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Changes in the role of Pacific
decadal oscillation on sea
ice extent variability

across the mid-1990s

Hyerim Kim?, Sang-Wook Yeh'*, Soon-Il An?** & Se-Yong Song*

Characteristics of sea ice extent (SIE) have been rapidly changing in the Pacific Arctic sector (PAS) in
recent years. The SIE variability in PAS during the late spring and early summer (i.e., April-May—June,
AM)) plays a key role in determining the SIE during the following fall when SIE is at a minimum. We
find that the Pacific Decadal Oscillation (PDO), which is the most dominant variability of sea surface
temperature (SST) on the low-frequency timescales, differently influences the SIE in PAS during AMJ
before and after the mid-1990s. While a positive phase of PDO during the previous winter acts to
increases SIE during AMJ before the mid-1990s, it acts to decrease SIE during AMJ after the mid-1990s.
Further analysis indicates that atmospheric circulation associated with PDO differently influences the
variability of SIE in the PAS during AMJ by modulating poleward moisture transport across the Alaska
or the Far East Asia peninsula. This results in the change in the relationship of PDO and SIE in the PAS
before and after the mid-1990s.

The record-breaking minimum year of the Arctic sea ice cover has been replaced every several years due to global
warming'™ and/or internal climate variability®®. As a direct result of the Arctic sea ice loss, voyage across the
Arctic Ocean is now possible, which has reduced the time required to cross the ocean and enabled the exploi-
tation of new natural resources. Although it is a controversial issue, the reduction of sea ice cover could alter
atmospheric circulation, resulting in severe extreme cold events and significant snowfall in North America and
Eurasia during the boreal winter®®. Therefore, predicting the variability of SIE in fall when SIE is at a minimum
is important for economic benefits, human health, and safety. The variability of SIE in fall could be influenced by
many relevant factors including atmospheric moisture, cloud, atmospheric heat transport, oceanic heat transport
and sea ice motion®™*°.

Combined factors may differently affect SIE in the Pacific Arctic sector (PAS) (140° E-130° W, 65°N-82°N)
including Beaufort, Chukchi and East Siberian seas from year to year. However, it is well known that the SIE
variability in late spring and early summer is a good indicator of SIE variability in September when SIE is at a
minimum!®. That is, preconditions for changes in sea ice in the following fall and early winter are associated with
a sea ice loss in previous spring!”. While ice-albedo feedback is not yet active until early spring since solar radia-
tion merely reaches the surface, anomalous Arctic cloudiness or moisture convergences are primarily responsible
for melting sea ice in early spring via increased downward longwave radiation'”'®. On the other hand, there is a
study argued that sea ice motion in previous winter is essential for sea ice thickness variability, which is also an
indicator of the SIE in the following fall**. Therefore, it is crucial to understand the physical processes leading to
the SIE variability in spring to predict the SIE in fall. In this study, we focus on the SIE variability during the late
spring and early summer (April-May-June, hereafter, AMJ) by analyzing the reanalysis datasets. In particular,
we first highlight the role of Pacific Decadal Oscillation (PDO), which is the most dominant variability of sea
surface temperature (SST) in the North Pacific, on the variability of the SIE in the PAS during AM]J. While the
PDO is dominant on the low-frequency timescales, it is also characterized by a considerable variability less than
decadal timescales (Fig. S1). Such temporal characteristics are also observed in the variability of the SIE in the
PAS (Fig. S2). Our analysis indicates that the role of the PDO during the late winter and early spring (Janu-
ary-February-March, hereafter, JFM) on the SIE variability in the following AM]J has changed from before and
after the mid-1990s. A shift of PDO’s influence has not been examined in the previous literature.
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Figure 1. (a) Linear trend (shading) and standard deviation (contour) of sea ice concentration in September.
The shaded area denotes the region where the statistical significance exceeds 90% of the confidence level
according to Student’s t-test. The unit is 1 unit/decade. The contour interval is 0.1. (b) Seasonal cycle of SIE over
the Pacific Arctic sector (PAS, 140° E-130° W, 65° N-82 °N, red dotted in (a). The pink shading indicates one
standard deviation of SIE variability in the Pacific Arctic sector. (c) Seasonal cycle of autocorrelation of SIE in
the PAS for 1958-2017. Y-axis denotes base month, and x-axis denotes lead-lag months. Before we calculate the
autocorrelation, we calculate two months running mean with removing its trend. The correlation coefficients
are displayed wherever confidence level exceeds 90% from the t-test. Note that the number of degree freedom

is determined based on auto lag-1 correlation. Plots were generated using NCAR Command Language (https://
doi.org/10.5065/D6WD3XH5) version of 6.3.0%.

We analyzed the change in SIE with respect to PDO index using monthly sea ice concentration (SIC) from
National Oceanic and Atmospheric Administration/National Snow and Ice Data Center (NOAA/NSIDC)".
The importance of sea ice variability in AM] is highlighted by displaying the seasonal auto lead-lag correlation
of SIE. We then studied physical processes associated with the atmospheric circulation related to PDO, which
affect SIE variability during late spring and early summer (AM]) using reanalysis data (see “Methods” section).

