.25° grid,
which is used to derive the monthly Ekman current, and then,
together with geostrophic current, to derive poleward heat
transport. January data collected from 1979 to 2020 are selected.

The geostrophic current is computed using the dynamic
topography data derived from the Topex/Poseidon and
European Remote-sensing Satellite (ERS) altimetric. The
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resolution of these data is 0.25°x0.25° and detailed
information characterizing these data can be acquired from
the AVISO database (https://www.aviso.altimetry.fr/).

The diagnostic results obtained from the Estimating the
Circulation and Climate of the Ocean, Phase II (ECCO2) V4r2
model are applied to estimate the contributions of the air-sea net
heat, advection, and diffusion to the potential temperature
tendency from 1992 to 2011. The ECCO2 project aims to
produce optimized, time-evolving syntheses of highly available
ocean and sea ice data to understand the recent evolution of the
polar oceans, and monitor temporally evolving term balances
within and between different components of the Earth system
(Menemenlis et al., 2008).

Surface shortwave/longwave radiation, surface latent heat
flux, and sensible heat flux data are obtained from the Monthly
Gridded Objectively Analyzed air-sea fluxes (OAFlux) (Yu et al,,
2008) to conduct a regionalization of the net air-sea heat flux.

Additionally, to test the robustness of our conclusions, we
also perform comparisons with the Bootstrap Sea Ice
Concentration dataset, the NCEP/NCAR SST dataset, and the
Ascat wind dataset and confirm the similarity of our results
(not shown).

2.2 Methods

2.2.1 Sea ice concentration increment

The SIA in the Bering Sea peaks in mid-winter, which is
typically attributed to atmospheric forcing in early-mid winter
(Niebauer et al,, 1999). If we solely emphasize the short-term
impact of atmospheric or ocean forcing on sea ice in a particular
month, the intended objectives cannot be achieved by using only
the interannual variation of SIA without removing the influence
of atmospheric or oceanic forcing that occurred earlier. As a
result, we largely concentrate on the sea ice concentration
increment/decrement in a month, which is calculated as the
difference between the SIC of the current and preceding month.
Since the SIA in early winter gradually increases, the parameter
used in the paper is the SIC increment (ASIC). From 1979 to
2020, the early winter (January) ASICs are computed from the
SIC datasets. The anomalies are then computed by subtracting
the climatological value derived each month. The empirical
orthogonal function (EOF) analysis method is performed
using the obtained SIC increment anomalies to identify both
the time series and spatial patterns in the dataset and reveal the
dominant SIC increment patterns in January. The utilized
indices is defined using the standardized principal components
(PCs) of the most dominant modes of sea ice variability.

2.2.2 Empirical orthogonal function
analysis method

We apply empirical orthogonal function analysis (EOF) to
decompose ASIC anomalies to identify the most dominant
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patterns of sea ice variability, each pattern being described by a
spatial pattern (the so-called EOF) and a time series (principal
component, PC). The indices are defined using the standardized
principal components (PCs) of the most dominant modes. The
EOFs of a space-time physical process can represent mutually
orthogonal space patterns where the data variance is
concentrated, with the first pattern being responsible for the
largest part of the variance, the second for the largest part of the
remaining variance, and so on. Correlation and composite
analyses are then employed to analyze the physical
mechanisms corresponding to each mode. Statistical
significance testing is conducted to assess temporal
correlations under the hypothesis that no relationship exists
between the observed phenomena (i.e., the null hypothesis,
p value<=0.05).

