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Abstract Observations show that deep Arctic winter warming, extending from surface to
mid‐troposphere, has concurred with below‐average temperature over central Eurasia. Modeling studies
focusing on the response to Arctic sea ice loss have shown Arctic surface warming but no consistent
atmospheric changes at midlatitude. Using a large number of simulations from coupled and uncoupled
climate models, we show that Eurasian below‐average temperatures are more frequent in winters with
deep warming compared to shallow, near‐surface warming over the Barents‐Kara Seas. Dramatic weakening
of themidlatitude jet stream and increase in Ural blocking frequency are more likely to occur in winters with
deep Arctic warming. Deep warming is independent of sea ice forcing but follows increased poleward
atmospheric energy and moisture advection from the North Atlantic to the Arctic, indicating that internal
natural variability and not sea ice is themain driving forcing for deep Arctic warming‐cold Eurasia pattern in
historical simulations.

Plain Language Summary Observations show that the amplitude of Earth surface warming
since the mid‐twentieth century over the Arctic is more than twice as large as that of the global average.
At the same time Eurasia has seen many extreme cold winters. Previous modeling studies have reached no
consensus on whether the Arctic warming is influencing the Eurasian winter climate or not. Here we
demonstrate that the simulated Arctic warming events are very different in their vertical extension and that
Eurasian cold winters are more frequent when there is an Arctic warming aloft. This is caused by enhanced
heat and moisture transport from the North Atlantic.

1. Introduction

Observations show that the amplitude of warming since the mid‐twentieth century over the Arctic is more
than twice as large as the global average (Blunden & Arndt, 2012; Huang et al., 2017) and that the Arctic sea
ice has dramatically declined since the satellite era (Stroeve & Notz, 2018). It has been suggested that less sea
ice and a warmer Arctic in winter induce anomalous atmospheric circulation and climate at midlatitude
through modulation of the tropospheric jet streams (Francis & Vavrus, 2012; Haarsma et al., 2013; Peings
&Magnusdottir, 2014), the Siberian high (Cohen et al., 2012; Nakamura et al., 2015), the stratospheric polar
vortex (Kim et al., 2014; Kretschmer et al., 2016; Zhang et al., 2018), the Arctic Oscillation (King et al., 2016;
Zhang et al., 2016), or Eurasian land feedback (Nakamura et al., 2019). However, no consensus has been
reached on the role of the Arctic warming in the Eurasian cooling or on the various mechanisms involved.

Despite great effort from the scientific community to understand the potential influence of the Arctic on cli-
mate at midlatitude, conclusions seem to have diverged instead of converged in recent years (Barnes &
Screen, 2015; Cohen et al., 2020; Francis, 2017; Meleshko et al., 2016). Many recent studies claim explicitly
that there is no robust response of Eurasian winter climate to Arctic sea ice loss, showing a lack of cold
anomalies (Blackport et al., 2019; McCusker et al., 2016), a non‐robust increase in extreme weather events
(Chen et al., 2016; Screen, 2017), or an absence of cooling trend (Collow et al., 2018; Ogawa et al., 2018).
Some studies suggest that the Arctic‐Eurasian climate linkage might be induced simultaneously by internal
variability and tropical forcing (Matsumura & Kosaka, 2019; Warner et al., 2020). The discrepancies in find-
ings necessitate a robust model‐to‐model and model‐to‐observation comparison and an in‐depth
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investigation into the proposed mechanisms and pathways for the Arctic‐to‐midlatitude linkages (Cohen
et al., 2014).

