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Arctic-associated increased fluctuations of midlatitude winter
temperature in the 1.5° and 2.0° warmer world
Yungi Hong 1, S.-Y. Simon Wang 2, Seok-Woo Son 3, Jee-Hoon Jeong 4, Sang-Woo Kim 3, Baekmin Kim5, Hyungjun Kim 6 and
Jin-Ho Yoon 1✉

In recent decades, the interior regions of Eurasia and North America have experienced several unprecedentedly cold winters
despite the global surface air temperature increases. One possible explanation of these increasing extreme cold winters comes from
the so-called Warm Arctic Cold Continent (WACC) pattern, reflecting the effects of the amplified Arctic warming in driving the
circulation change over surrounding continents. This study analyzed reanalysis data and model experiments forced by different
levels of anthropogenic forcing. It is found that WACC exists on synoptic scales in observations, model’s historical and even future
runs. In the future, the analysis suggests a continued presence of WACC but with a slightly weakened cold extreme due to the
overall warming. Warm Arctic events under the warmer climate will be associated with not only a colder continent in East Asia but
also a warmer continent, depending on the teleconnection process that is also complicated by the warmer Arctic. Such an
increasingly association suggests a reduction in potential predictability of the midlatitude winter anomalies.
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INTRODUCTION
In recent decades, the Arctic region has warmed about twice as
fast as the rest of the globe1. Known as Arctic amplification (AA),
this phenomenon is associated with the reduced sea ice and the
increased surface air and ocean temperatures in the Arctic
throughout the year2–4. Meanwhile, extreme cold winters in the
midlatitudes have become more frequent, hence creating the
phenomenon known as the warm Arctic cold continent (WACC).
The subject of WACC has attracted a lot of research attention as it
provides a plausible explanation for the intensification of
wintertime cold extremes5.
In the WACC framework, a fast decline of sea ice and an increase

in winter SST in the Barents-Kara (BK) Sea is significantly correlated
with a colder-than-usual winter climate in Eurasia. In contrast, a
warmer east Siberian-Chukchi (ESC) Sea with less sea ice coverage is
associated with abnormally cold winters in North America6. Various
dynamical pathways have been proposed to explain these
connections embedded in the intraseasonal time scales, including
the weakening of the stratospheric polar vortex7, rapid Arctic
tropospheric warming8, triggering of mid-tropospheric planetary
waves along the midlatitudes and enhanced blocking in Ural
regions9–11. All these dynamical pathways are thought to have
caused the midlatitude winter climate to become more
extreme12,13. Recent studies suggested that the formation of WACC
is complex and difficult to attribute, since a wavier pattern of the jet
can be entirely caused by the atmospheric internal variability,
undermining the effect of AA14–20. Despite the ongoing debate, a
better understanding of WACC can improve the seasonal prediction
of high-latitude climate, considering the importance of this mode in
shaping weather and climate extremes in these regions.
This paper builds on the observed linkage between the Arctic and

mid-latitude regions on synoptic scales over the past decades. It
explores its historical and projected changes under current and 1.5-

and 2.0-degrees warming scenarios as determined by the Paris
Agreement as the critical threshold to limit the strength of global
warming. We analyze the Half degree additional warming, prognosis
and projected impacts (HAPPI), a relatively new model projection
dataset that has an advantage in assessing the impacts of 1.5- and
2.0-degrees warming on the world’s weather21. Through this analysis,
we assessed how WACC will vary through the synoptic linkage under
different global warming scenarios, as well as identifying what the
leading factor is in determining the dynamical changes.

