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Winter Arctic seaiceis a crucial climate indicator, declining at an accelerated rate compared to the past
and playing a significant role in Arctic amplification over recent decades. The sea-ice concentration
(SIC) in the Greenland-Barents Sea (GBS) shows considerable interannual variability, yet the link
between this variability and the El Nifio-Southern Oscillation (ENSO) remains uncertain. Here, we
identify a reversed relationship between the autumn Central Pacific (CP)-type ENSO and the winter
GBS SIC around the mid-1980s. Observational and model experiments demonstrate that, before the
mid-1980s, CP ENSO triggered a double wave pattern propagating toward the Arctic, generating a
positive geopotential height anomaly in the Arctic. Such an anomaly, along with a northerly anomaly,
favored cold-air advection and intrusion into the GBS, resulting in an increased SIC. After the mid-
1980s, however, CP ENSO only induced a single wave train towards the Arctic, favoring a positive
geopotential height anomaly over Iceland. As a result, the southerly anomaly transported abundant
moisture into the GBS and consequently reduced the SIC. The variation in wave patterns can largely be
attributed to the sea surface temperature anomaly in the tropical Atlantic induced by CP ENSO. Our
findings highlight the unstable connection between tropical and polar regions, which provides a basis

for better understanding the mechanisms of Arctic sea-ice changes.

Arctic sea ice serves as a crucial indicator of global climate variability, being
closely tied to various aspects of the Northern Hemisphere’s climate'™. In
recent decades, the Arctic sea ice has experienced a rapid decline®™, along
with significant interannual variability”'. These changes stem from both
dynamic processes, such as sea-ice drift and deformation, as well as ther-
modynamic processes, including sea-ice freezing and melting™''~".

Ocean-atmosphere processes modulate the Arctic sea ice variability to
a considerable degree™“'*"*. For instance, the El Nifio-Southern Oscillation
(ENSO) influences Arctic sea ice by causing tropical sea surface temperature
(SST) anomalies that change the atmospheric circulation'*"”. The North
Atlantic Oscillation, Ural Blocking, and snow cover on the Tibetan Plateau
also drive changes in Arctic sea ice through thermal and dynamic
mechanisms™"’.

In the tropics, a shift in ENSO from the eastern Pacific (EP) to central
Pacific (CP) type in recent decades (marked by a westward shift in the SST
anomaly center and a shorter duration of SST anomalies)’* has led to
changes in its teleconnection with the Arctic'*”’, and CP ENSO plays a more
prominent role in Arctic warming'****° and sea-ice changes" compared with
EP ENSO. However, the stability of the CP ENSO-Arctic sea ice relationship
remains poorly understood. As such, this study aims to address this issue by

elucidating the association between the two and the atmospheric processes
that affect the stability of this association. Specifically, our study focuses on the
winter (December-January-February, DJF) Arctic sea ice, regarded as a driver
of Arctic amplification””, whose loss is occurring more rapidly than in the
past”. Moreover, ENSO typically develops and peaks in autumn and
winter”, and a recent study indicates a potential connection between ENSO
and the interannual variability of winter Arctic sea ice'. We selected the
Greenland-Barents Sea (GBS) as our study area because of its high winter sea-
ice concentration (SIC)** and strong interannual variability*”’, and because the
sea ice in this region has been shown to be associated with ENSO"**. We
identified a nonsignificant correlation between GBS SIC and CP ENSO over a
long period. However, their relationship is unstable and shows opposite results
in different periods. This study highlights the fluctuating relationship between
CP ENSO and GBS SIC, while also uncovering the potential underlying
physical mechanisms.

Results

Reversal in the relationship between GBS SIC and CP ENSO
During 1950 to 2022, the winter SIC over the GBS (65°-85°N, 40°W-60°E)
exhibits high values and strong interannual variability (Supplementary
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Fig. 1a and 1b), consistent with previous findings*”. To capture its spatial

pattern, we computed the leading empirical orthogonal function mode
(EOF1) of the winter SIC anomalies over the GBS (Supplementary Fig. 2a)
and the corresponding principal component (PC1, Supplementary Fig. 2b).
The spatial distribution reveals a high winter SIC anomaly over the GBS,
along with strong interannual variability that fluctuates over time. However,
this SIC variation shows a weak long-term correlation with the different
types of ENSO during winter (Supplementary Fig. 4a).

As previous research has indicated, an unstable relationship between
ENSO and the Arctic climate has occurred”™. In this study, a sliding corre-
lation analysis with a 21-year window was used to examine the relationship
between the GBS SIC PCI and different ENSO indices during winter
(Supplementary Fig. 3). The reversed correlation around the mid-1980s
provides an explanation for the low SIC-ENSO correlation in the long term
(Supplementary Fig. 4e) because of the offsetting from the opposite signs.
We selected the NifioCP index for this study because its correlation with
GBS SIC is more significant than that of other indices (Supplementary
Fig. 3). Notably, Nifio 1 + 2, Nifio 3, and Nifio EP are positive and statis-
tically significant more recently. Additionally, all the indices exhibit a
positive-negative-positive decadal correlation signature. These issues
remain to be further explored in future studies.