It is noteworthy that while the observed Arctic warming extends deep into the upper troposphere (Screen
et al., 2012; Screen & Simmonds, 2010), the simulated Arctic warming of multimodel ensemble mean in
coupled climate models has smaller magnitude and shallower vertical extent than observations, with rela-
tively deeper vertical extent. In uncoupled climate models the signal is even weaker (Cohen et al., 2020;
Deser et al., 2015). There are only a few individual ensemble members that closely match the vertical distri-
bution of observed temperature trends, indicating the contribution of internal variability to the simulated
and observed divergences (Ogawa et al., 2018). Nevertheless, previous studies have suggested that an
Arctic near‐surface warming is not sufficient to change the meridional temperature gradient or the
zonal‐mean jet stream (Coumou et al., 2018) and that a midlatitude response can only be excited if the
Arctic winter warming signal extends to the model's tropopause (Sellevold et al., 2016). Observational ana-
lysis has already indicated that severe winter weather became more frequent in the eastern United States
when the Arctic warming extends into the upper troposphere and lower stratosphere (Cohen et al., 2018).
We, therefore, hypothesize that the responses in Eurasian winter temperatures to shallow Arctic warming
(i.e., surface and near‐surface warming) versus deep Arctic warming (i.e., tropospheric warming) in climate
models are very different.

2. Data and Methods
2.1. Climate Models Simulations

Historical monthly simulations are obtained from 36 fully coupled general circulation models (CGCMs) in
the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Table S1) during 1900–2005. The daily ana-
lyses are based on a subset of 13 CMIP5 models that provide consistently the daily atmospheric variables
for 1950–2005 (Table S1). Only the first ensemble member (r1i1p1) of each model was used. Forty ensemble
members of simulations from the Community Earth System Model Large Ensemble (CESM‐LE) are
employed (1920–2005); each ensemble member is subject to the same radiative forcing scenario but begins
from a slightly different initial atmospheric state (Kay et al., 2015). One hundred thirty ensemble members
of hindcast simulations for 1982–2014 were performed by six atmospheric general circulation models (atmo-
sphere only) under the NordForsk funded GREENICE project (https://greenice.b.uib.no/), and each was
forced by prescribed climatological sea surface temperatures and daily varying sea ice concentrations during
1982–2014. Sea ice thickness was not prescribed, which might have influenced the atmospheric response to
sea ice loss (Labe et al., 2018). All experiments are forced with the CMIP5 historical forcing for 1982–2005
and Representative Concentration Pathway 8.5 for 2006–2014 (Ogawa et al., 2018).

2.2. Definitions of Shallow Arctic Warming and Deep Warming Cases

The Arctic surface temperature index (ATI_2m) is defined as the area‐averaged surface air temperature
(SAT) over the Barents‐Kara Seas (BKS; 70°–80°N, 30°–70°E) (Kug et al., 2015), and the Arctic tropospheric
temperature index (ATI_500) is defined as the area‐averaged air temperature at 500 hPa over the same
region. Both indices are detrended and normalized. For the monthly data from CMIP5, the deep Arctic
warming winters (60% of total warming winters) are identified when both ATI_2m and ATI_500 exceed
0.5 standard deviation (STD), while the shallow Arctic warming winters (40% of total warming winters)
are identified when ATI_2m is above 0.5 STD and ATI_500 is below 0.5 STD. The same method is applied
to GREENICE and CESM‐LE simulations to choose shallow Arctic warming and deep warming winters.
A synoptic shallow Arctic warming event (37% of total warming cases) is defined to take place if (i) the daily
normalized ATI_2m reaches its relative maximum on 1 day (referred as 0 day), and the day prior to and after
this day have a value of ATI_2m greater than or equal to +1 STD, and (ii) the normalized ATI_500 are less
than +1 STD during the same days. A synoptic deep Arctic warming event (63% of total warming cases) is
defined to take place if the daily normalized ATI_2m satisfies the above condition (i) and one or more of
these 3 days have a value of ATI_500 greater than or equal to +1 STD. In all synoptic‐scale analyses, the
0 day will be referred to as the day for the peaking of Arctic warming case. All data were linearly detrended
and daily data were further applied 10 days low pass filter. Winter mean is defined as the average of
December and the following January and February.
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3. Results
3.1. Shallow Versus Deep Arctic Winter Warming

