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Abstract
Observations reveal distinct interdecadal winter Eurasian cold anomaly (ECA) centered over central Eurasia (40°–60° N, 
60°–120° E), with a more southwestward extension during 1965–1976 than during 2002–2013. In this paper, Ural block-
ings (UB) in association with the Interdecadal Pacific Oscillation (IPO) and Atlantic Multi-decadal Oscillation (AMO) are 
analyzed to explain the ECA’s decadal change from 1965–1976 to 2002–2013 using reanalysis data. It is found that the 
1965–1976 winter ECA is associated with a negative-phase IPO  (IPO−) together with negative-phase AMO  (AMO−), while 
the 2002–2013 ECA is related to positive-phase AMO  (AMO+) concurring with  IPO−. UB mainly related to positive North 
Atlantic Oscillation is relatively short-lived and rapidly retrograde during both  IPO+ and  AMO−, but long-lived and shows 
different longitudinal movements and positions during  IPO− and  AMO+. During  IPO−, UB grows rapidly and decays slowly 
due to weak westerly winds and small meridional potential vorticity gradient  (PVy) over North Atlantic mid-high latitudes 
and Eurasian high latitudes, and moves slowly westward during its decay stage, causing strong cold anomalies over central 
Eurasia and its upstream region (30°–50° N, 30°–70° E).  AMO− has a similar effect due to the slow decay of retrograde 
UB. However, during  AMO+ UB grows slowly, decays rapidly and shows eastward movement due to strong (weak) westerly 
winds and large (small)  PVy over North Atlantic (Eurasian) high latitudes, causing strong cold anomalies over central Eurasia 
and its downstream side. Through these UB-induced sub-seasonal changes, the interdecadal  IPO−,  AMO− and  AMO+ help 
explain the decadal variation of the winter-mean ECA from 1965–1976 to 2002–2013.

1 Introduction

A pronounced feature of the recent winter air temperature 
variability in the Northern Hemisphere is a strong Eurasian 
cold anomaly (ECA) during recent winter decades around 

2002–2014 (Dai and Wang 2018), which is roughly coinci-
dent with the global warming hiatus—the slowdown in the 
global warming rate from around 1999–2013 (Cohen et al. 
2014; Mori et al. 2014; Dai et al. 2015; Wei et al. 2015; Li 
et al. 2015; Yao et al. 2017; Deser et al. 2017; Huang et al. 
2017). A winter ECA also occurred during 1960s–1970s 
(Dai and Wang 2018) and thus the winter Eurasian air tem-
perature exhibited some notable interdecadal variability 
(Wei et al. 2015; Huang et al. 2017; Sung et al. 2018). The 
interdecadal variability of the winter Eurasian air tempera-
ture has been linked to the Atlantic Multidecadal Oscillation 
(AMO) through the Atlantic‐Eurasian wave train (Sung et al. 
2018; Jin et al. 2020) and the Interdecadal Pacific Oscilla-
tion (IPO) (Dai et al. 2015). The IPO is the interdecadal 
variation in El Niño–Southern Oscillation (ENSO) (Dong 
et al. 2018), and ENSO has a significant influence on winter 
Ural blocking (UB, a blocking anticyclone over the Ural 
Mountains around 60° E and 50°–70° N that often persists 
for 10–20 days) and ECA (Luo et al. 2021). Thus, one might 
expect the IPO to have a significant impact on UB and ECA 
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as well, even though Wu and Lin (2012), Wu and Zhang 
(2015) and Zhou and Wu (2016) connected the summer Eur-
asian heat waves to the interdecadal variability of ENSO and 
AMO and the positive phase of AMO can have an important 
impact on the shape of UB (Luo et al. 2017b).

It has been recognized that UB’s longitudinal location, 
movement and persistence are more important for the occur-
rence region and strength of the sub-seasonal ECA over 
central Eurasia than the strength of blocking itself (Yao 
et al. 2017). In contrast, the European blocking and Atlantic 
blocking are not important for the cold anomaly over central 
Eurasia (Luo et al. 2019a, b, c). While UB is linked to sea 
ice loss in the Barents–Kara Seas (BKS) (Mori et al. 2014; 
Yao et al. 2017; Li et al. 2021), Euro-Atlantic blocking and 
UB are also modulated by AMO (Rimbu et al. 2014; Luo 
et al. 2017a, b; Chen et al. 2021). However, it is unclear 
how the IPO and AMO might influence the winter ECA 
through their modulation of UB, as the sub-seasonal ECA 
is closely related to the presence of UB (Luo et al. 2016a, 
b; Yao et al. 2017; Tyrlis et al. 2020; Kim et al. 2021), and 
what are the different roles the IPO and AMO play in the 
winter ECA. Moreover, how UB’s position, movement and 
evolution (i.e., growth and decay) change with the IPO and 
AMO, and how such UB changes influence the sub-seasonal 
ECA are unclear and not explored in previous studies.

As the winter-mean ECA is derived from the sub-seasonal 
ECA, we hypothesize that the UB-induced changes in sub-
seasonal ECAs modulated by IPO and AMO may play a 
significant role in causing the winter decadal ECA. Here, 
we investigate the different behavior of UB under different 
phases of IPO or AMO and offer a synoptic explanation 
from a blocking perspective for why the spatial pattern of 
the winter ECA shows a distinct change from 1965–1976 
to 2002–2013 (Fig. 1). We refer to this winter ECA change 
from 1965–1976 to 2002–2013 as the decadal change of 
ECA in this paper. Because the IPO and AMO are multi-
decadal modes, they do not directly excite UB events which 
have a sub-seasonal time scale ranging from 10 to 20 days. 
Instead, they can provide an interdecadal background condi-
tion (Wyatt et al. 2012) influencing UB. Thus, we hypoth-
esize that the phase of IPO or AMO can contribute to the 
change of the winter ECA from 1965–1976 to 2002–2013 
through their interdecadal modulation of UB’s position, 
movement, evolution and persistence. Such a study can help 
explain the change in the spatial pattern of the winter ECA 
from 1965–1976 to 2002–2013, which is not revealed in 
previous studies (e.g., Luo et al. 2017b; Sung et al. 2018; 
Luo et al. 2019a, b, c; Chen et al. 2021).

This paper is arranged as follows: In Sect. 2, the data and 
method are described. We present the connections of the 
winter ECA during 1965–1976 and 2002–2013 to changes in 
UB events in Sect. 3. In Sect. 4, we examine how the phase 
of IPO or AMO modulates the sub-seasonal ECA through 

changing the position, movement, persistence and evolution 
of UB events. Section 5 examines the physical processes 
through which the IPO or AMO modulates UB. The sum-
mary and conclusions are presented in Sect. 6.

2  Data and method

We used the daily data on a 2.5° × 2.5° grid for winter 
(December, January and February, DJF) during the period 
from December 1950/February 1951 to December 2017/
February 2018 (1950–2017, hereafter) taken from National 
Centers for Environmental Prediction-National Center for 
Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay 
et al. 1996) (https:// www. esrl. noaa. gov/ psd/ data/ gridd ed/ 
data. ncep. reana lysis). They include surface air temperature 
(SAT), 500-hPa geopotential height (Z500) and zonal wind 
(U500). We also repeated the analyses using the ERA5 rea-
nalysis (Hersbach et al., 2020) and the results are similar 
(see Figs. S2–3). All the daily fields were converted into 
anomaly fields through removing the 1950–2017 mean of 
each calendar day, and then detrended prior to analyses. We 
also used the winter monthly sea surface temperature (SST) 
and sea ice concentration (SIC) data on a 1° × 1° grid dur-
ing 1950–2017 from the HadISST1 taken from the Hadley 
Centre (Rayner et al. 2003) (http:// www. metof ce. gov. uk/ 
hadobs/ hadis st/ data/).

There are many ways to define the IPO (Dai 2013; Dong 
et al. 2018; Hua et al. 2018). For example, the winter IPO 
can be defined as the principal component (PC) of the first 
EOF of detrended, 3-year moving averaged DJF-mean SST 
from HadISST1 over 60° S–60° N (Dong and Dai 2015). 
Here, we used the winter IPO index obtained from the 
Koninklijk Nederlands Meteorologisch Instituut (KNMI) 
Climate Explorer (https:// clime xp. knmi. nl/ selec tindex. cgi? 
id= someo ne@ somew here). Following Trenberth and Shea 
(2006), the DJF-mean SST anomalies from HadISST1 aver-
aged over 0°–60° N, 0°–80° W minus the DJF-mean SST 
anomalies averaged over the global oceans from 60° S to 
60° N is defined as the AMO index. The winter AMO index 
we used here was directly taken from the KNMI Climate 
Explorer. Results are similar if the AMO index from Kaplan 
et al. (1998) is used. Below, we will use the 9-year smoothed 
IPO and AMO indices taken from the KNMI Climate 
Explorer to investigate the modulation of the IPO and AMO 
on UB and associated sub-seasonal ECA and explain the 
change of the winter ECA from 1965–1976 to 2002–2013.

