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Abstract
This study investigates the link between enhanced Arctic sea ice (ASI) variability and increased
summer temperature variability over East Asia since the early 2000s. We find that the rate of ASI
decline has accelerated during this period, accompanied by a near doubling of its interannual vari-
ability. This heightened variability is associated with a reorganization of Arctic atmospheric circu-
lation, characterized by the increased prominence and intensified variability of a dipole-like mode.
This mode is strongly correlated with the marked increase in summer surface temperature variabil-
ity across East Asia. The underlying mechanism involves the dipole-like mode driving pronounced
meridional shifts in the East Asian jet stream, which reshape the upper-tropospheric structure and
generate opposing cooling and warming anomalies, thereby amplifying regional temperature con-
trasts. These results indicate that the loss of ASI affects not only the mean-state of Arctic circula-
tion but also enhances its dynamical variability, strengthening Arctic–midlatitude teleconnections
and increasing the likelihood of extreme climate events. Our findings highlight summer ASI vari-
ability as a critical factor influencing midlatitude climate variability and prediction uncertainty,
underscoring its importance for future seasonal forecasts and long-term climate risk assessments
in East Asia.

1. Introduction

Arctic sea ice (ASI) plays a key regulatory role in
the Earth’s climate system [1–6]. Since the early
2000s, numerous studies have reported a rapid
and sustained decline in ASI [7–9]. This reduc-
tion, occurring across all seasons, has had profound
and widespread impacts on the global climate sys-
tem. As a consequence, increasing scientific atten-
tion has been directed toward understanding the
implications of ASI loss, including Arctic amplific-
ation, changes in atmospheric circulation, and their

emerging teleconnections with extreme weather and
climate events in mid-latitude regions [3, 8, 10–12].

In summer, the decline in ASI has become partic-
ularly pronounced, driven largely by the accelerated
warming of Arctic sea surface temperatures (SSTs)
under global warming. Compared with the period
before the 2000s, the rate of summer sea ice loss
has increased substantially since the 2000s [8, 13,
14]. This rapid retreat has led to notable changes in
Arctic atmospheric circulation [15, 16], which can, in
turn, serve as a potential driver of extreme weather
and climate events in the midlatitudes, including
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severe heatwaves, droughts, floods, andwildfires [16–
19]. Indeed, there has been increasing interest in
understanding how changes in summer Arctic atmo-
spheric circulation influence temperature and precip-
itation patterns in the mid-latitudes, including East
Asia [2, 20–22]. Notably, the interannual variabil-
ity of summer surface temperatures across East Asia
has shown a remarkable increasing trend since the
2000s [20, 23, 24]. This enhanced surface temper-
ature variability is closely related to greater forecast
uncertainty, which poses substantial challenges for
decision-making and the development of effective
response strategies across various sectors, including
public policy, urban planning, and socioeconomic
risk management.

In this context, it is particularly noteworthy that
not only has the overall decline in ASI occurred
since the 2000s, but its variability has also increased
markedly [7, 16, 25–27]. While previous studies have
explored the impacts of summer ASI loss on mid-
latitude climate, relatively little is known about the
extent to which the enhanced summer ASI variabil-
ity itself contributes to the observed increase in sum-
mer temperature variability. Improving our under-
standing of the characteristics and underlying mech-
anisms of this variability is essential for enhancing
preparedness for future climate risks and ensuring the
resilience of socio-economic systems. Recent stud-
ies have also demonstrated that incorporating real-
istic ASI conditions can enhance seasonal prediction
skill not only within the Arctic but also across mid-
latitude regions, including Eurasia, highlighting the
importance of Arctic variability in modulating large-
scale climate predictability (e.g. [28]). Accordingly,
this study aims to elucidate the physical mechanisms
behind the intensified summer ASI variability and
to investigate its connection to the increasing surface
temperature variability over East Asia. Unless other-
wise specified, the analysis focuses on the boreal sum-
mer (June to August, JJA), using both observational
datasets and idealized model experiments in which
SSTs are prescribed only over the Arctic Ocean to isol-
ate the direct climate impact attributed to SST forcing
in the Arctic.

