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a b s t r a c t 

In November 2020, the eastern Arctic experienced an extensive extreme warm anomaly (i.e., the second strongest 

case since 1979), which was followed by extreme cold conditions over East Asia in early winter. The observed 

Arctic warm anomaly in November 2020 was able to extend upwards to the upper troposphere, characterized as 

a deep Arctic warm anomaly. In autumn 2020, substantial Arctic sea-ice loss that exceeded the record held since 

1979, accompanied by increased upward turbulent heat flux, was able to strongly warm the Arctic. Furthermore, 

there was abundant northward moisture transport into the Arctic from the North Atlantic, which was the strongest 

in the past four decades. This extreme moisture intrusion was able to enhance the downward longwave radiation 

and strongly contribute to the warm conditions in the Arctic. Further analysis indicated that the remote moisture 

intrusion into the Arctic was promoted by the large-scale atmospheric circulation patterns, such as the wave train 

propagating from the midlatitude North Atlantic to the Arctic. This process may have been linked to the warmer 

sea surface temperature in the midlatitude North Atlantic. 
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. Introduction 

The Arctic has been warming dramatically since the 1990s, at a

ate of more than twice that of greenhouse gas–induced global warm-

ng ( Huang et al., 2017 ). Arctic sea-ice decline and high-latitude snow-

over retreat might play critical roles in causing polar surface warming,

ecause they can change the surface albedo and increase cold-season

eat transport from the ocean to the atmosphere ( Cohen et al., 2014 ;

ai et al., 2019 ). Remote forcings such as poleward atmospheric energy

ransport ( Graversen et al., 2008 ) and warm and moist air intrusion

 Zhong et al., 2018 ) have also been proposed to cause Arctic warm-

ng. It is worth noting that the observed Arctic warming can extend

rom the surface to the upper troposphere (i.e., deep Arctic warming)

 Ogawa et al., 2018 ; He et al., 2020 ). The large spread in the verti-

al distributions of Arctic warming trends between model simulations

nd observations or among various climate models implies the poten-

ial role of natural variability ( Xu et al., 2019 ; Cohen et al., 2020 ).

u et al. (2021) discussed the different mechanisms of Arctic surface

arming and tropospheric warming using coordinated climate model
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xperiments. It was concluded that Arctic surface warming is strongly

oupled with sea-ice decline, and that poleward moisture transport from

he Norwegian Sea and midlatitude North Atlantic to the Barents–Kara

eas, but not sea-ice decline, is an important contributor to Arctic tro-

ospheric warming ( Xu et al., 2021 ). Despite intensive research on Arc-

ic warming ( Graversen et al., 2008 ; Perlwitz et al., 2015 ; Cohen et al.,

020 ; Wang et al., 2021 ), knowledge of the mechanism remains unclear.

The remote influence of Arctic warming has aroused considerable at-

ention ( Cohen et al., 2014 ; Screen, 2017 ; Mori et al., 2019 ). For exam-

le, Arctic warming has been proven to be associated with Eurasian cold

inters ( Mori et al., 2014 ; Kug et al., 2015 ), forming the warmer Arctic–

older Eurasia pattern ( Overland et al., 2011 ). He et al. (2016) empha-

ized the importance of the unprecedented Arctic warming ( Kim et al.,

017 ) on the record-breaking cold extremes over East Asia in January

016. In the first half of winter 2020/21, extreme cold waves invaded

ast Asia ( Peng et al., 2022 ; Yang and Fan, 2022 ), which is also be-

ieved to be linked with the warmer Arctic ( Zheng et al., 2021 ). It is

orth noting that an extraordinary increase in Arctic temperature was

bserved throughout the troposphere in November 2020 ( Fig. 1 ). The
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Fig. 1. Anomalies of (a) SAT and (b) vertical temperature averaged along 0°–180°E (units: °C) in November 2020, relative to the climatology of 1981–2010. (c) 

Normalized and detrended time series of November ARTI_2m during 1979–2020. 
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aximum surface air temperature (SAT) anomalies reached 12 °C over

he Kara and Laptev seas ( Fig. 1 (a)), and the Arctic-averaged (0°–180°E)

arm anomaly exceeded 3°C in the mid-troposphere ( Fig. 1 (b)). It has

een revealed that winter SAT anomalies over the Barents–Kara seas

ere strongly negatively correlated with East Asian SAT anomalies in

he later 30 days ( Kug et al., 2015 ). Therefore, further investigation is

eeded into the cause of the extreme Arctic warm anomaly that followed

y early-winter extreme cold temperatures over East Asia. 

