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Differing roles of North Atlantic oceanic
and atmospheric transports in the winter
Eurasian Arctic sea-ice interannual-to-
decadal variability
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In recent decades, winter Arctic sea-ice concentration (SIC) has experienced a most prominent decline
over Barents-Kara Seas (BKS). However, what regulates the time scale and spatial structure of the SIC
variability over the Eurasian Arctic is unclear. Here, we find that the SIC variability over the Eurasian
Arctic exhibits two major modes: decadal dipole mode with antiphase variation between the BKS and
East Greenland (EG), and interannual monopole mode with in-phase variation between the BKS and
EG. This decadal mode mainly results from interdecadal changes in ocean heat transports (OHTSs)
through Barents Sea Opening (BSO) and EG, lagging the Atlantic Multidecadal Oscillation by 7-16
years. The positive SIC dipole mode with a decrease over the BKS and an increase over the EG is also
tied to the negative Arctic Oscillation comprised of Ural blocking and the negative North Atlantic
Oscillation (NAO). However, the SIC loss of the interannual monopole mode mainly stems from the
positive Arctic dipole comprised of Ural blocking and positive NAO through interannual changes in the
BSO OHT and atmospheric moisture or heat transport. We further highlight that interannual
atmospheric transports and BSO OHT associated with the Arctic dipole contribute to ~66% and ~34%
of the interannual variability of the Eurasian Arctic SIC during 1960-2017, respectively. On decadal
timescales, the relative contributions of atmospheric transports associated with Arctic Oscillation and
OHT to the Eurasian Arctic SIC variability are ~19% and ~81%, respectively. Especially, the
contribution of decadal atmospheric transports is significantly intensified during 2000-2017.

In recent decades, the winter sea-ice concentration (SIC) over the Arctic
especially over the Barents-Kara Seas (BKS) has undergone an accelerated
decline since the 1990s'~*. Rapid Arctic SIC decline in winter was found to be
crucial for Arctic amplification represented by a rapid surface air tem-
perature (SAT) rise over the Arctic region®’, which influences weather
extremes and climate in midlatitude continents®'?. The BKS SIC exhibits a
prominent variability on long-term trend*” ", decadal'” and
interannual'®" timescales. To some extent, the abrupt decline of the winter
Arctic SIC is the combined consequence of the long-term declining trend
and interannual-to-decadal variability of the Arctic SIC modulated by

oceanic and atmospheric processes™, although increasing carbon dioxide
(CO,) dominates the long-term declining trend of the Arctic SIC**'. Thus,
further exploring the physical cause of the interannual-decadal variability of
the winter BKS SIC can help us improve the understanding of the
mechanism of enhanced winter Arctic warming that influences the occur-
rence of cold extremes over the Eurasian mid-high latitudes®” and the
predictability of the Arctic SIC variability™ ",

In addition to the impact of increasing CO,", the winter BKS SIC was
found to be modulated by the Atlantic Multidecadal Oscillation (AMO)**™,
Pacific Decadal Oscillation (PDO)*?® and El Nifio-Southern Oscillation
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(ENSO)". However, the impact of PDO on the Arctic SIC is mainly con-
centrated in the Pacific side’”’, whereas the effect of AMO on the Arctic SIC
is mainly located in the North Atlantic and Eurasian sides'®”. The AMO
associated with Atlantic meridional overturning circulation (AMOC) can
lead to the retreat of the Arctic SIC over the BKS via enhanced ocean heat
transports (OHTs)**’. The enhanced OHT can also drive the Arctic SAT
variability by increasing ocean heat content in the BKS™ because it leads the
SAT variability by about 1 year’". The atmospheric processes have been
shown to play an important role in the BKS SIC interannual variability™.
Previous studies have revealed that the Arctic SIC shows a notable inter-
annual variability with a high extent west of Greenland and a low extent east
of Greenland, which is linked to the positive polarity of the North Atlantic
Oscillation (NAO)™*. When the winter Ural blocking occurs together with
the positive NAO, the combined atmospheric circulation pattern is an
optimal atmospheric factor that is conducive to the BKS SIC loss on intra-
seasonal-to-interannual timescales due to enhanced downward infrared
radiation (IR) over BKS™ through increased water vapor. Some studies
have indicated that the interdecadal (interannual) variability of the BKS SIC
mainly comes from the Atlantic (Pacific) basin via oceanic (atmospheric)
processes'”'**’. However, it is not clear what is the optimal mode of the
decadal variability of the Eurasian Arctic SIC and whether it possesses the
same mechanism as the interannual variability of the Eurasian Arctic SIC. In
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Fig. 1| Spatial pattern and temporal variability of the winter Eurasian Arctic sea-
ice concentration (SIC) during 1950-2021. a-d Spatial patterns of (a) first and (b)
second empirical orthogonal function (EOF1 and EOF2) modes of the winter
(December to February, DJF) mean detrended SIC (unit: %) anomaly over the
Eurasian Arctic region (40°W-100°E, 60°-85°N) and (¢, d) time series of their (c) first

particular, it is not known what are the relative contributions of oceanic and
atmospheric transports to the Eurasian Arctic SIC variability on decadal and
interannual timescales, even though the modulation of the AMO can induce
the multidecadal variability of atmospheric circulation patterns such as the
NAO-like pattern”.

In this present study, we use the reanalysis data to examine how the
AMO and atmospheric circulation patterns coupled with the North Atlantic
tripole influence the SIC variability over the Eurasian Arctic via changes in
poleward ocean heat transports, atmospheric heat and moisture transports
(see Methods). We also aim to identify what factors produce the decadal
(interannual) variability of the Eurasian Arctic SIC and further estimate
what are the relative contributions of oceanic and atmospheric transports to
the SIC variability over the Eurasian Arctic.