Here we define a positive (negative) phase IPO or  IPO+ 
 (IPO−) as the year with positive (negative) value above 0.5 
(below − 0.5) standard deviations (STDs) for the 9-year 
smoothed DJF-mean IPO index. The positive (negative) 
phase AMO or  AMO+  (AMO−) is similarly defined using 
the 9-year smoothed DJF-mean AMO index. To ensure that 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis
http://www.metoffice.gov.uk/hadobs/hadisst/data/
http://www.metoffice.gov.uk/hadobs/hadisst/data/
https://climexp.knmi.nl/selectindex.cgi?id=someone@somewhere
https://climexp.knmi.nl/selectindex.cgi?id=someone@somewhere
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there are enough winters of the different IPO and AMO 
(IPO/AMO) phase combinations, we used the zero thresh-
old to define the IPO/AMO phase combination. As in Huang 
et al. (2019), an  IPO− and  AMO− (or  IPO−/AMO−) com-
bination winter is defined if their 9-year smoothed indices 
are negative, whereas an  IPO- and  AMO+ (or  IPO−/AMO+) 
combination winter is defined if the 9-year smoothed IPO 

(AMO) index is negative (positive). The other combination 
winters are similarly defined. The results based on the 0.5 
STD threshold are similar (not shown).

To identify UB events in the Ural Mountains region 
around 60° E, the one-dimensional (1D) blocking index by 
Tibaldi and Molteni (1990, TM hereafter) is used to cal-
culate UB events over the region 40°–80° E. The TM index 

Fig. 1  a Time series of DJF-mean surface air temperature (SAT) 
anomalies averaged over central Eurasia (60°–120°  E, 40°–60°  N), 
with the red line denoting the 1980–2000 period, and the blue lines 
marking the 1965–1976 and 2002–2013 periods respectively. b–g 
DJF-mean Z500 anomalies (contours; contour interval (CI) = 5 gpm) 
and SAT (color shading in unit of K) anomalies averaged during b–
d 1965–1976 and e–g 2002–2013 for UB events b, e included and 

c, f excluded (blocking days from lag − 10 to 10 days are removed, 
lag 0 denotes the day of the UB peak) as well as their differences: d 
b minus c and g e minus f. The dot represents the areas of the SAT 
anomaly being significant at the 95% level based on a two-sided Stu-
dent t-test. Black box represents the central Eurasia or Siberia, which 
has the same meaning as below
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is established based on the reversal of the meridional gra-
d i e n t s  o f  Z 5 0 0 :  GHGN =

Z500(�N )−Z500(�o)

�N−�o

 a n d 
GHGS =

Z500(�o)−Z500(�S)

�o−�S

 a t  t h ree  g iven  la t i tudes 
ϕN = 80°N + Δ, ϕo = 60°N + Δ, ϕS = 40°N + Δ and 
Δ =  − 5°, 5°, 5°. A blocking event is defined to have taken 
place in a given region if both GHGS > 0 and 
GHGN < − 10 gpm (deg lat)−1 persist at least three con-
secutive days and are satisfied for at least one choice of ∆ 
in the zonal domain of 15° longitudes. At the same time, 
the duration of UB is estimated by calculating the con-
secutive days with the daily Z500 anomaly averaged over 
the blocking latitude band (50°–70° N) exceeding a thresh-
old of 80 gpm, and used to represent the local persistence 
time of the UB in the Ural region as in Luo et al. (2018). 
The change speed of the daily zonal location of the maxi-
mum anticyclonic anomaly averaged over 50°–70° N is 
defined as the daily phase speed of UB, whereas its time-
mean value averaged over the blocking duration confined 
in the Ural region is defined as the mean movement speed 
of UB. In our composite, the day of the GHGS peak is 
defined as lag 0 of UB (Luo et al. 2017a, b).

Diao et  al. (2006) evaluated the different blocking 
indices in identifying the blocking action in the Northern 
Hemisphere and demonstrated that the 1D TM index is an 
appropriate metric for identifying blocking events over the 
Ural region. We compared different blocking indices (e.g., 
the 1D TM index and the PV-θ index in Masato et al. 2013 
and Woollings et al. 2008) and found that UB events and 
their durations are not very sensitive to the choice of the 
blocking index (Luo et al. 2018; Tyrlis et al. 2020). Thus, 
in this paper we use only the 1D TM index to identify UB 
events.

Our daily North Atlantic Oscillation (NAO) index 
was taken from the NOAA/Climate Prediction Center 
(https:// www. cpc. noaa. gov/ produ cts/ precip/ CWlink/ pna/ 
nao. shtml). We also define a positive (negative) NAO or 
 NAO+  (NAO−) event to have happened if the daily NAO 
index is equal to or above 0.5 (below − 0.5) STDs with at 
least three consecutive days. We define other daily events 
that are neither an individual  NAO+ nor  NAO− event as 
neutral NAO (NAO°) events. UB events associated with 
the  NAO+  (NAO−) event are referred to as the UB-NAO+ 
(UB-NAO−) events if the peak of the GHGS associated 
with UB takes place within the life cycle of the  NAO+ 
 (NAO−) event (e.g., Luo et  al. 2017a). UB event with 
NAO° is referred to as the UB-NAO° event.

We used the two-sided Student t-test for determining 
the statistical significance of the anomaly field at each 
grid point or the difference between two types of anomaly 
fields, but use the Monte Carlo test (using 5000 simula-
tions generated by repeated random sampling) to examine 
the statistical significance for the difference between two 

time series or between two duration lengths. Both tests 
are conducted at the p < 0.05 level. These methods are 
described in Wilks (2011).

As demonstrated theoretically by Luo et al. (2019b) and 
Zhang and Luo (2020), the magnitude of the meridional gra-
dient  (PVy) of the potential vorticity (PV) is a key factor 
influencing the behavior (duration, movement and evolution) 
of atmospheric blocking. The non-dimensional  PVy at 
500 hPa is defined as PVy = � −

�2U500

�y2
+ FU500 (F ≈ 1 for 

a barotropic atmosphere and β is the non-dimensional 
north–south gradient of the Coriolis parameter f), and U500 
is the non-dimensional basic westerly wind at 500 hPa, 
which can be directly calculated using non-dimensional 
DJF-mean 500-hPa zonal wind fields for blocking events 
excluded. When  PVy is small in the blocking region, atmos-
pheric blocking has weak energy dispersion and strong non-
linearity such that it can have a long lifetime (Luo et al. 
2019b). The strength of the upstream zonal wind or  PVy is 
important for whether the blocking shows different evolution 
(growth and decay) (Zhang and Luo 2020) and movement 
(Yao et al. 2017). When the upstream westerly wind or  PVy 
is weak, the atmospheric blocking exhibits rapid growth and 
slow decay. The reverse is seen for a strong upstream west-
erly wind or a large upstream  PVy (Zhang and Luo 2020). 
Below, we will use these insights to explain why the IPO or 
AMO can influence the persistence, movement and evolution 
of UB and their different impacts on Eurasian SAT anoma-
lies by examining the changes in DJF-mean westerly wind 
and  PVy related to the phase of IPO or AMO.

3  Decadal Eurasian cold anomalies and their 
linkage to UB events

It is useful to first show the time series of DJF-mean SAT 
anomalies averaged over central Eurasia (40°–60°  N, 
60°–120° E; CE) or Siberia from December 1950 to Febru-
ary 2018 (1950–2017) in Fig. 1a, with the DJF-mean Z500 
and SAT anomaly patterns for 1965–1976 and 2002–2013 
shown in Figs. 1b, e. Although the SAT anomaly over CE 
is positive for 2002–2003 (Fig. 1a), we included them 
in the recent ECA period in order to have the same time 
length sampling for the two decadal periods. The com-
posite Z500 and SAT anomalies using only 2004–2013 
(Fig. S1b in the supplementary file) are similar to those 
for 2002–2013 (Figs. 1b). The cold anomaly is stronger 
over Eurasia and extends more to the west and south of 
CE during 1965–1976 (Fig. 1b) than during 2002–2013 
(Fig. 1e). Such a large change of the winter ECA from 
1965–1976 to 2002–2013 was not noted in previous stud-
ies (Luo et al. 2017b; Sung et al. 2018; Jin et al. 2020; 
Chen et al. 2021). When the UB events (i.e., the blocking 

https://www.cpc.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://www.cpc.noaa.gov/products/precip/CWlink/pna/nao.shtml
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days ranging from lag − 10 to 10 days with lag 0 denoting 
the day of the UB peak) and associated sub-seasonal ECAs 
are removed from the DJF-mean Z500 and SAT fields, the 
winter ECAs become much weaker in the south of  60oN 
for both 1965–1976 (Fig. 1c) and 2002–2013 (Fig. 1f) 
than those with UB events (Fig. 1b, e). In this case, the 
significant cold anomaly is mainly located north of 60° N 
for 1965–1976 (Fig. 1c), whereas the 2002–2013 ECA is 
almost insignificant over CE and has a weak cold anomaly 
east of 100° E (Fig. 1f).