In this paper, we focus on the cause of the extreme Arctic warm

nomaly in November 2020, which might provide some insights into

nderstanding the mechanism of Arctic warming. 

. Data and methods 

Monthly atmospheric data including SAT, surface sensible and

atent heat fluxes, surface downward longwave radiation, 300-hPa

eopotential height, air temperature, wind field, and specific humid-

ty were obtained from the fifth major global reanalysis produced by

CMWF (ERA5) ( Hersbach et al., 2020 ), with a horizontal resolution

f 1.0° × 1.0°. Monthly sea-ice concentration and sea surface temper-

ture (SST) data were obtained from the Met Office Hadley Center

 Rayner et al., 2003 ). A 130-member ensemble of simulations from five

tmosphere general circulation models (AGCMs: CAM4, WACCM, IFS,

AP4, and LMDZOR) prescribing daily varying sea ice and SST from the

ational Oceanic and Atmospheric Administration for the period 1982–

014 were also employed ( Ogawa et al., 2018 ). Each ensemble member

egan with slightly different initial conditions. 

An Arctic surface temperature index (ARTI_2m) is defined as the

rea-averaged SAT in the domain (70°–80°N, 30°–150°E) (black frame

n Fig. 1 (a)). An Arctic sea-ice index is defined as the area-averaged

ea-ice concentration in the domain (75°–85°N, 30°–180°E) (red frame

n Fig. 2 (a)). A moisture index is defined as the area-averaged magni-

ude of water vapor transport anomalies integrated from 1000 hPa to

00 hPa in the domain (60°–75°N, 0°–90°E) (purple frame in Fig. 2 (d)).

igh and low ARTI_2m years are defined when the normalized and de-

rended November ARTI_2m is above 0.5 and below − 0.5, respectively.
2 
he observed climate anomalies in 2020 are relative to the climatol-

gy of 1981–2010. We removed the linear trend from all data before

arrying out the composite analysis. 

. Results 

Fig. 1 (a) shows the spatial pattern of Arctic surface temperature

nomalies in November 2020. Extensive surface warm anomalies can be

een in the eastern Arctic, including the Barents–Kara seas, Laptev Sea,

ast Siberian Sea, and high-latitude Eurasia ( Fig. 1 (a)). The warm center

above 12 °C) was located over the Kara and Laptev seas and northern

iberia. It is noteworthy that the eastern Arctic experienced the second

armest November over the past four decades and the warmest Novem-

er since 1982 ( Fig. 1 (c)). In the vertical direction, the pronounced

arm signal extended from the surface to the upper troposphere, char-

cterized as a deep Arctic warm anomaly ( Fig. 1 (b)). At 300 hPa, the

rctic-averaged (0°–180°E) temperature anomaly reached 1.5 °C. It is

hus clear that a pronounced surface-amplified Arctic warm anomaly

ccurred throughout the troposphere in November 2020. 

Arctic sea-ice decline has been revealed as a major cause of Arc-

ic surface warming, through inducing increased upward turbulent heat

ux to warm the atmosphere ( Screen and Simmonds, 2010 ). Specifi-

ally, Arctic sea ice shows the most pronounced reduction in September

hroughout the year and the excess heat is transferred from the anoma-

ously warm and ice-free ocean water to the atmosphere in autumn

 Liu et al., 2012 ; Cohen et al., 2014 ), which substantially influences

he atmosphere circulations. In autumn 2020, dramatic sea-ice reduc-

ion was observed from the Kara Sea eastwards to the East Siberian Sea

 Fig. 2 (a)), exceeding the record from 1979 ( Fig. 2 (c)). The area with re-

uced sea ice coincided greatly with the surface warmer area ( Fig. 1 (a)

nd Fig. 2 (a)). We cannot yet attribute the surface warm conditions to

ea-ice loss on this basis, because a warmer Arctic can also drive changes

n sea ice ( Sorokina et al., 2016 ; Blackport et al., 2019 ). Fig. 2 (b) shows

he corresponding anomalies of Arctic turbulent (sensible + latent) heat

ux, which help to clarify the direction of the ice–atmosphere interac-

ion. There was anomalous upward turbulent heat flux over the sea-ice
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Fig. 2. Anomalies of (a) Arctic sea-ice concentration and (b) turbulent heat flux (upward positive; units: W m 

− 2 ) in autumn (September–November) 2020, relative 

to the climatology of 1981–2010. (c) Normalized and detrended time series of autumn Arctic sea-ice index during 1979–2020. (d, e) Anomalies of (d) water vapor 

transport vertically integrated from 1000 hPa to 300 hPa (vectors; units: 10 2 kg m 

− 1 s − 1 ) and corresponding magnitude anomalies (shading; units: 10 2 kg m 

− 1 s − 1 ) 

and (e) surface downward longwave radiation (units: W m 

− 2 ) in November 2020, relative to the climatology of 1981–2010. (f) Normalized and detrended time series 

of November moisture index during 1979–2020. 
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oss region ( Fig. 2 (b)). This means more heat was transferred from the

cean to the atmosphere and is indicative of the strong ice-driven sur-

ace warm conditions. 