Results

Interannual-decadal variability of winter sea-ice concentration
(SIC) over the Eurasian Arctic

We first perform the empirical orthogonal function (EOF) analysis of winter
(December-January-February, DJF) mean sea-ice concentration (SIC)
anomaly in the Eurasian Arctic region (40°W-100°E, 60°-85°N) during
1950-2021 to extract the first and second EOF (EOF1 and EOF2) modes of
the winter Arctic SIC anomaly and their corresponding principal

(c) SIC PC1

T LI

high-pass 1

0-yr

371r|||11x|||\||||1x|||1:||||1||||1\|i
1950 1960 1970 1980 1990 2000 2010 2020
(d) SIC PC2

O e L

S ——
—— 10-yr low-pass ]

_3:1lllllAllIlAllIlllllllllllllKIIIIII:

1950 1960 1970 1980 1990 2000 2010 2020
Year

()

L B B B L L I L B
30

i n'\'/Ml\m‘AA N M_v./;‘
S LB A

30 4
P BT SIS S S S S T S S W S S S A S S WU |

40 i1 i il
1950 1960 1970 1980 1990 2000 2010 2020
Year

and (d) second principal components (PC1 and PC2, bars) during 1950-2021.

e, f Time series of DJF-mean detrended SIC (unit: %) anomalies averaged over the (e)
Barents-Kara Seas (30°-80°E, 65°-80°N; BKS) and (f) East Greenland (20°W-8°E,
70°-80°N; EG). In panel (c, d), the black line represents a 10-years (10-year) high
(low) pass curve.
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Fig. 2 | Spatial pattern and temporal variability of the winter North Atlantic SST
during 1950-2021. a, b Spatial patterns of (a) first and (b) second empirical

orthogonal function (EOF1 and EOF2) modes of the winter (December to February,
DJF) mean detrended SST (unit: °C) anomaly over the North Atlantic region (90°W-
0°,20°-70°N) during 1950-2021 and (c, d) normalized time series of their (c) firstand

Year

(d) second principal components (PC1 and PC2, bars) during 1950-2021. The black
line represents a 10-year low pass curve in panel (c) as a DJF-mean Atlantic Mul-
tidecadal Oscillation (AMO) index on decadal timescales, whereas the black line
represents a 10-year high-pass curve in panel (d) as a North Atlantic tripole (NAT)
SST index on interannual timescales.

components (PC1 and PC2) (see Methods and Fig. 1). Our results show that
the winter SIC EOF1 mode (Fig. 1a), which explains the 30.1% variance of the
Eurasian Arctic SIC, exhibits a decrease (increase) in the Eurasian Arctic
region from the East Greenland (EG, 20°W-8°E, 70°-80°N) to BKS (30°-80°E,
65°-80°N) for the positive (negative) value of the SIC PC1 time series (Fig. 1¢).
This mode mainly reflects the interannual variability of the Eurasian Arctic
SIC (Fig. 1a, c). Because the SIC EOF1 mode shows an in-phase variation
between the BKS and EG, it may be referred to as the SIC monopole mode
over the Eurasian Arctic. The SIC EOF2 mode, which explains the 16.7%
variance of the Eurasian Arctic SIC (Fig. 1b), exhibits a notable interdecadal
variability (Fig. 1d). The east-west seesaw of the SIC anomaly between the EG
and BKS is the main characteristic of this interdecadal mode, which may be
referred to as the SIC dipole mode over the Eurasian Arctic. It can be defined
as a positive SIC dipole with an increase in the EG and a decrease in the BKS
when the SIC PC2 time series is positive. Here, we define the temporal
variation with >10 years as the decadal variability. We further use a 10-year
high (low) pass time series to characterize the interannual (decadal) variations
of the Eurasian Arctic SIC, atmospheric and oceanic variables.

Our results show that the Eurasian Arctic SIC anomaly shows an
amplifying variability over the BKS followed by a significant declining over
the BKS after 2000 (Fig. 1e), but a decaying variability over the EG (Fig. 1f).
The increased SIC variability over the BKS since the 1990s may be tied to
increasing ENSO amplitude under the CO,-induced warming climate'’ and
increased OHT across the Barents Sea opening (BSO)**””. While the decadal
variability of the BKS SIC is mainly related to changes in OHT across the
BSO™”, the physical cause of the EG SIC variability is complex. This is
because the EG SIC variability does not only depend on atmospheric and
oceanic heat transports on decadal timescales™, but also on the wind-driven

sea-ice drift associated with atmospheric circulation patterns®. However,
the effect of the wind-driven sea-ice drift on the BKS SIC variability is
unimportant*’. Thus, we cannot simply use the decadal variability of
atmospheric circulation patterns to explain the decadal variability of the
Eurasian Arctic SIC dipole mode.

Our results further show that the interannual variability of the SIC
monopole mode over the Eurasian Arctic, denoted by the SIC EOF1 (Fig.
1a), is linked to the phase of the North Atlantic tripole (NAT), repre-
sented by the SST EOF2 (Fig. 2b). They have the same main period
domain (4-8 years) as seen from their wavelet power spectra (Supple-
mentary Fig. 1a, ¢). For the positive value of the 10-year high pass SST
PC2, the North Atlantic SST anomaly possesses a cold-warm-cold tri-
pole structure over the North Atlantic south of Greenland (Fig. 2b),
which represents the positive phase of the NAT. Previous studies have
shown that the NAT is strongly coupled with the NAO*, and the ENSO-
like SST can influence NAO®. As a result, the interannual variability of
NAT may remotely result from ENSO". The ocean heat transport has
been shown to be the direct cause for the interannual variation of the
Eurasian Arctic SIC*, which depends on the phase of NAT. Thus, we
infer that the interannual variability of the Eurasian Arctic SIC mono-
pole mode is in part due to the interannual modulation of the NAT,
whereas the decadal variability of the SIC dipole mode over the Eurasian
Arctic is linked to the interdecadal variability of the North Atlantic SST
anomaly as seen from the PC1 time series of the SST EOF1 (Fig. 2a, c).
This interdecadal SST EOF1 with a basin warming (Fig. 2¢) mainly
reflects the Atlantic multidecadal Oscillation (AMO)* (Supplementary
Fig. 1b, d) which has a significant positive correlation (p < 0.05) with the
SIC dipole mode denoted by the 10-year low pass SIC PC2 time series

npj Climate and Atmospheric Science | (2024)7:62



https://doi.org/10.1038/s41612-024-00605-5 Article

(a) Sea temperature anomaly (°C)
0.8
2010 0.6
2000 o
0.2
& 1990 0
>_
1980 0.2
0.4
1970 - -
0.6
1960 = s e, ] OSSR I gt s -0.8
30°N 40°N 50°N 60°N 70°N 80°N
Latitude
(b) . (©
LR LA LA L LR L AL B AL DL DL L LA L AL B

raw
——10-yr Iow-pas/s

L

raw
10-yr low-pass

o
3

PRI RTI

Correlation

Correlation
o
|
|
|
|
|
5
|

-0.5 iR ]