2. Data andmethods

2.1. Reanalysis dataset
Monthly net surface heat flux (NSHF), mean sea level
pressure (MSLP), air temperature, zonal and meridi-
onal wind, vertical velocity, and geopotential heights
were obtained from the fifth-generation ECMWF
reanalysis (ERA5) [29] for 1980–2022 at a global spa-
tial resolution 1◦ × 1◦. Monthly SST data were taken
from NOAA’s Extended Reconstructed SST version
5 (ERSST v5) [30], and sea ice concentration (SIC)
datawere provided byNOAA/NSIDC [31]. ASI extent
(SIE) was calculated by summing grid cells with SIC

exceeding 15% north of 70◦N. Summer anomalies
were computed relative to the 1980–1999 climatology.

2.2. Climate regime analysis
The classification of the regime into two periods, the
pre-2000s and post-2000s, is based on the object-
ive identification of a climate-induced regime shift in
area-averaged JJA SIC north of 70◦N during 1980–
2022. The primary detection used a sequential regime
shift detection algorithm [32], which is well suited
for identifying climate regime transitions in long
time series (figure S1). To assess robustness, we also
applied the Pettitt test [33], a widely used non-
parametric change-point detection method (figure
S1). Both methods yield highly consistent regime
transitions across multiple Arctic climate variables
(figure 1 for the sequential algorithm and figure S2
for the Pettitt test). Accordingly, the regime shift iden-
tified by the sequential algorithm, occurring around
2000, is adopted as the basis for the analyses presented
in this study.

2.3. Empirical orthogonal function (EOF) analysis
To investigate the characteristics of summer atmo-
spheric structural changes in the Arctic region, EOF
[34] analysis was applied to JJAMSLP anomalies over
the Arctic domain (60–90 ◦N), with cosine latitude
weighting, for both observations and model simula-
tions. EOFs were computed from temporally anom-
alous fields derived from the ensemble means of 30
members per year to extract the dominant mode of
internal atmospheric variability.

2.4. GFDL-CM2.1 simulations
To account for atmosphere–ocean feedbacks that
are absent in atmosphere-only experiments [35],
we conducted idealized ensemble simulations using
Geophysical Fluid Dynamics Laboratory Climate
Model version 2.1 (GFDL-CM2.1) [36], in line with
previous studies [37–39] that emphasizes the import-
ance of incorporating atmosphere-ocean interaction
processes when investigating Arctic variability. The
model consists of atmosphere, ocean, land, and sea
ice components. The atmospheric and land com-
ponents use a horizontal resolution of 2◦ × 2.5◦

(latitude × longitude), with 24 vertical atmospheric
levels. The ocean and sea ice components are based
on a 200 × 360 tripolar grids in latitude-longitude,
with 50 vertical ocean levels. Thirty ensemble mem-
bers were integrated with different initial conditions.
Specifically, each ensemble member was initialized
from distinct atmospheric and oceanic states extrac-
ted from a long-term control integration of GFDL-
CM2.1, thereby sampling different realizations of
internal climate variability. No additional perturba-
tions were imposed, and the ensemble spread arises
solely from differences in the initial conditions of
the fully coupled system, including the atmosphere,
ocean, sea ice, and land components. To investigate
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Figure 1. Change in summer Arctic sea ice variability between the pre-2000s (1980–1999) and post-2000s (2000–2022). (a),
Temporal evolution (%) and trend (% decade−1) of summer (June to August, JJA) Arctic sea ice concentration (SIC) averaged
over the Arctic (70◦–90 ◦N, 0◦–360 ◦E) during the pre-2000s (1980–1999) and post-2000s (2000–2022). Both trends are statist-
ically significant at a 90% confidence level based on a two-tailed Student’s t-test. Trend values (% decade−1) are displayed at the
top of the panel. (b)–(d), Differences in the standard deviations (SDs) of JJA SIC (%), sea surface temperature (SST; ◦C), and net
surface heat flux (NSHF; W m−2) between the post-2000s and pre-2000s, respectively. (e)–(g), JJA SDs of SIC, SST, and NSHF
averaged over the Arctic (70◦–90 ◦N, 0◦–360 ◦E) during the pre-2000s and post-2000s.