Conversely, the anomalous downward turbulent heat flux west of No-

aya Zemlya ( Fig. 2 (b)) implies heat transfer from the atmosphere to the

cean, which is indicative of warm and moist air intrusion ( Woods and

aballero, 2016 ). Previous studies suggest the influence of poleward

oisture flux on Arctic warming ( Park et al., 2015 ), particularly tropo-

pheric warming ( Xu et al., 2021 ), because moisture intrusion can en-

ance the downward longwave radiation over the Arctic ( Park et al.,

015 ). In November 2020, there was abundant northward moisture

ransport from lower latitudes (e.g., the North Atlantic) to the Arctic

 Fig. 2 (d)), which strongly enhanced the downward longwave radia-

ion ( Fig. 2 (e)) and thus contributed to the deep Arctic warm anomaly

 Xu et al., 2021 ). It is noteworthy that the increase in poleward moisture

ransport was also the strongest in the past 40 years ( Fig. 2 (f)). That is,

oth the extreme low Arctic sea ice and strong moisture intrusion into

he Arctic were important contributing factors to the extensive extreme

rctic warm anomaly in November 2020. 

Relative to sea-ice reduction, the role of poleward heat and moisture

ransport from lower latitudes to the Arctic is just beginning to be un-

erstood ( Cohen et al., 2020 ). To further investigate the contribution

f moisture to the warmer Arctic, Fig. 3 (a) presents the corresponding

vaporation anomalies. A pronounced increase in evaporation anoma-

ies occurred in the midlatitude North Atlantic (i.e., a major external

oisture source) ( Fig. 3 (a)). However, another major external moisture

ource —the Norwegian Sea ( Zhong et al., 2018 ; Xu et al., 2021 ) —did

ot show any positive evaporation anomalies ( Fig. 3 (a)). That is, the

idlatitude North Atlantic could have been the main external moisture

ource for the Arctic warm anomaly. More evidence can be obtained

rom the large-scale atmospheric circulation anomalies ( Fig. 3 (b)). A
3 
ell-organized wave train structure spanned from the midlatitude North

tlantic to the Arctic and central Eurasia through Greenland or western

urope ( Fig. 3 (b)), which corresponded to two (high-latitude and mid-

atitude) pathways ( Zhong et al., 2018 ). Over the North Atlantic–Arctic

ector, the wave train was composed of the positive phase of the North

tlantic Oscillation (NAO) and a strengthened Ural blocking ( Fig. 3 (b)),

hich is an optimal circulation pattern that steers the pathway of mois-

ure from the North Atlantic to the Arctic ( Luo et al., 2017 ). 

We further discuss the possible drivers of the planetary waves prop-

gating from the North Atlantic to the Arctic. In November 2020,

idespread warmer SST dominated the midlatitude North Atlantic from

0°N to 45°N, with a warm center (above 1.6°C) near the Gulf Stream

 Fig. 3 (c)). Matching the warmer SST, anomalous divergent wind ap-

eared in the upper troposphere ( Fig. 3 (d)). In other words, the warmer

ST over the midlatitude North Atlantic could possibly have induced

he upper-level divergent wind anomalies and thus driven the atmo-

pheric Rossby wave propagation. This result is also consistent with Sato

t al. (2014) . 

To verify the above hypothesis about the remote impact on the Arctic

arm anomaly in November 2020, Fig. 4 (a–e) presents the composite

ovember climate anomalies between high and low ARTI_2m years dur-

ng 1979–2020 in ERA5. The significant surface warm anomalies over

he eastern Arctic are largely consistent with the warm conditions in

020 ( Fig. 4 (a)). Moreover, the significant warm signal was able to

xtend upwards to the upper troposphere ( Fig. 4 (b)). Associated with

he deep Arctic warm anomaly, there was significantly increased mois-

ure transport into the Arctic from the North Atlantic ( Fig. 4 (c)) via the

tmospheric circulation patterns ( Fig. 4 (d)). This further supports the

ontribution of remote moisture to the deep Arctic warm anomaly in

ovember 2020. The large-scale atmospheric wave train spanning from

he midlatitude North Atlantic to the Arctic ( Fig. 4 (d)) may have been
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Fig. 3. Anomalies of (a) evaporation multiplied by 28.5 (1 mm d − 1 = 28.5 W m 

