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ABSTRACT: In this study, the interdecadal variability of the relationship betweenENSOandwinter synoptic temperature

variability (STV) over the Asian–Pacific–American region is investigated based on observational data from 1951 to 2018.

An interdecadal shift in the ENSO–STV relationship occurred in the 1980s over Eastern China, changing from significant in

period 1 (P1; 1951–87) to insignificant in period 2 (P2; 1988–2018). But the ENSO–STV relationship is significantly stable

over North America for the whole period. In addition, a possible reason for this interdecadal shift in the ENSO–STV

relationship over Eastern China is also investigated. During P1, the ENSO pattern is significantly correlated to the tem-

perature gradient over Northeast Asia, which is the key region influencing the intensification of extratropical eddies. The

intensification of extratropical eddies over Northeast Asia is directly associated with the magnitude of STV over Eastern

China. But in P2, the ENSO pattern is not related to the temperature over Northeast Asia. Therefore, the change in the

ENSO pattern from P1 to P2 contributes to the interdecadal shift in the ENSO–STV relationship in the 1980s over Eastern

China by influencing the temperature gradient over Northeast Asia, while ENSO can influence the temperature gradient

over North America for the whole period. Furthermore, the possible role of the ENSO patterns in P1 and P2 is also

examined by using an atmospheric general circulation model, highlighting that the pattern of SST variation is a determining

factor in regulating STV in different regions.

KEYWORDS: Atmosphere-ocean interaction; ENSO; Climate variability

1. Introduction

El Niño–Southern Oscillation (ENSO) is the dominant mode

of interannual variation over the tropical Pacific (Trenberth

1997; McPhaden et al. 2006). During El Niño events, warm sea

surface temperature (SST) anomalies occur over the tropical

central and eastern Pacific and result in an anomalous SST gra-

dient between the tropical eastern and western Pacific, inducing

westerly wind anomalies along the equatorial Pacific. These

equatorial westerly wind anomalies drive warm surface water

eastward and suppress upwelling with a deepened thermocline

in the tropical central and eastern Pacific, facilitating local SST

warming (Bjerknes 1969; Cane and Zebiak 1985; Neelin et al.

1998). Since ENSO events generally reach their peak during

boreal winter, they have tremendous impacts on weather

and climate in the wintertime, especial in the Asian–Pacific–

American region (Ropelewski and Halpert 1986; Webster and

Yang 1992; Wang et al. 2000; Alexander et al. 2002; Chen

andKumar 2004;McPhaden et al. 2006; Zhou et al. 2007; He and

Wang 2013; Geng et al. 2017). In recent years under global

warming,more extreme temperature events have beenoccurring

more frequently in theAsian–Pacific–American region aswell as

ENSO events (Zhou et al. 2009; Wang et al. 2010; Lan and Chen

2013; Zhai et al. 2016; Shi et al. 2017;Herring et al. 2020;Hu et al.

2020; Jian et al. 2020). Since ENSO causes huge impacts on cli-

mate variation and extreme weather events, it provides potential

predictability for temperature variation, suggesting that the re-

lationship between ENSO events and temperature should be of

great concern.

Although ENSO-related SST anomalies are located mainly

in the tropical Pacific, they can influence temperature variation

over the Asian–Pacific–American region via atmospheric tele-

connection by changing the large-scale circulation (Rasmusson

and Wallace 1983; Halpert and Ropelewski 1992; Leung and

Zhou 2016). For example, El Niño–related SST anomalies in the

tropical Pacific can induce an anomalous low-level anticyclonic

circulation over the westernNorth Pacific, which canweaken the

East Asian winter monsoon (EAWM), resulting in a warmer

winter over East Asia (Zhang et al. 1996, 1999; Chen et al. 2000;

Wang et al. 2000). Li (1990) indicated that both Hadley and

Ferrel cells are strengthened due to El Niño forcing, enhancing

lower troposphere westerlies in the middle and high latitudes,

which is unfavorable for southward cold-surge outbreaks.