RESULTS
Arctic-midlatitude relationships in observations
To establish the baseline for the association between the
midlatitude and Arctic synoptic activities, we followed Kug et al.
(2015) to examine the WACC patterns by conducting the
regression analysis in two regions: BK Sea with East Asia and
ESC Sea with North America. The regression coefficient between
the BK (ESC) Sea and East Asia (North America) for each winter is
shown as a time series in Fig. 1c, d. We also compute the
geographical distribution of the average regression coefficients as
regression maps (Fig. 1a, b): First, the winter-mean regression map
is shown in the middle of Fig. 1 (1979~2018). Second, we display a
few special winters: 1997/98 and 1991/92 were well-established
warm Arctic and cold continent patterns, while 2017/18 and 2004/
05 represent the warm Arctic and warm continent patterns.
Next, we examine the daily/synoptic weather fluctuation and

how their supposed association may change over a longer period
and in the future. In East Asia, most years show the negative
regression coefficient of 850hPa temperature anomalies concern-
ing the BK Sea (Fig. 1a, c). North America features a negative
regression coefficient for the ESC Sea in most years (Fig. 1b, d). The
negative regression coefficients between the Arctic and the
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midlatitude region have persisted during the past 40 years,
suggesting that the WACC pattern is a steady climate oscillation in
the intraseasonal/weather timescale (Fig. 1). However, we note
that a few winters do not exhibit the typical pattern of WACC, like
2017/18 and 2004/05, suggesting a large interannual variation
among this climatological feature.
Figure 1 confirms the previous observations that (1) the

regression coefficients between the Arctic and mid-latitude
temperatures in winter are mostly negative, and (2) the yearly
regression coefficients do vary because some years can be
noticeably positive, albeit not statistically significant. In other
words, the winter temperature seesaw between the Arctic and
the midlatitude regions is nonlinear and arguably unstable.
Furthermore, past research has indicated that the climate linkage
between the Arctic and midlatitude is not solely determined by
their temperature contrast but also influenced by other factors such
as sea surface temperature, reduction of sea ice, troposphere-
stratosphere coupling, internal variability, and so on7,10,17,18,22–24.
Hence, projections of potential changes in the Arctic-midlatitude
teleconnection under warmer climates remain uncertain.

Global warming impact on the relationship between the Arctic
and midlatitude
Given the historical relationship between the temperature
fluctuations in the Arctic and mid-latitude regions on the daily
basis, we proceeded to analyze whether this relationship would
persist in the future with global warming. In the HAPPI experiment
Hist scenario, East Asia (North America) shows negative regression
coefficients for the BK (ESC) Sea (Fig. 2a, b) and the peak of the
regression coefficients in both East Asia and North America lies in
the negative territory (Fig. 2c, d). The HAPPI experiment depicts
the WACC pattern, which is shown in the reanalysis data, and it
further reveals the WACC pattern in the Plus1.5 and
Plus2.0 scenarios (even showing slightly stronger regression
coefficients in East Asia compared to the Hist scenario;
Supplementary Figs. 1 and 2). This result suggests that the WACC
pattern persists under 1.5- and 2.0-degrees warming.
In all ensembles of the five models, the regression coefficient of

each winter, a total of 4,500 winters, is displayed in a histogram
(Fig. 2c, d). A histogram of the regression coefficients in East Asia
shows that when 1.5- or 2.0-degrees warming occurs, the graph
becomes more spread sideways compared to the Hist scenario

(Fig. 2c). The spread of the East Asia histogram in the Plus1.5 and
Plus2.0 scenarios is due to the difference in temperature change in
the BK Sea and East Asia. Although the average temperature
increased overall due to global warming, the standard deviation of
the temperature in the BK Sea decreased clearly (from 4.48 to 3.21
and 3.02) as global warming intensified (Fig. 2e). On the other
hand, the standard deviation of the temperature in East Asia does
not decrease clearly (from 5.51 to 5.45 and 5.40). Hence, the range
of the East Asia regression coefficients explained by the BK Sea
temperature increases in Plus1.5 and Plus2.0 scenarios (Fig. 2c),
suggesting that the impact of the BK Sea on the temperature
variation in East Asia increases. As a result, the consistency of
Arctic-midlatitude teleconnection becomes weak.

