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ABSTRACT

After  approaching  0°C  owing  to  an  Atlantic  storm  at  the  end  of  2015,  the  Arctic  temperature  approached  freezing
again  in  2022,  indicating  that  Arctic  daily  warming  events  remain  a  concern.  The  NCEP/NCAR Reanalysis  dataset  was
used to investigate the influence of the NAO on the Arctic winter daily warming events induced by Atlantic storms, known
as  the  Atlantic  pattern-Arctic  Rapid  Tropospheric  Daily  Warming  (Atlantic-RTDW)  event.  Atlantic-RTDW  events  are
triggered by Atlantic storms that transport warm and humid air masses moving into the Arctic. Furthermore, an interdecadal
change  in  the  influence  of  NAO  on  Atlantic-RTDW-event  frequency  was  observed  around  the  mid-1980s.  Specifically,
before  the  mid-1980s  (pre-transition  period),  500-hPa  southerly  (northerly)  wind  anomalies  occupied  the  North  Atlantic
(NA)  in  the  positive  (negative)  phase  of  NAO,  which  increased  (decreased)  the  Atlantic-RTDW  events  occurrence  by
steering Atlantic storms into (away from) the Arctic; thus, the NAO could potentially influence the Atlantic-RTDW-event
frequency. However, the relationship between the NAO and the Atlantic-RTDW-event frequency has weakened since the
mid-1980s (post-transition period).  In the post-transition period,  such 500-hPa southerly (northerly) wind anomalies over
the NA hardly existed in the positive (negative)  phase of  NAO, which was attributed to a stronger Atlantic  Storm Track
(AST) activity intensity than that in the pre-transition period. During this period, the strong AST induced an enhanced NAO-
related cyclone via transient  eddy-mean flow interactions,  resulting in the disappearance of  southerly and northerly wind
anomalies over the NA.
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Article Highlights:

•  Atlantic-induced Arctic daily warming events are triggered by Atlantic storms with warm and humid air masses.
•  The influence of the NAO on Atlantic-RTDW events frequency underwent an interdecadal change around the mid-1980s.
•  The interdecadal change is attributed to a strengthened Atlantic storm track activity intensity.

 

 
 

 1.    Introduction

An extreme Arctic daily warming event in the mid-winter
of  2015  drew widespread  attention  from academia  and  the
media when the North Pole surface air temperature rose by
nearly  30°C  in  24  h  to  warm  above  the  freezing  point
(Boisvert et al., 2016; Moore, 2016). This event was a synop-
tic-scale  process,  as  opposed  to  the  well-recognized  Arctic
amplification, wherein the rising rate of Arctic mean tempera-
ture in winter is twice that of the rest of the Northern Hemi-
sphere  (NH; e.g.,  Graversen  et  al.,  2008; Screen  and  Sim-

monds, 2010). Several studies have revealed that an intense
Atlantic windstorm named Frank transported a huge, warm,
and humid air mass into the Arctic hinterland, thus serving
as the essential trigger for this extreme Arctic daily warming
event. (Boisvert et al., 2016; Moore, 2016; Kim et al., 2017).
Although the  storm was  short-lived,  the  warming was  sus-
tained for a long time owing to continuous blocking (Overland
and  Wang,  2016; Kim  et  al.,  2017).  Boisvert  et  al.  (2016)
found that a daily warming event melted 10 cm of ice in the
Barents-Kara  Sea  region.  Additionally,  a  cold  air  mass
poured  into  the  densely  populated  NH  area  following  the
daily  warming  event  (Wang  et  al.,  2019).  These  results
demonstrate that an extreme Arctic daily warming event in
winter could trigger a chain of atmospheric and marine inter-
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actions that are not limited to the local environment, poten-
tially affecting populated areas.

It is noteworthy that, according to historical temperature
records,  this  extreme Arctic  winter  daily  warming  event  is
not the only one, and such events have occurred occasionally
in recent decades. Graham et al. (2017) found that Arctic tem-
peratures in winter above –5°C were observed approximately
three  times  per  decade,  and  temperatures  above –10°C
occurred much more frequently. Furthermore, the frequency
of daily warming events is increasing (Moore, 2016; Graham
et al., 2017). Given that such warming events occur every win-
ter and have significant societal impacts, we intend to deter-
mine what  climatic  conditions could determine and predict
the frequency of Arctic winter daily warming events.

Several studies have identified that warming events are
determined  by  Atlantic  storm  systems  that  transport  heat
and  water  vapor  across  the  North  Pole  (e.g., Overland  and
Wang,  2016; Graham et  al.,  2017; Kim et  al.,  2017; Wang
et al., 2019). Furthermore, the 500-hPa mean flow determines
the cyclone track to a certain extent (Murray and Simmonds,
1995; Zhu et al., 2000; Hoskins and Hodges, 2002; Pinto et
al., 2005). Thus, the 500-hPa mean flow has the potential to
impact wintertime Arctic daily warming events.