Our calculations show that the domain-averaged SAT 
anomaly over CE is − 1.47 K for 1965–1976 (Fig. 1b) and 
− 0.86 K for 2002–2013 (Fig. 1e), but it becomes − 0.4 K 
for 1965–1976 (Fig. 1c) and − 0.3 K for 2002–2013 (Fig. 1f) 
when the UB days are excluded (i.e., the days from lag − 10 
to 10 days of each UB event are removed from the compos-
ite averaging). As a result, the UB events contribute ~ 73% 
during 1965–1976 and ~ 65% during 2002–2013 to the 
winter ECA. The rest of the winter ECA may be related 
to the direct impacts on winter Eurasian SAT by IPO and 
AMO (not via UB) or other decadal changes. Thus, the 
presence of UB has a significant contribution to the win-
ter ECAs during 1965–1976 and 2002–2013. The differ-
ences of DJF-mean Z500 and SAT anomalies between the 
cases with and without UBs reflect the role of UB in the 
winter ECAs during 1965–1976 (Fig. 1d) and 2002–2013 
(Fig. 1g). We note that the winter cold anomaly associated 
with UBs in the upstream region of CE is stronger during 
1965–1976 (Fig. 1d) than during 2002–2013 (Fig. 1g). As 
noted below, the change of the UB-induced SAT anomaly 

from 1965–1976 to 2002–2013 is weaker over the down-
stream side of CE than over its upstream side.

We further show the 1965–1976 minus 2002–2013 differ-
ence fields for DJF-mean Z500 and SAT anomalies in Fig. 2 
for the two cases with and without UB. Figure 2a shows 
that a strong cold anomaly difference appears mainly to the 
south of 60° N and in the upstream region of CE. Such a cold 
anomaly difference is relatively weak for the case without 
UB (Fig. 2b). The 1965–1976 minus 2002–2013 difference 
of the DJF-mean SAT anomaly averaged over EC is about 
− 0.6 K for the case with UB, but decreases to − 0.1 K for the 
case without UB. Moreover, the DJF-mean SAT differences 
averaged over the upstream region (30°–50° N, 30°–70° E) 
and the downstream region (30°–50° N, 90°–130° E) are 
− 0.88 K and 0.15 K (− 0.33 K and 0.53 K) respectively, 
for the case with (without) UB. Thus, one can infer that the 
decadal difference of the winter ECA is related to the vari-
ability of UB from 1965–1976 to 2002–2013. These results 
also hold for the ERA5 data (Figs. S2, S3), even though 
the details of the winter ECA patterns are slightly differ-
ent. Although the  NAO+ and  NAO− events without UB can 
influence the winter SAT anomaly over Eurasia (Luo et al. 
2016b), they cannot produce cold anomalies over central 
Eurasia or Siberia south of  60oN (Fig. S4). Thus, in the fol-
lowing discussions we do not discuss the roles of  NAO+ and 
 NAO− events without UB, but instead we examine the role 
of UB in the sub-seasonal ECA.

We first show the time series of the number of UB events 
in winter during 1950–2017 in Fig. 3a to examine whether 
UB events exhibit a notable variation between 1965–1976 

Fig. 2  The 1965–1976 minus 2002–2013 difference fields of DJF-
mean Z500 (contours, CI = 5 gpm) and SAT (color shading in unit of 
K) anomalies for the cases a with and b without UB. The dot rep-

resents the SAT anomaly region being significant at the 95% level 
based on a two-sided Student t-test
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and 2002–2013. Figure 3a shows that there are 29, 30 and 
21 UB events (or 2.42, 1.43, and 1.75 UB events per winter) 
during 1965–1976, 1980–2000, and 2002–2013, respec-
tively. The difference of the UB event frequency between 
1965–1976 and 2002–2013 is statistically insignificant at 
the 90% confidence level based on a Monte-Carlo test. Thus, 

the decadal variation of the winter UB event frequency can-
not explain the Eurasian SAT change from 1965–1976 to 
2002–2013.

To further understand the mechanisms behind this 
SAT change, we show the time-mean fields of composite 
daily Z500 and SAT anomalies averaged from lag -10 to 

Fig. 3  a Time series of the number of winter Ural blocking (UB) 
events (a total of 126 cases) during 1950–2017 with three sub-peri-
ods: 1965–1976 (29 cases, blue line), 1980–2000 (30 cases; red line) 
and 2002–2013 (21 cases; dashed green line). b–d Time-mean com-
posite daily Z500 (contours, CI = 20 gpm) and SAT (color shading, 
unit in K) anomalies averaged from lag − 10 to 10 days (lag 0 denotes 
the peak day of blocking) for b 29 UB events during 1965–1976, c 30 
UB events during 1980–2000 and d 21 UB events during 2002–2013. 
e–g Time-longitude evolution of the composite daily Z500 anoma-

lies (unit: gpm and CI = 20 gpm) averaged over 50°–70° N of the UB 
events during e 1965–1976, f 1980–2000 and g 2002–2013. In e–g, 
the 80 gpm contour is marked by the green line and the thick blue 
line denotes the zonal location of the maximum daily Z500 anomaly 
whose temporal variation represents the movement speed. In pan-
els b–d, the color shading represents the SAT anomaly region being 
significant at the 95% confidence level based on a two-sided Student 
t-test
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10 days of UB events in Fig. 3b–d for three decadal epochs: 
1965–1976, 1980–2000 and 2002–2013. Correspondingly, 
the time-longitude plots of composite daily Z500 anoma-
lies averaged over 50°–70° N during the UB life cycle are 
presented in Fig. 3e–g. It is found that while the strong 
Eurasian cold anomalies mainly over central Eurasia during 
both 1965–1976 and 2002–2013 (Fig. 3b, d) are associated 
with long-lived UB events having the durations of about 
9–11 days (Fig. 3e, g) that satisfy the 80 gpm threshold of 
the UB amplitude as defined in Sect. 2, the sub-seasonal 
ECA extends more to the southwest and covers a wider 
region in 1965–1976 (Fig. 3b) than in 2002–2013 (Fig. 3d). 
The time-mean UB is centered at (45° E, 62° N) during 
1965–1976, but at (52° E, 65° N) during 2002–2013; thus, 
the time-mean UB is located more west during 1965–1976 
than during 2002–2013. Moreover, we see that the time-
mean sub-seasonal ECAs during 1965–1976 (Fig. 3b) and 
2002–2013 (Fig.  3d) also resemble the DJF-mean SAT 
anomalies of UB events (Fig.1d, g), even though the sub-
seasonal ECA pattern in 2002–2013 (Fig. 3d) has a small 
difference with the DJF-mean result in Fig. 1g. It is fur-
ther seen that UB moves westward especially during the 
decaying phase and grows rapidly but decays slowly during 
1965–1976 (Fig. 3e), whereas it moves eastward and grows 
slowly but decays rapidly during 2002–2013 (Fig. 3g). Thus, 
it is inferred that the difference of the sub-seasonal ECA 
between 1965–1976 and 2002–2013 is related to the differ-
ence of UB in longitudinal position, movement and evolu-
tion, as noted below.

It is further seen that the upstream enhancement of the 
sub-seasonal ECA during 1965–1976 (Fig. 3b) is likely 
related to the westward movement, rapid growth and slow 
decay of long-lived UB (Fig. 3e) through the enhanced 
upstream cold temperature advection associated with low-
level winds (Fig. S5a) (Yao et al. 2017). This reflects that 
UBs during 1965–1976 mainly influence the central Eura-
sia and its upstream region. In contrast, the enhanced sub-
seasonal cold anomaly over CE and in the downstream 
region (Fig. 3d) during 2002–2013 is linked to the eastward 
movement, slow growth and rapid decay of long-lived UBs 
(Fig. 3g) due to enhanced downstream cold temperature 
advection (Fig. S5c) associated with the eastward move-
ment of UB. Because UBs have a shorter duration and move 
rapidly westward during 1980–2000 (Fig. 3f), the Eurasian 
warm anomaly during 1980–2000 is likely related to short-
lived, rapidly retrograde UB events and weak cold advection 
(Fig. S5b) during this period. We note here that we do not 
investigate the changes of Eurasian air temperatures from 
1965–1976 to 1980–2000 or from 1980–2000 to 2002–2013, 
as our emphasis is on the exploration of the physical cause of 
the interdecadal change of the winter ECA from 1965–1976 
to 2002–2013.