To further examine their relationship during the developing period
of ENSO, we performed a lagged 21-year sliding correlation between
the GBS SIC PCl in winter and the NifioCP index from autumn
(September—October-November, SON) to winter. Our analysis highlighted
that their significant correlation dates back to the preceding autumn (Fig. 1a).
Moreover, the results are not sensitive to the length of the sliding window.
Therefore, we selected the autumn NifioCP index for subsequent analysis.

Based on the maximum-value points (1974 and 1996) from the sliding
correlation coefficients, we divided the study period into two distinct intervals:
1964-1984 (P1, R=0.43, p < 0.05) and 1986-2006 (P2, R = — 0.49, p < 0.05).
To confirm their inverse relationship, we calculated the spatial distribution of
the NifioCP-associated winter GBS SIC anomalies. In association with the
positive phase of CP ENSO, significant positive and negative SIC anomalies
can be observed over the GBS in P1 and P2, respectively (Fig. 1b, ¢), validating
their reversed relationship between the two periods.

Differences in atmosphere-ocean interactions around the
mid-1980s

The SST anomaly patterns associated with CP ENSO in P1 and P2 are
depicted in Fig. 2a, b, respectively. Significant warm SST anomalies can be
observed in the tropical North Atlantic in P1, whereas there are almost no
SST anomaly signals in P2. The weakening impacts of ENSO on the tropical
Atlantic SST were largely due to the reduced wind-evaporation-SST feed-
back caused by the westward shift of ENSO teleconnections after the mid-

1980s”. Therefore, the varying SST forcings in the tropical North Atlantic
suggest changes in atmospheric responses. As expected, during P1, sig-
nificant convergent (Fig. 2i) and upward motion (Fig. 2e) anomalies asso-
ciated with CP ENSO can be observed in the subtropical North Atlantic,
resulting in localized increased precipitation anomalies (Fig. 2g). In contrast,
during P2, the atmospheric responses in the subtropical North Atlantic are
much weaker because of the reduced SST forcing (Fig. 2b, d, f, h, j).

Robust Rossby wave sources can be observed in the subtropical
northeastern Pacific for both periods. Notably, during P1, the upper-level
divergent wind (Fig. 2c) and positive precipitation (Fig. 2g) anomalies
support the perturbation anomalies in the upper troposphere™, which is
crucial in the formation of Rossby wave sources in the subtropical North
Atlantic (Fig. 2i). In contrast, during P2, weak Rossby wave source
anomalies are due to the much weaker upper-level divergent wind (Fig. 2d)
and precipitation (Fig. 2h) anomalies (Fig. 2j). These results indicate two
Rossby wave source centers swept across the subtropical Pacific and Atlantic
in P1, whereas only one center existed over the tropical Pacific in P2.

Different ~ SST  forcings  induce  various  atmospheric
teleconnections'******, To further understand these different responses, we
calculated the height and wave activity flux (WAF) anomalies using both
observations and model experiments (Fig. 3). Two control experiments and
two corresponding sensitivity experiments were conducted using the
Community Atmosphere Model, version 6.0 (CAM6; see Methods for
details). In this study, the CAMS6 responses were calculated as the differences
between the sensitivity and control experiments. During P1, both observa-
tions and model experiments show that significant negative geopotential
height anomalies dominate in the subtropical Pacific and Atlantic Ocean
(Fig. 3), which is consistent with the SST forcing there (Fig. 2a, b), due to the
tropical Gill response”. The W AFs propagate from these two oceans towards
the Arctic (Fig. 3a, ¢), indicating two pathways of the atmospheric wave train
resulting from the double Rossby wave sources.

In comparison, during P2, significant negative geopotential height
anomalies prevail over the subtropical Pacific (Fig. 3b, d), which aligns with
the single SST forcing there (Fig. 2b). The corresponding wave flux travels
from the North Pacific, across North America, and extends to the North
Atlantic, indicating an atmospheric waviness due to the single Rossby wave
source (Fig. 2j). Notably, in the atmospheric wave trains, clear geopotential
height anomalies appear over northern Canada and Greenland in P1, while
positive anomalies prevail across Iceland in P2. These different locations of
geopotential height anomalies indicate distinct influences on the GBS cli-
mate anomalies.