the effect of Arctic warming, SSTs north of 65 ◦N
were restored to observed historical daily SSTs (1951–
2022) from NOAA ERSST version 3b [40] using a
5 day relaxation (or nudging) time scale (referred
to as the ARCTIC_run). This configuration reason-
ably reproduces the observed ASI decline, although
it tends to underestimate both its magnitude and
internal variability (figure S3). Atmospheric CO2

concentration is fixed at 353 ppm (1989 level) to isol-
ate the response of theArctic warming associatedwith
sea ice loss by minimizing the influence of anthropo-
genic warming. The simulated SIC rapidly adjusts to

the observed SST evolution while maintaining ther-
modynamic balance with the restored SSTs in the
Arctic. Outside the SST-restored region, fully coupled
interactions among the ocean, atmosphere, and sea
ice occur without SST restoration. This experimental
configuration has been used in previous studies [41,
42] to investigate the effects of Arctic warming. A par-
allel control simulation (referred to as CLIM_run)
was also conducted under the same conditions as
the ARCTIC_run, except for using the observed
climatological SSTs (1951–2016). Anomalies were
defined as ARCTIC_run minus CLIM_run for each
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corresponding year and variable to reduce potential
systematic biases inherent in themodel and isolate the
effects of Arctic warming associated with sea ice loss.
All outputs were regridded to a global spatial resolu-
tion of 1◦ × 1◦, and the analysis focus on 1980–2022.

2.5. Statistical analysis
Linear trends and regression coefficients were estim-
ated using least-squares regression, including regres-
sions onto EOF principal component (PC) time
series. Variability was quantified using standard devi-
ation and 11 year sliding variance of either PCs or
regional mean time series of the climate variables.
Temporal correlation coefficients (TCCs) are calcu-
lated to quantify the temporal relationships between
two time series. Statistical significance was assessed
using a two-tailed Student’s t-test at the 90% or 95%
confidence level [43]. Pattern similarity was evalu-
ated using pattern correlation coefficients with latit-
ude weighting.

3. Results

3.1. Increased variability of summer ASI since the
2000s
Observed Arctic SIC, averaged over 70◦–90 ◦N
across all longitudes, shows year-to-year variation
since 1980, accompanied by a pronounced long-
term decline (figure 1(a)). In particular, the rate of
Arctic SIC decline becomes more pronounced after
the 2000s (post-2000s, hereafter) compared to the
period before the 2000s (pre-2000s, hereafter). This
is demonstrated by the results of the climate regime
analysis (see section 2 for details), which divides the
period at the year 2000 and reveals that the Arctic SIC
decreased at rates of 2.39%per decade during the pre-
2000s and 4.93% per decade during the post-2000s
(figure 1(a)).

Spatial distribution analysis of Arctic SIC trends
from 2000 to 2022 (figure S4(a)) reveals a wide-
spread decrease across the Arctic, with particularly
pronounced reductions in the Kara and Laptev Seas.
In contrast, observed SSTs in these regions indicate
a pronounced warming trend, suggesting that elev-
ated SSTs are contributing to the decline in Arctic SIC
(figure S4(b)). Furthermore, these regions coincide
with areas showing a marked increase in NSHF from
the atmosphere to the ocean, supporting the inter-
pretation that the SST anomalies are primarily driven
by atmospheric circulation anomalies (figure S4(c)).
However, the resultant SST anomalies can in turn
exert strong feedback on the overlying atmospheric
circulation, potentially amplifying mid-latitude cli-
mate anomalies. These results therefore underscore
not only the role of atmospheric forcing but also
the importance of Arctic sea-ice–atmosphere coup-
ling in shaping the observed changes. Meanwhile,

over the Russian continent, Alaska, and northwest-
ern Canada, regions surrounding the Arctic Ocean,
the NSHF shows a weak but noticeable upward heat
transport toward the atmosphere. This pattern is
primarily driven by the northward advection of warm
air from the continent and is consistent with previ-
ous findings [44], which suggest that enhanced down-
ward heat flux from the atmosphere to the ocean
contributes to the reduction of ASI. It is noteworthy
that, in addition to the long-term trends of each vari-
able (figure S4), their variability has also markedly
increased since the 2000s, particularly in regions that
experienced large changes (figures 1(b)–(d) and S5).
These results are consistent with previous studies [7,
16, 25–27], which suggest that greater declines in
ASI are typically accompanied by enhanced variabil-
ity. Furthermore, when comparing the area-averaged
variability of each variable over the Arctic region
(70◦–90 ◦N, 0◦–360 ◦E), the post-2000s shows nearly
a twofold increase relative to the pre-2000s, by factors
of 1.94, 2.20, and 1.54 for SIC, SST, and NSHF,
respectively (figures 1(e)–(g)).