We first compare the winter atmospheric anomalies between shallow and deep Arctic warming winters from
CMIP5 outputs. In winters with a deep Arctic warming, there is a strong surface warming in the BKS that
exceeds 2.4 °C (Figure 1a, colors). At the same time, there are lower than normal temperatures over central
Eurasia. Both the warm and cold signals extend into the upper troposphere (Figure 1c, colors). In contrast,
winters with shallow Arctic warming have the surface warming signal over the BKS but lack the Eurasian
cold signal (Figure 1b). Furthermore, the warming signal is, by the definition of our composites, confined
to the lower part of the troposphere (Figure 1d). The upper tropospheric zonal wind at midlatitude (50°–
65°N, 40°–110°E) associated with deep Arctic warming shows pronounced negative anomalies (Figure 1a,
contours). For the shallow warming winters, there is no dramatic reduction of the midlatitude jet stream
over Eurasia (no contours in Figure 1b). To further elucidate the dominant climate feature in winters with
deep Arctic warming, we show that winters with warming aloft but without warming at the surface also have
significant colder anomalies over central Eurasia as well as the reduction in the midlatitude jet stream
(Figure S1). This further implies the stronger connection of Arctic warming aloft with the midlatitude cli-
mate compared to shallow surface warming. Note that the results are similar if the domain of ATI_2m is
expanded to the entire Arctic (north of 67°N), reflecting that the Arctic warming hotspot area is indeed
the BKS (Lind et al., 2018).

In winters with deep Arctic warming, the blocking events (method from Luo et al., 2015) increase by up to
6% relative to the climatology in the ensemble mean over North Europe, especially around the Ural
Mountains (Figure 2a, shading). Such a feature is consistent across more than 90% models (Figure 2a, stip-
pling). Meanwhile, there is an increase in the number of extreme cold days (definition from Kolstad
et al., 2010) at Eurasian midlatitude (Figure 2c) due to the southward cold air advection induced by the

Figure 1. (a, b) Composites of winter SAT anomalies (shading; °C) and 300 hPa zonal wind anomalies (contours; with
the interval of 1) in winters with (a) deep Arctic warming and (b) shallow Arctic warming derived from ensemble
mean of 36 CGCMs in CMIP5 historical simulations during 1900–2004. (c, d) same as (a, b), but for composites of winter
zonal‐mean temperature and zonal wind anomalies along 0°–150°E. Temperature/zonal wind anomalies where more
than 90% of the models agree on the sign of the ensemble mean are shown as stippling/green contours.
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Ural blocking (UB) (Blackport et al., 2019; Ye et al., 2018). In contrast, when the Arctic warming is confined
to near surface, the increase in blocking frequency over the Ural Mountains is very weak (<3%, Figure 2b,
shading), and the model spread is large (Figure 2b, less stippling). Also, the frequency of extreme cold
days over Eurasia does not show a significant increase (Figure 2d). The more increasing of UB frequency
in winters with deep Arctic warming is consistent with a relatively weak Rossby wave phase speed
(method from Coumou et al., 2014) (Figure 2e). Previous studies have also linked the increase in blocking
events and extreme weather at midlatitude to the inflated Arctic atmospheric thickness (Francis &
Vavrus, 2012; Overland & Wang, 2010), anomalous anticyclone over the Ural Mountain (Peings, 2019) as
well as the anomalous ascending motions in the BKS (Xu et al., 2019). Here, we demonstrate that such
changes of large‐scale atmospheric circulation occur mainly in deep Arctic warming winters. For
example, there are anomalous ascending motions over the BKS associated with deep Arctic warming
(Figure S2a), which bend eastward and southward to midlatitude where the flow turns into anomalous
easterlies (Figure S2b). This large‐scale atmospheric circulation exhibits an anomalous anticyclone with a