The dominant low-frequency mode over the wintertime
North Atlantic (NA) is termed the North Atlantic oscillation
(NAO),  which  comprises  simultaneous  changes  in  the  Ice-
landic  Low  (IL)  and  the  Azores  High  (AH; Barnston  and
Livezey, 1987). Moreover, the IL, a wintertime semi-perma-
nent surface low pressure (SLP) center over the NA northern
basin,  is  not  only  a  cyclogenesis  region,  but  cyclone  from
the south usually converges here, especially in winter (e.g.,
Blackmon  et  al.,  1984; Serreze  et  al.,  1997).  The  IL  and
NAO  closely  establish  the  synoptic  variability  and  mean
flow (Lau, 1988; Hurrell, 1995a). Thus, these features may
significantly  impact  the  NA  and  elsewhere  on  diverse
timescales (Hurrell,  1995a; Serreze et al.,  1997; Thompson
and  Wallace,  2001).  Several  studies  have  verified  that  the
cyclone  tracks  over  the  NA display  a  poleward  orientation
during the positive phase of  the NAO (Rogers,  1990; Hur-
rell,  1995b).  Therefore,  we  anticipate  that  the  NAO  will
impact  cyclone  tracks  related  to  Arctic  daily  warming
events during winter.

Furthermore, the NAO demonstrates clear decadal vari-
ability  (Woollings  et  al.,  2015).  Since  the  early  1950s,  the
NAO has experienced pronounced interdecadal changes (Hur-
rell,  1995a; Woollings  et  al.,  2015).  The  Atlantic  Storm
Track  (AST)  significantly  contributes  to  the  IL  and  NAO
maintenance  and  development  via  transient  eddy  forcing
(Honda et al., 2001; Honda and Nakamura, 2001).

Our previous studies defined the Atlantic pattern-Arctic
winter  daily  warming event  (Atlantic-RTDW; Wang et  al.,
2019, Figs.  1 and 2;  Section  3).  In  the  current  study,  we
attempt  to  link  the  Atlantic-RTDW-event  frequency  to  the
large-scale atmospheric circulation and focus on the relation-
ship  between  the  NAO  and  the  Atlantic-RTDW-event  fre-
quency.

The remainder of this paper is organized as follows. In
section  2,  the  data  and  methods  are  introduced.  Section  3
describes  the  synoptic-scale  processes  of  Atlantic-RTDW.
Section 4  examines  the  change in  the  relationship  between
the Atlantic-RTDW-event frequency and the NAO. The physi-
cal  processes  underlying  the  change  in  the  relationship
between the NAO and the Atlantic-RTDW-event frequency
are presented in section 5.  Section 6 provides a conclusion
for the study.

 2.    Data and methods

 2.1.    Data

We  utilized  reanalysis  data  from  the  National  Centers
for  Environmental  Prediction/National  Center  for  Atmo-
spheric Research (NCEP/NCAR) Reanalysis (Kalnay et al.,
1996; available at the website: https://psl.noaa.gov/data/grid-
ded/reanalysis/),  including  daily  and  monthly  geopotential
height and horizontal winds at standard pressure, and daily
1000-hPa  temperatures  at  on  2.5°  ×  2.5°  latitude-longitude
grids from 1950 to 2019. We also utilized the ERA5 reanalysis
from the European Center for Medium-Range Weather Fore-
casts (ECMWF; Hersbach et al., 2020), including those geo-
physical  fields  on  0.25°  ×  0.25°  latitude-longitude  grids
from 1950 to 2019.

To define Arctic daily warming in this study, the daily
temperature  data  were  preprocessed  as  follows.  First,  the
daily mean temperature was converted to the “daily tempera-
ture increment”, defined as the difference between the temper-
ature of the day of interest and the previous day's tempera-
ture.  Then,  to  remove the seasonal  cycle,  we conducted an
operation in which the average temperature increment for a
given calendar  day for  the  winters  of  1950–2018 was  sub-
tracted  from  the  actual  temperature  increment  of  that  day.
We  called  this  result  the  “daily  temperature  increment
anomaly ”.  For  example,  the  “daily  temperature  increment
anomaly” on 1 December 2000 is the “daily temperature in-
crement ”  averaged  over  every  December  1  from  1950  to
2018 subtracted  from the “daily temperature increment” on
1  December  2000.  In  this  way,  we  obtained  6227  days  of
the “daily temperature increment anomaly” in the winters of
1950–2018.

The monthly NAO index for  1950–2019 was acquired
from the NOAA Climate Prediction Center (CPC; available
at the website: https://psl.noaa.gov/data/climateindices/list/).
Rotated  Principal  Component  Analysis  (RPCA; Barnston
and Livezey, 1987) was used for three-month mean 500-hPa
height  anomalies  in  the  region  20°–90°N,  and  ten  leading
EOFs were selected. The time series of the first mode is the
NAO index.

For significance testing of the regression and composite
analyses, a two-tailed Student's t-test was used in our study.

 2.2.    Storm track activity

The storm track activity (also known as synoptic-scale

1286 NAO'S INFLUENCE ON ARCTIC WINTER DAILY WARMING VOLUME 40

 

  

https://psl.noaa.gov/data/gridded/reanalysis/
https://psl.noaa.gov/data/gridded/reanalysis/
https://psl.noaa.gov/data/gridded/reanalysis/
https://psl.noaa.gov/data/climateindices/list/


eddy  activity)  was  defined  in  our  study  as  the  root  mean
square (RMS) of the 2–8-day bandpass filtered geopotential
height at 300 hPa (Blackmon et al., 1977; Lee et al., 2012).