3.2. Changes in the dominant atmospheric
structure and its variability over the Arctic
To examine the primary structures of large-scale
atmospheric circulation over the Arctic, we conduc-
ted an EOF analysis using summer MSLP anomaly
from 1980 to 2022.

The first EOF mode reveals a summer Arctic
Oscillation (AO)-like pattern (figure S6(a)), which
tends to persist over time, although it has weaker
intensity and smaller spatial extent compared to
the winter AO pattern [45–48]. The second and
third EOF modes display tripole-like (figure S6(b))
and dipole-like (figure S6(c)) circulation patterns,
respectively. This distinctive feature of Arctic atmo-
spheric circulation exhibits an inter-mode transition
around the 2000s.While the AO-like pattern does not
show significant differences between the two periods
(figures S6(d) and (g)), the tripole-like and dipole-
like modes display a distinct role-exchanging beha-
vior. For instance, the tripole-like pattern appeared as
the second EOFmode before the 2000s (figure S6(e)),
but shifted to the third mode after the 2000s (figure
S6(i)). In contrast, the dipole-like pattern emerged
as the second mode in the post-2000s (figures S6(f)
and (h)). Although these patterns are not perfectly
symmetrical, they retain a highly similar structure,
which is quantitatively supported by the correlation
coefficients between the respective patterns (table S1).
This serves as evidence for a structural transition in
the Arctic atmospheric circulation modes around the
2000s. Furthermore, the strong correlation between
the PC time series of the tripole-like mode (second
EOF) and the dipole-like mode (third EOF) suggests
that the role exchange between the two Arctic atmo-
spheric circulation modes observed before and after
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the 2000s represents a statistically significant shift
(table S2).

To evaluate the robustness of the explained vari-
ance associated with each mode derived from the
observation-based EOF analysis, additionally, the
Monte Carlo method, a widely used statistical testing
approach, was applied [49, 50], thereby confirming
the statistical significance and reliability of each EOF
mode (table S3).

We further examine the variability of the three
leading PC time series of Arctic atmospheric circu-
lation related to ASI loss over the entire period from
1980 to 2022 (figures 2 and S7). As a result, the 11 year
sliding variability of the third PC time series, asso-
ciated with the dipole-like pattern of the third EOF
mode, reveals a pronounced increase in Arctic atmo-
spheric variability after the 2000s compared to the
earlier period.While the variability remained consist-
ently low with value less than 1 prior to 2000, it stead-
ily increased thereafter, approaching a value near 2 in
the post-2000s (figure 2(c)). In contrast, the 11 year
sliding variability of the first PC time series, rep-
resenting the AO-like pattern, showed similar mag-
nitudes before and after 2000 (figure S7(b)). In the
second PC time series, associated with the tripole-like
pattern, variability increased to about 1.5 before 2000
but gradually declined thereafter (figure S7(d)). This
contrasting behavior, together with the rise in vari-
ability of the dipole-like mode after 2000, suggests a
reorganization of the dominant atmospheric circula-
tion modes in the Arctic, likely driven by enhanced
ASI variability. Since the 2000s, the dipole-like mode
has emerged as the second leading mode, with indic-
ations that its increased variability could be contrib-
uting to changes in mid-latitude climate variability.

Here, we examine the relationship between the
enhanced ASI variability and changes in NSHF vari-
ability since the 2000s, and their potential impacts on
the increased variability of the dipole-like mode. As
shown in figure S8, the 11 year sliding variance of
ASI over the Arctic Ocean exhibits a sharp increase in
the early 2000s, followed by a gradual decline. A sim-
ilar temporal pattern is observed in NSHF variability
over oceanic Arctic regions, with a significant TCC
of 0.85 (99% confidence level). In contrast, NSHF
variability over Arctic land areas remains relatively
low and stable before the 2000s but increases sharply
thereafter, closely mirroring the temporal evolution
of the dipole-like mode’s PC variability (TCC= 0.93,
statistically significant at the 99% confidence level).
Interpreted alongside the post-2000s trend pattern
of NSHF (figure S4(c)), these results suggest that
oceanic NSHF primarily reflects enhanced ocean heat
uptake from the atmosphere, which is closely linked
to the variability of the declining ASI. Conversely,
land-based NSHF represents energy release from the
land surface to the atmosphere, likely acting as a key
driver of increased variability in Arctic atmospheric
circulation, particularly in the dipole-like mode.