Figure 2. Composites of (a, b) winter blocking frequency anomalies (%) and (c, d) number of winter extreme cold days anomalies (days) in winters with (a, c) deep
Arctic warming and (b, d) shallow Arctic warming derived from ensemble‐mean of 13 CGCMs in CMIP5 historical simulations during 1950–2004. Regions, where
more than 90% of the models agree with the sign of the ensemble mean, are marked with white stippling. (e) The phase speed at 500 hPa averaged over 50°–65°N,
40°–110°E for the wavenumbers 6 to 8 on the peaking of Arctic warming day (see method); red and blue bars indicate the deep Arctic warming cases and shallow
Arctic warming cases, respectively. Box plots for the ensemble mean are shown to the right.
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barotropic structure located in North Eurasia (Figure S2b), while it is much weaker in shallow Arctic warm-
ing winters (not shown).

3.2. Deep Arctic Warming and Atmospheric Internal Variability

The above analyses have shown that the atmospheric anomalies associated with deep Arctic warming win-
ters are more dominant than that associated with shallow Arctic warming winters. The differences can
partly explain why most climate models replicate the Arctic near‐surface warming but do not reproduce
the colder winters over central Eurasia (McCusker et al., 2016). It suggests a way to reconcile the differences
between the observed and simulated Arctic warming and further to improve our understanding of the
Arctic‐midlatitude climate linkage. Since the UB and the Arctic warming aloft are internal variability of
the atmosphere, the differences in the representation of Arctic‐midlatitude climate linkage could be due
to natural variability. To further explore this, we first use outputs from atmosphere‐only GREENICE simu-
lations. Figures 3a–3f show the winter SAT and sea level pressure (SLP) anomalies in winters with deep
Arctic warming in the six models. Here we see significant warming over the Arctic and significant colder
anomalies over central Eurasia in all the six models. Such a feature is associated with significant intensifica-
tion of pressure throughout the Ural Mountain (around 60°E), indicating the abovementioned close rela-
tionship between the deep Arctic warming and the UB. By contrast, the winters with shallow Arctic
warming did not show significant cooling over central Eurasia (Figures 3h–3m). This feature is robust in
all six models, which also show consistently that the shallow Arctic warming winters are not associated with
significant positive pressure anomaly throughout the UralMountain (around 60°E). Additionally, regression
of winter SAT in the six climate models from GREENICE onto the BKS sea ice prescribed in these experi-
ments only shows significant warmer conditions at the near surface over the BKS without significant colder
conditions over Eurasia (Figure S3). Given that all ensemble members of each individual model had the
same boundary and radiative conditions, and only the atmospheric initial conditions were perturbed, the
results derived from GREENICE suggest that the deep Arctic warming‐cold Eurasia pattern is not forced
by Arctic sea ice loss but is related to the atmospheric internal variability.

To further elucidate the above conclusion, we choose winters with respectively shallow and deep Arctic
warming from a 40‐ensemble‐members simulation with historical forcing in CESM‐LE (Kay et al., 2015).
The SAT anomalies from the winters with deep Arctic warming display significant positive anomalies over
the Arctic and significant negative anomalies over central Eurasia, accompanied with significant positive
pressure anomalies over the Ural Mountain (Figure 3g). Unlike the situations of deep Arctic warming, shal-
low Arctic warming winters are associated with positive SAT anomaly over central Eurasia and negative
pressure anomaly over the Ural Mountain (Figure 3n). Again, it should be noted that all ensemble members
have the same boundary conditions and that they only differ in their initial air temperature (Kay et al., 2015).
The analyses on the CESM‐LE simulations confirm the close link between deep Arctic warming and the
colder winters over central Eurasia and the intensified UB.