2.2.3 Poleward oceanic heat transport

Considering the significant effects of the storage or loss of
ocean heat on sea ice, poleward normal heat transport (NHT) is
computed using the following equation:

NHT = //12 /0 pcpvTacosgdzdA (1)
M J-H

where p=1022.95kg m™ is the density of seawater; c,=3900]
kg'°C™" is the specific heat capacity of seawater; v is the
meridional velocity; T is the potential temperature; a=6371km
is the radius of the Earth; ¢ is the latitude; and A is the longitude.
In this study, p, s and a are constant, which means that NHT is
proportional to vTHypcos¢. T is the SST derived from the
mean temperature within the depth of Hy;p (the mixed layer
depth). The sea surface velocity (\7) can be divided into the
geostrophic current (\7ge) and the Ekman layer velocity (Vek)
Meneghello et al. (2018) as follows:

V=V + Vo )
Vi = — (tp-t)and T=pColili, ()
pof
. g( oh dh
=&(-22 2% 4
Ve f( 3y 9% (4)

where py - 1.25kg m™ is the air density, Cp=0.00125 is the
drag coefficient, f is the Coriolis parameter, g = 9.8 m/s” is the
acceleration of gravity, and A is the dynamic topography. The
subscripts ‘¥ and ‘y’ of 7 denote the zonal and meridional
direction respectively. Z is taken, as described above, from the
wind data recorded 10 m above sea level and v in Eq. (1) stands
for the meridional component of the sea surface velocity (V).

2.2.4 Conservation mixed-layer heat equation
In this study, the conservation mixed-layer heat equation is
also used to examine the contributions of the net air-sea heat flux
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(Q), advection term, and vertical term to the SST tendency:

oT Q -
o< ¥,
ot CopoHpyip

W, AT

HMLD

vT (5)

where the net air-sea heat flux (Q) is taken, as described
above, from the OAFlux data, VT is the SST gradient, W, is the
entrainment velocity at the base of the mixed layer, and AT is the
difference in sea water temperature between the subsurface and
mixed layers.

3 Results
3.1 Forty-two-year January ASIC

Based on the NASA team SIC datasets, the Bering Sea SIA
anomaly each month and the corresponding trends are
computed, as shown in Figures 1A, B. The maximum negative
trend appears in December due to the delay of sea ice formation
north of the Bering Sea (Zhou and Wang, 2014), with a value of
-3000 km?/a. In January, the trend presents a slight decrease,
with a value of -1430 km*/a. The SIA increment/decrement
relative to that in the previous month (ASIA anomaly) is shown
in Figure 1C, and the corresponding trends are shown in
Figure 1D. The maximum positive trend in Figure 1D appears
in January (abbreviated as ASIA; ;,), with a value of 1010 km?/a.
If the calculated date range is from 1979 to 2013, the trend in
ASIA, ,, reaches 2620 km?*/a.

The mean value and standard deviation distributions of
ASIC; 1, are summarized in Figure 2. In Figure 2A, the
maximum mean ASIC; ;, value is found in Anadyr Gulf,
reaching 45.5%. Values above 30% are found covering the
portion of the sea around St. Lawrence Island, the Gulf of
Anadyr, and Nunivak Island, where the standard deviations
(shown in Figure 2B) are also larger than 20%. Large sea ice
variabilities (i.e., corresponding to regions with high standard
deviation values) are not confined to sea ice edges but are also
observed in the northeast portion of the Bering Sea, suggesting a
slight difference from the findings of Liu et al. (2007) derived
based on an SIC dataset from 1979 to 2002. In their study, the
standard deviation in Anadyr Gulf is less than that obtained in
the present study. The annual ASIA; , in January (Figure 3) is
computed as the integrated ASIC; , multiplied by the area on
the grid-cell level, except for points with SIC values less than 5%
in January. The maximum January ASIA; ;, anomaly is found in
2012, with a value of 16.4x10* km?. Although the Bering Sea has
the smallest SIA in January 2018 (Stabeno and Bell, 2019), the
minimum ASIA, ;, anomaly is observed in 1979, with a value of
-16.5x10" km”.