Atmospheric circulations related to Arctic-midlatitude
teleconnection
The increased temperature variation in East Asia appears to be
related to the circulation change under Arctic warming. In the
regression map of the geopotential height at 500hPa and surface
pressure concerning the BK Sea near-surface temperature, there are
positive pressure near the BK Sea and negative pressure in East Asia
(Fig. 3). This high pressure near the BK Sea is a well-known
circulation pattern related to WACC10,25. Although the intensity of
the low in East Asia does not change in the warming scenarios
(Fig. 3a–c), the high over the BK Sea in Plus1.5 and Plus2.0 scenarios
becomes more robust than in the Hist scenario (Fig. 3). Moreover,
global warming enhances the 500hPa ridge over Eurasia, especially
near the BK Sea rather than in other regions (Supplementary Fig. 3).
These results suggest that the quasi-stationary high pressure over
the BK Sea is linked to the enhanced Arctic-midlatitude teleconnec-
tion in the warmer climate, likely through a more substantial Rossby
wave energy dispersion.
Sun et al. (2016) showed that the WACC would be weakened as

the climate continues to warm26. This is because the sea ice
decline, SST variation, and radiative forcing in the Arctic are the
key factors causing the warmer conditions over the midlatitude.
Furthermore, in the CMIP5 simulations, the frequency of cold
conditions over the midlatitude would decrease in the future27. In
other words, the WACC could be a transient phase of climate
oscillation. However, based on our result, the co-variability of
temperature between the Arctic and the midlatitude either
remains the same or increases under the warmer climate.

Fig. 1 Interannual variation of WACC. Regression coefficient of 850hPa temperature anomalies with respect to (a) the Barents-Kara sea
(30°–70°E, 70°–80°N) and (b) East Siberia Chukchi sea (160°–200°E, 65°–80°N) 850hPa temperature anomalies during 1979/80-2017/18 winters
from ERA-interim daily reanalysis data. Middle shows the regression coefficient from 1979 to 2018. Left and right shows the regression
coefficient that is analyzed for 90 days when the regression coefficient is the smallest and biggest. c, d Time series of the regression
coefficients of 850hPa temperature anomalies in East Asia (105°–125°E, 47°–55°N) and North America (255°–275°E, 45°–53°N) with respect to
the Barents-Kara sea (30°–70°E, 70°–80°N) and East Siberia Chukchi sea (160°–200°E, 65°–80°N) 850hPa temperature anomaly during 1979/80-
2017/18 winters (DJF), respectively. Black boxes indicate (a) the East Asia (105°–125°E, 47°–55°N) and (b) North America (255°–275°E, 45°–53°N).
Blue boxes indicate (a) the Barents-Kara sea (30°–70°E, 70°–80°N) and (b) East Siberia Chukchi sea (160°–200°E, 65°–80°N).
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Moreover, 500hPa geopotential height composites show no
significant changes in geopotential height over both the BK and
East Asia in 1.5 °C and 2.0 °C warming compared to hist
simulations (Supplementary Fig. 4a compared to c and e; b
compared to d and f). These results indicate that colder-than-
normal conditions over the midlatitude continent can still happen
even under anomalous Arctic warming. In other words, the Arctic-
midlatitude teleconnection will persist in the warmer climate even
if the earth warms up by 2.0 degrees.

Process of the Arctic-midlatitude teleconnection
The causality between the Arctic and midlatitude is complex19,
and the causes and effects of the WACC have not yet been

explicitly explained. To examine the causality between the BK Sea
and East Asia, we adopt the granger causality method using daily
winter temperature in the BK Sea and East Asia. We analyze 39
winters from ERA-interim and 4,500 winters (900 winters x 5
models) from HAPPI experiments. There are more years in which
the BK Sea temperature causes East Asia temperature than vice
versa in the Granger causality test (Table 1). This can be further
interpreted as East Asia temperature responds to the BK Sea
temperature more frequently than the other way around, implying
that the Arctic also has the potential to drive the midlatitude
temperature anomalies. Even so, the co-existence of the Granger
causality in both directions indicates complexity and uncertainty
in the Arctic-midlatitude teleconnection.