 2.3.    Extended Eliassen–Palm flux

The  horizontal  flux  components  of  the  extended  EP
flux, which can qualitatively characterize the dynamic interac-
tion between the transient eddy and mean flow (Hoskins et
al., 1983), as modified by Trenberth (1986), are written as: 

Eu =

[
1
2

(
v′2−u′2

)
i−u′v′ j

]
cosφ , (1)

where u′ and v′ are the zonal and meridional winds on a synop-
tic scale,  respectively, and φ is  latitude. The synoptic-scale
horizontal winds were obtained using a Butterworth bandpass
filter  to  retain  the  fluctuating  components  for  2–8  days
(Murakami,  1979).  The  overbar  represents  the  average
taken over the winter-season timescale.

 2.4.    Geopotential height tendency

In addition to qualitatively diagnosing EP flux, we used
the  geopotential  height  tendency  equation  to  quantitatively
estimate  the  feedback  of  the  transient  eddies  to  the  mean
flow. The equivalent barotropic geopotential height tendency
response to the transient eddy vorticity forcing can be diag-
nosed following Cai et al. (2007): 

∂h
∂t
= ∇−2

[
− f

g
∇ ·
(
v′hξ

′
)]
, (2)

∂h/∂t

v′h ξ
′

where  denotes the geopotential height tendency, and f
and g are the Coriolis parameter and the gravitational accele-
ration, respectively.  and  are the synoptic-scale horizontal
wind and relative vorticity,  respectively,  which are  applied
for  2–8-day  filtering  with  a  Butterworth  bandpass  filter
(Murakami, 1979).

 3.    Definition and meteorological conditions of
the Atlantic-RTDW event

 3.1.    Definition of the Atlantic-RTDW event

We define a rapid tropospheric daily warming (RTDW)
event  as  any  day  during  the  situ  winter  (December–Febru-
ary) from 1950 to 2018 when the “daily temperature incre-
ment anomaly” at 1000 hPa averaged over the region north
of 66.5°N is warmer than one standard deviation above the
mean, where the standard deviation is based upon the 6227
“daily temperature increment anomalies” for the winters of
1950  to  2018.  Successive  RTDW  days  are  counted  sepa-
rately. Compositing weather condition fields on the days of
RTDW event occurrence could then be used to describe the
RTDW event. There are two paths by which southerly wind
anomalies can enter the Arctic, one from the Atlantic Ocean
and the other from the Pacific Ocean, and the surface pressure
fields corresponding to the different southerly wind anoma-

lies  are  also  quite  different  (figure  omitted; Wang  et  al.,
2019). Given that the Atlantic and Pacific Oceans are different
sources of heat in the Arctic, we suspect that RTDW events
could  be  classified  into  diverse  types.  The  classification
results are demonstrated below.

To improve classification accuracy, we used two differ-
ent methods to classify RTDW events: the k-means (Mirkin,
1996)  and  fuzzy  c-means  method  (FCM; Fujibe,  1989,
1999). We set the number of clusters to two, and other param-
eters  were  selected  by  default  for  classification  methods.
We then conducted a cluster analysis of the meridional wind
anomalies for RTDW-event occurrence days. Both classifica-
tion methods produce results that divide RTDW events into
Atlantic- and Pacific-RTDW events, which intuitively corre-
spond to RTDW events with southerly wind anomalies from
the Atlantic and Pacific Oceans, respectively (Fig. 1; Wang
et  al.,  2019).  In  all,  454  Atlantic-  and  437  Pacific-RTDW
events in winter were obtained for 1950–2018. Because the
results of the two classification methods were consistent, we
present the FCM classification results. Moreover, this study
focuses on the Atlantic-RTDW event.

Figure 1 depicts the anomalous atmospheric conditions
when Atlantic-RTDW events occur. An anomalous cyclone
appears  over  Greenland,  and  an  anticyclonic  anomaly  is
located over northern Eurasia. Furthermore, under the com-
bined  actions  of  the  cyclone  and  anticyclone,  a  strong
southerly  wind  anomaly  between  these  two  systems  enters
the Arctic region from the Atlantic Ocean. Due to the heat
energy from the Atlantic Ocean transported by the cyclone,

 

Fig.  1. Synoptic  anomalous  atmospheric  conditions  at  1000
hPa when Atlantic-RTDW events occur, including temperature
increments  (colored,  contour  interval:  1,  units:  °C),
geopotential height (blue contours, contour intervals: 20, units:
m),  and  horizontal  wind  (purple  vector,  units:  m  s−1).  The
vector  scale  is  depicted  in  the  top  right,  the  same  as  below.
Figure 1 is a composite using all Atlantic-RTDW days.
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the Arctic air temperature rose increased by 5°C in just one
day. The Pacific Ocean is another energy source for the Arctic
(Graham  et  al.,  2017; Wang  et  al.,  2019),  as  such,  humid
and warm air masses from the Pacific Ocean could also trigger
Arctic daily warming. This is called a Pacific-RTDW event.
The  Pacific-  and  Atlantic-RTDW  events  are  different  but
related, and their relationship deserves further study.

 3.2.    Atmospheric  conditions from the initial  to  the peak
Atlantic-RTDW event date

To  offer  a  more  thorough  introduction  to  Atlantic-
RTDW  events,  we  described  the  conditions  leading  up  to
and  during  an  event  (Fig.  2).  At  the  initial  date  of  an
Atlantic-RTDW event (three days before the occurrence of
the Atlantic-RTDW events), a deep trough in the mid-tropo-
sphere was located over western Greenland, while a ridge was
located over eastern Iceland. The position between the deep
trough and ridge at the upper level favors cyclogenesis. Fur-
thermore,  the  cyclone  moves  northward  into  the  Arctic
along  southerly  winds  (e.g., Zhu  et  al.,  2000; Pinto  et  al.,
2005). At the surface, a depression center can be visualized
between  Iceland  and  Greenland  on  the  initial  date.  It  then
moved  northward  over  the  next  few  days.  On  the  peak
Atlantic-RTDW  event  date,  the  storm  arrived  at  the  North
Pole, with unusually strong southerly wind anomalies (maxi-
mum  over  6.0  m  s−1)  from  the  Atlantic  Ocean  crossing
toward the North Pole  along the prime meridian (0°  longi-
tude).