Moreover, accompanied by a weak Siberian high and a shallow

East Asian trough (EAT), fewer cold-surge events occur over

East Asia during El Niño years (Zhang et al. 1997; Cheung et al.Corresponding author: Dr. Wen Zhou, wenzhou@cityu.edu.hk
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2012; Leung and Zhou 2015). On the other hand, based on ob-

servations and model simulations, many studies have also dis-

covered that ENSO-related SST anomalies can influence North

American temperature variation by inducing a Rossby wave

train that propagates from the tropical central and eastern Pacific

to North America (Rasmusson and Wallace 1983; Trenberth

et al. 1998; Straus and Shukla 2002; Bulić and Branković 2007),

which is similar to the Pacific–North American (PNA) telecon-

nection pattern (Horel and Wallace 1981; Wallace and Gutzler

1981). Therefore, when El Niño occurs, northwestern North

America experiences a warmer winter while the southeastern

United States is colder (Ropelewski and Halpert 1986; Trenberth

et al. 1998; Wu et al. 2005). All of this suggests that the impact of

ENSO on winter temperatures over the Asian–Pacific–American

region is worth considering due to the possible huge socioeco-

nomic impact in areas of concentrated agricultural production and

developed economy due to large population.

Although many previous studies have focused on the impact

of ENSO on the magnitude of seasonal or monthly mean

temperature anomalies rather than temperature variability

during boreal winter, recent studies have discovered that

ENSO events are also related to subseasonal temperature

variability over the Asian–Pacific–American region (Geng

et al. 2017; Martineau et al. 2020). Moreover, Leung and Zhou

(2016) indicated that ENSO can influence East Asian and

NorthAmericanwinter synoptic temperature variability (STV) in

different ways. ENSO directly modulates temperature vari-

ability over the tropical eastern Pacific and western North

America. On the other hand, ENSO affects the winter STV

over East Asia by influencing the location of the EAT. Leung

et al. (2017) also found that the influence of ENSO on the lo-

cation of the EAT occurs via a Rossby wave train induced by

anomalous heating in the midtroposphere in the tropical

western Pacific. During El Niño (La Niña) years, the EAT

shifts northeastward (southwestward), associated with less

(more) southward cold-air transport, causing a stronger (weaker)

meridional temperature gradient and baroclinicity over East

Asia. This results in larger (smaller) winter STV with a stronger

(weaker) eddy growth rate in the midlatitudes. Ren et al. (2020)

further investigated the relationship between ENSO and winter

STV over China, finding that the variability in winter synoptic

temperature becomes greater (smaller) during El Niño (La Niña)
years. One possible reason they suggested is that El Niño events

can enhance the meridional temperature gradient in the mid- to

high latitudes over Eurasia, inducing stronger Siberian storm ac-

tivity and larger STV over China downstream, which is also sim-

ilar to the results of Ma et al. (2017). In addition, except for

tropical SST forcing,Wettstein andMearns (2002) also discovered

the relationship between the North Atlantic/Arctic Oscillation

(NAO/AO; Thompson andWallace 1998; Thompson et al. 2000)

and the daily variance in extreme temperature over the north-

eastern United States and Canada, showing that variances in

FIG. 1. (a) Correlation map between winter synoptic temperature variability (STV) and ONI during 1951–2018.

Stippling indicates correlation coefficients exceeding the 0.05 significance level. (b) Time series for 23-yr sliding

correlation betweenONI andwinter STV over Eastern China; the short and long dashes represent the 0.01 and 0.05

significance levels, respectively. (c) As in (b), but for North America. The winter STV over Eastern China (208–
408N, 1008–1258E) and North America (308–608N, 1308–808W) is calculated by the area-average over the significant

area in (a).
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extreme temperature are stronger (weaker) with a high (low)

NAO/AO index. Moreover, based on data from 150 meteoro-

logical stations, Gong et al. (2004) discovered that the AO can

modulate the winter daily temperature variance over China via

the Siberian high.When theAO is in its positive (negative) phase,

the winter daily temperature variance over China is smaller

(larger).