Fig. 2 Relationship between the Arctic and midlatitude under global warming. a, b The averaged regression coefficients of near-surface
temperature with respect to the Barents-Kara sea (30°–70°E, 70°–80°N) and East Siberia Chukchi sea (160°–200°E, 65°–80°N) near-surface
temperature from 5 models with 100-ensembles in HAPPI experiment Hist scenario. c, d The histogram of the regression coefficients in East
Asia (105°–125°E, 47°–55°N) and North America (255°-275°E, 45°–53°N) with respect to the Barents-Kara sea and East Siberia Chukchi sea under
HAPPI experiments Hist, Plus1.5 and Plus2.0 scenarios. e, f Joint plot of the temperature in East Asia and Barents-Kara, and North America and
East Siberia Chukchi sea. Line in the box shows the kernel density estimation of the temperature. Top and right graph shows the distribution
of the temperature. Hist, Plus1.5 and Plus2.0 scenario are represented in blue, orange and green respectively.
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In the Granger causality analysis, we only used area-averaged
surface air temperature. Hence, stratospheric pathways are not
considered. Based on the Granger causality (Table 1) and the
composite of 500hPa geopotential height anomaly (Supplemen-
tary Fig. 4) results, we produce the diagram (Fig. 4) to depict the
possible path(s) of Arctic-midlatitude teleconnection. Using sur-
face air temperature, one can see that there are more years in
which BKS temperature leads to EA temperature than vice versa in
reanalysis data and all scenarios in the HAPPI experiments.
Moreover, high pressure at 500hPa over BKS is represented in
both WACC and Warm Arctic Warm Continent (WAWC) conditions
(Supplementary Fig. 4) while low pressure and high pressure at
500hPa over EA are represented depending on the WACC and
WAWC, respectively. It suggests that the pressure patterns that
appeared at WACC and WAWC are one of the mechanisms by
which BKS temperature leads to EA temperature. Furthermore, as
global temperature increases 1.5- or 2.0-degrees, the BK Sea
warming and high pressure over the BK Sea would enhance
(Figs. 2e, 3). The enhanced warming and geopotential height over
the BK Sea would then cause a wilder temperature variance as the
response to Arctic temperature fluctuations (Fig. 2c).
However, the limitation does exist in this explanation of the

WACC teleconnection. First, there are bidirectional causes and
effects between the high pressure over BKS and EA temperature

making it hard to determine the forcing from the response.
Second, there are various climate factors that could cause Arctic
warming and midlatitude cold19. An anomalous high pressure
over BKS could be caused by other factors such as sea ice loss and
internal variability. Additionally, Arctic upper tropospheric warm-
ing and associated troposphere-stratosphere coupling could
trigger the Arctic-midlatitude teleconnection as well17,28. Third,
the mechanism of the circulation interlink between BKS and EA is
not well reproduced by models. To explicitly understand the
teleconnection between the Arctic and mid-latitude, a further
study that provides knowledge about the dynamic processes
causing the WACC pattern is needed. For example, the dynamical
processes can be further diagnosed with detailed budget analyses
of heat, vorticity, and geopotential tendency of multiple layers
from both reanalysis (such as Kim et al. 2021)29 and sensitivity
experiments that prescribe sea ice loss such as those associated
with Polar Amplification Model Intercomparison Project (PAMIP).

DISCUSSION
This study identifies whether the association between the daily
Arctic and midlatitude temperature fluctuations would change
under the warmer climate targeted by the 2015 Paris Agreement.
We used the HAPPI experiments to investigate the change in this

Fig. 3 The regression coefficient of pressure under different scenarios. a–c The averaged regression coefficients of geopotential height at
500hPa with respect to the Barents-Kara sea (30°–70°E, 70°–80°N) near-surface temperature from 5 models with 100-ensembles in HAPPI
experiment Hist, Plus1.5 and Plus2.0 scenarios. d–f The averaged regression coefficients of surface pressure with respect to the Barents-Kara
sea near-surface temperature from 5 models with 100-ensembles in HAPPI experiment Hist, Plus1.5 and Plus2.0 scenarios.