Considering the direct driving effects of wind on sea ice from
1979-2020, the mean January meridional wind values are
acquired in the region where the ASIC;;, values shown in
Figure 2A are greater than 5%, as indicated by the brown solid
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FIGURE 1

(A) Monthly SIA anomaly from 1979 to 2020. The corresponding colors are shown in the legend; (B) individual SIA anomaly trends
corresponding to (A); (C) SIA increments/decrements relative to the SIA in the previous month (ASIA); and (D) individual ASIA anomaly trend.
Due to the small amount of sea ice present off the coast of the Bering Sea from July to October, the trends are ignored during this period. The
December and January data are labeled by solid lines, while the data representing other months are labeled with dashed lines.

line in Figure 3. All V-component wind values are negative (not
shown), suggesting that northerly winds prevail over the Bering
Sea in boreal winter. However, the magnitude of the north wind
is not consistent with the ASIA anomaly. For example, in 2004,
the maximum northerly wind indicated in the historic record
does not cause a significant ASIA increase in January. Similarly,
in 2000, the minimum northerly wind in the historical record
does not cause an abnormal SIA decrease. The correlation
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coefficient between them is found to be as low as 0.258,
indicating that the SIA increases driven by northerly winds are
weak in early winter.

In addition, ASIA; ;, seems to exhibit two high-frequency
behaviors, although the relatively short period of record (42
years) limits our ability to analyze these behaviors. Wyllie-
Echeverria and Wooster (1998) show that at least two
environmental variability scales exist on the Bering Sea shelf:
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FIGURE 2

(A) Mean SIC increment in January in contrast to the last month from 1979 to 2017; (B) standard deviation of the SIC increment in January.

interannual fluctuations between warm and cool years and
multiple years of warm or cool states. As shown in Figure 3,
before 1992, the ASIA; ;, record features clear 1-2-year
fluctuations. After 1992, the ASIA, ;, values appear to exhibit
3-5-year fluctuations, suggesting that another process may exert
a strong influence on the sea ice. Given that there is significant
sea ice variability, it is instructive to quantify the sea ice
variability in the Bering Sea using the empirical orthogonal
function (EOF) approach rather than generating one
variability index for sea ice using ASIA ;5.

3.2 EOF modes

To assess the existence of two processes, one causing 1-2-
year fluctuations and the other leading to 3-5-year fluctuations
in terms of sea ice variability, the EOF analysis method is used to

20

decompose ASIC, ;, for the period from 1979-2020 and
compute the patterns of ASIC,_;, in both space and time. The
explained variances of the first two EOFs (35.20% for EOF1 and
25.38% for EOF2) are much larger than those of the other EOFs
(i.e., 11.54% for EOF3). The autocorrelations of EOF1, EOF2,
and EOF3 are computed as follows:

REOFI(O) =1 REOFI(I) =0.0615, REOFI(Z) =0.0031, Rgop (3)

=0.0827, ...

Rgor2(0) = 1, Rgopa (1) = =0.0018, Rop(2)

= -0.0490, Rgop (3) = —0.0157, ...

Reops(0) = 1, Reops (1) = =0.0025, Rpops (2) = 0.0008, Rgops (3)

=0.0002, ...

—
(=]

—
o

ASIA, ;, anomaly (x10*km?)
S

-20

iy

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIlIIII 4

in January(m/s)

(=)
The average meridional wind anomaly

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

FIGURE 3

Year

January ASIA;_1, anomalies. The brown solid line denotes the average v-component wind in January in the regions in which the ASIC;_;, values

shown in Figure 2A are larger than 5%.
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Based on these coefficients and the method proposed by
North et al. (1982), it is certain that EOF1 and EOF2 are
statistically significant and distinct from each other. The EOF1
mode (shown in Figure 4A) features negative ASIC anomalies
south of St. Lawrence Island, corresponding to the area with high
mean ASIC; ;, values (seen in Figure 2A). EOF2 (shown in
Figure 4B) shows positive ASIC anomalies around St. Lawrence
Island. The standardized PCs corresponding to EOF1 (PC1) and
EOF2 (PC2) are shown in Figures 4C, D respectively. PC1 shows
low-frequency oscillations of 3-5 years. PC2 exhibits high-
frequency oscillations of 1-2 years. The moving correlation
coefficients of ASIA; ;, with PCl (Figure 4E) and PC2
(Figure 4F) respectively are computed.