 4.    Definition  of  the  Atlantic-RTDW  index
and its relationship with NAO

 4.1.    Definition of the Atlantic-RTDW index

From 1950  to  2018,  we  obtained  454  Atlantic-RTDW
events in winter. These events occur 6.6 times, on average,
during winter, with a maximum of 14 times and a minimum
of 0. The number of Atlantic-RTDW event occurrences in a
given  winter  (also  called  the  Atlantic-RTDW-event  fre-
quency) is defined as the Atlantic-RTDW index. Therefore,
this  index  can  be  used  to  explore  the  relationship  between
the  climatic  index  (e.g.,  NAO)  and  the  Atlantic-RTDW-
event  frequency  (the  time  series  of  the  Atlantic-RTDW
index is depicted in Fig. 3).

As previously stated, a cyclone entering the Arctic is criti-
cal  for  Atlantic-RTDW  event  occurrence.  Furthermore,
Atlantic cyclones that are strongly related to the NAO phase
have been demonstrated in numerous studies (e.g., Magnus-
dottir  et  al.,  2004; Hanley and Caballero,  2012).  Thus,  our
study  focused  on  the  relationship  between  the  NAO  and
Atlantic-RTDW events. The cyclone track moves northward
(southward) following the southerly (northerly) mean wind
flow in the middle troposphere (e.g., Murray and Simmonds,
1995; Zhu et al., 2000). Therefore, if the positive (negative)
phase  of  NAO  offers  favorable  (unfavorable)  conditions,
such as southerly (northerly) wind mean flow in the middle
troposphere  for  cyclones  entering  (away)  the  Arctic  from

 

 

Fig.  2. Synoptic  atmospheric  conditions  at  (a)  3  and  (b)  0  days  before  an  Atlantic-RTDW  event  occurrence,
including  the  geopotential  height  (black  contours,  interval:  100,  units:  m)  and  500-hPa  horizontal  wind  anomaly
(purple vector, units: m s−1) and 24-hour isallobar anomaly at 1000 hPa (colored, interval: 6, units: m). The arrows
depict  horizontal  wind  anomalies  with  meridional  component  anomalies  that  are  significant  at  the  99% level.  The
“24-hour allobar” helps to define a “24-hour isallobar”. The former indicates the difference in the geopotential height
between the day of interest and the prior day, while the latter represents a line running through places experiencing
equal “24-hour allobars”.
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the Atlantic Ocean during winter,  there will  be more (less)
Atlantic-RTDW events in winter. Simply put, the NAO and
Atlantic-RTDW-event  frequency  have  a  positive  relation-
ship.  If  the  positive  (negative)  phase  of  NAO cannot  offer
favorable (unfavorable) conditions, the relationship between
the  NAO  and  Atlantic-RTDW-event  frequency  would  be
weak.  The  specific  relationship  between  the  frequency  of
Atlantic-RTDW  events  and  the  wintertime  NAO  will  be
explored in the next subsection.

 4.2.    The  relationship  change  in  the  Atlantic-RTDW
events frequency and NAO

The Atlantic-RTDW-event frequency (measured by the
Atlantic-RTDW  index)  is  only  weakly  correlated  with  the
wintertime  NAO  index  (r=0.12;  insignificant).  At  first
glance, this finding indicates a lack of a connection between
the  Atlantic-RTDW-event  frequency  and  the  NAO.  How-
ever, when one considers that the NAO phase has undergone
a decadal-scale transition from a negative to an unprecedented
positive phase, and that it has been mostly positive since the
1980s  (Hurrell,  1995a; Woollings  et  al.,  2015),  we  must
acknowledge  the  possibility  that  the  relationship  between
the  NAO  and  Atlantic-RTDW  index  (representing  the
Atlantic-RTDW event-frequency) may have experienced an
interdecadal change.

Figure 3 indicates that these two indices were mostly in
phase  prior  to  the  mid-1980s  but  were  less  coherent  after
the mid-1980s. The 21-year moving correlation coefficients
of the Atlantic-RTDW and NAO indices further demonstrate
an interdecadal change around the mid-1980s. Specifically,
Fig.  3 demonstrates  that  from 1981 to  1982 (from 1962 to
1963), the 21-year sliding correlation coefficient becomes sta-
tistically insignificant (significant) from significant (insignifi-
cant).  The  21-year  sliding  correlation  coefficient  in  1981
(1963)  represents  the  correlation  coefficient  between  the
Atlantic-RTDW and NAO from 1971–91 (1953–73). Thus,
the 21-year sliding correlation coefficient was positive and sta-

tistically significant at the 95% level during 1963–81, repre-
senting the central years of 1953–91 (pre-transition period),
but  weakened  during  1989–2002,  representing  the  central
years of 1979–2012 (post-transition period). We may define
the pre-transition period as 1953–91 and the post-transition
period  as  1979–2012.  Thus,  1979–91  is  an  overlapping
period, divided equally into pre- and post-transition periods.
As  a  result,  we  obtained  two  periods,  one  from  1953  to
1984  (pre-transition  period)  and  the  other  from  1985  to
2012 (post-transition period).