Results

Figure la displays the linear trend of SIC for the entire analyzed period (1958-2017) and its standard deviation
in September. The greatest reduction of SIC in September since 1958 is observed in the PAS, marked by the red
dotted area in Fig. 1a. In addition, the SIE variability is also large within the same area. Note that the area we
take into account to define the PAS little affects to the main conclusion in the present study. Figure 1b shows the
seasonal cycle of the SIE in the PAS, as well as its standard deviation for 1958-2017, indicating that the SIE vari-
ability is the largest in September when the SIE is at a minimum of a year. To further identify the characteristics
of SIE variability in the PAS, we calculate the auto lead-lagged correlation of SIE anomaly in the PAS (Fig. 1c).
While the auto-correlation coefficients of SIE in the PAS during JEM drop rapidly, that during AM]J is significantly
positively correlated with that during the following season until early winter. Similarly, the SIE variability in the
PAS during fall and early winter is significantly positively correlated with that during the previous season until
late spring. That is, once the anomalous SIE is enhanced during AM]J, it is associated with an enhancement of
the anomaly of SIE the following fall and early winter, and vice versa. A rapid decrease of the auto-correlation
coefficients of SIE during JFM is because JEM is the nearest season when the SIE starts to melt. However, such
persistency of SIE anomaly from AM]J to the following fall and early winter might be caused by a positive feedback
process, including ice-albedo feedback?**, which acts through the entire season. In particular, anomalous south-
erly wind also would alter the ice surface properties, thereby strengthening the ice-albedo feedback in the PAS?'.
In addition, previous studies also suggested the melt-to-growth sea ice reemergence mechanism, where spring
sea ice anomalies are stored as upper ocean heat content anomalies and reemerge the following winter!>?%23,
Simply put, Fig. 1c indicates that the variability of SIE during AM]J is closely associated with the amount of SIE
in the PAS during the following fall and even early winter.
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P1(1958-1994) P2(1995-2017)

JEM AMJ JEM AMJ
Qe (Wm™2) -0.55 -021 0.95 -0.16
Quy | (Wm™2) -0.92 - 1.62* 3.16* 0.11
Quy (Wm™) -0.48* -0.76* 0.25 -0.19
Qqw (Wm™2) 0.05* 0.21 -0.07* 0.11
Qg + Quy (Wm™2) -0.13 0.34 0.77 -0.08
vT65 (Wm™) 0.01 0.17 0.03 0.20
WVP (10 'kgm™2) -0.08 -0.96 1.41% 0.13

Table 1. Regressed heat flux anomalies in PAS during JEM and AM]J against with the PDO index in P1
(1958-1994) and P2 (1995-2017), respectively. Net radiative heat flux, downwelling longwave radiation, net
longwave radiation, net shortwave radiation, turbulent heat flux as a summation of sensible and latent heat
flux, oceanic heat flux across 65° N and column integrated water vapor are denoted as Q. Qrwl> Qrws Qsws
Qsp + Quu, vT65 and WVP, respectively. Flux anomalies are defined positive downward. Asterisk indicates a
value exceeding 90% of the confidence level according to Student t-test. Oceanic heat flux across the Bering
Strait approximately 65° N.

Among the possible factors that could affect the SIE variability in the PAS during AM]J, we consider the role
of PDO during JFM. The climatological (1958-2017) seasonal cycle of radiative fluxes and oceanic heat fluxes
and their standard deviations show that the oceanic heat transport and its variability is quite small across the
Bering Strait compared to the radiative fluxes including shortwave, longwave, sensible and latent heat fluxes
during JEM (Fig. S3). Therefore, we argue that the PDO and its associated atmospheric circulation may act to
directly influence SIE variability compared to the role of oceanic heat transport (see also Table 1). Consistently, it
is known that the variation of SIE during AM] is in response to anomalous atmospheric radiative preconditions,
i.e., downwelling longwave flux, with 2-3 lag months?*. We also found that the downwelling long wave radiation
during JEM is negatively correlated with the SIE during AMJ in the PAS during 1958-2017, i.e., — 0.43, which is
statistically significant at the 95% confidence level. An anomalous downward longwave radiation acts persistently
to reduce sea ice thickness, resulting in a thinning of sea ice in the same season? (see also Fig. $4). Consequently,
a thinner sea ice would easily reduce the extent in spring. A previous study also argued that enhanced poleward
moisture transport from the North Pacific to the Arctic Ocean contributed to the accelerated SIE decrease during
the most recent period when the thickness of sea ice became thinner?*-2%.

We display the spatial manifestations of the positive phase of PDO during JFM, which are characterized
by cool temperatures in the western and central North Pacific with an elliptical shape and are accompanied by
anomalously warm temperatures to the east, north, and south, and the opposite is true in the negative PDO
phase (see Fig. 2a). Therefore, the variability of SIE in the PAS could be easily influenced by the PDO, because
it is closely associated with the SST condition around the PAS (Figs. 1a, 2a). In spite of adjacent geographical
conditions, however, correlation coefficients between the PDO index during JFM and the SIE variability during
AM] with and without the linear trend are — 0.14 and — 0.02 for 1958-2017, which are negligible. Because of the
low correlation, there are few studies evaluating the role of the PDO on the SIE variability in the PAS. However,
we argue that this negligible correlation is mainly due to a dramatic change in the relationship of PDO and SIE
variability.