Our calculations show that UB possesses a longer dura-
tion of nearly 9 days (11 days) over 40°–80° E with a move-
ment speed of about − 1.4 m/s (1.6 m/s) during 1965–1976 
(2002–2013) (Figs. 3e, g) than that of about 7 days with 
a large retrogression speed of about − 2.2  m/s during 
1980–2000 (Fig. 3f). While the UB’s duration difference 
between 1965–1976 and 2002–2013 is not statistically sig-
nificant according to a Monte-Carlo test, UB shows opposite 
movement and evolution (growth and decay) between the 
two periods. Thus, the difference of the winter ECA spa-
tial patterns between 1965–1976 (Fig. 1b) and 2002–2013 
(Fig. 1c) is mainly related to the different longitudinal posi-
tion, movement and evolution of long-lived UBs in the two 
periods (Fig. 3e, g). These findings are not reported in our 
previous studies (Luo et al. 2017b; Chen et al. 2021).

We now examine whether the change of the UB-related 
sub-seasonal ECA from 1965–1976 to 2002–2013 is simi-
lar to the 1965–1976 minus 2002–2013 DJF-mean ECA 
difference (Fig. 1d) and whether such a change is mainly 
related to the interdecadal variation of the UB-NAO+ events 
because most of the UB events are related to  NAO+ (Luo 
et al. 2016b). Our analysis reveals that there are 67 UB-
NAO+ (53%) events out of 126 UB events, but only 30 UB-
NAO− (24%) events and 29 UB-NAO° (23%) events during 
1950–2017. On average, UB-NAO+ events (1.17 and 1.08 
cases per winter) during 1965–1976 and 2002–2013 are 
more frequent than UB-NAO− events (0.67 and 0.42 cases 
per winter) and UB-NAO° events (0.58 and 0.22 cases per 
winter). Figure 4a–d show the time-mean horizontal fields 
of composite daily Z500 and SAT anomalies averaged over 
the blocking episode from lag − 10 to 10 days of UB and 
UB-NAO+ events during 1950–2017 and their differences 
between 1965–1976 and 2002–2013. It is found that the 
spatial pattern of the UB-induced cold anomaly over Eura-
sia for UB-NAO+ events (Fig. 4b) is similar to that for all 
UB events (Fig. 4a), although UB-NAO− and UB-NAO° 
events influence the cold anomalies over central Eurasia dur-
ing 1965–1976 and 2002–2013 and have the same effect as 
UB-NAO+ events (not shown). Because UB-NAO+ events 
are much more frequent than UB-NAO− and UB-NAO° 
events, the decadal change of UB-induced sub-seasonal cold 
anomaly from 1965–1976 to 2002–2013 is mainly related 
to the decadal variation of UB-NAO+ events. Over Eurasia, 
the difference of the UB-induced sub-seasonal cold anomaly 
between 1965–1976 and 2002–2013 (Fig. 4c) also resem-
bles the DJF-mean SAT difference between the two periods 
(Fig. 2a), even though the strength of the cold anomaly is 
slightly different. Clearly, the 1965–1976 minus 2002–2013 
sub-seasonal cold anomaly difference associated with UBs 
is mainly related to the change of UB-NAO+ events from 
1965–1976 to 2002–2013 (Fig. 4d) because the UB with 
 NAO+ (Fig. 4e, f) shows similar behaviors in persistence, 
movement and evolution to those of all UB events (Fig. 3e, 
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g). We also noted that the 1965–1976 minus 2002–2013 dif-
ference of the sub-seasonal cold anomaly associated with 
UBs is stronger in the upstream side of CE (especially to the 
south of 50° N) than in the downstream side of CE for UB or 
UB-NAO+ events (Fig. 4c, d). Thus, in the following discus-
sions we do not classify UB events according to the phase of 
NAO. Instead, we examine the modulation of AMO and IPO 
on UB and associated cold anomaly as well as their changes 
from 1965–1976 to 2002–2013, and the likely effect of the 
associated background conditions in Sects. 4–5.

4  Interdecadal variations of UB events 
and sub‑seasonal ECA, and their linkage 
to IPO and AMO

4.1  Interdecadal SST modes and their linkages 
to IPO and AMO

Figure 5a, b show the normalized time series of the DJF-
mean IPO and AMO indices during 1950–2017. In addi-
tion, we show the DJF-mean SST anomalies averaged over 
1965–1976 and 2002–2013 in Fig. 5c, d, whereas the DJF-
mean SST anomalies regressed onto the 9-year smoothed 
IPO and AMO indices are shown in Fig. 5e, f. It is shown 
that the winter IPO experienced a positive phase  (IPO+) 
during 1960–1968, 1979–1998 and 2015–2017; but a 
negative phase  (IPO−) during 1950–1959, 1970–1978 and 
2000–2014 (Fig. 5a). The winter AMO had a positive phase 
 (AMO+) during 1950–1960 and 1996–2017; but a negative 
phase  (AMO−) during 1960–1995 (Fig. 5b). We find that 
there are 16  IPO− and 19  IPO+ as well as 23  AMO− and 18 
 AMO+ winters based on the 0.5 STD definition of the 9-year 
smoothed IPO and AMO indices during 1950–2017.

Clearly the SST anomaly patterns resemble those for 
 IPO− and  AMO− during 1965–1976 (Fig.  5c), but for 
 IPO− and  AMO+ during 2002–2013 (Fig. 5d). The regressed 
SST anomalies show that while the  IPO− mode corresponds 
to a weak  AMO+ SST anomaly over North Atlantic (Fig. 5e), 
the  AMO+ mode can correspond to an  IPO− SST anomaly 

over the Pacific (Fig. 5f), whose amplitude is smaller than 
that of  IPO− (Fig. 5e). Because the relationship between the 
IPO and AMO has been discussed in detail in other studies 
(e.g., Zhang and Delworth 2007; Meehl et al. 2021), exam-
ining their mutual relationship is not considered in our pre-
sent study. A comparison of Fig. 5e, f with Fig. 5c, d leads 
us to infer that the 1965–1976 ECA is likely related to the 
 IPO− and  AMO− modes or their combination, whereas the 
2002–2013 ECA is related to the  IPO− and  AMO+ modes 
or their combination.

4.2  Modulation of IPO and AMO on UB 
and sub‑seasonal cold anomalies

In this subsection, a composite of DJF-mean Z500 and SAT 
anomalies for two cases with and without UB events in 
 IPO−,  AMO− and  AMO+ winters is first shown in Fig. 6 to 
help us consider whether IPO and AMO without UB con-
tribute to the winter ECAs. Figure 6a shows that  IPO− with 
UB corresponds to a strong winter cold anomaly over central 
Eurasia. However, when UB events are excluded from the 
 IPO− winters, no strong cold anomaly appears over cen-
tral Eurasia, but a weak cold anomaly can occur north of 
60° N or to the east of 100° E for  IPO− (Fig. 6b). For  AMO+ 
there is no strong ECA for both cases with and without UB 
(Fig. 6c, d). For  AMO− a relatively strong cold anomaly 
is seen in the upstream and south sides of central Eurasia 
(Fig. 6e), but almost disappears when the UB events are 
excluded (Fig. 6f). Thus,  AMO− without UB cannot produce 
interdecadal cold anomalies south of 60° N over Eurasia, 
but are linked to strong high-latitude cold anomalies over 
Eurasia (north of 60° N). Similar results are found using the 
zero threshold for defining the IPO and AMO phases (Fig. 
S6), even though the ECA is relatively weak. Thus,  AMO+ 
or  AMO− cannot produce a strong cold anomaly over central 
Eurasia south of 60° N as seen in observations (Fig. 1b, c) 
if UB is absent. Similarly,  IPO− without UB cannot contrib-
ute to the interdecadal cold anomalies over central Eurasia 
(Fig. 6b). These results, taken in concert, suggest that UB 
events modulated by  IPO−,  AMO− and  AMO+ play a sig-
nificant role in the winter cold anomaly over central Eura-
sia. By comparison, the interdecadal cold anomaly during 
 IPO− without UB in the winter ECA contributes to a rela-
tively weak cold anomaly in the downstream side of 100° E.

We show the time series of the event number of UB 
events in winter for  IPO−,  IPO+,  AMO− and  AMO+ in 
Fig. 7. There are 36 (34) total UB events or 2.25 (1.79) UB 
events per winter during  IPO−  (IPO+) (Fig. 7a, b), but 43 
(33) total UB events or 1.87 (1.83) UB events per winter 
during ‘AMO−  (AMO+) (Fig. 7c, d). Thus, the UB event 
number does not vary greatly among the  IPO−,  IPO+, 
 AMO− and  AMO+ phases. This is expected because UB 
(mostly UB-NAO+) events are mainly excited by the decay 

Fig. 4  Time-mean composite daily 500-hPa geopotential height 
(Z500) (contours, CI = 20 gpm) and SAT (color shading, unit: K) 
anomalies averaged from lag − 10 to 10 days (lag 0 denotes the peak 
day of blocking) for a UB and b UB-NAO+ events during 1950–
2017. c, d 1965–1976 minus 2002–2013 differences of time-mean 
Z500 and SAT anomalies for c UB and d UB-NAO+ events, where 
the color shading represents the SAT anomaly region being signifi-
cant at the 95% confidence level based on a two-sided Student t-test. 
e, f Time-longitude evolution of composite daily Z500 anomalies 
(unit: gpm and CI = 20 gpm) averaged over 50°–70° N of UB-NAO+ 
events during e 1965–1976 and f 2002–2013. The 80 gpm contour is 
marked by the green line and the thick blue line with dot denotes the 
zonal location of the maximum daily Z500 anomaly and its temporal 
variation represents the movement speed
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of  NAO+ via energy dispersion or the propagation of wave 
trains (Luo et al. 2016b), which does not strongly depend 
on the phase of IPO or AMO. However, IPO or AMO can 
modulate the interdecadal background condition and affect 
the longitudinal position, duration, movement and evolution 
of UB events.