These results provide observational evidence for the
close coupling between ASI variability, surface heat
fluxes, and atmospheric circulation, and their role in
the observed shifts in Arctic atmospheric modes since
the 2000s.

3.3. Enhanced variability in East Asian surface
temperature
To assess the impact of increased variability in the
dipole-like mode of Arctic atmospheric circulation
on summer surface temperature variability in East
Asia, we analyzed changes in temperature variab-
ility before and after the 2000s using the stand-
ard deviation metric (figures 3(a) and S9). The res-
ults reveal a clear and widespread increase in sur-
face temperature variability across East Asia since
the 2000s (figure 3(a)). This increase is most pro-
nounced over inland China, while relatively weaker
increases are seen in northeastern China, the Korean
Peninsula, and Japan. This spatial pattern is also
robust and consistently reproduced in results cal-
culated using daily surface temperature data (figure
S9). Although surface temperature variability over
Mongolia was relatively high compared to surround-
ing regions, this signal is more likely attributable
to local land–atmosphere interactions, particularly
enhanced variability associated with soil moisture–
temperature coupling, driven by the region’s charac-
teristic arid, inland conditions, rather than to large-
scale influences from Arctic atmospheric circulation
modes [51–53]. In severely arid regions, limited sur-
face moisture amplifies the responsiveness of surface
temperature, thereby increasing its variability.

To isolate the large-scale signal relevant to Arctic
influence, we therefore excluded Mongolia, where
such localized effects are especially pronounced, from
the calculation of long-term surface temperature vari-
ability. Consequently, the 11 year sliding variance was
computed over East Asia within the domain 25–40 ◦N
and100–140 ◦E (figure 3(b)). The 11 year sliding vari-
ability of summer surface temperatures over East Asia
exhibits a pattern comparable to that of the Arctic
dipole-like mode in figure 2(c), remaining relatively
stable before the 2000s but showing a gradual upward
trend thereafter (figure 3(b)). A temporal correlation
analysis further revealed a strong association between
this regional temperature variability and the 11 year
sliding variance of the PC time series representing the
dipole-like pattern, with a statistically significant cor-
relation coefficient of 0.70 (99% confidence level). To
assess the sensitivity of these results to the domain
definition, we performed additional analyses using
alternative East Asian domains with varying spatial
extents (figure S10). The increase in post-2000 tem-
perature variability and its strong linkage to the Arctic
dipole-like mode are consistently reproduced across
all domains, confirming that the identified relation-
ship is robust and not sensitive to the specific choice
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Figure 2. Dipole-like mode of summer Arctic atmospheric circulation and its enhanced ariability. (a) Observed regression pat-
tern of JJA MSLP anomalies (65◦–90 ◦N) onto the standardized principal component of the 3rd mode from EOF analysis of JJA
MSLP anomalies. The EOF analysis is performed over 60◦–90 ◦N with cosine-latitude weighting for 1980–2022. Stippled areas
denote regions statistically significant at the 90% confidence level based on a two-tailed Student’s t-test. The explained variance
of EOF3 is 10.3%. (b) Corresponding principal component (PC3) time series. (c) 11 year sliding variance of the PC3 time series.
The values are plotted at the central year of each 11 year sliding window.

of domain. These results imply that enhanced variab-
ility in the Arctic dipole-like mode may play a critical
role in the recent intensification of summer surface
temperature variability across East Asia.

3.4. Dynamical processes in enhancing East Asian
surface temperature variability
Based on previous analysis, we investigate the specific
dynamical processes through which the increased
variability of the Arctic dipole-like circulation mode
influences summer surface temperature variability in
East Asia, with particular focus on the underlying
physical mechanisms that mediate the teleconnection
between the Arctic and the mid-latitudes.