We found that the relationship of JEM PDO and AM]J SIE with a 15-year running window has been signifi-
cantly changed across the mid-1990s based on Rodionov’s sequential t-test analysis® (Fig. 2b). While the PDO
during JFM is positively correlated with the variability of SIE in AMJ before the mid-1990s, a negative relation-
ship of JEM PDO and AM]J SIE is significant at the modest level of 90% confidence after the mid-1990s. That is,
a positive phase of PDO acts to decrease the SIE during AM]J prior to the mid-1990s and vice versa subsequently
(see also Fig. 2¢,d). Note that a running correlation coeflicient is calculated after we removed a linear trend in
every 15-year window. It is also noteworthy that the correlation coefficient between JFM PDO and AM]J SIE is
0.29 during 1958-1994 and —0.58 during 1995-2017, respectively, which is statistically significant at the 90%
confidence level. Despite the correlation does not imply the causality of PDO’s influence on SIE variability in the
PAS, we hypothesize that the influence of atmospheric condition associated with the PDO on the SIE variability
in the PAS has dramatically changed since the mid-1990s.

To examine the details of the PDO’s role, we compared the two periods, before (1958-1994, hereafter, P1)
and after the mid-1990s (1995-2017, hereafter, P2), respectively. Figure 3a,b displays the regressed SST and Sea
Level Pressure (SLP) with respect to the PDO index during JFM at P1 and P2, respectively. The spatial pattern
of the regressed SST anomalies associated with a positive PDO phase shows similarities and differences between
the two periods. In particular, a center of a cool SST is shifted to the south in P2, and the warm SST around the
Bering Sea and the west coast of North America is prominent in P2 compared to that in P1.

According to previous studies®**!, the mid-latitude North Pacific SST variability including PDO is able to
modify the intensity and location of oceanic fronts, subsequently, it leads to modify the atmospheric circulation.
We calculated the meridional SST gradient associated with the PDO, which is associated with the characteris-
tics of baroclinic instability in the North Pacific, between the two periods (Fig. S5) and found that their spatial
structures differ. Consistently, the zonal (150° E-140° W) mean zonal wind structure associated with PDO has
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Figure 2. Shift of winter PDO’s influence on spring sea ice concentration (SIC). (a) Regressed map of SST in
January, February, and March (JEM) averaged onto PDO index averaged in JEM for 1958-2017. Shaded color
exceeds 90% of the significance level according to Students t-test. (b) Time series of the PDO JEM index is
shown as a black solid line, and the cyan solid line indicates the SIC averaged over April, May, and June (AM])
over PAS. Their correlation coefficient with a 15-year window is shown in the bar. Within each given window,
the linear trend is removed in two variables. Gray bars indicate that the coeflicient is statistically significant at
the 90% confidence level from Students t-test. The red line indicates a regime shift analysis based on Rodinov’s
sequential t-test®. The detection is performed with significance level of 0.1 and cut-off length of 15 years and
Huber’s weight parameter 1.5. (c) Regression maps of SIC onto PDO JFM index during 1958-1994. (d) As in
Fig. 2¢ but for 1995-2017. Plots were generated using NCAR Command Language (https://doi.org/10.5065/
D6WD3XHS5) version of 6.3.0%.

been changed in two periods (Fig. $6). This could affect the meridional circulation in the North Pacific, which
is associated with the change in the structure of moisture transport. It is also found that a center of the Aleutian
Low (AL) associated with the PDO in JFM is shifted to the southeast in P2 compared to that in P1 (Fig. 3a,b).
In addition, a center of high pressure in the PAS is shifted to northwestern Canada from P1 to P2, leading to a
dipole-like structure of atmospheric circulation in the meridional direction in the northern part of North Pacific
in P2 (Fig. 3b and see also Fig. S6b). These results indicate that the North Pacific SST anomalies associated with
the PDO in JFM and its associated atmospheric circulations have been modified in P2. Therefore, the changes
in atmospheric circulation associated with the PDO in JEM modify the structure of moisture transport into the
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Figure 3. Regression maps of surface sea temperature (SST) and sea level pressure (SLP) in JFM onto PDO
JEM in P1(1958-1994) (a) and P2 (1995-2017) (b). Shadings indicate SST in °C, and contour indicates SLP in
hPa. Contour intervals are 0.5 hPa. SST exceeding 90% of the confidence level according to Student’s t-test is
displayed. Regression maps of column integrated water vapor (WVP) and wind vector at 850 hPa, where water
vapor is concentrated of levels, in AMJ as to each PDO JFM in P1 (c) and P2 (d). Dotted area indicates the
region where anomalous WVP exceeds 90% of the confidence level according to Students t-test. Arrows filled
with black indicate either of anomalous zonal or meridional winds exceeding 90% confidence level according
to Student’s t-test. Units are m/s for the wind vectors and kg/m? for WVP. Plots were generated using NCAR
Command Language (https://doi.org/10.5065/D6WD3XHS5) version of 6.3.0*.

PAS in AM]J between P1 and P2. Anomalous poleward moisture transport associated with a positive PDO phase
during JEM is observed in P2 during AM]J (Fig. 3d), which is in contrast to that in P1 (Fig. 3c).