Physical processes of ENSO’s impact on the Arctic SIC
The above analysis implies that positive geopotential height anomalies in the
Arctic associated with CP ENSO (i.e., anticyclonic anomalies, Supplementary

Fig. 1 | Shift in the relationship between GBS SIC
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Fig. 2 | Differences in the air-sea interactions associated with CP ENSO. DJF (a,b)
SST (color shading, °C), (c, d) 200 hPa velocity potential (color shading, 10°m’s™") and
divergent wind (vectors, ms™"), (e, f) 850 hPa vertical velocity (color shading, mm s ™),
(g, h) 850 hPa precipitation (color shading, mm d "), (i, j) 200 hPa Rossby wave source

[ (101! 52)
(RWS, color shading, 107" s7?) anomalies regressed onto the SON NifioCP index
during (a, e, g, i) 1964-1984 (P1) and (b, f, h, j) 1986-2006 (P2). The dotted regions
indicate statistical significance at the 95% confidence level based on a two-tailed Stu-
dent’s f test.

Fig. 3 | Observational and modeled responses of
geopotential height and WAF anomalies to dif-
ferent SST forcings. DJF 200 hPa geopotential
height (color shading, gpm) and WAF (streamlines)
regressed onto the SON NinoCP index during (a) in
1964-1984 (P1) and (b) in 1986-2006 (P2). ¢, d As
in (a, b) but for the CAM6 model experiments. The
dotted regions indicate statistical significance at the
95% confidence level based on a two-tailed Student’s
t-test.
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Fig. 4 | Different GBS thermal processes asso-
ciated with changes in CP ENSO. DJF (a-d) 925
hPa water vapor flux (vectors, kg m ™' s™") and spe-
cific humidity (color shading, gkg ') and (e-h) SAT
(K) regressed onto the SON NifioCP index during
(a, €) 1964-1984 (P1) and (b, f) 1986-2006 (P2).

¢, d, g, h Asin (a, b, e, f) but for the CAM6 model
experiments. The dotted regions indicate statistical
significance at the 95% confidence level based on a
two-tailed Student’s ¢-test.
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Fig. 5 | Changes in the mechanisms of impact of
CP ENSO on GBS SIC. In 1964-1984 (P1), SST
anomalies in the tropical Pacific and Atlantic sti-
mulated two Rossby wave sources and poleward
Rossby wave trains, leading to positive geopotential
height anomalies over northern Canada and
Greenland. This resulted in dry, cold Arctic air
invading the GBS, causing sea-ice growth. In
1986-2006 (P2), SST anomalies in the tropical
Pacific generated one Rossby wave source and
Rossby wave train, leading to positive geopotential
height anomalies over Iceland. This brought warm,
humid air from the North Atlantic into the GBS,
resulting in a reduction of sea ice.
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Fig. 5) are the key system impacting the GBS climate anomalies. Observations
and model experiments suggest that, during P1, on the eastern flank of the
anticyclone, the northerly anomalies transported Arctic cold air towards the
GBS (Supplementary Fig. 6a) and inhibited moisture intrusion into the GBS
(Fig. 4a, c), resulting in SIC growth (Fig. 1b) by cooling the surface air tem-
perature (SAT; Fig. 4e, g). ENSO tends to yield a positive mid-tropospheric
height relationship and southerly winds over the GBS during P2. This center
of action is located over the high-latitude North Atlantic, is downstream of the
P1 high pressure center, and is of weaker magnitude (and not significant)
compared with the pattern observed during P1. On the western flank of the
anticyclone, southerly anomalies favored warm advection (Supplementary
Fig. 6b) and water vapor transport from the North Atlantic to the GBS (Fig. 4b,
d), which promoted SIC melting (Fig. 1¢) by warming the SAT (Fig. 4f, h).
Regarding the dynamic process of sea ice (Supplementary Fig. 7),in P1,
ENSO-related sea-ice drifts equatorward, facilitating the transport of highly
concentrated sea ice from the center of the Arctic to the GBS, resulting in
sea-ice accumulation (Supplementary Fig. 7a). On the contrary, in P2, the

ENSO-related sea-ice motion shows that part of the sea ice moves away from
the GBS towards the North Atlantic, leading to a decrease in SIC (Supple-
mentary Fig. 7b). The above results suggest that CP ENSO can affect GBS
SIC anomalies through both thermal and dynamic processes.

Summary and discussion
This study reveals an unstable link between CP ENSO and GBS SIC around
the mid-1980s. The process by which CP ENSO influences GBS SIC is
demonstrated using observations and model experiments. Our findings
indicate that the tropical Atlantic SST response to CP ENSO is a key factor in
the reversal of the CP ENSO-GBS SIC connection.