In PC1, most of correlation coefficients exceed 70% from
1991-2017. Most of the correlation coefficients reach the
significance level criterion exceeding 95% as well. In PC2, only
from 1981 to 1994 do the derived correlation coefficients meet
the significance level criterion exceeding 95%. In other words,
prior to 1991, the high-frequency oscillation in PC2 corresponds

10.3389/fmars.2022.946824

to ASIA; j,. After 1991, the 3 to 5-years oscillation of PCl1 is
basically the same as that of ASIA, ;5. The first two EOF patterns
totally explain approximately 60% of the variance, and can
reflect the basic spatiotemporal variations of ASIA,_;».

In addition, there are several years with a weak negative
correlation between PC1 and ASIA;_;,, such as 1989, 1998 and
2005. Two minor regime shifts are observed on the decadal time
scale in the Pacific Decadal Oscillation (PDO) multidecadal
climate regime. The first shift occurs in 1989, and the second
shift occurs in 1998 (Overland and Stabeno, 2004). In the
context of climate change, the spatiotemporal variations in sea
ice are modulated by a relatively large-scale climate system [e.g.
PDO, Zhang et al. (2010)], while solitary regime shift events are
not reflected in the PC1 mode. When analyzing the correlation
between the Arctic Oscillation index and the gridded SLPs north
of 20°N, Zhao et al. (2006) observed comparable uncorrelated
years as well, which are closely related to the shift of Arctic
climate system. As a result, the interpretation of PCI in the
paper cannot be generalized to these solitary regime shift events.
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Spatial patterns of the first two dominant EOF modes representing the early winter SIC increment in January relative to that in December: (A) EOF1
and (B) EOF2. Panels (C) and (D) reflect the standardized PCs corresponding to the two dominant EOF modes (PC1 and PC2, respectively). Panels
(E) and (F) provide the correlation coefficients of the SIA increment with PC1 and PC2, respectively, derived based on the moving correlation
method with a 7-year window. Here, the pink circles denote the criterion of the significance level exceeding 95%.
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3.3 Composite analysis of SSTs and sea
surface velocities in early winter

In EOF1, the region with the most significant sea ice changes
is in the outermost area close to the open water (in Figure 4A).
Because the influence of the meridional wind is weak, ocean heat
should be considered when analyzing this region. Sea ice can be
transported southward by the very strong northeasterly winds to
areas with relatively warm SSTs in early winter. Meanwhile, the
southern warm seawater can also inhibit the southward advance
of sea ice. Stabeno et al. (2007) suggested that relatively warm
summertime ocean temperatures delay the southward advection
of sea ice during winter. In fact, the properties of warm water in
summer change significantly following evaporation, heat
conduction, and heat transport processes. Generally, the
decisive factor inhibiting sea ice advances in early winter is the
residual heat in the seawater in November or December. The
positive- and negative-phase years identified in PC1 are selected
and used to facilitate the composite difference (positive years
minus negative years) analysis on the SST and sea surface
velocity in November and December.

In the SST composite map (Figure 5), both November and
December, before sea ice freezes, are characterized by warm
water to the south of St. Lawrence Island and to the west and
south of Nunivak Island. In the sea surface velocity composite
map, it is evident that a strong meridional current anomaly on
the order of 0.15 m/s or more covers the Bering Sea shelf in
December, consistent with the areas where the sea ice changed
significantly in EOF1. In contrast, no significant meridional
current anomaly is found in November. The abnormally warm
SST and northward current indicates that the above-normal sea
surface poleward heat transport that occurs south of St.
Lawrence Island in early winter is probably to be an import
modulator of the wintertime SIC.

In the Barents and Kara Seas, more inflowing ocean heat can
result in the formation of less sea ice during the cold season, thus
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leading to a high anticorrelation between water heat transport
from the Atlantic Ocean and the cold season SIA, with a value of
r=-0.76 (Shu et al., 2021). In this work, we could not obtain the
poleward heat transport of the Alaska slope current due to the
relative scarcity of data. Instead, the correlation between the
poleward heat transport on each grid cell and PC1 is calculated
in the mixed layer without considering the influence of
topography on the Ekman transport and heat transport across
the mixed layer. An extensive area comprising significant
positive correlations in December (in Figure 6B) is observed
near the sea ice edge, covering the region south of St. Lawrence
Island and north of the 100-m isobaths, corresponding to the
region indicated to have significant spatial changes by EOF1. A
weak positive correlation is observed in November (Figure 6A)
near St. Lawrence Island, although the composite SST maps
exhibit agreement between November and December.