Figure 4a,b displays the regressed column integrated moisture fluxes, their convergence and downward long-
wave radiation during JEM and AMJ against the PDO index during JFM, respectively, in P1. Figure 4c,d are
identical to Fig. 4a,b except that in P2. It is noted that the amount of integrated water vapor is large in the regions
where downwelling longwave radiation is also anomalously large. This indicates that the amount of moisture,
which is a strong greenhouse gas, is different in the PAS between P1 and P2 during a positive PDO phase and
vice versa. During a positive PDO phase in P1, the amount of moisture decreased in the PAS, which results in an
increased SIE through the reduction of downwelling longwave radiation (Figs. 3¢, 4a,b). In contrast, the amount
of moisture increased in the PAS during a positive PDO phase in P2, which results in a decreased SIE through
the enhancement of downwelling longwave radiation (Figs. 3d, 4c,d). This results in a change in the PDO and
SIE relationship between the two periods, which is attributed to the change in the role of atmospheric circula-
tion associated with the PDO from P1 to P2. To understand the role of atmospheric warming trends and their
associated increased poleward moisture transport, we also calculate the moisture fluxes explained by anomalous
winds and climatological specific humidity (Fig. S7). We find that the spatial patterns of moisture fluxes, their
convergence and downward longwave radiation are not much changed compared with the results in Fig. 4. This
may indicate that the anomalous wind associated with the atmospheric circulation in each period plays a key
role to change the relationship of PDO and SIE across the mid-1990s.

We also conduct heat budget analysis to confirm the notion that the anomalous downwelling longwave
radiation associated with the PDO during JFM is dominant among other atmospheric radiations, resulting
from the anomalous moisture transport (Table 1). While the oceanic heat transport through the Bering Strait
is an important component to determine SIC anomalies in the PAS'?, we find that the anomalous ocean heat
transport associated with PDO is smaller than the anomalous downward LW and its role on the relationship of
PDO and SIE is negligible (Table 1). The results in Table 1 indicate that the anomalous integrated water vapor
and its associated downward longwave radiation plays a role to change the role of JEM PDO on the AMJ SIE
in the PAS after the mid-1990s. Note that the net longwave radiation (LW) in JEM with respect to PDO JFM in
P2 is relatively smaller than downwelling longwave radiation and it is possibly offset by anomalous upwelling
longwave radiation due to high surface temperature through sea ice thinning.

Further investigation has been performed using atmosphere-only climate model experiments, i.e. Global
Ocean Global Atmosphere (GOGA) experiments (see “Methods” section). In spite of some discrepancies, we find
that there are distinct spatial structures of winds and column integrated water vapor associated with PDO JEM
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Figure 4. Regression maps of vertical integral of moisture flux in units of kg m™ s and their convergence
(shading) in units of 10 kg m?s™!, downward long wave radiation (contours) in W m™ at the surface in (a)
JEM and (b) AM]J, respectively, onto PDO JFM in P1 (1958-1994). (¢, d) The same as in (a, b) except but in P2
(1995-2017). Dotted area indicates the region where anomalous convergence of moisture fluxes exceeds 90% of
the confidence level according to Student’s t-test. Vectors either of zonal or meridional fluxes above 90% of the
confidence level are displayed. Plots were generated using NCAR Command Language (https://doi.org/10.5065/
D6WD3XHS5) version of 6.3.0%.
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Figure 5. (a, b) The same as in Fig. 3¢, d except but for GOGA simulation. After regressing WVP, winds

at 850 hPa onto PDO JFM in each ensemble, their ensemble averages are calculated in P1(1958-1994) and
P2(1995-2015), respectively. The shaded is displayed only when the anomalies in at least 8 ensembles agree
about the sign. Due to the lack of data availability since 2016, the P2 in GOGA is limited to the period of
1995-2015. Plots were generated using NCAR Command Language (https://doi.org/10.5065/D6WD3XH5)
version of 6.3.0%,
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between P1 and P2 (Fig. 5a,b). It is evident that the atmospheric circulations associated with the PDO in JFM
have been modified from P1 to P2. Subsequently, this leads to an increase in the amount of column integrated
water vapor in PAS during P2 compared to that during P1 by altering the structure of moisture transport into
the PAS in AM]J between P1 and P2. This result supports the notion that the atmospheric circulation associated
with SST (i.e., PDO) is able to modulate poleward moisture transport into the PAS, which may cause to change
its associated SIE variability.

Discussion

In this study, we focused on the variability of SIE in the PAS during AM]J due to its significant correlation with
the following fall and winter. In particular, we examined the role of the PDO during JEM on the variability of
SIE during AMJ. We found that the spatial pattern of PDO during JFM, which is associated with the structural
changes in the meridional SST gradient as well as the zonal mean zonal wind in the North Pacific, differs sig-
nificantly before and after the mid-1990s. This could affect the atmospheric circulation associated with the PDO
across the mid-1990s, resulting in the changes in the relationship of PDO during JEM and SIE in the PAS during
AM] via modifying the poleward moisture transport in P1 and P2, respectively.

While we emphasized the role of PDO associated with atmospheric thermodynamic processes, we can not
exclude that the processes associated with the sea ice thickness which depends on the inflow of multi-year ice
with their sea ice-albedo feedback play a role for the loss of sea ice in the PAS*"*2. We found that the character-
istics of anomalous sea ice thickness with sea ice motion associated with the PDO change across the mid-1990s
(Fig. S8). The anomalous sea ice motion associated with PDO acts to redistribute the anomalous sea ice thick-
ness in JEM. While the sea ice becomes thick in the south of East Siberian Sea with the anomalous southward
ice transport in a positive phase of PDO in P1, that associated with PDO is not significant in P2. Therefore, the
change in the relationship of PDO-SIE in the PAS could be also associated with the change in sea ice thickness
and its associated sea ice motion associated with PDO.