Since the winter STV over Eastern China is closely associ-

ated with the EAWM, ENSO plays an important role in East

Asian climate prediction, and it is important to consider

whether there is a stable relationship between ENSO and the

EAWM. We need to confirm whether ENSO can be a reliable

predictor for East Asian climate over a longer period. Recent

research indicates that the relationship between ENSO and the

EAWM is not stable, and their linkage has oscillated during

past decades. Based on data from 1871 to 2009, He and Wang

(2013) found a decadal change in the ENSO–EAWM rela-

tionship in different periods; the relationship was highly cor-

related during 1902–26 and 1952–76 but appeared to break

down during 1927–51 and 1977–2001, which is also supported

by several recent studies (He et al. 2013; Wang and He 2012).

They suggested that both the Pacific decadal oscillation (PDO;

Mantua et al. 1997) and the Atlantic multidecadal oscillation

(AMO; Delworth and Mann 2000) may have a combined

modulation effect on the North Pacific Oscillation (NPO;

Wallace andGutzler 1981) teleconnection, which can influence

the ENSO–EAWM relationship via the Pacific–East Asian

(PEA) teleconnection (Wang et al. 2000). In addition, a recent

study (Sung et al. 2019) also found that mean-state change in

the La Niña–like pattern over the tropical Pacific on an inter-

decadal time scale can induce zonal displacement of the NPO

via a Rossby wave train, which modulates the atmospheric

mean baroclinicity in the extratropical North Pacific, thus

causing interdecadal variation in the relationship between

North American winter temperature and the NPO. All these

results suggest that decadal or multidecadal change in SST can

be an important factor in modulating the intensity of the con-

nection between climate variations with long-term variability.

Therefore, whether a shift in the relationship between ENSO

and STV over the Asian–Pacific–American region has oc-

curred in recent decades is worth investigating, as it is impor-

tant for Asian–Pacific–American climate prediction.

In this study, we aim to investigate the long-term variability

of ENSO and winter synoptic temperature over the Asian–

Pacific–American region during 1951–2018, and to find a pos-

sible reason for the interdecadal shift in this relationship over

Eastern China, which will provide implications for our selec-

tion of climate predictors. The rest of this paper is organized as

follows. Section 2 describes the data andmethodologies used in

this study. Section 3 compares the relationship between ENSO

andwinter STV over NorthAmerica and Eastern China during

1951–87 (P1) and 1988–2018 (P2). Section 4 investigates a

possible reason for the interdecadal shift in the ENSO–STV

relationship over Eastern China in the 1980s via a numerical

simulation. Finally, a summary and discussion are provided in

section 5.

FIG. 2. (a) Normalized winter STV anomalies over North America for 1951–2018. (b) The average number of

temperature change cases during winter in STV(1) years and STV(2) years. (c) As in (b), but for the average

magnitude of temperature drop (8C). Blue and red bars represent the weak and strong STV years that exceed 61

standard deviation, respectively.
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2. Models, datasets, and methodologies

a. Models and datasets

In this study, we use the daily mean and monthly output

datasets from the National Centers for Environmental

Prediction–National Center for Atmospheric Research (NCEP–

NCAR) Reanalysis 1 with a horizontal resolution of 2.58
latitude 3 2.58 longitude (Kalnay et al. 1996), including near-

surface air temperature, geopotential height, sea level pressure,

and horizontal winds. Sea surface temperature is obtained from

the National Oceanic andAtmospheric Administration (NOAA)

Extended Reconstructed Sea Surface Temperature (version 5)

with a horizontal resolution of 28 latitude3 28 longitude (Huang

et al. 2017), and HadISST1 from the Met Office Hadley Centre

(Rayner et al. 2003). In addition, we use the ocean Niño index

(ONI), which represents the intensity of ENSO events and can be

downloaded from the Climate Prediction Center (CPC) website

(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/

ensostuff/ONI_v5.php). The daily mean temperature from 33

meteorological stations over Eastern China is obtained from

NOAA’s National Centers for Environmental Information

(NCEI) website (https://www.ncei.noaa.gov/). We selected

these 33 stations based on the significant area of the correlation

coefficient distribution between the ONI and winter STV over

Eastern China (Fig. 1b) from 1951 to 2018. Our research period

is fromDecember 1950 to February 2018 for reanalysis data, and

for the daily mean temperature from meteorological stations it

is from 1958 to 2018 due to limited data availability. Here winter

1951 is defined as the period from December 1950 to February

1951, and so on.