The pathways of CP ENSO’s influence on the GBS SIC are illustrated in
Fig. 5. In P1, the SST anomalies in the Pacific and Atlantic Ocean stimulated a
double Rossby wave pattern propagating toward the Arctic, ultimately causing
increased GBS SIC due to the intrusion of dry and cold air from the center of
the Arctic. In P2, because of the weak SST anomaly in the Atlantic Ocean, only
one Rossby wave source was stimulated, which then propagated toward the
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GBS. Ultimately the intrusion of warm and humid air from the North Atlantic
led to decreased GBS SIC. Additionally, the Arctic winter warm bias caused by
CAMS6’s overestimation of the cloud fraction and the amount of cloud liquid
water, along with its underestimation of autumn snow cover, may impact the
atmospheric circulation and potentially explain the stronger positive geopo-
tential height anomaly in P2 compared to observations™”.

In this study, we focused on the relationship between CP ENSO and
GBS SIC from an atmospheric perspective. However, oceanic processes
significantly influence sea ice as well'*"". Over longer time scales, under-
standing the connection between ENSO-related oceanic processes and
Arctic sea ice is of great research significance'’. This question remains
unexplored and requires further research.

Methods

Data

The study period spans 1950-2022. The monthly SST and SIC data on 1°
grids are from the Hadley Center Sea Ice and Sea Surface Temperature
dataset (HadISST). In addition, data with an interpolated horizontal
resolution of 1°x 1° from the National Snow and Ice Data Center
(NSIDC) are used to verify the reliability of the SIC data. The monthly
data (including winds, geopotential height, specific humidity, SAT,
precipitation, and vertical motion), with an interpolated horizontal
resolution of 2.5° x 2.5°, were downloaded from the fifth major global
reanalysis produced by ECMWF (ERA5).

The monthly sea-ice motion data were sourced from the ECWMF’s
Ocean ReAnalysis System 5 (ORS5), spanning from 1958 to 2022 with a
spatial resolution of 1° x 1°. The Nifio indices used in this study are from the
National Oceanic and Atmospheric Administration (NOAA).

In order to avoid the possible statistical influence of a climate tren
or decadal variability’>*, the datasets used in this paper were all detrended.

d42—44

EOF analysis

An EOF analysis of the linearly detrended DJF GBS SIC anomalies during
1950-2022 was performed to extract the EOF1 mode of the interannual GBS
SIC anomaly by computing the eigenvectors of a spatially weighted anomaly
covariance matrix. The corresponding PC1 time series represents the
interannual variability of GBS SIC. The EOF1 pattern and PC1 of sea-ice
data from NSIDC and HadISST show a high correlation, which indicates
that the results in this study are reliable.

Definitions of CP ENSO and EP Nino indices
The NifoEP and CP indices are defined as in Ren et al.*:
{ Nep = N; — aN, { 2/5, N3N, >0 0
a= ,
Nyp = Ny — aNj, 0, otherwise

where N; and N, represent the Nifio3 and Nifio4 indices, respectively.

RWS
The RWS* was calculated to diagnose the generation of Rossby wave trains:

§=-Vy- [“;(f + Z)] —Vy- [ﬁx(,]7 2

where u, = (u,,v,), in which u, and v, represent the longitudinal and
latitudinal components of the divergent wind, respectively; and V;, { and
f + ¢ denote the horizontal gradient, relative vorticity, and absolute vorti-

city, respectively.

WAF
The WAF is used to describe the propagation of atmospheric wave trains*
and is expressed in pressure coordinates as follows:

3)

U P9

1 [(U@7 =99+ V(gio, — ¢'9l)
U(g,9;, — ¢'¢y) + V(g; ’

where u = (U, V) represents the latitudinal and longitudinal components
of geostrophic wind; ¢ denotes the three-dimensional stream function; and
the prime symbol and subscripts indicate deviations from the time and
partial derivatives, respectively.

Statistical significance test
In this study, we employed Student’s t-test to assess the statistical sig-
nificance of the anomalous fields and correlation coefficients.

CAMG6 experiments

CAMBS, which is the atmospheric component of the Community Earth
System Model, version 2.1.3 (CESM2.1.3), was employed to verify the
teleconnection link and causal relationship between CP ENSO and the
GBS regional climate in the two phases. The configuration
“f09_f09_mg17”, which has a horizontal resolution of 0.9° x 1.25° and
32 hybrid vertical layers, and the component “F2000_climo”, were
selected in this study. The control experiments were forced with the
monthly SST climatology by averaging the HadISST data over the
periods 1964-1984 and 1986-2006. The model was integrated for 30
years, and the first 5 years were discarded. In the sensitivity experiments,
we incorporated the anomalous SST from P1 and P2 (as shown in Fig.
2a, b, without amplitude scaling) into the climatological SST for the
SONDJF period for each of the 25 cases. We then ran the model for six
consecutive months (SONDJF) and selected the last three months (DJF)
for analysis.

Code availability
Codes used in this study are available from the corresponding author on
reasonable request.
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