The preceding explanation essentially highlights the fact
that, in the positive phase of EOF1, warm water expands in
the Bering Sea shelf during November and December. Because of
the abnormal northward surface current in December, there is a
large-scale northward oceanic heat transport south of St.
Lawrence Island, preventing sea ice from expanding
southward. The northward oceanic heat transport covers the
entire middle continental shelf in the Bering Sea. There is no
substantial correlation between SST and PC1 in the Bering Sea
shelf area in either November or December (not shown),
indicating that warm water in November and December is the
premise to inhibit the southward expansion of sea ice, and its
decisive role is the abnormal northward warm current.

3.4 The influence of warm advection
on SST

Generally, a positive heat budget occurs from April to
September in the Bering Sea, causing SSTs to increase. From
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Composite difference map of the mean SST anomaly and sea surface velocity anomaly derived from the PC1 index in November (A) and
December (B) from 1993 to 2020. The velocity is shown when the value is higher than 0.1 m/s. The corresponding 42-year mean SIC is

represented by black-and-white shading.
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October to March, the negative oceanic heat budget modulates
SST decreases. Especially in winter, large air-sea temperature
differences lead to rapidly declining SSTs. The ocean energy
budget plays an essential role in determining sea-ice growth and
melt rates, especially near the ice edge where ice can be advected
into waters substantially above freezing (Bitz et al., 2005). It is
thus necessary to explore the contributions of different heat
budget terms to sea ice changes.

SSTs are generally controlled by the net air-sea heat flux. The
substantially air-sea heat flux causes a rapid reduction in SST
from November to December as a result of the heat release from
the ocean to the atmosphere. The advection delivers a large
amount heat from low latitudes in Bering Sea shelf, preventing
the SST from further decreasing. The estimates derived herein
show that the contribution of the air-sea heat flux to the SST is
10~100 times larger than the contribution of the warm advection
in December. However, the computed correlation of the
December net air-sea heat flux with PC1 is weak from 1983 to
2009 (not shown), which implies that the massive air-sea heat
flux is not the primary driver of the EOF1 spatial pattern.

Here, diagnostic ECCO2 V4r2 results are applied to estimate
the explained variance (EV) of the air-sea net heat flux, advection,
and diftusion on the potential temperature variance from 1992 to
2011. The conservation equation can be written as follows:

006 -

— =-V- (urese) + Do + Fo (6)
0t eep—— N~

Tos Taa T Tiore

where Ty, represents the potential temperature (6)
tendency, T,; is the potential temperature tendency due to
seawater advection, i, = (U, Viess W,e) are the zonal,
meridional, and vertical components of the residual mean
velocity, respectively, Ty, represents the potential temperature
tendency due to the net (turbulent and radiative) surface heat
flux, and T, is the potential temperature tendency due to
parameterized (iso-neutral and dia-neutral) mixing.
Considering the significant area in PCI, the data in the area
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indicated by the red quadrilateral in Figure 7A are chosen (and
integrated throughout the whole water column). The EVs of
Ttores Tai, and Tog on Tyepq are then calculated according to the
following formulas:

Var(Tynq) = Var(T,,) + Var(Ty) + Var(Tfm)

+ ZCOV(Tad, Tdi) + ZCOV(Tad, Tfurc)

+ 2C0V(Tdi> Tﬁ’”) v
EV(T,) = %
EV(Ty) = %
EV(Tp,.) = %
EV(Cov) = %

Where Var(Cov)=2Cow(Tag Tai)+2Cov(Tya,Thore)+2Cov(Tg;,
Ttore) . Var denotes the variance corresponding to the specific
terms and Cov denotes the covariances between each term. The
corresponding EV's are shown in Figure 7.