This interdecadal change was reverified by the Atlantic-
RTDW  and  NAO  index  scatter  plots  during  1953–84  and
1985–2012 (Fig. 4). The correlation coefficient between the
Atlantic-RTDW and NAO indices was 0.53, statistically sig-
nificant at  the 99% level in the pre-transition period,  but it
had weakened and become insignificant in the post-transition
period (–0.26). The results of the sliding correlation and scat-
terplots  strongly  suggest  that  the  influence  of  the  NAO on
the  Atlantic-RTDW-event  frequency  changed  around  the
mid-1980s. This change requires further investigation.

 5.    Possible mechanisms for the change in the
influences  of  the  NAO  on  the  Atlantic-
RTDW-event frequency

 5.1.    The Atlantic-RTDW pattern in two periods

Before delving into the possible mechanisms, we must
first  identify  the  Atlantic-RTDW-related  large-scale  atmo-
spheric  circulation  anomalies,  known  as  the  Atlantic-
RTDW pattern, which represents the background conditions
for Atlantic-RTDW event occurrence. If the NAO is consis-
tent with the Atlantic-RTDW pattern, it could influence the
Atlantic-RTDW-event frequency and vice versa.

Figure 5 demonstrates the regressions of winter geopoten-
tial height and horizontal wind speed anomalies in the mid-

 

 

Fig.  3. The  standardized  Atlantic-RTDW  index  (solid  black  line)  and  winter  NAO  index
(dotted  black  line)  from  1950  to  2018.  The  solid  blue  line  represents  their  21-year  sliding
correlation coefficient (abbreviated “21-yr sliding corr”), and the dashed blue lines represent
significance at the 95% level.
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low  troposphere  on  the  Atlantic-RTDW  index  during  the
pre-  and  post-transition  periods.  During  the  pre-transition
period,  anomalous  cyclonic  and  anticyclonic  circulations

appeared at 500 and 1000 hPa over Iceland and the Azores,
respectively.  The  NAO  pattern  resembles  the  Atlantic-
RTDW  pattern  during  the  pre-transition  period,  implying

 

 

Fig. 4. Scatter plots of the standardized NAO and the Atlantic-RTDW indices during the (a) 1953–84 (pre-transition
period)  and  (b)  1985–2012  (post-transition  period),  respectively.  The r, p,  and  blue  lines  represent  the  correlation
coefficient, p-value, and linear fit between these two indices, respectively.

 

 

Fig.  5. Regressions  of  the  geopotential  height  (colored,  interval:  10,  units:  m)  and  horizontal  wind  speed  (purple
vector, units: m s−1) anomalies at (a–b) 500 hPa and (c–d) 1000 hPa on the Atlantic-RTDW index during 1953–84
(pre-transition  period;  a,  c)  and  1985–2012  (post-transition  period;  b,  d),  respectively.  The  arrows  depict  the
horizontal wind with meridional component anomalies significant at the 95% level. The dots denote significance at
the 95% level for the geopotential height.
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that NAO is associated with the Atlantic-RTDW-event fre-
quency.  Conversely,  there  was  only  an  anticyclonic
anomaly over and to the north of the Barents and the Kara
Seas during the post-transition period, implying a weak rela-
tionship between the NAO and the Atlantic-RTDW-event fre-
quency.  Although  the  Atlantic-RTDW  patterns  during  the
pre- and post-transition periods differed, the southerly wind
anomalies were always along the prime meridian and occu-
pied the North Atlantic (NA) during the two periods.

These results are consistent with those of section 3 and
several  previous  studies,  which  demonstrate  that  southerly
wind  anomalies  favor  the  Atlantic-RTDW-event  frequency
by  causing  the  cyclone  to  move  northward  into  polar
regions  (e.g., Murray  and  Simmonds,  1995; Zhu  et  al.,
2000). It is hypothesized that the NAO could be associated
with the Atlantic-RTDW-event frequency in the pre-transi-
tion  period,  which  is  attributed  to  the  southerly  (northerly)
wind anomalies along the prime meridian in the positive (neg-
ative)  NAO  phase.  However,  if  there  are  no  southerly
(northerly)  wind anomalies  in  the positive (negative)  NAO
phase,  the  NAO  cannot  be  related  to  the  Atlantic-RTDW-
event  frequency.  This  assumption  has  now  been  verified.
This  study  focuses  on  the  change  in  the  relationship
between the Atlantic-RTDW-event frequency and NAO and
the  potential  physical  mechanisms  for  this  change.  The
Atlantic-RTDW  pattern  in  the  post-transition  period  may
resemble an Arctic Oscillation (AO)-like pattern (Thompson
and  Wallace,  1998).  The  factors  influencing  the  Atlantic-
RTDW pattern during the post-transition period may be com-
plex and will be investigated in the future.

 5.2.    The interdecadal changes in the NAO

Several  previous  studies  have  demonstrated  that  the
NAO  phase  experienced  an  interdecadal  change  in  the

1980s  and  has  since  been  positive  in  most  years  (Hurrell,
1995a; Luo et al., 2011; Woollings et al., 2015). Herein, we
investigated  whether  the  changes  in  the  relationship
between the NAO and the Atlantic-RTDW-event frequency
are related to the phase change in the NAO index.