To understand how the phase of IPO or AMO modulates 
the behaviors of UB and associated sub-seasonal ECA, it is 
useful to show the time-mean fields of composite daily Z500 
and SAT anomalies averaged over a blocking period from lag 

− 10 to 10 days of UB events and time-longitude plots of the 
composite daily Z500 anomalies averaged over 50°–70° N in 
Figs. 8 and 9 for the two phases of IPO and AMO, respec-
tively. It is seen that a strong sub-seasonal ECA appears 
over central Eurasia and its upstream side during the UB 
events for  IPO− (Fig. 8a) as UB has a strong positive height 
anomaly near 60° E and its west side, a long duration of 
about 9.5 days with rapid growth and persistent slow decay, 
and a small westward speed of about − 0.2 m/s in the Ural 
region mainly occurring after lag 3 (Fig. 8d). UB is mainly 

Fig. 5  a, b Time series of normalized DJF-mean a Interdecadal 
Pacific Oscillation (IPO) and b Atlantic Multidecadal Oscillation 
(AMO) indices during 1950–2017, where the black solid line repre-
sents a 9-year moving average. c, d Time-mean winter SST anomalies 
during c 1965–1976 and d 2002–2013. e, f regressed DJF-mean SST 

(color shading, in K per unit index) against the normalized a DJF-
mean IPO index (multiplied by − 1.0) and b AMO index time series 
with a 9-year moving average. In panels c–f, the dot in the color shad-
ing represents the region being significant at the 95% confidence level 
based on a two-sided Student t-test
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located in the west part of the Ural Mountains. In contrast, a 
weak ECA is seen for  IPO+ (Fig. 8b) as UB has a very weak 
positive Z500 anomaly, a shorter lifespan (~ 7 days), and 
a large retrogression speed of about − 2.0 m/s but without 
rapid growth and persistent slow decay (Fig. 8e). Thus, UB 
makes a larger contribution to the cold anomaly upstream 
of central Eurasia during  IPO− than during  IPO+ because of 
the westward displacement and long lifetime of UB and its 
rapid growth and slow decay during  IPO−.

A relatively intense cold anomaly is seen over cen-
tral Eurasia and its upstream side during UB events for 
 AMO− (Fig.  9a) as UB has a positive height anomaly 
around 30°–60° E, a relatively short duration (~ 7 days), a 
westward movement of about − 1.0 m/s and a weaker slow 
decay for  AMO− (Fig. 9d) than for  IPO− (Fig. 8d). UB cor-
responds to a strong cold anomaly over central Eurasia and 
its downstream side for  AMO+ (Fig. 9b) because it shows 
slow growth and rapid decay with a duration of ~ 9 days and 
a large eastward speed of about 1.5 m/s (Fig. 9e). The UB 
duration difference of ~ 2 (3) days is significant at the 90% 
(95%) confidence level with for a Monte-Carlo test. These 
UB differences in longitudinal position, movement and dura-
tion lead to a large difference in the cold anomaly in the 
upstream and downstream sides of central Eurasia between 
 AMO+ and  AMO− (Fig. 9c). A comparison between Figs. 8 
and 9 reveals that  AMO+ plays an important role in the UB-
induced cold anomaly over CE and its downstream region 
(Fig. 9b) because of the long lifetime, eastward movement, 
slow growth and rapid decay of the composite UB. But 
the UB-induced sub-seasonal ECA is located more west- 
and south-ward during  IPO− than during  AMO+, although 
 AMO− contributes to the upstream cold anomaly through 
retrograding UBs with a slow decay.

4.3  Is the decadal change of the winter ECA due 
to decadal changes in UB‑induced sub‑seasonal 
ECAs modulated by IPO and AMO?

In this subsection, we quantitatively evaluate the contri-
butions of UB events modulated by  IPO−,  AMO− and 
 AMO+ to the spatial changes of the winter SAT anoma-
lies over CE. Because the 1965–1976 period includes both 
 IPO− and  AMO− winters and 2002–2013 corresponds to 
both  IPO− and  AMO+ winters, it is instructive to exam-
ine the change of the UB-induced sub-seasonal ECA 
from  IPO− or  AMO− in 1965–1976 to  IPO− or  AMO+ in 
2002–2013. Based on this, one can understand whether the 
change of the winter ECA from 1965–1976 to 2002–2013 
is mainly related to the interdecadal changes of UB-induced 
sub-seasonal ECAs modulated by  IPO−,  AMO− or  AMO+. 
It is seen from Fig. 7 that during 1965–1976 UB events 
occurred in the time period 1971–1976 (1968–1976) for 
 IPO−  (AMO−), but during 2002–2013 they occurred in the 

time period 2007–2013 (2002–2009) for  IPO−  (AMO+). 
This suggests that  AMO+  (IPO−) mainly modulates the 
ECA via UB changes during the former (later) period of 
2002–2013, while during 1965–1976 the winters of UB 
events associated with  IPO− are slightly different from those 
associated with  AMO−.

We show time-mean fields of the composite daily Z500 
and SAT anomalies averaged from lag − 10 to 10 days 
of UB events in Fig.  10 for  IPO− and  AMO− during 
1965–1976; and  IPO− and  AMO+ during 2002–2013 as 
well as the  IPO− (1965–1976) minus  IPO− (2002–2013) and 
 AMO− (1965–1976) minus  AMO+ (2002–2013) differences. 
It is found that for  IPO− the UB-induced sub-seasonal cold 
anomaly occurs mainly over central Eurasia and its upstream 
side (30°–70° E) during 1965–1976 (Fig. 10a), but over 
central Eurasia and its downstream side (90°–120° E) dur-
ing 2002–2013 (Fig. 10b). This feature can be clearly seen 
from their difference field (Fig. 10c). During 1965–1976, the 
UB-induced Eurasian cold anomaly for  AMO− (Fig. 10d) 
has a similar spatial pattern to that for  IPO− (Fig. 10a), 
although they show a smaller difference. The UB-related 
cold anomaly for  AMO+ (Fig. 10e) is also similar to that 
for  IPO− during 2002–2013 (Fig. 10b), although the cold 
anomaly in the downstream region of CE is slightly stronger 
for  IPO− (Fig. 10b) than for  AMO+ (Fig. 10e). Thus, under 
the modulation of  IPO−,  AMO− and  AMO+ the UB-related 
sub-seasonal cold anomaly is stronger in the upstream side 
of CE during 1965–1976 than during 2002–2013. Based on 
UB events for the different phases of IPO and AMO (Fig. 
S7), similar results can be found from the composite of UB 
events (Fig. S8) if individual IPO and AMO phases are 
defined by using the zero threshold of the IPO and AMO 
indices, even though UB-related sub-seasonal ECA is the 
same for  IPO− and  AMO+ during 2002–2013.

Here, we further examine whether the change in the win-
ter ECA from 1965–1976 to 2002–2013 is mainly related 
to the variation of UB events from  IPO− to  AMO+ during 
1950–2017 or from  IPO− during 1965–1976 to  AMO+ dur-
ing 2002–2013. We show the  IPO− (1965–1976) minus 
 AMO− (1965–1976),  IPO− (2002–2013) minus  AMO+ 
(2002–2013),  IPO− minus  IPO− (1965–1976),  AMO+ 
minus  AMO+ (2002–2013),  IPO− minus  AMO+, and 
 IPO− (1965–1976) minus  AMO+ (2002–2013) difference 
fields of time-mean Z500 and SAT anomalies averaged from 
lag − 10 to 10 days of UB events in Fig. 11. In this figure, 
the  IPO− (1950–2017) or  AMO+(1950–2017) is referred 
to as  IPO− or  AMO+. It is of interest to see that the UB-
related sub-seasonal cold anomaly is slightly stronger in 
the upstream region of CE for  IPO− than for  AMO− during 
1965–1976 (Fig. 11a), but stronger in the north of  50oN and 
in the downstream region of 100° E for  IPO− than  AMO+ 
during 2002–2013 (Fig.  11b). Such an effect becomes 
slightly weak during 1965–1976 when the phases of IPO 
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and AMO are defined using the zero threshold (Fig. S9a), 
but the UB-related sub-seasonal cold anomaly has the same 
spatial pattern for  IPO− and  AMO+ during 2002–2013 (Fig. 
S9b). In brief, the  IPO− minus  AMO− SAT anomaly differ-
ence is small during 1965–1976, whereas the  IPO− minus 
 AMO+ difference during 2002–2013 is also small only in 
the south of 50° N.