[ AMO leads SIC PC2 leads ] L BSO OHT leads SIC PC2 leads 1
gl T b T T T 0 AP it it NI ESPRPTEN W Vs
20 -15 -10 -5 0 5 10 15 20 20 -15  -10 -5 0 5 10 15 20

Lag (year) Lag (year)

r T T T L] ] T T RREE ]

i — 10-yr low-pass]| — 10-yr low-pass |
05k | I 05 ]

)

Correlation
o

Correlation
=

L N
057X ) B 05F B
[ EG OHT leads SIC PC2 leads [ EG OHT leads EG SIC leads ]
0T RSN i s EPAPAEN IS o i s P AN i M s PRI SRS s S il PP
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
Lag (year) Lag (year)
1 P e e e e
L raw ~
e ———10-yrlow-pass_
c L= T T s i Bt e i
il
- JRANN
© 0
t -
o) =
O L y e
05 N - ]
i BSO OHT leads EG OHT leads
gl b b b b Lo b L
-20 -15 -10 -5 0 5 10 15 20
Lag (year)
Fig. 3 | Latitude-time evolution of sea temperature anomaly and lead-lag cor- OHT (20°-10°W, 75°N), as well as lead-lag correlations of (¢) EG OHT with EG SIC
relation coefficients among the Eurasian Arctic sea-ice concentration (SIC) over the region (20°W-8°E, 70°-80°N) and (f) BSO OHT with the EG OHT during

variability, oceanic heat transport (OHT) and Atlantic Multidecadal Oscillation ~ 1958-2017. The blue (red) curve represents the raw (10-year low pass) DJF-mean
(AMO) in winter. a Latitude-time evolution of detrended DJF-mean 10-year low time series, whereas the blue (red) dashed lines denote the threshold being statis-
pass filtered sea temperature anomaly (unit: °C) averaged from the surface to depth tically significant at the 95% confidence level using the effective numbers of degrees
300 m and over 60° W-30° E during 1958-2017. (b-f) Lead-lag correlation coeffi- of freedom.

cients of the SIC PC2 with the (b) AMO, (c) BSO OHT (20°E, 71°-73°N) and (d) EG
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Fig. 4 | Temporal variations of the first principal

component (PC1) time series of the winter (DJF- O 2
mean) Eurasian Arctic sea-ice concentration (SIC) 3 0
anomaly and atmospheric transports during & 2
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(Fig. 1d), when it leads the SIC dipole mode by 7-16 years (Fig. 3b). In
fact, when the AMO is in a positive phase (Fig. 2a), the Atlantic warm
water as denoted by the warm SST anomaly can intrude into the high
latitude Arctic (e.g., BKS) along the east side of the North Atlantic since
the 2000s (Fig. 3a) to cause the melting of the BKS SIC due to increased
oceanic heat contents’. However, as we note below, the southward shift
of the cold water from the high-latitude Arctic to the EG during the
positive AMO phase period is also an important factor leading to an
increase in the SIC anomaly over the EG. Thus, the decadal variability of

the SIC dipole mode over the Eurasian Arctic is likely induced by the
AMO. However, previous studies did not quantify the contributions of
oceanic and atmospheric transports to the two modes of the Eurasian
Arctic SIC variability on interannual and decadal timescales.

Potential drivers of the winter Eurasian Arctic SIC interannual-
decadal variability

We first discuss what drives the interannual variability of the Eurasian Arctic
SIC monopole mode, even though the interannual variability of SIC is partly

npj Climate and Atmospheric Science | (2024)7:62



https://doi.org/10.1038/s41612-024-00605-5

Article

20°k AQ°E

[ [
0% 20% 40% 60% 80% 100% 4°C 6°C 8°C

SIC PC2

AMO

AO

EG OHT BSO OHT

1 L 1
1990 2000 2010

Year

L 1 L
1950 1960 1970 1980

E :

p ]

= !

2 :

a

1000 " T T
20°W 0° 20°E 40°E 60°E

Longitude

| : ] : I (°C m s™)
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Fig. 5 | Schematic diagram of ocean currents over North Atlantic and Eurasian
Arctic, the temporal variations of winter Eurasian Arctic sea-ice concentration
(SIC), atmospheric circulation pattern and ocean heat transports and the decadal
variation of the meridional oceanic heat transport. a Schematic plot of the Eur-
asian Arctic with ocean currents over the North Atlantic. The black arrows denote
the main ocean currents over the North Atlantic (Norwegian warm Atlantic Current
is referred to as NwAC), the ocean current in the north boundary of Oddens over the
Eastern Greenland (EG) from the high latitude Arctic is referred to as the EG current
(green arrows). The black dot lines represent the sections of the Barents Sea Opening
(BSO, 20°E, 71°-73°N) and EG (20°-10°W, 75°N). b Normalized time series of the
second principal component (PC2) of the winter (DJF-mean) SIC anomaly over the
Eurasian Arctic (40°W-100°E, 60°-85°N), the Arctic oscillation (AQO) index as
defined by the PCI time series of the winter Z500 anomaly north of 70°N (Sup-
plementary Fig. 2a), Atlantic Multidecadal Oscillation (AMO) index, and the ocean
heat transports (OHTs) through BSO and EG on decadal timescales as denoted by
10-year low pass curves (thick lines). ¢ Longitude-depth profile of the difference of
the meridional oceanic heat transport [v,60] (unit: °C m s™') averaged over 65°-80°N
between the positive (0.5 STDs) and negative (<—0.5 STDs) phases of the nor-
malized SIC PC2 time series, where the square bracket represents a meridional
average and v, (6) denotes the 10-year low-pass filtered oceanic meridional velocity
(sea temperature). Dots represent the region being statistically significant at the 95%
confidence level.