− 2 ), (b) 300-hPa geopotential height (shading; units: m) and wave activity flux (vectors; 

units: 10 11 m 

2 s − 2 ; computed according to Takaya and Nakamura (2001) ), (c) SST (units: °C), and (d) 300-hPa velocity potential (shading; units: 10 5 m 

2 s − 1 ) and 

divergent wind (vectors; units: m s − 1 ) in November 2020, relative to the climatology of 1981–2010. 
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4  
inked to the significant SST forcing near the Gulf Stream ( Fig. 4 (e)). This

ypothesis can be further verified using the results from the ensemble

ean of the five AGCMs, which displays a significant wave train pat-

ern from the North Atlantic to the Arctic and warmer SST near the Gulf

tream, associated with the warmer Arctic ( Fig. 4 (f, g)). The compos-

te results based on ERA5 and model simulations are highly consistent

ith the climate anomalies in November 2020, providing evidence that

he poleward moisture transport from the midlatitude North Atlantic

ia the atmospheric circulation patterns related to SST forcing was an

mportant contributing factor to this deep Arctic warm anomaly. 

. Conclusions and further discussion 

In this study, we analyzed the extreme Arctic warm anomaly in

ovember 2020 (i.e., the second strongest case since 1979) and inves-

igated the possible causes. The results showed that amplified surface

arm conditions were observed over the eastern Arctic in November

020, with the largest warm anomalies over the Kara and Laptev seas

nd northern Siberia. This warm signal was able to extend upwards to

he upper troposphere, characterized as a deep Arctic warm anomaly. 

There was dramatic Arctic sea-ice loss and increased upward tur-

ulent heat flux in autumn 2020, which meant a direct response of

urface warm anomalies to sea-ice variability. In addition, abundant

orthward moisture advection from the midlatitude North Atlantic to

he Arctic in November was able to enhance the downward longwave

adiation and thus warm the Arctic. Both the reduction in autumn sea

ce over the region (75°–85°N, 30°–180°E) and the increase in poleward

oisture intrusion over the region (60°–75°N, 0°–90°E) exceeded the

ecord held since 1979, which greatly contributed to the extreme Arctic
4 
arm anomaly in November 2020. Atmospheric circulation anomalies

n the North Atlantic–Arctic sector were characterized by the positive

hase of the NAO and an intensified Ural blocking. The planetary wave

rain spanning from the midlatitude North Atlantic to the Arctic through

reenland or western Europe was able to determine the transport of re-

ote moisture to the Arctic. It has also been further discussed that the

lanetary wave propagation may have been related to warm SST forcing

ear the Gulf Stream. 

The above hypothesis regarding the remote impact on the Arctic

arm anomaly in November 2020 was further verified by composite

nalysis based on ERA5 and model simulations. The high consistency

etween the climate anomalies in November 2020 and the composite

limate anomalies (i.e., high ARTI_2m minus low ARTI_2m years) sup-

orts the role of moisture intrusion into the Arctic from lower latitudes,

hich may have been related to the warmer SST near the Gulf Stream,

n the deep Arctic warm anomaly. We therefore suggest a joint influence

rom the extremely low Arctic sea ice and strong moisture intrusion on

he extreme Arctic warm anomaly in November 2020. Note that we have

ot yet determined the relative contributions of Arctic sea-ice loss and

oisture intrusion; the influence of midlatitude SST forcing needs to be

urther investigated in future work. 
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Fig. 4. Composites of November (a) SAT, (b) vertical temperature averaged along 0°− 180°E, (c) water vapor transport vertically integrated from 1000 hPa to 300 

hPa (vectors; units: 10 2 kg m 

− 1 s − 1 ) and corresponding magnitude anomalies (shading; units: 10 2 kg m 

− 1 s − 1 ), (d) 300-hPa geopotential height (units: m), and (e) 

SST (units: °C) between the high and low ARTI_2m years during 1979–2020 from ERA5. (f, g) Composites of November (f) 300-hPa geopotential height (shading; 

units: m) and wave activity flux (vectors; units: 10 − 2 m 

2 s − 2 ) and (g) SST (units: °C) between the high and low ARTI_2m years during 1982–2014 from the ensemble 

mean of five AGCMs. Dotted values exceed the 90% confidence level. 
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