3.3. Lead‐Lag Relationship Inferred From Intraseasonal Scale Analyses

The above analyses based on monthly mean outputs from climate models show that compared to the situa-
tions associated with shallow Arctic warming, the deep Arctic warming is associated with more frequent UB
and stronger anomalous anticyclone over northern Eurasia. This does not prove causality. On the one hand,
deep Arctic warming can potentially alter the large‐scale atmospheric circulation at Eurasian midlatitude
(Cohen et al., 2014; Francis & Vavrus, 2012; Kug et al., 2015; Overland & Wang, 2010; Vavrus, 2018). On
the other hand, anomalous atmospheric circulation outside the Arctic may conversely contribute to the
Arctic warming through inducing adiabatic warming (Ding et al., 2014; Lee et al., 2011) or increasing warm
and moist air into Arctic (Lee et al., 2017; Wernli & Papritz, 2018).

The causality might be inferred from intraseasonal scale analyses showing the lead‐lag relationship. On
synoptic scale, the peaking of middle tropospheric (500 hPa) air temperature over the BKS leads the peak-
ing of SAT by 1 day (−1 day; first curves in Figure 4a), indicating that the Arctic warming aloft is not
induced by surface warming. Interestingly, central Eurasia reaches the lowest temperature (+2 days in
the fourth curves of Figure 4a) after the peaking of Arctic warming aloft. The maximum decrease in tem-
perature in central Eurasia associated with the deep Arctic warming case ranges from −3.4 to −1.0°C
among the multimodel ensembles and is followed by colder anomalies for about 10 days. Both the
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Figure 3. (a–f) Winter SAT (shading, °C) and SLP (contours, hPa; interval is one and 0‐contour is ignored) anomaly
(relative to the climatology during 1982–2013 winter for all ensemble members) in GREENICE ensemble members
which have deep Arctic warming; the number of such winters in each model is given. Stippling shading/blue contours
indicate the SAT/SLP anomalies statistically significant at 90% confidence level. (h–m) as (a–f), but for the GREENICE
ensemble members which have shallow Arctic warming. (g) and (n) as (a) and (h), respectively, but for the historical
simulations (winters for 1920–2004) from CESM‐LE.
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maximum amplitude and the duration are about twice as large as those that associated with the shallow
Arctic warming (the fourth curves in Figure 4b). The longer‐lasting and larger magnitude of the central
Eurasian winter cold anomalies could be related to a stronger weakening of westerly winds at
midlatitude (second curves in Figures 4a and S4) due to deep warming over the Arctic which can lead to
more persistence in weather patterns (Cohen et al., 2014; Francis & Vavrus, 2012) and in the UB (Luo
et al., 2016). Though the influence of the UB on Arctic warming has also been suggested by some studies
(Luo et al., 2016), we note that there are many different definitions of the Ural sector, which in some
cases extend west to 10°W (Peings, 2019) or east to 100°E (Tyrlis et al., 2019). We do see dominant
high‐pressure anomalies over the Ural sector before and after the peaking of Arctic warming (in both
shallow and deep warming cases) (Figure S5). In the deep Arctic warming cases, however, the positive
SLP anomalies extend more westward, with distinctive evolution in the east and west of Ural sector. For
example, the SLP over (60°–75°N, 60°–100°E) (Tyrlis et al., 2019) reaches a maximum before the peaking
of deep Arctic warming (the third curves in light color of Figure 4a), which is consequently followed by
more intensification of the pressure in the west of Ural sector (the third curves in dark color of
Figure 4a). This indicates an interaction between deep Arctic warming and the UB. The extreme
westward extent of the UB is likely triggered by an intensified quasi‐stationary Rossby wave (Honda
et al., 2009). Such a mechanism is visible by inspecting Figures S5 and S6. Prior to a deep Arctic
warming (especially from −3 days to −1 day), Rossby wave fluxes (vectors; method from Takaya &
Nakamura, 2001) propagate from the BKS to North Eurasia where the SLP strengthens and extends west-
wards concurrently. After the peaking of deep Arctic warming (0 day), the southwards propagating Rossby
wave fluxes persist about 3 days during which the pressure in the west (40°–65°N, 0°–60°E) of Ural sector