linked to NAT as noted above. Our calculation further shows that the 10-
year high pass SIC PCI time series has a high simultaneous positive cor-
relation of 0.46 (p <0.01) with NAT (Fig. 4b and Supplementary Fig. 3b).
Because the NAT is coupled with the interannual AMOC and NAO-like

pattern on interannual timescales®, the interannual variability of the Eur-
asian Arctic SIC monopole mode is inevitably linked to changes in the OHT,
atmospheric heat and moisture transports (AHT and AMT) on interannual
timescales™. In this study, we focus on the roles of meridional AHT and
AMT because the zonal component of the moisture or heat transport is
insignificant for the SIC variability over BKS". In fact, the AHT mainly
influences the SIC via the air temperature change, whereas the AMT mainly
changes the SIC through the variation of the downward IR due to the water
vapor change. Here, we calculate the meridional AHT and AMT anomalies
integrated over the Arctic region (20°W-80°E, 70°-80°N) as the AHT and
AMT entering the Eurasian Arctic (see Methods). We find that the AHT
and AMT show dominant interannual variations (dashed lines in Fig. 4a)
and a high simultaneous positive correlation of 0.89 (p < 0.01) (Fig. 4b). Our
results show that the 10-year high pass SIC PC1 time series has a simulta-
neous positive correlation of 0.52 or 0.51 (p < 0.01) (Fig. 4b) with the 10-year
high pass AHT or AMT index (dashed line in Fig. 4a). This indicates that the
interannual variability of the Eurasian Arctic SIC monopole mode comes
partly from interannual changes in AHT and AMT***. Moreover, the 10-
year high pass AHT (AMT) index has a simultaneous positive correlation of
0.90 (0.89) (p < 0.01) (Fig. 4b) with the 10-year high pass Arctic dipole index
(dashed line in Fig. 4a) as defined by the PC2 time series of the second EOF
mode of the winter 500-hPa geopotential height (Z500) anomaly north of
70°N (Supplementary Fig. 2b, €)*®. Thus, the interannual variability of the
AHT or AMT is mainly dominated by the interannual Arctic dipole. This is
because the positive Arctic dipole (i.e., the positive value of the DJF-mean
7500 PC2 time series in Supplementary Fig. 2d) shows a notable interannual
variability and consists of Ural blocking and the positive NAO (NAO")
pattern (Supplementary Fig. 2e). When Ural blocking occurs together with
the NAO*-like pattern, warm moisture over the North Atlantic can be
transported to the Eurasian Arctic via the relay effect of the Ural blocking
and NAO™ patterns to result in a significant increase in water vapor over the
Eurasian Arctic®. As a result, the positive Arctic dipole favors intensified
surface air warming over the Eurasian Arctic to induce enhanced melting of
the Eurasian Arctic SIC due to intensified downward infrared radiation (IR)
associated with increased water vapor over the Eurasian Arctic from the EG
to BKS™*, Thus, the interannual Eurasian Arctic SIC monopole mode has a
significant positive simultaneous correlation of 0.63 (p <0.01) with the
Arctic dipole (AD) index (Fig. 4b and Supplementary Fig. 3a), even though
the winter Arctic dipole is coupled with the NAT via the NAO component
(the simultaneous correlation coefficient between the Arctic dipole and
NAT is 0.44 (p < 0.01) (Fig. 4b)). This implies that the presence of a positive
Arctic dipole can lead to the interannual decline of the Eurasian Arctic SIC
via enhanced AHT or AMT. Thus, the phase of the Arctic dipole can
significantly influence the interannual variability of the Eurasian Arctic SIC
monopole mode partly through the interannual changes in the AHT or
AMT. As noted below, the interannual change in the BSO OHT can also
affect the interannual variability of the BKS SIC.

Here, we calculate the zonal OHT anomaly integrated over the
BSO region (20°E, 71°-73°N) as the BSO OHT, whereas the mer-
idional OHT anomaly integrated over the north boundary region
(20°-10°W, 75°N) of Oddens is calculated as the EG OHT (Methods
and Fig. 5a). Our results reveal that the interannual variability of the
Eurasian Arctic SIC is linked to the interannual variation of the
poleward intrusion of North Atlantic warm water as denoted by the
BSO OHT because the SIC PC1 has a significant simultaneous
positive correlation of 0.44 (p <0.01) with BSO OHT during 1958-
2017 for the 10-year high pass time series (Fig. 4a-b). But they have
no significant correlation on decadal timescales as denoted by a 10-
year low pass filtered curve (Fig. 6a). When the Arctic dipole is in a
positive phase, the wind-driven interannual warm water by the
NAO™" component of the positive Arctic dipole can in part intrude
into the Eurasian Arctic across the BSO and Norwegian Sea (Fig.
6b)*** via interannual variations in the AMOC associated with
ENSO™. This process favors increased BSO OHT to result in the
decline of the BKS SIC due to the emergence of warm water over the
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Fig. 6 | Correlation map among the principal components (PC1 and PC2) time
series of winter Eurasian Arctic sea-ice concentration (SIC), atmospheric
transports and ocean heat transports on interannual-decadal scales, and the
interannual variation of meridional oceanic heat transport in winter.

a Correlation coefficients of the normalized DJF-mean SIC PCs with the atmo-
spheric and oceanic transports during 1958-2017. The correlation coefficient being
statistically significant at the 95% (99%) confidence level is indicated by one (two)

asterisk. b Longitude-depth profile of the difference of the meridional oceanic heat
transport [v,6] (unit: °C ms™") averaged over 65°-80°N between the positive (0.5
STDs) and negative (<—0.5 STDs) phases of the normalized SIC PC1 time series,
where the square bracket represents a meridional average and v, (6) denotes the 10-
year high pass filtered oceanic meridional velocity (sea temperature). The 95%
confidence level region is marked by dots.

Eurasian Arctic. To some extent, the Arctic dipole can significantly
influence the interannual variability of the BKS SIC via the inter-
annual variation of the BSO OHT because the AD index has a sig-
nificant simultaneous positive correlation of 0.62 (p <0.01) with the
10-year high pass BSO OHT time series (Fig. 4b, Supplementary
Fig. 3¢).