The dipole-like mode of Arctic atmospheric
circulation, characterized by a positive anomaly
over the Laptev and the Eastern Siberian Seas
and a negative anomaly near Greenland, demon-
strates a statistically significant relationship with
the meridional displacement of the East Asian jet
stream. This linkage is most evident in the pro-
nounced intensification of the meridional shift of
the upper-level jet (figure 4(a)). Concurrently, dis-
tinct anomalous patterns appear in both the ver-
tical and meridional wind fields, with enhanced
upward motion between 35 ◦N and 45 ◦N and
subsidence between 25 ◦N and 35 ◦N. These fea-
tures collectively form a quasi-barotropic vertical
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Figure 3. Variability of East Asian summer surface temperature. (a) Difference in the standard deviation of JJA mean 2 m air
temperature (T2m, ◦C) between the post-2000s (2000–2022) and pre-2000s (1980–1999). The green box indicates the East Asian
domain (25◦–40 ◦N, 100◦–140 ◦E) used for the area-averaged time series in panel (b). (b) 11 year sliding variance of the T2m
time series averaged over East Asia (25◦–40 ◦N, 100◦–140 ◦E) for 1980–2022. The values are plotted at the central year of each
11 year sliding window.

structure (figure 4(b)). They are spatially alignedwith
the regions of jet stream intensification and weak-
ening, indicating a dynamically coupled response
between Arctic atmospheric variability and upper-
tropospheric circulation over East Asia. Furthermore,
the altered Arctic circulation also reshapes the meri-
dional temperature gradient, producing a dipole
structure with a strengthened gradient north of
∼40 ◦N and a weakened gradient to the south
(figure 4(c)). This thermal contrast induces corres-
ponding variations in the zonal wind field, con-
sistent with the observed meridional displacement
and intensification of the upper-level jet stream
(figure 4(a)). In particular, convergence of the upper-
level wind field near 30 ◦N induces strong subsid-
ence, while divergence near 40 ◦N is accompanied by
marked upwardmotion, producing a vertically coher-
ent convergence–divergence structure (figures 4(b)
and (d)). This vertical structure, influenced by the
enhanced variability of the Arctic dipole-like mode
since the 2000s, has a substantial dynamical influ-
ence on modulating the local atmospheric circula-
tion over East Asia. Cyclonic anomalies and ascent
at higher latitudes promote surface cooling, whereas
anticyclonic anomalies and subsidence at lower latit-
udes lead to surface warming. These opposing effects
intensify meridional temperature contrasts and vari-
ability across East Asia. As the variability of the
Arctic dipole-like mode continues to intensify, the jet
stream’s meridional displacement becomes increas-
ingly erratic, potentially inducing significant changes
in the vertical structure and dynamical behavior of
the East Asian atmosphere, deviating from its clima-
tological mean state. Such changes, driven by Arctic
sea-ice decline and an increased frequency of dipole-
like events, are likely to further enhance the meridi-
onal variability of summer surface temperatures over
East Asia, thereby increasing regional climate instabil-
ity and the unpredictability of temperature extremes.

These dynamical processes indicate that the influ-
ence of the Arctic dipole-like mode on East Asian cli-
mate is not limited to regional circulation changes,
but is also embedded within larger-scale atmospheric
variability. The dipole-like mode is dynamically con-
nected to broader Northern Hemisphere teleconnec-
tion patterns. Its structure is consistent with Arctic
dipole–type variability [46, 54] and is associated
with meridional pressure gradients that influence jet
stream displacement. Previous studies have shown
that Arctic circulation anomalies can interact with
Eurasian wave trains and blocking activity, includ-
ing Ural blocking, thereby modulating midlatitude
climate variability [55–57]. Although these mechan-
isms have been primarily documented in winter, they
provide a useful framework for interpreting Arctic–
midlatitude linkages. Arctic variability has also been
linked to changes in summertime atmospheric circu-
lation, including enhanced meridional amplitude of
large-scale waves [58, 59]. In this context, the dipole-
like mode can be interpreted as part of a broader tele-
connection framework influencing East Asian sum-
mer climate. Therefore, the enhanced variability of
this mode since the 2000s reflects a reorganization of
existing atmospheric variability under strengthened
Arctic forcing, rather than the emergence of an inde-
pendent circulation mode.