Figure  6 displays  the  21-year  sliding  average  of  the
NAO index (the NAO index phase change) and the 21-year
sliding  correlation  coefficient  between  the  Atlantic-RTDW
index  and  NAO  index  (the  change  in  the  relationship
between  the  NAO  and  Atlantic-RTDW  indices).  The  21-
year sliding average of the NAO transitioned from a negative
to a positive regime around the 1980s, implying an intensified
Iceland Low and Azores High since the 1980s (Fig. 7). The
average values of the NAO in 1953–84 and 1985–2012 are
–0.49 and 0.3, respectively. Furthermore, by choosing 1984/
1985 as a break period, a significant decadal regime shift of
the NAO is evident according to the Student's t-test. Particular
attention  is  given  to  the  correlation  coefficient  of –0.42
(p<0.01) between the 21-year moving averages and correla-
tions. The moderate correlation coefficient indicates a close
linkage between the interdecadal change in the relationship
between the two indices and the NAO phases. How do the dif-
ferent NAO phases during the pre-and post-transition periods
result  in distinct  impacts on the Atlantic-RTDW event? To
reveal  the  related  mechanisms,  we  compared  the  NAO-
related circulations during the positive NAO years between
the two periods. Positive or negative NAO years in the pre-
transition  and  post-transition  periods  with  the  NAO  index
exceeding ±1 standard deviation were identified.

Figure 7 depicts the geopotential height and horizontal
500-hPa wind speed composite anomalies for the two periods
in the positive NAO years. During both periods, anomalous
cyclones and anticyclones were located over Iceland and the
Azores.  However,  the  anomalous  cyclone  and  anticyclone

 

 

Fig.  6. The  standardized  NAO index  (color  bar,  positive  in  red  and  negative  in  blue)  from
1950  to  2018.  The  solid  purple  line  represents  the  21-year  sliding  correlation  coefficient
between the  Atlantic-RTDW index and NAO index (abbreviated “21-yr  sliding corr”),  and
the  dashed  purple  line  represents  the  21-year  sliding  average  value  of  the  NAO  index
(abbreviated “21-yr sliding average value of the NAO”). The correlation coefficient is given
by r, and the p-value indicates significance at the 99% level.
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intensities were strengthened, corresponding to the increase
in the NAO index from the pre- to post-transition period. As
a  result,  in  the  pre-transition  period,  significant  southerly
wind  anomalies  to  the  east  of  the  anomalous  Iceland  low
occupy  the  NA,  which  is  consistent  with  the  Atlantic-
RTDW pattern (Fig. 7a). Therefore, the NAO could be asso-
ciated with the Atlantic-RTDW-event frequency during the
pre-transition period. However, owing to the enhanced Ice-
land  low  anomaly,  the  significant  southerly  wind  anoma-
lies  over  the  NA  disappeared  in  the  post-transition  period,
implying  that  the  NAO  could  not  establish  a  connection
with the Atlantic-RTDW-event frequency during this period
(Fig. 7b).

 5.3.    Possible  reasons  for  the  interdecadal  changes  in
NAO

Significant discrepancies in the atmospheric circulation
anomalies associated with the wintertime NAO between the
pre- and post-transition periods have been described. More-
over, these significant differences determine the different rela-
tionships between the NAO and the Atlantic-RTDW-event fre-
quency in the two periods. However, the cause of the signifi-
cant  discrepancies  in  NAO-related  circulation  anomalies
over NA between the two periods remains obscure.

In Fig. 7, a more intense Azores High and deeper Iceland
Low in the post-transition period resulted in a stronger merid-
ional  geopotential  height  gradient  over  the  NA than  in  the
pre-transition period, which suggests a stronger westerly jet
stream. Figure 8 further demonstrates that in positive NAO
years, the NAO-related westerly jet stream along 40°–60°N
over the NA was stronger in the post-transition than in the
pre-transition period. Furthermore, a stronger low-frequency
mean flow is closely related to stronger storm track activity
(also  termed synoptic-scale  eddy  activity; Limpasuvan  and
Hartmann, 1999, 2000).

Previous  studies  have  demonstrated  that  the  feedback
of synoptic-scale eddy activity to mean flow can sustain the
main  climate  modes  (e.g., Lorenz  and  Hartmann,  2001,
2003; Jin et al.,  2006a, b). For example, the Atlantic storm
track  (AST)  feedback  onto  the  NAO  via  eddy-mean  flow
interactions has been verified in previous research (e.g., Orlan-
ski,  1998; Kug and Jin,  2009).  Specifically,  a  strengthened
AST intensity helps to reinforce and maintain low-frequency
tropospheric circulation changes by inducing a cyclonic ten-
dency to its north and an anticyclonic tendency to its south
(Lau,  1988; Lee  et  al.,  2012).  As  a  result,  AST  intensity
changes may cause differences in the NAO-related circulation
anomalies  between  the  pre-  and  post-transition  periods  via

 

 

Fig. 7. Composites of geopotential height anomalies (colored, interval: 17, units: m) and horizontal wind speed ano-
malies (purple vector, units: m s−1) at 500 hPa during the positive NAO years of 1953–84 (pre-transition period; a)
and  1985–2012  (post-transition  period;  b),  respectively.  The  arrows  depict  the  horizontal  wind  with  meridional
component anomalies significant at the 95% level. The dots denote geopotential heights significant at the 95% level.