The EVs of Tg,. in September and October are larger than
those of T,q (in Figure 7); thus, large air-sea heat fluxes mainly
determine the local SST trends. From November to December, the
Trore EV clearly decreases, from 53.1% in October to 33.4% in
November. The T,q EV increases from 29.8% to 41.2% over this
period, indicating that the advection process plays a major role in
the SST trend. In the EVs of the total covariances, the covariance
of T,4 and Ty, also plays a leading role (not shown). These results
show that in early winter, the strong advection process critically
impacts the SST, even exceeding the influence of air-sea heat
fluxes. Here, we used the observed and remotely sensed datasets
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described above to calculate the correlation coefficient between the
advection term (- V-V T) and PCl. The derived significant
positive correlations cover the Bering Sea shelf with coefficients
reaching 68% near the sea ice edge (above the 95% confidence
level) in November and December (Figure 8).

This shows that the dominant factor regulating the interannual
variability of SST in the Bering Sea shelf shifts from air-sea net heat
flux to warm advection in early winter, indicating that strong local
warm advection prevents further cooling of the sea surface due to
net air-sea heat flux in early winter, and explaining the close
correlation of PC1 with the northward oceanic heat transport in
the Bering Sea shelf and the weak correlation with air-sea net heat
flux (Figure 6A). The study concludes that the explanation of high
summertime SST leading to small SIAs in the later stage of the year
may be one-sided. On the one hand, SST's in December do not show
a significant correlation with PC; on the other hand, air-sea

interaction is still the dominant regulating SST in December, but
its correlation with PCI is modest.

3.5 The effect of wind on sea ice

SSTs in the positive phase of EOF1 are abnormally warm in
November and December (Figure 5). However, the northward
oceanic heat transport exhibits a clear positive relationship with
PCl only in December. To investigate the impact of meridional
current on northward oceanic heat transport, we decompose vT
in equation (1) as follows: vT = (v + v/ )T+ T') = vT +¥T' +
v T+v'T" (8)

where the superscript represents the anomaly value. Figure 9
shows the interannual variations of the last three

decomposition terms.
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consistency among the terms.

When comparing the interannual variation in vT — ¥T, none
of the three decomposition terms is completely dominant. In
other words, the meridional current is as important as SST in the
poleward heat transport anomaly. The meridional current and
SST together modulate the interannual variation of ASIA
observed in early winter.

The northward oceanic heat transport in the mixed layer
may be further decomposed into Ekman-driven poleward
oceanic heat transport and geostrophic oceanic heat transport.
The calculation shows that the mean Ekman-driven poleward
heat transport in December is 36 times that of the geostrophic
current in the Bering Sea shelf. Ekman-driven poleward oceanic
heat transport has a dominant role in the overall oceanic heat
transport. The significant rise in sea surface temperature induced

by Ekman transport reaches more than 0.2°C/d in the region
with considerable EOF1 reduction in December (Figure 10). The
abnormal northeast wind does not currently play a dynamic role
in pushing southward movement of sea ice, but it does generate a
strong Ekman transport in the south open water, resulting in an
increase in northward oceanic heat transport.

4 Discussion

Unlike most prior researches that have concentrated on the
inter-seasonal variation of SIA in the Bering Sea (e. g. Singarayer
and Bamber, 2003; Sasaki and Minobe, 2005; Liu et al., 2007;
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Composite difference maps of the mean wind anomaly and — \/‘ek\ - VT anomaly derived using the PC1 index in November (A) and December (B) from
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Liang et al, 2020), this study focuses on the intra-seasonal
changes in sea ice. However, the spatial patterns derived from
SIA increment in January is largely comparable with the inter-
seasonal patterns of average SIC derived by Liang et al. (2020)
for entire Arctic winter (December-March). The EOF1 described
in this paper is also similar with the spatial pattern derived by
Liu et al. (2007), who presented a dipole spatial pattern between
the sea of Okhotsk and the Bering Sea during the winter season.
The consistency of spatial patterns between the inter-seasonal
and intra-seasonal change in sea ice underscores the importance
of SIA increment in January to the sea ice change throughout
the winter.