It is also seen from Fig.11c, d that the UB-related sub-
seasonal ECA is weaker for both  IPO− and  AMO+ during 
1950–2017 than for  IPO− during 1965–1976 (Fig. 11c) 
or for  AMO+ during 2002–2013 (Fig. 11d). Over Eura-
sia the  IPO− minus  AMO+ SAT anomaly difference dur-
ing 1950–2017 (Fig. 11e) has a spatial pattern similar to 
the  IPO− (1965–1976) minus  AMO+ (2002–2013) SAT 
anomaly difference (Fig. 11f), which also resembles the 
 AMO− (1965–1976) minus  AMO+ (2002–2013) difference 
(Fig. 10f). Thus, the decadal variation of UB-induced cold 
anomaly from 1965–1976 to 2002–2013 can be, to a large 
extent, explained by the change of the UB events associated 
with the transition from  IPO−/AMO− during 1965–1976 to 
 IPO−/AMO+ during 2002–2013.

To quantify changes in the UB-related sub-seasonal SAT 
anomaly from 1965–1976 to 2002–2013 in the upstream 
and downstream regions of CE, we show the time series 
of domain-averaged composite daily SAT anomalies over 
the upstream (30°–70°  E, 30°–50°  N) and downstream 
(90°–130° E, 30°–50° N) regions of UB events from lag 
− 20 to 20 days in Fig. 12a–f for  IPO−,  AMO− and  AMO+ 
during 1950–2017, 1965–1976 and 2002–2013. It is 
found that UBs associated with  IPO− and  AMO− during 
1965–1976 contribute more significantly to sub-seasonal 
cold anomalies in the upstream region of CE than those 
associated with  AMO+ during 2002–2013 (Fig. 12e, f), 
even though the role of  IPO− (Fig. 12a) is more important 
than that of  AMO− (Fig. 12c). In contrast, UB events dur-
ing  AMO+ contribute slightly more to the sub-seasonal 
cold anomaly in the downstream side of CE than during 
 IPO− and  AMO− (Fig. 12b, d, f). These results suggest that 
the decadal change of the winter ECA from 1965–1976 to 
2002–2013 (Fig. 2a) is not only related to the interdecadal 
variations of the UB-induced sub-seasonal ECAs modulated 

by  IPO− and  AMO+, but also related to retrograde UBs dur-
ing  AMO− winters.

Because 1965–1976 (2002–2013) includes  IPO− and 
 AMO−  (IPO− and  AMO+) as noted above, it is useful to 
further examine how the different IPO/AMO phase com-
binations modulate the UB and associated sub-seasonal 
ECA. Following the definition of the IPO and AMO 
phase combination in Sect. 2, we show winter UB events 
in Fig.  13a for the  IPO−/AMO−,  IPO−/AMO+,  IPO+/
AMO− and  IPO+/AMO+ combinations. It is found that 
there are 10  IPO−/AMO−, 24  IPO−/AMO+, 22  IPO+/
AMO− and 8  IPO+/AMO+ combination winters during 
1950–2017, which correspond in turn to 25, 43, 42 and 
16 UB events or 2.5, 1.79, 1.91 and 2 UB events per win-
ter (Fig. 13a). We show time-mean fields of composite 
daily Z500 and SAT anomalies averaged from lag -10 to 
10 days of UB events in Fig. 13b–g for these phase com-
binations. We can see that UB events are most frequent in 
the  IPO−/AMO− winters and occurred during 1969–1978. 
In the  IPO−/AMO+ winters UB events occurred during 
1950–1959 and 2000–2014 (Fig. 13a). UB corresponds 
to strong sub-seasonal cold anomalies over CE for the 
 IPO−/AMO− and  IPO−/AMO+ combinations (Fig. 13b, 
c), although the UB-induced cold anomaly is stronger and 
located more southwest in the  IPO−/AMO− combination 
(Fig. 13b) than in the  IPO−/AMO+ combination (Fig. 13c). 
In contrast, the UB-induced cold anomalies are weak over 
central Eurasia for the  IPO+/AMO− (Fig. 13e) and  IPO+/
AMO+ (Fig. 13f) combinations. It is also seen that the 
UB-induced cold anomaly for the  IPO−/AMO− combi-
nation (Fig. 13b) has a spatial pattern similar to that for 
 IPO− (Fig. 10a) or  AMO− (Fig. 10d) in 1965–1976. In 
the  IPO−/AMO+ combination winter, the UB-induced cold 
anomaly pattern (Fig. 13c) is analogous to that for the 
 IPO− (Fig. 10b) or  AMO+ (Fig. 10e) in 2002–2013. More-
over, it is found that the  IPO−/AMO− minus  IPO−/AMO+ 
difference of the UB-induced SAT anomaly (Fig. 13d) has 
a large similarity with the 1965–1976 minus 2002–2013 
difference of the UB-induced SAT anomaly over CE 
(Fig. 4c). The  IPO−/AMO− minus  IPO−/AMO+ differences 
of the sub-seasonal SAT anomalies averaged over CE and 
its upstream region (30°–50° N, 30°–70° E) are 0.12 K 
and − 1.16 K, respectively, whereas the 1965–1976 minus 
2002–2013 differences of the UB-induced SAT anomalies 
are 0.2 K and − 0.8 K, respectively. Clearly, the change 
in the UB-induced cold anomalies from 1965–1976 to 
2002–2013 or from the  IPO−/AMO− to  IPO−/AMO+ is 
large in the upstream region of CE, but small over CE. 
Thus, the above results suggest that the decadal varia-
tion of the winter ECA from 1965–1976 to 2002–2013 is 
closely linked to the interdecadal changes of UB events 
modulated by  IPO−,  AMO− and  AMO+ during 1965–1976 
and 2002–2013.

Fig. 6  Composite DJF-mean Z500 (contours, unit: gpm) and SAT 
(color shading) anomalies in a, b  IPO−, c, d  AMO+ and e, f  AMO− 
winters during 1950–2017 based on the 0.5 STD threshold value defi-
nition of 9-year smoothed IPO and AMO indices for days a, c, e with 
and b, d, f without UB events (the case without UB represents that 
blocking days from lag − 10 to 10 are removed for each UB event in 
winter). The composite field with UB events during  IPO−  (AMO− or 
 AMO+) is referred to as the  IPO−  (AMO− or  AMO+) case, whereas 
the composite field without UB events (blocking days from lag − 10 
to 10 days are removed) during  IPO−  (AMO− or  AMO+) is referred 
to as the  IPO−  (AMO− or  AMO+) without UB case. Color shading 
represents the areas being significant at the 95% level based on a two-
sided Student t-test. Black box represents central Eurasia or Siberia
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5  Atmospheric link between IPO/AMO 
and Ural blocking and ECA

In this section, we reveal why the phase of IPO or AMO 
can modulate UB and why a large SIC decline over BKS 
(Luo et al. 2019a; Simmonds and Li 2021) is unnecessary 
for the change of UB during  IPO−, which occurred during 
1965–1976, but necessary for the UB change during  AMO+, 
which occurred during 2002–2013.

Figure 14 shows the regression patterns of DJF-mean 
U500,  PVy at 500 hPa and SIC anomalies against the 9-year 
smoothed DJF-mean IPO and AMO indices shown in 
Fig. 5a, b. One observes that during  IPO− there are negative 

U500 anomalies in the North Atlantic mid-high latitudes 
(42°–60° N) with a center near 50° N to the north of the 
Gulf Stream Extension (GSE) and over Eurasian high lati-
tudes (north of 50° N) (Fig. 14a), as noted in Dong and Dai 
(2015). However, during  AMO+ there are a positive U500 
anomaly over the North Atlantic high latitudes (50°–65° N) 
centered near 60° N to the north of GSE and a negative 
U500 anomaly over the Ural Mountains and the east of 60° E 
(Fig. 14b). A reversed westerly wind pattern is seen for  IPO+ 
or  AMO−.