While the EG OHT has a significant simultaneous positive correlation
of 044 (p<0.01) with the AD index (Fig. 4b, Supplementary Fig. 3d),
increased interannual EG OHT does not significantly contribute to the
interannual melting of the Eurasian Arctic SIC in the east of Greenland in
that the EG OHT and SIC PC1 have only a weak simultaneous positive
correlation of 0.17 (p > 0.1) for 10-year high pass time series (Fig. 4b). It
seems that the increased AHT or AMT on interannual timescales mainly
contributes to the interannual SIC loss over the Eurasian Arctic, even
though the increased BSO OHT mainly causes the interannual SIC decline
in the eastern part (i.e., BKS) of the Eurasian Arctic. Thus, we present a
finding that the interannual BSO OHT mainly influences the SIC over BKS
(i.e., the east part of Eurasian Arctic), whereas the interannual AHT or AMT
primarily affects the overall Eurasian Arctic SIC from EG to BKS. This
indicates that the AHT or AMT and BSO OHT on interannual timescales
play different roles in the interannual variability of the Eurasian Arctic SIC

monopole mode. This result was not noted in previous studies*, although
there is an anticorrelation between the Atlantic OHT north of 60°N and the
Arctic SIC on interannual timescales™. Consequently, increased interannual
BSO OHT and AHT or AMT due to the presence of a positive Arctic dipole
coupled with the interannual NAT having a cold-warm-cold SST tripole are
key factors leading to a decrease in the interannual SIC over the Eurasian
Arctic. This result suggests that the Arctic dipole (Fig. 7a, Supplementary
Fig. 2e) is an optimal atmospheric circulation that leads to the interannual
variability of the SIC monopole mode over the Eurasian Arctic (Fig. 7c).
Here, we further account for what causes the decadal variability of the
SIC dipole mode over the Eurasian Arctic as represented by the 10-year low
pass SIC PC2 time series (Fig. 1d). We can see that the positive SIC dipole with
an increase in EG and a decrease in BKS mostly occurs during 2000-2021, but
an opposite SIC dipole appears during 1970-1999 (Fig. 1e, f). Such a decadal
variability is tied to the interdecadal alternation of warm and cold sea tem-
perature anomalies over the North Atlantic basin (Fig. 3a) associated with the
phase shift of the AMO (Fig. 2a, ¢). It is further found that the pronounced
poleward migration of the warm SST anomaly north of 50°N seems to
happen mainly after 2000 (Fig. 3a), which is also accompanied by increased
meridional ocean heat transports induced by the Norwegian warm Atlantic
Current (NWAC, the northernmost extension of the Gulf Stream) in the
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upper North Atlantic and the cold current from high latitude Arctic region to
the EG (Fig. 5a). Our results suggest that the phase alternation of the AMO
may lead to the decadal variability of the SIC dipole between BKS and EG
probably via interdecadal out-phase changes in BSO OHT and EG OHT (Fig.
5b). In fact, the SIC PC2 also has a significant simultaneous correlation with
the BSO OHT or EG OHT even for 10-year low pass time series (Fig. 3¢, d).
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Such a causal relationship can be further explained by calculating the lead-lag
correlations of the 10-year low pass AMO index with the 10-year low pass
BSO OHT and EG OHT indices. It is noted that the AMO index has a
significant positive correlation (p < 0.05) with the 10-year low pass SIC PC2
time series when the AMO leads the SIC dipole mode by about 7-16 years
(Fig. 3b), which is consistent with the ocean advection speed of about 5 cm s
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Fig. 7 | Winter atmospheric circulation patterns related to the interannual-
decadal variability of the Eurasian Arctic sea-ice concentration (SIC) anomaly
and relationships among Atlantic Multidecadal Oscillation (AMO), Arctic
Oscillation (AO), the Eurasian Arctic SIC dipole mode and ocean heat trans-
ports. a, b Regressed DJF-mean Z500 (contours, unit: gpm) and SAT (color shading,
unit: K) anomalies against the normalized time series of (a) 10-year high pass filtered
first principal component (PC1) and (b) 10-year low pass filtered second principal
component (PC2) of the Eurasian Arctic SIC anomaly. ¢, d Regressed DJF-mean SIC
(color shading, unit: %) anomalies against the normalized time series of (c) inter-
annual Arctic dipole (AD) as denoted by the 10-year high pass PC2 time series of the

winter Z500 anomaly north of 70°N and (d) decadal negative Arctic oscillation (AO)
index as denoted by the 10-year low pass PCI time series of the winter Z500 anomaly
north of 70°N multiplied by —1. e-h Lead-lag correlation between normalized DJF-
mean AMO, AO, SIC PC2 and ocean heat transports (OHTs) across BSO and EG
with raw (blue line) and 10-year low pass (red line) curves. The blue (red) dashed line
denotes the threshold being statistically significant at the 95% level for unsmoothed
(smoothed) time series using the effective numbers of degrees of freedom, whereas
the 95% confidence level region in panels (a, b, ¢, d) is marked by the color shad-
ing (dots).

from North Atlantic to the Arctic”. In particular, they have a largest positive
correlation of 0.87 (p < 0.05) when the AMO leads the SIC dipole by ~11 years
(Fig. 3b). This suggests that the decadal SIC dipole mode with an increase over
the EG and a decrease over the BKS is attributed to the positive phase of AMO
through increased BSO OHT and reduced EG OHT (or increased negative
EG OHT from the high latitude Arctic) because the BSO (EG) OHT has
significant positive (negative) correlations (p < 0.05) with the AMO when the
AMO leads the BSO (EG) OHT by 5-11 (7-14) years (Fig. 7e, f). In particular,
the BSO (EG) OHT has a largest positive (negative) correlation of 0.74
(—0.80) with the AMO when the AMO leads the BSO (EG) OHT by ~9 (~11)
years. This means that the AMO and BSO OHT change in-phase, whereas the
EG OHT and AMO change in antiphase. Thus, the positive phase of the
AMO tends to favor enhanced BSO OHT and reduced EG OHT to result in
the decadal variability of the SIC dipole between the BKS and EG, which is
likely linked to enhanced horizontal ocean circulation in Nordic Seas’.