 

 

Fig. 8. As in Fig. 7, but for zonal wind speed anomalies at 300 hPa (colored, interval: 3, units: m s–1).
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eddy feedback to the mean flow. The changes in the AST dur-
ing the two periods will then be presented.

Figure 9a depicts the post-transition period, wintertime
AST activity and the differences between the post- and pre-
transition  periods.  The  post-transition  period  AST  activity
was much stronger at approximately 45°–60°N over the NA
than in the pre-transition period, indicating that winter AST
activity  underwent  a  dramatic  interdecadal  change.  The
AST  activity  intensity  index  was  calculated  by  averaging
the  standardized  AST  activity  over  45°–60°N  and  50°W–
30°E (Fig. 9). Figure 9b further demonstrates a clear transi-
tion  in  AST  activity  intensity  in  the  1980s,  from  a  weak
regime in the former period to a strong regime in the latter.
Several previous studies have verified the remarkable intensi-
fication  of  wintertime  AST  activities  since  the  1970s
(Chang and Fu,  2002; Harnik and Chang, 2003; Lee et  al.,
2012).  Furthermore,  previous  studies  have  demonstrated
that the synoptic-scale eddy feedback strength to the low-fre-
quency mean flow is directly proportional to storm track activ-
ity intensity (Jin et al., 2006a, b; Jin, 2010). Herein, the quali-
tative  and  quantitative  dynamic  diagnosis  of  the  transient
eddy  feedback  to  the  mean  flow  will  be  presented  during
the two periods.

The extended EP flux can qualitatively characterize the
barotropic process in low-frequency atmospheric circulation
anomalies  forced  by  transient  eddies  (e.g., Hoskins  et  al.,
1983; Lau,  1988).  Specifically,  EP  flux  divergence  was
accompanied  by  positive  geopotential  height  tendencies  to
the south and negative geopotential height tendencies to the
north and vice versa. Figures 10a and 10b depict the anoma-
lies of the extended EP flux and their divergence associated
with  the  standardized  ATS  activity  intensity  index  during
the  pre-transition  and  subsequent  periods.  In  both  periods,
the EP flux divergence dominated from 70°W to 30°E and
45° to 60°N, with positive eddy-induced geopotential height
tendencies to its south and negative geopotential height ten-
dencies to its north in the positive phase of the AST activity
intensity index (Fig. 10). Furthermore, there were noticeable
differences  in  the  EP  flux  divergence  and  eddy-induced

geopotential height tendencies during diverse periods. The dif-
ferences in geopotential height tendency anomalies induced
by  eddy  vorticity  between  the  two  periods  (Figs.  10c–d)
may  support  the  different  circulation  anomalies  associated
with the NAO described above (Fig. 7). The EP flux diver-
gence and eddy-induced geopotential height tendency anoma-
lies were much stronger in the post-transition period than in
the pre-transition period (Fig. 10). Strong negative and posi-
tive  geopotential  height  tendencies  strengthen  the  IL  and
AH, respectively, resulting in the disappearance of significant
southerly  wind  anomalies  over  NA  in  the  post-transition
period.  Therefore,  the  barotropic  diagnostic  suggests  that
changes in the transient eddy feedback to the mean flow asso-
ciated with vorticity transportation may elucidate the NAO
pattern changes over two periods, resulting in the interdecadal
change  in  the  influence  of  NAO  on  the  Atlantic-RTDW-
event frequency.

 6.    Summary and discussion

It  is  well  known  that  Arctic  warming  strains  not  only
local sea ice and ecosystems but also causes severe cold air
outbreaks in densely populated low-to-mid-latitude regions,
threatening lives  and causing economic damage.  Our  work
focuses on the Atlantic-RTDW event (Atlantic-induced Arc-
tic  winter  daily  warming  event)  and  the  relationship
between the frequency of these events and the NAO.

Concerning  the  Atlantic-RTDW  event,  we  found  that
the  southerly/northerly  anomalies  within  the  mean  flow
over  the  NA  are  conditions  for  its  occurrence.  Previous
research  has  discovered  that  the  mean  flow determines  the
storm movements. (e.g., Murray and Simmonds, 1995; Zhu
et al., 2000). Consequently, a storm with a large warm and
humid air mass could move into (away from) the Arctic by
following  the  anomalous  southerly  (northerly)  wind  from
the NA, causing (preventing) the occurrence of an Atlantic-
RTDW event.

The relationship between the Atlantic-RTDW-event fre-
quency  and  the  NAO demonstrates  an  interdecadal  change

 

 

Fig.  9. (a)  The  wintertime  AST  activity  during  the  post-transition  period  (contour,  interval:  20,  units:  m);  the
difference in wintertime AST activity between the post- and pre-transition period (colored, interval: 6, units: m); the
dots indicate that the anomalies differ from zero, significant at the 99% level. (b) The time series of the standardized
winter AST activity intensity index, positive in red and negative in blue.
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around the mid-1980s, characterized by a strong correlation
in  the  pre-transition  period  (1953–84),  and  a  dramatically
weakened  correlation  in  the  post-transition  period
(1985–2012). To evaluate whether the results were sensitive
to adjusting the respective time windows of the periods, we
recalculated the correlation coefficient between the Atlantic-
RTDW and NAO by choosing 1981/1982, 1982/1983, 1983
/1984, 1984/1985, 1985/1986, 1986/1987, and 1987/1988 as
break periods. After adjusting the respective time windows
of the periods, the correlation coefficients were still signifi-
cant (0.49 to 0.60) in the pre-transition period, while it was
weakened  (–0.27  to –0.14)  in  the  post-transition  period.
These results suggest that the interdecadal change in the influ-
ence of NAO on the Atlantic-RTDW-event frequency truly
exists and does not depend on the selected time window of
the periods. Moreover, using the ERA5 dataset, we recalcu-
lated  the  correlation  coefficient  between  the  Atlantic-
RTDW and NAO indices in the pre-transition period (0.36;
significant) and post-transition period (–0.27; insignificant),
respectively [Fig. S1 in the electronic supplementary material
(ESM)]. The results obtained using the ERA5 dataset verify
that this interdecadal change in the NAO's influence on the
Atlantic-RTDW-event  frequency  around  the  mid-1980s  is
robust.