Previous studies have indicated that the reduced winter 
zonal winds over North Atlantic mid-high latitudes (south 
of 60° N) and Eurasian high latitudes are related to the 

Fig. 7  a–d Time series of win-
ter UB events during a  IPO−, 
b  IPO+, c  AMO− and d  AMO+ 
based on the 0.5 STD thresh-
olds of the normalized 9-year 
moving averaged IPO and AMO 
indices during 1950–2017. Note 
that the 2006 (1986) winter 
belongs to  IPO− or  (IPO+), 
which does not correspond to 
UB events
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presence of a positive Z500 anomaly over the high latitudes 
(or a negative Arctic Oscillation) in winter. Such a positive 
Z500 anomaly is excited mainly by the weakened winter 
stratospheric polar vortex (Nakamura et al. 2016) occur-
ring during the negative phase of Pacific Decadal Oscil-
lation or IPO (Hu and Guan 2018). As a result, reduced 
westerly winds can occur over North Atlantic and Eurasian 

mid-high latitudes during  IPO−. However, the role of  AMO+ 
is to reduce the winter zonal winds in the Eurasian high 
latitudes through the intrusion of Atlantic warm waters 
into the BKS and BKS warming associated with the sea 
ice decline (Luo et al. 2017b).  AMO+ also enhances the 
winter zonal winds over North Atlantic (south of 60° N) 
via intensified meridional temperature gradients. Thus, in 

Fig. 8  Time-mean composite daily Z500 (contour; CI = 20 gpm) and 
SAT (color shading) anomalies averaged from lag − 10 to 10  days 
(lag 0 denotes the peak day of blocking) of a  36 UB events during 
 IPO− (16 cases), b 34 UB events during  IPO+ (19 cases) and c  IPO− 
minus  IPO+ difference based on the 0.5 STD threshold of the 9-year 
moving averaged IPO index. d, e Time-longitude evolution of com-
posite daily Z500 anomalies (contours; the green line represents 80 

gpm and CI = 20 gpm) averaged over the latitudes 50°–70° N of UB 
events during d  IPO− and e  IPO+. In panels a–c, the color shading 
represents the SAT anomaly region being significant at the 95% con-
fidence level based on a two-sided Student t-test. In panels d–e, the 
thick blue line denotes the zonal location of the maximum daily Z500 
anomaly and its temporal variation represents the movement speed
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this paper we did not further examine how  IPO− and  AMO+ 
influence the background zonal winds over North Atlantic 
and Eurasia. While  PVy is weak (strong) in the mid-high 
latitude region 42°–57° N (50°–65° N) of the North Atlan-
tic for  IPO−  (AMO+), it is weak in Eurasian high latitudes 
near the Ural region (Fig. 14c, d). Moreover, we see that 
negative U500 and  PVy anomalies are insignificant over 

the North Atlantic for  IPO− (Fig. 14a), whereas the nega-
tive U500 anomaly is insignificant over the Ural region for 
 AMO+ (Fig. 14b). However, a composite shows that the 
 IPO− minus  AMO+ differences of the negative U500 and 
 PVy anomalies are significant over the North Atlantic and 
Ural region when the 0.5 STD threshold is used (Fig. S10). 
Thus, the North Atlantic zonal wind and  PVy patterns show 

Fig. 9  Time-mean composite daily Z500 (contours, CI = 20 gpm) 
and SAT (color shading, in K) anomalies averaged from lag −10 to 
10  days (lag 0 denotes the peak day of blocking) for the a 43 UB 
events during  AMO− (23 cases), b 33 UB events during  AMO+ (18 
cases) and c  AMO− minus  AMO+ difference based on the 0.5 STD 
threshold of the 9-year moving averaged AMO index from 1950 to 
2017. d, e Time-longitude evolution of composite daily Z500 anoma-

lies (unit: gpm, the green line represents the 80 gpm contour and 
CI = 20 gpm) averaged over the latitudes 50°–70° N of the UB events 
during d  AMO− and e  AMO+. In panels a–c, the color shading rep-
resents the region with SAT anomalies at the 95% confidence level 
based on a two-sided Student t-test. In panels d–e, the thick blue line 
denotes the zonal location of the maximum daily Z500 anomaly and 
its temporal variation represents the movement speed
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significant changes between  IPO− and  AMO+, although they 
are weak in the Ural region.

In summary, weak zonal winds and small  PVy are seen 
in the mid-high latitude region from the south tip of Green-
land to the Ural region and its east side for  IPO−. But for 
 AMO+ zonal winds and  PVy are strong in the south side 
of Greenland and weak in the Ural region. Based on the 
9-year smoothed Z500 and SAT anomalies regressed onto 
the 9-year smoothed DJF-mean IPO and AMO indices (Fig. 
S11), it is noted that  IPO− corresponds to anticyclonic 
anomalies over Greenland and BKS (Fig. S11a), whereas 
 AMO+ corresponds to anticyclonic anomalies over the BKS 
and in the North Atlantic mid-high latitudes south of  60oN 
(Fig. S11b). The obtained 9-year smoothed Z500 and SAT 
anomalies can be approximately considered as the back-
ground circulation conditions of UB events. Thus, the inter-
decadal background conditions over the North Atlantic and 

Eurasia during 1965–1976 and 2002–2013 are significantly 
modulated by  IPO−,  AMO− and  AMO+.

According to the theoretical result of Zhang and Luo 
(2020), UB is long-lived, and shows rapid growth and 
slow decay when upstream background westerly winds 
and  PVy are weak as seen during  IPO−. In contrast, UB 
shows an enhanced eastward movement, slow growth and 
rapid decay when upstream background westerly winds 
and  PVy are relatively strong as seen during  AMO+. Thus, 
these results explain why UB shows an opposite change 
in movement and evolution between  IPO− and  AMO+ as 
seen in Figs.  8d and 9e. We also see that weak high-
latitude westerly winds and small  PVy over Eurasia can 
occur without strong BKS warming or SIC decline for 
 IPO− (Luo et al. 2019a) because  IPO− corresponds to 
an interdecadal cold anomaly in Eurasian high latitudes 
(the north of 60° N) (Fig. S11a) with a decreased Arctic 

Fig. 10  Time-mean composite daily Z500 (contours, CI = 20 gpm) 
and SAT (color shading, in K) anomalies averaged from lag − 10 to 
10  days (lag 0 denotes the peak day of blocking) of UB events for 
a  IPO− (15 UB events) and d  AMO− (22 UB events) during 1965–
1976 and b  IPO− (14 UB events) and e  AMO+ (13 UB events) during 
2002–2013 based on the 0.5 STD thresholds of 9-year smoothed IPO 

and AMO indices as well as the c  IPO− (1965–1976) minus  IPO− 
(2002–2013) and f  AMO− (1965–1976) minus  AMO+ (2002–2013) 
difference fields. The color shading represents the SAT anomaly 
region being significant at the 95% confidence level based on a two-
sided Student t-test
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high latitude PV anomaly and an increased Eurasian PV 
anomaly. Thus, the BKS SIC anomaly may be positive 
for  IPO− (Fig. 14e), indicating that a low BKS SIC is 
not needed for the maintenance of UB for  IPO− (Luo 
et al. 2019a), whereas  AMO− has a similar effect. But 
a large BKS sea-ice loss is needed for increased persis-
tence of UB for  AMO+ (Fig. 14f) because the  AMO+ in 
2002–2013 needs a smaller PV anomaly over BKS and a 
small PV anomaly over Eurasia to maintain a small  PVy 
over Eurasia (Luo et al. 2019a). Such a small  PVy condi-
tion requires strong warming over BKS during 2002–2013 
(Fig. S11b) in order to produce a stronger negative PV 
anomaly over BKS than to its south.

The above results explain why a strong winter ECA can 
occur during 1965–1976 even when  IPO− or  AMO− domi-
nates and a large BKS SIC decline is absent (Fig. 14e). 
In contrast, the BKS warming and thus SIC decline must 
be strong for  AMO+ so that the winter ECA can occur 
during 2002–2013. Our finding here does not contradict 
the results of Mori et al. (2014), who showed a robust 
Eurasian cooling in the ensemble-mean response to recent 
Arctic sea-ice loss (but not in all individual realizations), 
because our result can not only explain why the BKS SIC 
decline must be strong for the ECA during 2002–2013, but 
also explain why the BKS SIC anomaly can be positive 
for the ECA during 1965–1976. Furthermore, greenhouse 
gas-induced warming and sea-ice loss are unlikely to cause 
cooling over Eurasia (Dai and Song 2020); thus, the ECA 
more likely results from internal decadal variations of UB 
associated with internal modes such as the IPO, AMO and 
Arctic decadal variations.

The above results reveal that  AMO+ favors eastward-
moving, slowly growing and rapidly decaying UBs over 
Eurasia through intensified (weakened) high-latitude 
zonal winds and  PVy over the North Atlantic (Eurasia), 
whereas  IPO− promotes the slow westward- moving, rap-
idly growing and slowly decaying UBs through weakened 
high-latitude zonal winds and  PVy from the North Atlantic 
toward Eurasia. But UBs are relatively short-lived and rap-
idly retrograde during  AMO− and  IPO+ because the zonal 
winds and  PVy conditions are opposite to those during 
 AMO+ and  IPO−.