Here, we further explain why the Eurasian Arctic SIC anomaly exhibits
an east-west dipole structure only on decadal timescales. This aim can be
reached by calculating the longitude-depth profile of the difference of the
meridional oceanic heat transport [v, 0] (where v, is the meridional oceanic
velocity and 0 is the sea temperature) averaged over 65°-80°N between the
positive and negative phases of the 10-year low pass SIC PC2 time series.
Our results show that the meridional heat transport to the Eurasian Arctic
mainly appears in the upper 400 m and is enhanced in the east of 10°E, but
reduced in the longitude region (20°W-0°) (Fig. 5¢). This result is consistent
with the opposite variation of the OHT between the BSO and EG on decadal
timescales which is regulated by the AMO phase transition. However, the
meridional ocean heat transport [v,0] on interannual timescales is relatively
weak and is mainly located in the west of 20°E (Fig. 6b). Thus, the dipole
structure of the Eurasian Arctic SIC mainly behaves as a decadal variability.
On the other hand, we see that for a 10-year low pass filtered data the BSO
OHT has a largest positive (negative) correlation of 0.77 (—0.55) with the
Eurasian Arctic SIC dipole mode (EG OHT) when the BSO OHT leads the
SIC PC2 (EG OHT) by ~2 years (Fig. 3¢, f), whereas the EG OHT has a
largest negative correlation of —0.80 with the EG SIC when the EG OHT
leads ~2 years (Fig. 3e). This indicates that the decadal variation of the
Eurasian Arctic SIC dipole is not synchronous with that of the EG SIC and
they have a small phase mismatch of ~2 years. While the positive SIC dipole
over the Eurasian Arctic is comprised of a negative SIC anomaly over the
BKS and a positive anomaly over the EG, the SIC anomalies in the two
regions do not have a significant correlation on decadal timescales. This
reflects that the decadal variations of the BKS and EG anomalies of the
Eurasian Arctic SIC dipole have different oceanic contributors.

Different contributions of atmospheric and oceanic transport
processes to the interannual-decadal variability of the winter
Eurasian Arctic SIC

Here, we use the 10-year low pass time series of the winter Z500 PC1 to
define the decadal winter Arctic Oscillation (AO) (Supplementary Fig. 2c).
While the interannual loss of the Eurasian Arctic SIC, as denoted by the 10-
year high pass SIC PC1 (Fig. 1c), corresponds to a positive Arctic dipole
pattern consisting of Ural blocking and positive NAO (Supplementary Fig.
2b, d), its decadal positive SIC dipole, as represented by the positive value of
the 10-year low pass SIC PC2 (Fig. 1d), corresponds to a negative AO-like
pattern comprised of Ural blocking and negative NAO (Supplementary Fig.

2a, ¢). Thus, it is inferred that the decadal variability of the SIC dipole
between the BKS and EG is also linked to the decadal variability of the Arctic
Oscillation (Fig. 7b). The negative AO has been shown to dominate the
decadal variability of the Eurasian cold anomaly’**, whereas the positive
Arctic dipole mainly determines the interannual variability of the Eurasian
cold anomaly™. Our results further reveal that the 10-year low pass AO index
has a largest negative correlation of —0.70 (p < 0.05) with the 10-year low
pass AMO index when the AMO leads the AO by ~5 years (Fig. 7g). The AO
index does also have a maximum negative correlation of —0.62 (p < 0.05)
with the Eurasian Arctic SIC dipole mode when the AO leads ~3 years (Fig.
7h). This suggests that the decadal variation of the AO pattern is an
important atmospheric factor for the decadal variability of the SIC dipole
between the BKS and EG (Fig. 7d), because the SAT of these two regions is
different under the regulation of AO pattern (Supplementary Fig. 2f). In
particular, the negative AO favors the negative EG OHT to result in an
increase in the EG SIC because the EG OHT has a largest positive correlation
of 0.65 (p < 0.05) with the AO index when the AO leads ~5 years (Supple-
mentary Fig. 3f). In fact, the negative NAO or Greenland blocking com-
ponent of the negative AO is also conducive to the southward shift of cold
airs to the EG, which favors an increase in the EG SIC. However, the effect of
the decadal AO is relatively weak compared to the impact of the EG OHT.
This is because the Eurasian SIC dipole mode has a simultaneous negative
correlation of -0.85 with the EG OHT, but it has a largest correlation of —0.62
with the AO when the AO leads ~3 years (Figs. 7h, 3d). For the impact of
negative AO-like pattern on BKS SIC, its Ural blocking component can
transport heat and moisture to the BKS to result in a decrease in the BKS
SIC”, although the AO index lags the BSO OHT by ~9 years (Supplementary
Fig. 3e). The decadal BSO OHT in the upper layer ocean is main driver of the
decadal variability of the BKS SIC (Fig. 3c). We further see that the 10-year
low pass BSO OHT has a largest negative correlation of —0.55 (p < 0.05) with
the 10-year low pass EG OHT when the BSO OHT leads ~2 years (Fig. 3f).
Thus, the decadal AO pattern and the opposite variation of the decadal OHT
between the BSO and EG (Fig. 3f) combine to produce the decadal variability
of the SIC dipole between the BKS and EG.

Because the negative AO-like pattern is comprised of the negative NAO
and Ural blocking patterns, it is not only coupled with the North Atlantic
SST anomaly via the NAO, but also coupled with the BKS SIC anomaly via
Ural blocking. Thus, the lead-lag relationships between the AO and AMO
are not stationary unlike those of the AMO with the BSO OHT. Our results
reveal that the AMO and BSO OHT have a stationary significant positive
correlation when the AMO leads the BSO OHT by ~9 years (Supplementary
Fig. 4a, b). In contrast, the AO has a non-stationary significant correlation
with the AMO (Supplementary Fig. 4c, d). Instead, their significant negative
correlation takes place mainly after 1997 when the AMO leads the AO by ~5
years, even though the SIC dipole mode has a significant negative correlation
with the AO after 2000 under a time lag of ~3 years. Thus, we can infer that
the OHT and AO can jointly strengthen the decadal variability of the Eur-
asian Arctic SIC dipole mainly after 2000. This may explain why the BKS SIC
decline of the Eurasian Arctic SIC dipole exhibits a decadal intensification,
while the EG SIC exhibits an opposite change.