Building on this dynamical framework, our find-
ings are consistent with previous studies highlight-
ing the role of Eurasian teleconnection patterns in
shaping East Asian summer extremes. For example,
a recent study [60] showed that the relationship
between heatwaves in the mid–lower reaches of the
Yangtze River valley and upstream atmospheric wave
trains has intensified since the 2000s. The Arctic
dipole-like mode identified in this study modulates
the meridional structure of the jet stream, which may
influence downstream atmospheric variability across
Eurasia. This suggests that Arctic-driven circulation
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Figure 4. Atmospheric responses associated with the Arctic dipole-like mode. (a) Vertical cross-section (zonal mean over 100◦–
140 ◦E) of JJA zonal wind (UWND, m s−1) anomalies regressed onto the standardized principal component of the 3rd EOF
mode derived from JJA MSLP anomalies over 60◦–90 ◦N (cosine-latitude weighted) for 1980–2022. Black contours show the
climatological mean (m s−1) for 1980–1999 over the same longitudinal band. (b), Same as (a), but for vertical velocity (shading,
-OMEGA,×10−3 Pa s−1) and meridional wind (VWND,×10−1 m s−1). (c), Same as (a), but showing the regression pattern
of the meridional temperature gradient at 500 hPa (MTG500,×10−6 ◦C m−1). (d), Same as (c), but for divergence at 200 hPa
(DIV200,×10−7 s−1), where positive (negative) values indicate divergence (convergence). Black contours in (c) and (d) denote
the climatological mean for 1980–1999. Stippling indicates statistical significance at the 90% confidence level based on a two-
tailed Student’s t-test.

changes and Eurasian teleconnection processes are
dynamically linked, providing a physical basis for
understanding enhanced variability of summer tem-
perature extremes over East Asia.

3.5. Dipole-like mode reorganization induced by
ASI decline: insights from coupled model
experiments
We hypothesize that highly variable Arctic SSTs may
have driven the observedASI decline and its enhanced
variability, which in turn contributed to the reorgan-
ization of Arctic circulation modes, as revealed by
EOF analysis.

To directly test this hypothesis, we conduct two
coupled model experiments with SST nudging using
the GFDL-CM2.1 (see section 2 for details). The dif-
ferences between the two experiments allowus to isol-
ate the influence of observed Arctic SST anomalies on
sea ice loss and the resulting reorganization of atmo-
spheric circulation.

EOF analysis of simulated SLP difference anom-
alies reveals that, although the leading AO-like mode
shows little structural change across periods, the
higher-order modes undergo notable reorganization
associated with ASI decline (figure S11). Specifically,
the pre-2000 tripole-like pattern shifts to the third
mode after 2000 and is replaced by a dipole-like struc-
ture as the second dominant circulation mode, con-
sistent with observations (spatial correlation of 0.69;
figures S6(h) and S11(h)). Relationships among these
reorganized EOF patterns are summarized in table
S4. Together, these results strongly suggest that ASI
forcing plays a critical role in the strengthening and
increased dominance of the dipole-like pattern as the
leading circulationmode in recent decades. To further
examine the robustness of the identified circulation
modes, we performed additional EOF analysis using
individual ensemble members (figure S12). The res-
ults show that the leading modes remain consistent
across the total, pre-2000, and post-2000 periods,

8
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Figure 5. Arctic atmospheric dipole-like mode derived from SST-nudged GFDL simulations (ARCTIC_run—CLIM_run) and
its linkage to East Asian temperature variability. (a) Regression pattern of JJA MSLP difference anomalies onto the standard-
ized principal component of the 3rd mode, computed from EOF analysis of JJA SLP difference anomalies over 60◦–90 ◦N
using cosine-latitude weighting. The difference anomalies are obtained from the historical (ARCTIC_run) and climatological
(CLIM_run) SST-nudged simulations for the full period (1980–2022). Stippling indicates statistical significance at the 90% con-
fidence level (two-tailed Student’s t-test). The 3rd EOF mode explains 11.5% of the total variance. (b) Corresponding principal
component (PC3) time series for 1980–2022. (c) 11 year sliding variance of PC3, with mean values shown for pre-2000s (1980–
1999) and post-2000s (2000–2022). (d) Difference in standard deviations (SDs) of 2 m air temperature (T2m, ◦C) between the
post-2000s and pre-2000s, calculated from the T2m difference anomalies between the two SST-nudged simulations. The green
box indicates the East Asian domain (25◦–40 ◦N, 100◦–140 ◦E) used for the area-averaged time series in panel (e). (e) 11 year
sliding variance of simulated T2m averaged over East Asia (25◦–40 ◦N, 100◦–140 ◦E) for 1980–2022. The values are plotted at
the central year of each 11 year sliding window.