While the PDO during JEM is not a good predictor for the SIE during the following fall and winter (i.e.,
October-November-December, OND) for the entire analyzed period of 1958-2017 (r=0.04, here r is a correla-
tion coeflicient between JFEM PDO and OND SIE), the correlation coefficient between JEM PDO and OND SIE
is 0.35 in P1 and — 0.35 in P2, respectively, which is statistically significant at the 90% confidence level. Therefore,
the PDO index could be used to predict the SIE during OND in different periods, which is consistent with the
results in the present study. Although the linear trend does not imply the radiative forcing, on the other hand, the
overall results with and without a linear trend little change. Therefore, we speculate that the role of radiatively-
forced trend on the impact of the PDO on the SIE variability is not significant.

Methods

Data. The PDO index, which is defined as the principal component time series of the first empirical orthogo-
nal function SST anomalies in the North Pacific poleward of 20° N*, is obtained from the University of Washing-
ton (https://jisao.washington.edu/pdo/PDO.latest). In this study, we mainly use the PDO index averaged during
JEM, when the PDO intensity is maximized®. Monthly SST is obtained from Hadley Centre SST (HadISST1)
data set with resolution of 1° x 1°%%*. Monthly sea ice concentration (SIC) at a spatial resolution of 25 km is
obtained from National Oceanic and Atmospheric Administration/National Snow and Ice Data Center (NOAA/
NSIDC) for the period of 1979-2017". We also used gridded SIC with 0.25°x0.25° from*” prior to 1979 and
reconstructed the SIC dataset having a spatial resolution of 25 km. Note that the results little change when we
used the SIC from the ERA-Interim reanalysis dataset. The entire analyzed period is 1958-2017 and the analysis
period starts in 1958 because of data credibility issue®®. It is noteworthy that the results in the present study are
little changed when the analyzed period is limited after 1979.

Monthly sea ice thickness and ice motion vectors are obtained from Pan-Arctic Ice Ocean Modeling and
Assimilation System (PIOMAS)* available from 1979. The data is gridded to 25 km x 25 km. Monthly precipitable
water content; sea level pressure; surface pressure; specific humidity, zonal and meridional winds at 8 pressure
levels from 1000 to 300 hPa with horizontal resolution of 2.5° x 2.5° are obtained from Reanalysis 1 of the National
Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)*. We also
analyzed heat fluxes including shortwave radiation, longwave radiation, latent heat flux and sensible heat flux
at surface from NCEP-NCAR Reanalysis 1 with horizontal resolution of T62 (192 x 94). The total heat flux at
surface is obtained from the summation of four heat fluxes components as follows,

Q = Qsw+ Quw + Qsg + Quus

where Qg Qpw, Qs and Qqy; indicate the net shortwave flux, net longwave flux, sensible heat flux, and latent heat
flux, respectively. Qgy, and Qyy, are composed of downwelling and upwelling components, respectively. From the
viewpoint of the surface, sign of flux is positive when it downwells so that it warms the surface.

Vertically integrated moisture flux. Convergence of vertically integrated moisture flux is calculated
using specific humidity, zonal and meridional winds at 8 levels from surface pressure to 300 hPa. The vertically
integrated moisture flux can be written as,

. 1 300hPa
Q=- [ qVdp
g bps

where q is specific humidity, V is horizontal wind vector, p is pressure,Ps is surface pressure and g is the gravi-
tational acceleration. Since specific humidity above 300 hPa is negligible*!, the vertical integration is performed
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from surface to 300 hPa. The SIE is defined as the sum of the area of gridcell wherever SIC is at least 15% in PAS
(140-230 °E, 65-82 °N). When sea ice is completely covered, the SIE in the PAS is approximately 3.26 million
km?, which is equivalent to 1 unit of SIE used in this study. The climatological period is defined as 1958-2017
to obtain the SIE anomaly.

Oceanic heat transport across the Bering Strait. Ocean potential temperature and meridional cur-
rents with 1°x 1° horizontal resolution at 42 levels are from European Center for Medium-Range Forecasting’s
Ocean Reanalysis System 4 (ORAS4)*2. Oceanic heat flux across the Bering Strait is calculated from the ORAS4
data using the following equation:

W0
S pCy (0 - Gref)vdzdx
167°W —50m

where p is the density of sea water (1023 kg m), C, is the specific heat capacity of water (3900 J kg' K™!).

Regime shift analysis. To determine the period when the relationship between PDO and SIE is differ-
ent, we employed the regime shift analysis using Rodinov’s sequential t-test”. Based on this methodology, the
periods before and after the mid-1990s (1958-1994 and 1995-2017) are considered separately to examine the
change in the relationship between PDO during JEM and SIE variability in the PAS during AM]J. Note that the
least squares linear trends of the analyzed variables are removed in each period.

GOGA experiment. Global Ocean Global Atmosphere (GOGA) simulation using the Community Earth
System Model version 1 (CESM) is used for the analyzed period of 1958-2015. Total 10 ensemble members are
integrated from the same initial condition with a small change in 2 m temperature. The historical SST and sea
ice, which is used to force the CESM, is obtained from Extended Reconstructed Sea Surface Temperature version
4 (ERSSTv4)* and HadISST1, respectively.