Next, we use a multiple linear regression equation (Methods) to
approximately evaluate the relative contributions of the atmospheric
transport and ocean heat transport to the Eurasian SIC variability on
interannual and decadal timescales if the variance inflation factors of the

npj Climate and Atmospheric Science | (2024)7:62



https://doi.org/10.1038/s41612-024-00605-5

Article

atmospheric and oceanic variables (i.e., AHT, AMT, BSO OHT, EG OHT
and AO) with the principal components (PC1 and PC2) of the Eurasian
Arctic SIC are smaller than 10. It is easily estimated that during 1960-2017
the relative contributions of the atmospheric transport and OHT to the
interannual Eurasian SIC variability are 66% and 34%, respectively. It can
also be found that the relative contributions of the decadal atmospheric
transport and OHT to the decadal Eurasian SIC variability are 19% and 81%
during 1960-2017, which become 48% and 52% during 2000-2017. Clearly,
the role of the atmospheric transport in the decadal Eurasian SIC variability
is intensified during 2000-2017 compared to during 1960-1999>*.

Discussion

In this study, we have examined the different roles of the ocean heat
transport and atmospheric heat or moisture transport in the interannual-to-
decadal variability of the winter SIC over the Eurasian Arctic. Two modes of
the SIC variability over the Eurasian Arctic are found, which are the inter-
annual monopole mode with an in-phase variation between the BKS and EG
and the decadal dipole mode with an antiphase variation between the BKS
and EG, respectively. The interannual variability of the Eurasian Arctic SIC
with a monopole structure is shown to mainly results from the atmospheric
heat and moisture transports, and BSO OHT associated with the Arctic
dipole on interannual timescales. The interannual loss of the Eurasian Arctic
SIC is mainly related to the positive AD consisting of Ural blocking and the
positive phase of NAO™. However, the decadal variability of the Eurasian
Arctic SIC with a zonal dipole between the BKS and EG is mainly produced
by the opposite decadal variation of the OHT between the BKS and EG,
which is related to the phases of AMO and AO via decadal changes in the
OHT and atmospheric transport. When the Eurasian Arctic SIC shows a
decadal dipole mode with an increase in the EG SIC and a decrease in the
BKS SIC, it is found to be linked to the positive AMO and a negative AO
consisting of Ural blocking and the negative NAO on decadal timescales.

Moreover, we also found that the interannual atmospheric transport
associated with the AD plays a more significant role in the interannual
variability of the Eurasian Arctic SIC during 1960-2017 than the inter-
annual BSO OHT. However, the decadal OHT associated with the AO and
AMO plays a major role in the decadal variability of the Eurasian Arctic SIC
dipole during 1960-2017, even though the contribution of atmospheric
transports is intensified during 2000-2017.

However, it must be pointed out that the relative contributions of
atmospheric transport and OHT to the winter SIC variability over the
Eurasian Arctic estimated here are based on the multiple linear regression
model and reanalysis data. Whether such estimates are precise deserves
further investigations from the CMIP6 models and numerical modelling.

Methods

Data

The observed monthly sea-ice concentration (SIC) and sea surface tem-
perature (SST) data are from the U.K. Met Office Hadley Centre SIC and
SST (HadISST) dataset’, with a 1° resolution for winter (December-Feb-
ruary, DJF hereafter) covering the period from December 1950 to February
2022 (1950-2021 winter, hereafter). The oceanic data including potential
sea temperature and meridional/zonal velocity are taken from Ocean
Reanalysis System 5 (ORAS5) reanalysis®, with a 1° resolution and 75
vertical levels, from December 1958 to February 2018 (1958-2017 winter,
hereafter). The geopotential height, meridional/zonal wind, air tempera-
ture and specific humidity data are from National Center for Environ-
mental Prediction/National Center for Atmospheric Research (NCEP/
NCAR) Reanalysis”, for the period from December 1950 to February 2022
(1950-2021 winter, hereafter) with a 2.5° resolution and 17 vertical pres-
sure levels.

The definition of interannual and decadal variations

We use a fourth-order Butterworth filter’ to separate high- and low-
frequency variations (i.e., interannual versus decadal). Interannual varia-
tions are obtained by using 10-year high pass filter, whereas decadal

variations are derived by using 10-year low pass filter. The testing using
different filter windows with 9 years and 11 years is also made. Similar
results are found (not shown).

Empirical Orthogonal Function (EOF) decomposition of anomaly
fields and the index definition of Atlantic Multidecadal Oscillation
and North Atlantic tripole

We apply Empirical Orthogonal Function (EOF) analysis to linearly
detrended winter mean SIC anomaly over the Eurasian Arctic (40°W-100°E,
60°-85°N) and SST anomaly over the North Atlantic (90°W-0°, 20°-70°N)
during the winter (DJF-mean) of 1950-2021 to obtain two leading modes
and their corresponding principal component (PC) time series. Here, the
10-year high pass (low pass) filtered PC1 (PC2) timeseries of the SIC EOF1
(EOF2) mode is used to characterize the interannual (decadal) variability of
the Eurasian Arctic SIC. Also, the 10-year low pass filtered PC1 timeseries of
the North Atlantic SST EOF1 is used to define the Atlantic Multidecadal
Oscillation (AMO) on decadal timescales, whereas the 10-year high pass
filtered PC2 timeseries of the North Atlantic SST EOF2 is defined as the
interannual variability of the North Atlantic SST as denoted by the North
Atlantic tripole (NAT).

Wavelet spectrum analysis

We apply the wavelet spectrum analysis® with Morlet wavelet base to 10-
year high pass PCs, and Paul wavelet base to 10-year low pass PCs in order to
see whether the filtered PCs have significant periodic oscillations.