6  Summary and conclusions

In this paper, we first examined the dependence of winter 
Ural blocking (UB) and its impact on Eurasian surface 
air temperature (SAT) on the phase of IPO and AMO 
as defined by 9-year smoothed IPO and AMO indices, 
and then combined the recent IPO and AMO phases to 
physically explain the decadal difference in the winter 
Eurasian cold anomaly (ECA) between 1965–1976 and 
2002–2013. A strong winter ECA is found to occur more 
in the upstream and southwestern side of central Eurasia 
during 1965–1976 than during 2002–2013. Although UB 
is not a necessary condition for winter ECA (Kim et al. 
2021), the presence of UB can significantly strengthen 
winter ECA or the warm Arctic-cold Eurasia pattern (Luo 
et  al. 2016a). This decadal change of the winter SAT 
anomaly from 1965–1976 to 2002–2013 is found to be 
mainly related to  IPO−,  AMO− and  AMO+ through the 
modulation of the movement, persistence and evolution of 
Ural blocking (UB), rather than its event frequency (event 
numbers). In contrast, without UB the impact of  IPO− and 
 AMO− on the cold SAT anomaly is mainly confined to the 
north of 60° N over Eurasia or in part the east of 100° E. 
We propose a new pathway of the IPO/AMO–ECA con-
nection, which works by means of the UB change due to 
the changed background condition related to the phase of 
the IPO or AMO: different IPO/AMO phases lead to dif-
ferent background westerly winds and  PVy over the North 
Atlantic and Eurasia, which affect the characteristics of 
UB, which in turn affect SAT over Eurasia through cold 
advection.

The 1965–1976 period was dominated by a negative 
phase IPO  (IPO−) in combination with a negative phase 
AMO  (AMO−), while a positive phase AMO  (AMO+) in 
combination with  IPO− are frequent during 2002–2013. 
Although the event frequency of winter UB events does 
not strongly depend on the phase of IPO or AMO during 
1950–2017, we found that UB is long-lived and shows 
weak retrogression, rapid growth and slow decay (east-
ward movement, slow growth and rapid decay) during 
 IPO−  (AMO+), but is relatively short-lived and rapidly 
retrograde during both  IPO+ and  AMO−. During  IPO− UB 
leads to a strong cold anomaly with a southwestward 
extension of central Eurasia through advection of cold 
Arctic air into these regions.  AMO− has a similar effect 
because UB shows a retrogression, even though UB is 
relatively short-lived compared to that during  IPO−. Dur-
ing  AMO+ UB induces strong cold anomalies over cen-
tral Eurasia or its downstream side through advection of 
cold Arctic air. It is found that the change of the winter 
ECA from 1965–1976 to 2002–2013 is mainly related to 
the different modulations of  IPO−,  AMO− and  AMO+ 

Fig. 11  The difference fields of time-mean composite daily Z500 
(contours, CI = 20 gpm) and SAT (color shading, in K) anoma-
lies averaged from lag − 10 to 10  days (lag 0 denotes the peak day 
of blocking) of UB events for a  IPO− (1965–1976) minus  AMO− 
(1965–1976), b  IPO− (2002–2013) minus  AMO+ (2002–2013), c 
 IPO− minus  IPO− (1965–1976), d  AMO+ minus  AMO+ (2002–
2013), e  IPO− minus  AMO+ and f  IPO− (1965–1976) minus  AMO+ 
(2002–2013) based on the 0.5 STD thresholds of 9-year smoothed 
IPO and AMO indices. The  IPO− or  AMO+ (1950–2017) is referred 
to as IPO- or  AMO+. The color shading represents the SAT anomaly 
difference region being significant at the 95% confidence level based 
on a two-sided Student t-test

◂
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on the longitudinal position, persistence, movement and 
evolution of UB. To some extent, the difference of the 
UB-induced sub-seasonal cold anomaly between the 
 IPO−/AMO− to  IPO−/AMO+ combinations can explain 
the change of the UB-related sub-seasonal ECA from 
1965–1976 to 2002–2013.

We have also found that during  IPO− without UB the 
background zonal winds and meridional PV gradient 

 (PVy) over Eurasian high latitudes are weakened due to 
reduced meridional temperature gradients and intensified 
PV anomalies related to strong background cold anomaly 
in the high-latitude Eurasia without strong warming or SIC 
decline over Barents–Kara Seas (BKS). Such zonal wind 
and  PVy changes over Eurasian high latitudes favor long-
lived UBs, which are also seen during  AMO+ and related 
to an intense warming or SIC decline in BKS because the 

Fig. 12  Time evolution of composite daily SAT anomalies averaged 
over a, c, e upstream (30°–50° N, 30°–70° E) and b, d, f downstream 
(30°–50° N, 90°–130° E) regions, referred to as upstream and down-
stream SAT anomalies, during the UB life cycle from lag −20 to 
20 days (lag 0 denotes the peak day) for UB events during  IPO− (blue 

line),  AMO− (blue line) and  AMO+ (red line) during a–d 1950–2017 
and e, f 1965–1976 and 2002–2013 based on the 0.5 STD thresholds 
of 9-year smoothed IPO and AMO indices. The gray shading repre-
sents the difference of two curves being significant at the 95% confi-
dence level for a Monte-Carlo test based on a 5000 times simulation
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background warm anomaly prevails over Eurasian mid-
high latitudes (Fig. S11b). During  IPO−  (AMO+) weak-
ened (intensified) westerly winds are also seen over the 
North Atlantic high latitudes (Fig. 14a, b) because of the 

presence of weak positive Z500 anomalies over the North 
Atlantic to the north (south) of 60° N (Fig. S10), which 
lead to the rapid growth, slow decay and retrogression 
(slow growth, rapid decay and eastward movement) of UB 

Fig. 13  a Time series of UB events in winter for  IPO− /AMO− (10 
cases, blue),  IPO−/AMO+ (24 cases, red),  IPO+/AMO− (22 cases, 
green), and  IPO+/AMO+ (8 cases, black) combinations based on 
the zero thresholds of 9-year smoothed IPO and AMO indices. b–g 
Time-mean Z500 (contour, CI = 20 gpm) and SAT (color shading) 
anomalies averaged from lag − 10 to 10 days (lag 0 denotes the peak 

day of blocking) of 25, 43, 42 and 16 UB events during b  IPO−/
AMO−, c  IPO−/AMO+, e  IPO+/AMO−, and f  IPO+/AMO+ combi-
nations as well as d  IPO−/AMO− minus  IPO−/AMO+ and g  IPO+/
AMO− minus  IPO+/AMO+ differences. In panels b–g, the color shad-
ing represents the region being significant at the 95% confidence level 
based on a two-sided Student t-test
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Fig. 14  DJF-mean a, b U500, c, d non-dimensional PVy for UB 
events removed and e, f DJF-mean SIC anomalies without UB events 
regressed onto the time series of normalized 9-year smoothed DJF-

mean a, c, e IPO index (multiplied by −1.0) and b, d, f AMO index. 
The dot represents the color shading region being significant at the 
95% confidence level for a two-sided Student t-test
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mainly during its decaying phase for  IPO−  (AMO+). The 
reversed zonal wind patterns are seen for  IPO+  (AMO−).

In summary, our main results are that the large differ-
ence in UB’s position, movement and evolution between 
 IPO−,  AMO− and  AMO+ is important for the decadal vari-
ation of the winter ECA from 1965–1976 to 2002–2013. 
A strong BKS warming (or SIC decline) is necessary for a 
strong winter ECA for  AMO+, but is not necessary for  IPO−. 
Rudeva and Simmonds (2021) have also pointed to the role 
of the high-latitude background wind field in permitting or 
denying the establishment of quasi-stationary teleconnec-
tion patterns. Specifically,  IPO− influences the ECA via the 
following pathway:  IPO−

→ weak westerly winds and small 
 PVy over Eurasian high latitudes and North Atlantic mid-
high latitudes → long-lived and westward-shifted UB with 
rapid growth and slow decay → upstream ECA. In contrast, 
 AMO+ influences the ECA via the following pathway: 
 AMO+

→ weak westerly winds and small  PVy over Eura-
sian high latitudes as well as strong zonal winds and large 
 PVy over North Atlantic high latitudes (different from those 
over the North Atlantic for  IPO−)→ long-lived UB with east-
ward movement, slow growth and rapid decay → ECA over 
CE or its downstream side. Thus, the role of  AMO+ is to 
cause long-lived UB with eastward movement, slow growth 
and rapid decay and ECA over CE or its downstream side 
through enhancing upstream zonal winds and  PVy, whereas 
the role of  IPO− is to cause long-lived UB occurring in the 
upstream side of the Ural region with rapid growth and 
slow decay and ECA over CE and its upstream side through 
reduced upstream zonal winds and  PVy. These different roles 
of  IPO−,  AMO− and  AMO+ in the longitudinal position, 
movement and evolution of the UB and ECA and in the 
change of the winter ECA from 1965–1976 to 2002–2013 
are not revealed in previous studies (e.g., Luo et al. 2017b; 
Sung et al. 2018; Luo et al. 2019a, b, c; Chen et al. 2021).

Although the NECP reanalysis data from 1950 to 
2017 used in this paper is relatively short for sampling 
the IPO or AMO, the obtained results are likely reliable 
because the used data include one cycle of the AMO and 
at least one cycle for the IPO. Our future studies will use 
other long-term reanalysis datasets, as well as carefully-
designed numerical model experiments directed at explor-
ing the mechanisms highlighted here.
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