Data availability. The data that support the findings of this study are openly available. The SIC data used in
this study is from NOAA/NSIDC available at https://nsidc.org/data/seaice_index and the SST data is available
from the UK Meteorological Office Hadley Centre at https://www.metoffice.gov.uk/hadobs/. The SIT and ice
motion vectors are available from from the PIOMAS at https://psc.apl.uw.edu/research/projects/arctic-sea-ice-
volume-anomaly/data/model_grid. NCEP-NCAR reanalysis data is available at https://www.esrl.noaa.gov/psd/.
Finally, ORAS4 ocean potential temperature and meridional currents are available at https://www.ecmwf.int/
en/research/climatereanalysis/ocean-reanalys. The GOGA simulation data is downloaded via CESM website.

Received: 17 June 2020; Accepted: 22 September 2020
Published online: 16 October 2020

References
1. ] Wang et al. (2009) Is the dipole anomaly a major driver to record lows in Arctic summer sea ice extent? Res. Lett. Geophys.
10.1029/2008GL036706.
2. Stroeve, J. C. et al. The Arctic’s rapidly shrinking sea ice cover: a research synthesis. Clim.. Change 110, 1005-1027 (2012).
3. Kay, J. E.,, Holland, M. M. & Jahn, A. Inter-annual to multi-decadal Arctic sea ice extent trends in a warming world. Geophys. Res.
Lett. 38, L15708 (2011).
4. Notz, D. & Stroeve, J. Observed Arctic sea-ice loss directly follows anthropogenic CO, emission. Science 354, 747-750. https://
doi.org/10.1126/science.aag2345 (2016).
5. Zhang, R. Mechanisms for low-frequency variability of summer Arctic sea ice extent. Proc. Natl. Acad. Sci. USA 112, 4570-4575.
https://doi.org/10.1073/pnas.1422296112 (2015).
6. Liu, J,, Curry, J. A., Wang, H., Song, M. & Horton, R. M. Impact of declining Arctic sea ice on winter snowfall. Proc. Natl. Acad.
Sci. 109, 4074-4079 (2012).
7. Francis, J. A., & Vavrus, S. J. Evidence linking Arctic amplification to extreme weather in mid-latitudes. Res. Lett. Geophys. https
://doi.org/10.1029/2012GL051000 (2012)
8. Tang, Q, Zhang, X., Yang, X. & Francis, J. A. Cold winter extremes in northern continents linked to Arctic sea ice loss. Environ.
Res. Lett. 8,014036 (2013).
9. Kay, J. E., LEcuyer, T., Gettelman, A., Stephens, G., & O’Dell, C. The contribution of cloud and radiation anomalies to the 2007
Arctic sea ice extent minimum. Geophys. Res.Lett. https://doi.org/10.1029/2008gl033451 (2008)
10. Schweiger, A. J., Lindsay, R. W,, Vavrus, S. & Francis, J. A. Relationships between Arctic Sea Ice and Clouds during Autumn. J.
Clim. 21, 4799-4810. https://doi.org/10.1175/2008;cli2156.1 (2008).
11. Yang, X.-Y,, Fyfe, J. C. & Flato, G. M. The role of poleward energy transport in Arctic temperature evolution. Geophys. Res. Lett.
https://doi.org/10.1029/2010gl043934 (2010).
12. Woodgate, R. A., Weingartner, T. & Lindsay, R. The 2007 Bering Strait oceanic heat flux and anomalous Arctic sea-ice retreat.
Geophys. Res. Lett. https://doi.org/10.1029/2009g1041621 (2010).
13. Schlichtholz, P. Influence of oceanic heat variability on sea ice anomalies in the Nordic Seas. Geophys. Res. Lett. https://doi.
0rg/10.1029/2010gl045894 (2011).
14. Kimura, N., Nishimura, A., Tanaka, Y. & Yamaguchi, H. Influence of winter sea-ice motion on summer ice cover in the Arctic.
Polar Res. 32, 20193. https://doi.org/10.3402/polar.v32i0.20193 (2013).
15. Day, J. J., Tietsche, S. & Hawkins, E. Pan-Arctic and regional sea ice predictability: initialization month dependence. J. Clim. 27,
4371-4390. https://doi.org/10.1175/jcli-d-13-00614.1 (2014).
16. Bushuk, M. et al. Skillful regional prediction of Arctic sea ice on seasonal timescales. Geophys. Res. Lett. 44, 4953-4964. https://
doi.org/10.1002/2017GL073155 (2017).

Scientific Reports |

(2020) 10:17564 | https://doi.org/10.1038/s41598-020-74260-0 nature research


https://nsidc.org/data/seaice_index
https://www.metoffice.gov.uk/hadobs/
https://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data/model_grid
https://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data/model_grid
https://www.esrl.noaa.gov/psd/
https://www.ecmwf.int/en/research/climatereanalysis/ocean-reanalys
https://www.ecmwf.int/en/research/climatereanalysis/ocean-reanalys
https://doi.org/10.1126/science.aag2345
https://doi.org/10.1126/science.aag2345
https://doi.org/10.1073/pnas.1422296112
https://doi.org/10.1029/2012GL051000
https://doi.org/10.1029/2012GL051000
https://doi.org/10.1029/2008gl033451
https://doi.org/10.1175/2008jcli2156.1
https://doi.org/10.1029/2010gl043934
https://doi.org/10.1029/2009gl041621
https://doi.org/10.1029/2010gl045894
https://doi.org/10.1029/2010gl045894
https://doi.org/10.3402/polar.v32i0.20193
https://doi.org/10.1175/jcli-d-13-00614.1
https://doi.org/10.1002/2017GL073155
https://doi.org/10.1002/2017GL073155

www.nature.com/scientificreports/

17. Cox, C.J. et al. The role of springtime Arctic clouds in determining autumn sea ice extent. J. Clim. 29, 6581-6596. https://doi.
org/10.1175/jcli-d-16-0136.1 (2016).