with the dipole-like pattern persistently appearing as
the second mode. This suggests that the dipole-like
mode is an intrinsic feature of Arctic atmospheric
variability, independent of the forcing strength. In
contrast, the ensemble-mean EOF analysis exhibits

a clear reordering of modes, with the dipole-like
pattern increasing in relative importance during the
post-2000 period. This discrepancy highlights the
distinct roles of internal variability and externally
forced signals. When internal variability is retained,
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the modal hierarchy remains stable; however, when
it is suppressed through ensemble averaging, the rel-
ative contribution of the forced signal becomes more
pronounced.

To further assess whether the variability of the
dipole-like mode intensifies over time, as implied
by the observed third PC time series (figure 2), we
compute 11 year sliding variances of the simulated
third PCs for 1980–2022 (figure 5). The model’s third
EOF mode closely matches the observed dipole-like
pattern, with a spatial correlation of 0.76 between
figures 2(a) and 5(a). The third PC time series shows
substantially greater variability after the 2000s, with
the averaged sliding variance increasing from 0.66
to 1.14 (a factor of 1.73), confirming an intensific-
ation of Arctic atmospheric variability in the model
(figure 5(c)). A transient reduction in variability
around 2009 is also evident, which is attributable to
internal variability and the finite length of the slid-
ing window, and does not affect the overall increasing
trend. The post-2000 increase in the variability of the
simulated dipole-like mode is also consistent with the
enhanced variability of simulated Arctic SIC and SST,
in agreementwith observations (figures S13 and S14).
This suggests that amplified Arctic Ocean variabil-
ity plays a central role in strengthening atmospheric
variability over the region. Moreover, as shown in
figures S15 and 5(d), (e), summer surface temperat-
ure variability over East Asia has markedly increased
since the 2000s and exhibits a strong linkage to the
third dipole-like mode of Arctic atmospheric variab-
ility (TCC between figures 5(c) and (e) = 0.59, 99%
confidence level). These findings reinforce the obser-
vational conclusion that intensified variability of the
Arctic dipole-like mode exerts an substantial influ-
ence on summer temperature variability over East
Asia.

4. Conclusions and discussions

This study demonstrates that the enhanced interan-
nual variability of East Asian summer surface tem-
perature since the early 2000s is closely linked to
increased variability in ASI concentration. This link-
age is manifested through the strengthening and
increased dominance of a dipole-like Arctic circu-
lation mode, which reorganizes atmospheric vari-
ability and strengthens Arctic–midlatitude interac-
tions. These structural changes in the Arctic atmo-
sphere are not limited to mean state alterations
but involve amplified variability in dominant cir-
culation modes, leading to substantial impacts on
upper-tropospheric dynamics and East Asian sum-
mer temperature variability. Such findings imply
a strengthened Arctic–midlatitude teleconnection,
whereby internal variability of the Arctic climate sys-
tem may intensify midlatitude climate fluctuations

and increase the likelihood of extreme events. It is
important to note that our model experiments were
driven solely by SST forcing, limiting the repres-
entation of fully coupled processes. Further research
will be required to more comprehensively assess the
underlying nonlinear mechanisms [61–63] govern-
ing the amplified variability of the dipole-like Arctic
atmospheric circulation mode.

Crucially, our results indicate that the decline and
increased variability of ASI during summer are not
merely a regional feature but a fundamental driver of
broader climate variability. Beyond East Asia, variab-
ility in ASI has the potential to modulate temperat-
ure and precipitation fluctuations across other mid-
latitude regions and even at the global scale through
strengthened teleconnections. Importantly, the influ-
ence of ASI extends beyond mean-state shifts, dir-
ectly shaping climate variability and thereby affect-
ing the frequency and intensity of extremes. These
findings suggest that ASI variability should be con-
sidered a critical element in future seasonal climate
predictions and long-term risk assessments. Taken
together, our findings underscore the need to ree-
valuate atmosphere-ocean–sea ice interactions within
the climate system and may mark an important turn-
ing point in our understanding of Arctic–midlatitude,
and more broadly Arctic–global, linkages.
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