Calculating the ocean heat transport (OHT)
We calculate meridional ocean heat transport (OHT) through East

60,

Greenland (EG) at 75°N, which is given by the following equation™:

x2 0
OHT(t) = pCp/ / v,0 dzdx 1
x1J z

where p is the density of seawater (1027 kg m™), which is assumed to be
uniform; C, is the heat capacity of seawater (3985 ] kg '°C™"); z is the ocean
depth which sets as —300m; x1 and x2 are the longitude limits which are set
as 20°W and 10°W; v, is the monthly meridional velocity of ocean, and 8 is
the monthly potential temperature of seawater.

The zonal OHT through Barents Sea Opening (BSO) at 20°E is given by

the following equation®:

y2 0
OHT g5 (t) = pCp/ / u,0 dzdy 2)
ylJ z

y1 and y2 are the latitudes which are chosen to be 71°N and 73°N, and u, is
the monthly zonal velocity of ocean. p, C;, zand 6 are defined the same as Eq.
(1). The winter time series of OHT; and OHTpgso in Egs. (1, 2) are com-
puted during 1958-2017.

Calculating atmospheric heat and moisture transports (AHT
and AMT)

The poleward atmospheric heat transport (AHT) at each grid is estimated
by the following equation”:

1 top
AHT = — = / v, Tdp 3)
8J

where v, is the northward velocity, T is the air temperature, g is the grav-
itational acceleration; sfc denotes 1000hPa and top is chosen as 10hPa.

The poleward atmospheric moisture transport (AMT) at each grid is as
follows"”:

1 [tr
AMT = _§/ v,qdp 4)

ofe
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where q is the specific humidity, and the definition of other variables are the
same as Eq. (3).

The winter AHT and AMT in Egs. (3, 4) are calculated for 1950-2021.
Then we compute domain-averaged AHT and AMT anomalies over the
Eurasian Arctic region (20°W-80°E, 70°N-80°N) to explore their influence
on the Eurasian Arctic SIC.

Data treatment and statistical significance test

All anomaly fields are obtained by removing seasonal cycle and linear trend
at each grid point. The linear trend represents the global warming. Two-
sided Student’s t-test is used in the significance testing of composite fields
and the correlation between two variables, with the effective degree of
freedom as defined by*'

N

max|1,1+2 TZE:I (1 — ﬁ) rx(D)ry(7)]

Neff = (5)

Here, N denotes the time series length, and ry (7) and ry (1) are the
autocorrelations of time series X and Y at lag 7 years. T,,,, is set as the
maximum lag year.

Multiple linear regression model

To explore the relative contribution of oceanic and atmospheric transports
to the SIC variability, a multiple linear regression model for interannual and
decadal SIC variability is derived using different predictors that significantly
correlate (p <0.05) with SIC PC1 and PC2 time series. Each variable is
normalized to calculate the standardized regression coefficients. The fit has
the form:

Y(t) =) BXe(®) (6)
k=1

Where Y(f) is the normalized time series of the SIC PC1 or PC2, and X (¢) is
the corresponding normalized affecting factors at ¢ year, f is the standar-
dized regression coefficient. We use standardized regression coefficients to
measure the relative contribution (C xk) of different factors (X}) to Y(¢) as

follow®**;

@)

Multiple linear regression model for the interannual

variability of SIC

We use the normalized 10-year high pass filtered time series of AHT, AMT,
and BSO OHT to account for the relative contributions of the atmospheric
transport and OHT to the interannual variability of the SIC PCI over the
Eurasian Arctic. Calculating the regression coefficients by the least square
fitting, we obtain:

SIC PC1(t) = BaprAHT(t) + BaprAMT(t) + BoprOHTpso(t)  (8)

where Bapr = 0.22, Bapr = 0.21 and Bopr = 0.22 are the standardized
regression coefficients during 1960-2017 and ¢ is time (year). The coefficient
of multiple determination (R*) is 0.31, and this model has passed F-test
(statistically significant at the 99% level). The variance inflation factors (VIF)
of the three variables are in turn 5.21, 4.79 and 1.45, which are smaller than
10, so there is not harmful collinearity between them®’. By calculating the
proportion of each standardized coefficient to the sum of three coefficients
(Eq. 7), the relative contributions of atmospheric and oceanic transports to
the interannual variability of SIC can be estimated as 66% and 34%,
respectively.

Multiple linear regression model for the decadal variability of SIC
We also use a multiple linear regression model to estimate the relative
contributions of 10-year low pass filtered BSO OHT, EG OHT and AO to
the decadal variability of the Eurasian Arctic SIC in the form of

SICPC2(t) = B,oAO(t — 140)
+ BpsoOHT g0 (t — Tps0) + BegOHT (1)

where T40 Or Tpso is the leading time when the AO or BSO OHT has a
maximum correlation with the Eurasian Arctic SIC PC2. Here, 740 = 3 year
and Tpgo = 2 year are chosen. During 1960-2017, AO, BSO OHT and EG
OHT have regression coefficients of —0.22, 0.43 and —0.50 with the Eur-
asian Arctic SIC PC2, whereas their corresponding VIFs are 1.48, 1.39 and
1.86. According to Eq. (7), it is estimated that the relative contribution of
atmospheric (oceanic) transport to the decadal variability of the Eurasian
Arctic SIC PC2 is 19% (81%) during 1960-2017. Similarly, we can also
estimate the relative contributions of atmospheric and oceanic transports to
the decadal variability of the Eurasian Arctic SIC PC2 during 1960-1999
and 2000-2017. It is found that the relative contributions of the atmospheric
(oceanic) transport to the decadal Eurasian Arctic SIC PC2 during
1960-1999 and 2000-2017 are 12% and 48% (88% and 52%), respectively.

(©)

Data availability

The HadISST data are downloaded from https://www.metoffice.gov.
uk/hadobs/hadisst/data/download.html. The ORAS5 data are avail-
able at https://www.cen.uni-hamburg.de/en/icdc/data/ocean/easy-
init-ocean/ecmwf-oras5-backward-extension.html and https://www.
cen.uni-hamburg.de/icdc/data/ocean/easy-init-ocean/ecmwf-oras5.
html. The NCEP/NCAR data are available at https://psl.noaa.gov/
data/gridded/data.ncep.reanalysis.html .

Code availability

The codes of the wavelet analysis are available at https://atoc.colorado.edu/
research/wavelets/. And other source codes for the analysis of this study can
be obtained upon request from the corresponding author.
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