18. Kapsch, M.-L., Graversen, R. G. & Tjernstrom, M. Springtime atmospheric energy transport and the control of Arctic summer
sea-ice extent. Nat. Clim. Change3, 744-748 https://doi.org/10.1038/nclimate1884. https://www.nature.com/nclimate/journal/v3/
n8/abs/nclimate1884.html#supplementary-information (2013).

19. Peng, G., Meier, W. N., Scott, D. J. & Savoie, M. H. A long-term and reproducible passive microwave sea ice concentration data
record for climate studies and monitoring. Earth Syst. Sci. Data 5, 311-318. https://doi.org/10.5194/essd-5-311-2013 (2013).

20. Deser, C., Walsh, J. E. & Timlin, M. S. Arctic sea ice variability in the context of recent atmospheric circulation trends. J. Clim. 13,
617-633. https://doi.org/10.1175/1520-0442(2000)013%3C0617:ASIVIT%3E;2.0.CO;2 (2000).

21. Lei, R. et al. Changes in summer sea ice, albedo, and portioning of surface solar radiation in the Pacific sector of Arctic Ocean
during 1982-2009. J. Geophys. Res.Oceans 121, 5470-5486. https://doi.org/10.1002/2016jc011831 (2016).

22. Blanchard-Wrigglesworth, E., Armour, K. C,, Bitz, C. M. & DeWeaver, E. Persistence and inherent predictability of Arctic Sea Ice
in a GCM ensemble and observations. J. Clim. 24, 231-250. https://doi.org/10.1175/2010jcli3775.1 (2011).

23. Bushuk, M. & Giannakis, D. Sea-ice reemergence in a model hierarchy. Geophys. Res. Lett. 42, 5337-5345. https://doi.
0rg/10.1002/2015gl063972 (2015).

24. Francis, J. A., Hunter, E., Key, J. R. & Wang, X. Clues to variability in Arctic minimum sea ice extent. Geophys. Res. Lett.32 https
://doi.org/10.1029/2005GL024376 (2005).

25. Park, H.-S,, Lee, S., Kosaka, Y., Son, S.-W. & Kim, S.-W. The impact of Arctic winter infrared radiation on early summer sea ice. J.
Clim. 28, 6281-6296. https://doi.org/10.1175/jcli-d-14-00773.1 (2015).

26. Lee, H.]. et al. Impact of poleward moisture transport from the North Pacific on the acceleration of sea ice loss in the Arctic since
2002. J. Clim. 30, 6757-6769. https://doi.org/10.1175/jcli-d-16-0461.1 (2017).

27. Screen, J. A. & Francis, J. A. Contribution of sea-ice loss to Arctic amplification is regulated by Pacific Ocean decadal variability.
Nat. Climate Change6, 856. https://doi.org/10.1038/nclimate3011. https://www.nature.com/articles/nclimate3011#supplement
ary-information (2016).

28. Gimeno, L., Vazquez, M., Nieto, R. & Trigo, R. M. Atmospheric moisture transport: the bridge between ocean evaporation and
Arctic ice melting. Earth Syst. Dynam. 6, 583-589. https://doi.org/10.5194/esd-6-583-2015 (2015).

29. Rodionov, S. N. A sequential algorithm for testing climate regime shifts. Geophys. Res. Lett.31. https://doi.org/10.1029/2004gl0194
48 (2004).

30. Wang, L. et al. Two typical modes in the variabilities of wintertime North Pacific basin-scale oceanic fronts and associated atmos-
pheric eddy-driven jet. Atmos. Sci. Lett. 18, 373-380. https://doi.org/10.1002/asl.766 (2017).

31. Wang, L., Hu, H. & Yang, X. The atmospheric responses to the intensity variability of subtropical front in the wintertime North
Pacific. Clim. Dyn. 52, 5623-5639 (2019).

32. Lei, R. et al. Characterization of summer Arctic sea ice morphology in the 135°-~175°W sector using multi-scale methods. Cold
Reg. Sci. Technol. 133, 108-120. https://doi.org/10.1016/j.coldregions.2016.10.009 (2017).

33. Mantua, N. ], Hare, S. R., Zhang, Y., Wallace, J. M. & Francis, R. C. A Pacific interdecadal climate oscillation with impacts on salmon
production. Bull. Am. Meteor. Soc. 78, 1069-1079. https://doi.org/10.1175/1520-0477(1997)078%3C1069:apicow%3E2.0.co;2
(1997).

34. Wang, H., Kumar, A., Wang, W. & Xue, Y. Seasonality of the Pacific decadal oscillation. J. Clim. 25, 25-38. https://doi.
org/10.1175/2011jcli4092.1 (2012).

35. Rayner, N. A. et al. Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth
century. J. Geophys. Res. Atmos.108. https://doi.org/10.1029/2002jd002670 (2003).