b. Methodologies

To investigate the synoptic temperature variability, we first

apply the Lanczos filter to the daily mean near-surface tem-

perature to remove low-frequency variations longer than

10 days fromNovember to the followingMarch (Duchon 1979;

FIG. 3. Composite pattern of winter STV anomalies over North America for (left) El Niño events and (right) La

Niña events during (a),(b) the whole period, (c),(d) P1, and (e),(f) P2. Stippling indicates values exceeding the 0.05

significance level.
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Leung et al. 2019). Here we extend one month before and after

the data period we aim to use, ensuring data length after fil-

tering. Then we calculate the standard deviation for synoptic

temperature from December to the following February, rep-

resenting the winter synoptic surface temperature variability.

All data used in this study have been detrended. The Student’s

t test is applied to examine the significance of the correlation

coefficients and composite analysis.

To estimate the intensification of extratropical eddies, we

employ the maximum Eady growth rate to measure atmo-

spheric baroclinicity instability (Eady 1949; Lindzen and

Farrell 1980; Simmonds and Lim 2009; Leung and Zhou 2016).

Similar to Simmonds and Lim (2009), we calculate the maxi-

mum Eady growth rate (sE) by the following formula:

s
E
5 0:3098

jf j
�
�
�
�

›u(z)

›z

�
�
�
�

N
, (1)

where N is the Brunt–Väisälä frequency [N2 5 (g/u)(›u/›z)], g

is the gravitational acceleration, u is potential temperature, f is

the Coriolis parameter, and u(z) is the vertical profile of the

zonal wind component.

3. Comparison of the relationship between ENSO and
winter STV over North America and Eastern China
during 1951–2018

Figure 1a shows a correlation map between the ONI and the

winter STV over the Northern Hemisphere. As the figure

shows, the winter STV in both Eastern China and North

America is significantly related to ENSO events. According to

the correlation map (Fig. 1a), Eastern China winter STV be-

comes larger (smaller) and North American winter STV be-

comes smaller (larger) during El Niño (LaNiña) years, which is
also consistent with previous studies (Leung and Zhou 2016;

Ren et al. 2020).We then check the stability of this relationship

between ENSO and winter STV over Eastern China andNorth

America during 1951–2018. We find that the relationship be-

tween ENSO and Eastern China winter STV has an inter-

decadal shift in the 1980s (Fig. 1b), such that the significant

relationship becomes insignificant after the 1980s. Although

the ENSO–STV relationship shows some fluctuations over

North America it is significantly stable for the whole period

(Fig. 1c). Following Wang et al. (2013), we here use a 23-yr

sliding window to examine the evolution of the relationship.

But similar results for the relationship between ENSO and

STV over Eastern China and North America can also be found

by using different sliding windows (from 11- to 21-yr windows).

Since the evolutions of the relationship between ENSO and

winter STV are different over Eastern China and North

America, we analyze the detailed features of each separately in

the following discussion.

a. North America

Figure 2a shows the normalized variation of winter STV

over North America during 1951–2018, which is calculated by

the averaged winter STV anomalies in the significant region of

the ENSO–STV relationship over North America (308–608N,

1308–808W) based on Fig. 1a. According to our definition, STV

is related to the day-to-day temperature fluctuation during

winter. However, the relative contribution of the intensity or

frequency of temperature change to the magnitude of STV is

FIG. 4. As in Fig. 2, but for Eastern China.

1 JULY 2021 J I AN ET AL . 5325

Brought to you by CITY UNIVERSITY OF HONG KONG | Unauthenticated | Downloaded 08/03/21 07:57 AM UTC



still unclear. To examine this hypothesis, we here use tem-

perature change to investigate the detailed features of STV.

Similar to Leung et al. (2019), we define a case of temperature

change as a temperature increase from day 21 to day 0 and a

decrease from day 0 to day 1, representing temperature evo-

lution due to the passage of an extratropical cyclone. Although

the influence of extratropical cyclones and extratropical anti-

cyclones on the evolution of temperature change in two adja-

cent days is opposite, the results for the following discussion

are quite similar. For convenience, we here show only the

results relating to the influence of extratropical cyclones. We

then perform composite analysis for temperature change cases

by choosing 12 strong STV years and 13 weak STV years with

STV anomalies exceeding61 standard deviation, respectively.