Figure 4. (a) Anomalies associated with deep Arctic warming cases, from top to bottom: area‐averaged anomalies of
500‐hPa air temperature (T500) over the BKS, 300‐hPa zonal wind (U300) anomalies at midlatitude, SLP anomalies in
the west (dark color curves) and east (light color curves) of Ural sector, and SAT anomalies over central Eurasia; thin
(thick) lines indicate results of individual model (multi‐model ensemble mean), and 0 at x‐axis denotes ATI_2m reaches
its relative maximum (see method); negative/positive values at x‐axis indicate the days before/after the peaking Arctic
warming. The dots indicate the days when the time series reach maximum/minimum values. (b) same as (a), but for the
shallow Arctic warming cases.
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continues to strengthen (from +1 day to +3 days; see yellow color in Figures S5 and S6). The above features
associated with deep Arctic warming are consistent in multimodel, which is not the case in shallow Arctic
warming cases (Figure 4b).

A critical factor for the Arctic‐to‐midlatitude linkages seems to be the vertical extension of Arctic warming.
While Arctic sea ice loss is the main driver for the observed Arctic surface warming (Ogawa et al., 2018)
(Figure S3), moist and warm air advection into the Arctic and poleward atmospheric energy transport seems
to be keys to the deep Arctic warming (Graversen et al., 2008). On synoptic time scales, maximum poleward
water vapor transport and poleward atmospheric energy transport occur 2 to 3 days prior to the peaking of
deep Arctic warming (Figures S7b–S7d), showing the importance of natural contributions to deep Arctic
warming. For example, from about 7 days ahead of deep Arctic warming, there is a poleward shift of storm
tracks from the North Atlantic to the Arctic, and it reaches its strongest intensity in the BKS (Figure S7a)
before the peaking of poleward water vapor and atmospheric energy transport. As positive storm track activ-
ity anomalies are tied to cyclonic eddy forcing to its north and anticyclonic eddy forcing to its south
(Lau, 1988), the strong positive storm track activity over the BKS (Figure S8) suggests that the deep Arctic
warming can be driven by the storm tracks from the North Atlantic to the Arctic. It might be related to
the contribution of the North Atlantic Oscillation and the Greenland blocking (Figure S5), which, however,
needs to be investigated in further studies. Though the lead‐lag relationship is robust in multimodel histor-
ical simulations and does indicate the interactions between deep Arctic warming and midlatitude atmo-
spheric circulation, the causality needs to be confirmed through atmospheric nudging simulations in future.

4. Conclusions

Our conclusions are based on a large number of numerical simulations from both coupled and uncoupled
climate models rather than relying on one model only. Some of the key features and mechanisms associated
with deep Arctic warming and shallow Arctic warming are illustrated in Figure S9. For deep Arctic warming
(Figure S9a), there is a poleward shift of North Atlantic storm track and a strengthening of the high pressure
in the east of Ural sector, both transferring more moisture and energy into the Arctic and causing deep
warming. Deep Arctic warming excites a southward propagating Rossby wave train and weakens the mid-
latitude jet stream, which favors the westward extending of ridge as well as the frequency of the UB.
Consequently, below‐average temperatures and more extreme cold days occur in winters over central
Eurasia. For shallow Arctic warming, there is an anomalous heat transfer from ocean to the atmosphere
due to sea ice loss, but negligible responses at midlatitude (Figure S9b).

Previous modeling studies generally show Arctic warming in response to sea ice loss but have discrepancies
in their responses at midlatitude. Through separating deep Arctic warming patterns from shallow Arctic
warming patterns using both monthly and daily outputs from climate models, we have presented evidence
that strongly suggests that climate models are more likely to simulate cold Eurasian winters when there is a
deep Arctic winter warming as observed. It suggests that climate models can replicate the warm Arctic‐cold
Eurasia pattern, but only when the warming signal extends deep into the upper troposphere.
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