36. Rayner, N. A. Global Analysis of Sea Surface Temperature, Sea Ice, and Night Marine Air Temperature since the Late Nineteenth
Century Vol. 500 (2003).

37. Walsh, J. E., Fetterer, E, Scott Stewart, J. & Chapman, W. L. A database for depicting Arctic sea ice variations back to 1850. Geogr.
Revi.107, 89-107. https://doi.org/10.1111/j.1931-0846.2016.12195.x (2017).

38. Angell, J. K. Tropospheric temperature variations adjusted for El Nifo, 1958-1998. J. Geophys. Res. Atmos. 105, 11841-11849.
https://doi.org/10.1029/2000jd900044 (2000).

39. Zhang, J. & Rothrock, D. A. Modeling global sea ice with a thickness and enthalpy distribution model in generalized curvilinear
coordinates. Mon. Weather Rev. 131, 845-861. https://doi.org/10.1175/1520-0493(2003)131%3C0845:MGSIWA%3E2.0.CO;2
(2003).

40. Kalnay, E. et al. The NCEP/NCAR 40-Year reanalysis project. Bull. Am. Meteor. Soc. 77, 437-472. https://doi.org/10.1175/1520-
0477(1996)077%3C0437:-TNYRP%3E2.0.CO;2 (1996).

41. Fasullo, J. & Webster, P. J. A hydrological definition of Indian monsoon onset and withdrawal. J. Clim. 16, 3200-3211. https://doi.
0rg/10.1175/1520-0442(2003)016%3C3200a:AHDOIM%3E2.0.CO;2 (2003).

42. Balmaseda, M. A., Mogensen, K. & Weaver, A. T. Evaluation of the ECMWF ocean reanalysis system ORAS4. Q. J. R. Meteorol.
Soc. 139, 1132-1161 (2013).

43. Huang, B. et al. Extended reconstructed sea surface temperature version 4 (ERSST.v4): part I. J. Clim. 28, 911-930. https://doi.
org/10.1175/JCLI-D-14-00006.1 (2014).

44. NCL. The NCAR Command Language (Version 6.3. 0)[Software] (2015).

Acknowledgements

This work was supported by National Research Foundation Grant NRF-2018R1A5A1024958 and the Korea
Meteorological Administration Research and Development Program under Grant KMI2018-03211. HRK is
supported by National Research Foundation Grant NRF-2020R1C1C1011578.

Author contributions
H.R.K, S.I.A. and S.W.Y. contributed to the conception and design of the work, the acquisition, analysis and
interpretation of data, and the writing of the manuscript. S.Y.S. conducted some additional analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-74260-0.

Correspondence and requests for materials should be addressed to S.-W.Y. or S.-L.A.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2020) 10:17564 | https://doi.org/10.1038/s41598-020-74260-0 nature research


https://doi.org/10.1175/jcli-d-16-0136.1
https://doi.org/10.1175/jcli-d-16-0136.1
https://doi.org/10.1038/nclimate1884
http://www.nature.com/nclimate/journal/v3/n8/abs/nclimate1884.html#supplementary-information
http://www.nature.com/nclimate/journal/v3/n8/abs/nclimate1884.html#supplementary-information
https://doi.org/10.5194/essd-5-311-2013
https://doi.org/10.1175/1520-0442(2000)013%3C0617:ASIVIT%3E;2.0.CO;2
https://doi.org/10.1002/2016jc011831
https://doi.org/10.1175/2010jcli3775.1
https://doi.org/10.1002/2015gl063972
https://doi.org/10.1002/2015gl063972
https://doi.org/10.1029/2005GL024376
https://doi.org/10.1029/2005GL024376
https://doi.org/10.1175/jcli-d-14-00773.1
https://doi.org/10.1175/jcli-d-16-0461.1
https://doi.org/10.1038/nclimate3011
https://www.nature.com/articles/nclimate3011#supplementary-information
https://www.nature.com/articles/nclimate3011#supplementary-information
https://doi.org/10.5194/esd-6-583-2015
https://doi.org/10.1029/2004gl019448
https://doi.org/10.1029/2004gl019448
https://doi.org/10.1002/asl.766
https://doi.org/10.1016/j.coldregions.2016.10.009
https://doi.org/10.1175/1520-0477(1997)078%3C1069:apicow%3E2.0.co;2
https://doi.org/10.1175/2011jcli4092.1
https://doi.org/10.1175/2011jcli4092.1
https://doi.org/10.1029/2002jd002670
https://doi.org/10.1111/j.1931-0846.2016.12195.x
https://doi.org/10.1029/2000jd900044
https://doi.org/10.1175/1520-0493(2003)131%3C0845:MGSIWA%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3C3200a:AHDOIM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3C3200a:AHDOIM%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00006.1
https://doi.org/10.1175/JCLI-D-14-00006.1
https://doi.org/10.1038/s41598-020-74260-0
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:17564 | https://doi.org/10.1038/s41598-020-74260-0 natureresearch


http://creativecommons.org/licenses/by/4.0/

	Changes in the role of Pacific decadal oscillation on sea ice extent variability across the mid-1990s
	Results
	Discussion
	Methods
	Data. 
	Vertically integrated moisture flux. 
	Oceanic heat transport across the Bering Strait. 
	Regime shift analysis. 
	GOGA experiment. 
	Data availability. 

	References
	Acknowledgements