In the pre-transition period, the NAO pattern resembles
the Atlantic-RTDW pattern, and the southerly and northerly
wind anomalies occupy the NA in the positive and negative
NAO  phases,  respectively,  implying  a  close  relationship
between  the  Atlantic-RTDW and  NAO.  However,  because
of the strengthened IL and AH, such southerly and northerly

wind  anomalies  disappeared  during  the  post-transition
period.  As  a  result,  the  relationship  between  the  Atlantic-
RTDW and NAO was weak in the latter period. In the post-
transition  period,  an  Arctic  Oscillation  (AO)-like  pattern
may  resemble  the  Atlantic-RTDW  pattern  and  influence
Atlantic-RTDW  events,  which  is  a  topic  worthy  of  future
study.

This  interdecadal  change  has  been  attributed  to  AST
activity intensity changes since the mid-1980s. Indeed, AST
activity intensity experienced a decadal change from a weak
regime in the pre-transition period to a strong regime in the
post-transition  period,  as  previously  reported  (e.g.,  Harnik
and Chang, 2003; Lee et al., 2012). The strong AST activity
intensity determined the degree of strength of the synoptic-
scale eddy feedback to the mean flow. Strong feedback can
induce a strong IL and AH, resulting in the disappearance of
southerly wind anomalies over the NA in the post-transition
period. Therefore, differing synoptic-scale feedback intensi-
ties could support wintertime NAO-related circulation anoma-
lies  over  the  NA  in  the  pre-  and  post-transition  periods,
which is a potential cause for the interdecadal change in the
NAO's influence on the Atlantic-RTDW-event frequency.

However,  the  position  centers  of  the  geopotential
height  tendency  anomalies  induced  by  eddy  vorticity  and
the  NAO-related  circulation  anomalies  do  not  completely
coincide. In addition to barotropic process, the geopotential
height tendency can be induced by eddies via baroclinic pro-
cesses  (e.g.,  Lau  and  Holopainen,  1984; Lau  and  Nath,
1991). The effect of the baroclinic process on the interaction
between  the  transient  eddy  and  the  mean  flow  on  NAO-

 

 

Fig. 10. Regressions of the extended EP flux anomalies (a, b; vector, units: m2 s–2), divergence anomalies of the EP
flux  (a,  b;  colored,  interval:  20,  units:  m  s–2)  and  the  eddy-induced  geopotential  height  tendency  (c,  d;  colored,
interval: 0.8, units: m d–1) anomalies at 300 hPa on the standardized AST activity intensity index during the pre- (a, c)
and  post-transition  (b,  d)  periods.  The  dots  denote  significance  at  the  98%  level.  For  convenience,  the  EP  flux
divergence has been multiplied by 107.

1294 NAO'S INFLUENCE ON ARCTIC WINTER DAILY WARMING VOLUME 40

 

  



related  circulation  anomalies  will  be  investigated  in  the
future.

Before  1979,  direct  observations  in  the  Arctic  were
sparse;  however,  since  1979,  many  more  satellite  products
were  assimilated  into  the  reanalysis  data,  which  may  have
influenced interdecadal trends. The impacts of satellite prod-
ucts  on  re-analyses  were  investigated  comprehensively  by
comparing re-analyses with and without assimilating satellite
products  (Mo et  al.,  1995; Kalnay et  al.,  1996).  They con-
cluded that the satellite data have little impact on the re-analy-
ses  in  the  Northern  Hemisphere,  implying  that  the  data
before 1979 are also relatively reliable, although direct obser-
vations in the Arctic are sparse.

Both  model  studies  and  observational  results  suggest
that  North  Atlantic  sea  surface  temperature  (SST)  forcing
can produce NAO-like circulations (Peng et  al.,  2002; Han
et  al.,  2016).  Furthermore,  the  NAO-like  circulation
response to  the  North Atlantic  SST could be elucidated by
the  interactions  between  the  AST  and  the  heating-forced
anomalous  flow,  that  is,  an  eddy-feedback  mechanism
(Peng et al., 2003), which is supported by the conclusion of
our  study.  Meanwhile,  the  NAO-like circulation associated
with the North Atlantic SST anomaly is disturbed by a con-
temporaneous sea-ice anomaly (Han et al., 2016). The winter
sea ice in the North Atlantic sector of the Arctic varies signifi-
cantly (Han and Li, 2018). Previous studies have concluded
that  it  has  a  negative  feedback  effect  on  the  NAO  using
model  and  observational  data  (Strong  et  al.,  2009; Liptak
and Strong, 2014). Thus, the North Atlantic SST and sea ice
may affect the relationship between the NAO and Atlantic-
RTDW by acting on the  NAO. This  possible  interaction is
worthy of further study.
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