Table 1. The granger causality results between the Barents-Kara Sea
(BKS) temperature and East Asia (EA) temperature in ERA-interim and
HAPPI experiment.

Granger causality ERA-interim HAPPI experiment

Hist Plus1.5 Plus2.0

BKS→EA 23 2041 1928 1847

EA→BKS 13 1454 1447 1408

39 winters from 1979 to 2018 are analyzed from ERA interim and 4,500
winters (900 winters x 5 models) are analyzed from HAPPI experiment.
Each number indicates the number of the year that shows a significant
(p ≤ 0.05) granger cause.

Fig. 4 Causality flow chart of the Arctic-midlatitude teleconnec-
tion. Flow of the Arctic-midlatitude teleconnection that explains
cold and warm continent patterns under Arctic warming.
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Arctic-midlatitude teleconnection. First, it is found that a some-
what steady negative regression between the Arctic and mid-
latitude temperatures supports the recent trend in Arctic warming
and midlatitude cooling. However, in the HAPPI experiment, the
range of East Asia’s temperature regression coefficient increases
under both the 1.5- and 2.0-degree warming scenarios. Such a
fluctuation in the teleconnection may be associated with the
faster warming in the BK Sea associated with a reduced standard
deviation of temperature. The increased range of regression
coefficients indicates that temperature variation in East Asia could
increase but its correspondence with Arctic warming would
become less stable. This result echoes Jung (2020)’s finding that
global warming could decrease the forecast skills of Arctic-
midlatitude teleconnection30.
Most earlier studies debating the WACC and AA relationship

focused on the trend or decadal change. This study explores the
specific warming levels and associated change of the midlatitude
temperature fluctuation related to Arctic warming in the synoptic
timescale. However, this study does not attempt to challenge
whether the AA or sea ice loss is a trigger of the frigid winters. We
also recognize that tropical forcing, the main source of internal
variability in the midlatitudes, particularly sea surface temperature
changes in the East Pacific31, can also cause the WACC pattern16,18.
The disparity of the WACC responses between the observation and
model simulations remains the critical factor that complicates the
diagnostics5 and requires continued research on the various
interactions between the Arctic and midlatitude weather.
Global warming increases the tropospheric geopotential height

overall, but the increased highs in the BK Sea and East Asia are
also attributable to the warm continent patterns. Meanwhile, the
positive and negative circulation, called dipole patterns and
related to cold continent patterns32, still exist in the 1.5- and
2-degree Celsius warming scenarios. The duration and frequency
of the extreme cold do not change significantly in global warming
scenarios, despite a weakened trend in the intensity of cold
events33. Hence, the persistent existence of circulation patterns
related to WACC under warming scenarios provides the possibility
that the Arctic-midlatitude teleconnection is very likely to remain
in the future with global warming. Moreover, the increased
fluctuation in the response of East Asia temperature to Arctic
temperature under global warming makes the mechanism of the
Arctic-midlatitude teleconnection more complicated and its
prediction difficult.

METHODS
Data
It was reported that Arctic tropospheric warming has caused
cooling trends in the midlatitudes through increasing the south-
ward propagating Rossby wave train and impacting the intensity
of the Siberian High28,34. Given that the Siberian High is a lower-
tropospheric feature, we used the 850hPa daily temperature from
the European Center for Medium-Range Weather Forecasting
(ECMWF) reanalysis (ERA-interim) with a spatial resolution of 1°×1°
from 1979 to 201835 in our study. First, leap days are excluded
from all daily temperature reanalysis data. Then, daily anomalies
are calculated by subtracting the climatology from each daily
value from 1979 to 2018.
The HAPPI experiment is used for analyzing the impact of global