Wind drag plays a very important role in the sea ice change
in the Bering Sea (Sasaki and Minobe, 2005). Abnormal SIA is
frequently associated with early atypical wind field (Niebauer
et al,, 1999). Sasaki and Minobe (2005) investigated the
interannual variability of sea ice in the Bering Sea and its
relation to atmosphere fluctuations, and even suggested that a
better understanding of the wind anomalies over the Bering Sea
are important to know the interannual sea ice variability in the
Bering Sea. However, on an intra-seasonal scale, the increment
of SIA in January is not related to wind field anomaly. It is
proposed in this paper that the southward advance of sea ice
driven by the wind is constrained in early winter, and this
constraint is produced by warm advection in the preceding
month. This study clearly demonstrates that the effect of the
wind on sea ice varies across time scales, from advancing sea ice
southward on an inter-seasonal scale to driving heat transport
toward ice region on an intra-seasonal scale due to the action of
generating Ekman transport.

Prior to 1994, there exists a substantial correlation between
PC2 and ASIA in January. Preliminary research suggests that
EOF2 may be associated to local sea-air heat flux. Further
research on PC2 can explain sea ice change at the end of the
last century, and clarify the cause for the shift in the mechanism
of sea ice change by comparing the recent sea ice change. In
addition, future research is also needed to evaluate the time
evolution of the northward heat transport from the intra-
seasonal cycle, including the impacts of anomalous winds,
surface energy fluxes, fluctuating current and mesoscale
eddy effects.

5 Summary

From 1979 to 2020, the SIA of the Bering Sea shows a
declining tendency in all months. The highest negative trend
appears in December with a value of -2000 km*/a. We also
estimate the increment or decrement of SIAs (ASIA) in all
months. In contrast to the SIA tendency observed in the
Bering Sea, the observational ASIA derived herein exhibits a
considerable positive trend on the order of 1010 km?/a in
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January. EOF analysis method is employed to decompose the
spatiotemporal variation in January ASIA. The first two spatial
modes (EOF1 and EOF2) can explain more than 60% of the
variance. EOF1 features negative ASIC anomalies south of St.
Lawrence Island, consistent with the spatial distribution of the
multiyear mean and standard deviation. EOF2 shows positive
ASIC anomalies around St. Lawrence Island.

We examine what drives the specific spatial patterns of
EOF1 by applying composite and correlation analytical
approaches. The positive EOF1 pattern is dominated by
comparatively warm SSTs and strong meridional currents over
the Bering Sea shelf in December. The broad strong poleward
oceanic heat transport in December produces ocean heat flux
convergence toward the ice edge and explains the temporal
variation in EOFI1. Different from the prior understanding,
January ASIA is not the result of abnormal northeast winds,
but is modulated by northward poleward oceanic heat transport.

The effect of ocean heat transport on sea ice is discussed
explicitly in the paper. During sea ice advancing southward, on
the one hand, although the SST tendency in December is
governed by the net air-sea heat flux over the Bering Sea shelf,
its interannual variation is mostly dependent on warm
advection. The local ocean heat storage driven by advection
near the ice edge results in the inhibition of the southward
expansion of sea ice in the later period. On the other hand, the
northeast wind anomaly in December no longer plays the role of
a dynamic process advancing southward movement of sea ice
and instead drives northward ocean heat transport in the ice
edge, further delaying sea ice advance. In the early winter, ocean
heat transport dominates and regulates the Bering Sea SIA in
competition with atmospheric forcing.

Although the January climatological mean value of ASIA
only accounts for 36% of the maximum SIA, the PCI derived
from it has a close inverse correlation with the maximum SIA,
with a correlation coefficient of -0.76. PC1 can be utilized as the
prediction index for the Bering Sea maximum SIA. As for
whether it can predict the local ecosystem changes, it is worth
further study.
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