warming on the relationship between the Arctic and midlatitude. A
total of 5 models (CAM4, CanAM4, ECHAM6, NorESM1, MIROC5)
with 100 ensembles each are used with three scenarios: Hist, i.e.,
the current decade (2006–2015), 1.5- (Plus 1.5) and 2.0- (Plus 2.0)
degrees warming scenarios, respectively. The HAPPI models do not
provide consistent outputs. We selected models with all three
experiments (Hist, Plus1.5, and Plus2.0 scenarios) with the largest
number of ensemble members. Each ensemble of the scenarios

contains ten years. In other words, a total of 1000 years of daily data
for each model is analyzed. In the CMIP experiment, the uncertainty
of global warming impact increases with time since it is based on
the emission scenario approach. On the other hand, the HAPPI
experiment simulates the effect of global warming at specified
goals, such as 1.5- and 2.0-degrees, by constraining global
temperature with large ensemble members21. In this regard, HAPPI
is more suitable for identifying regional responses and extreme
weather events caused by 1.5- and 2.0-degrees warming than other
coupled model simulations. The 1.5- and 2.0-degrees warming
scenarios are generated using forcing values for anthropogenic
factors from RCP2.6 and RCP4.5 experiments in 2095.

Regression analysis
Regression analysis is applied to evaluate the changing inter-
annual links between the Arctic and midlatitudes. In ERA-interim
daily data, a regression analysis is performed for 90 days of each
winter from 1979 to 2018 by dividing the regions: East Asia
(explained by the BK Sea) and North America (explained by the
ESC Sea). The HAPPI experiment uses the daily near-surface
temperature of five models in Hist, Plus1.5, and Plus2.0 scenarios.
Since each ensemble has nine winters, regression analysis is
conducted for 810 days in winter per ensemble. Then, the
ensemble mean of the regression coefficient is calculated for each
model. Moreover, to identify the distribution of the regression
coefficient for each winter, 4,500 regression coefficients (900
regression coefficients × 5 models) in winter are calculated and
displayed as a histogram. Finally, these steps are equally applied
to Hist, Plus1.5, and Plus2.0 scenarios.

Granger Causality
Granger causality is an approach to diagnosing the causality
between two variables originally suggested by Clive E. Granger36.
Granger causality determines whether one variable helps predict
another variable statistically. In the case of climate variables, this
could imply causality more appropriately when one or more
variables have a longer memory than traditional lagged regression
analysis37. It simply consists of a lagged autocorrelation and a
lagged multiple linear regression.

Xt ¼ a0 þ a1Xt�1 þ a2Xt�2 þ � � � þ akXt�k þ dt (1)

Xt ¼ c0 þ c1Xt�1 þ c2Xt�2 þ � � � þ ckXt�k þ b1Yt�1 þ b2Yt�2 þ � � � þ bkYt�kð Þ þ dt

(2)

Equation (1) is the autocorrelation of Xt with lag k and Eq. (2) is
multiple linear regression using Xt and Yt with lag k. In this study,
Xt�k indicates k days lagged variable and dt is error term. If
multiple linear lagged regression (Eq. (2)) explains significantly
more variance in X than autoregression (Eq. (1)), it is said that Y
granger-causes X . There are two steps to assess significance. First,
at least one value of b should be significant according to a two-
sided t test. Second, the square of the difference between Eqs. (1)
and (2) should be significant according to an F-test. In this study,
the Granger model is conducted iteratively through each daily
sequence by defining the k, sequence from 1 day to 18 days. Then,
we counted the year which shows a significant difference
between Eqs. (1) and (2).X and Y are temperature in the BK Sea
and East Asia. We perform the regression analysis in both
directions, X → Y and Y → X.

DATA AVAILABILITY
The meteorological data is retrieved from the ERA-interim by the European Center for
Medium-Range Weather Forecast (ECMWF) at http://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era-interim/. The HAPPI data can be accessed from
https://portal.nersc.gov/c20c/data.html. Derived data supporting the findings of this
study are available from the corresponding author upon reasonable request.
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CODE AVAILABILITY
The source codes for the analysis of this study are available from the corresponding
author upon reasonable request.
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