The composite number and intensity of temperature change

cases in strong and weak STV years over North America

during 1951–2018 are shown in Figs. 2b and 2c. The average

number of temperature change cases in strong STV years is less

than in weak STV years (Fig. 2b). But the average magnitude

of temperature change, here represented by temperature drop

FIG. 5. As in Fig. 3, but for Eastern China.
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intensity, is larger in strong STV years than in weak STV years,

while the result for temperature increase is similar (figure not

shown). This suggests that the intensity of STV, which repre-

sents day-to-day temperature fluctuation during winter, de-

pends mainly on the magnitude of temperature change rather

than temperature change frequency.

Since the relationship between ENSO and STV undergoes

an interdecadal shift in the 1980s over Eastern China but re-

mains significant over North America (Figs. 1b,c), we divide

the study period into period 1 (P1: 1951–87) and period 2 (P2:

1988–2018), based on the turning point when the correlation

coefficients change from significant to insignificant for the

ENSO–STV relationship over Eastern China. Figure 3 shows

the composite patterns of STV anomalies over North America

in the different periods for El Niño and La Niña events, re-

spectively. Consistent with the previous result (Fig. 1a), STV

tends to be smaller (larger) during ElNiño (LaNiña) events for
the whole period (Figs. 3a,b).Meanwhile, the results for P1 and

P2 are also quite similar (Figs. 3c–f), indicating a significant

relationship between STV and ENSO for the whole period in

North America.

b. Eastern China

To further compare the inconsistent evolution of the

ENSO–STV relationship between North America and

Eastern China, we also examine the detailed features of

winter STV over Eastern China in the same way. Figure 4a

shows the normalized series of winter STV over Eastern

China during 1951–2018, which is calculated by the averaged

winter STV anomalies in the significant region of the ENSO–

STV relationship over Eastern China (ECSTV; 208–408N,

1008–1258E), shown in Fig. 1a. Based on 61 standard devi-

ation of the normalized STV anomalies, there are 10 strong

STV years and 8 weak STV years over Eastern China during

1951–2018. Similar to the composite results for North

America, fewer (more) temperature change cases as well as

temperature changes of larger (smaller) magnitude during

strong (weak) STV years can also be found over Eastern

China (Figs. 4b,c), suggesting that the intensity of daily

temperature fluctuation during winter in both North

America and Eastern China is associated mainly with tem-

perature change magnitude. Moreover, the composite pat-

terns for the whole period (Figs. 5a,b) are similar to Fig. 1a,

showing that STV is likely to be larger (smaller) over Eastern

China during El Niño (La Niña) events, and the same fea-

tures are also displayed in P1 (Figs. 5c,d). However, in P2,

the contrast of STV anomalies in different ENSO phases is

not obvious.

To validate the interdecadal shift in the ENSO–STV rela-

tionship over Eastern China that occurred in the 1980s, we use

temperature data from 33 meteorological stations that match

well with the significant area of the ENSO–STV relationship;

station names and locations are shown in Fig. 6a. As Fig. 6b

shows, the station data also indicate an interdecadal shift in

the ENSO–STV relationship in the 1980s. All these results con-

firm that inconsistent evolution of the ENSO–STV relation-

ship occurred over the Asian–Pacific–American region during

1951–2018.

4. Possible reason for the interdecadal shift of the
ENSO–STV relationship over Eastern China in the
1980s and numerical simulation

The intensity of winter STV is closely associated with the

magnitude of day-to-day temperature change, as shown in Fig. 4c.

This is possibly related to extratropical eddies, which lead to

temperature fluctuation along their path. Therefore, we first in-

vestigate the relationship between extratropical eddies and

ECSTV in P1 and P2. Regression maps of the Eady growth rate

with ECSTV in P1 and P2 are shown in Figs. 7a and 7b, respec-

tively. In both P1 and P2, ECSTV is related to the midlatitude

Eady growth rate over East Asia, which represents the intensifi-

cation of extratropical eddies (Figs. 7a,b). Although the pattern

for the ECSTV-related Eady growth rate during P1 extends more

eastward compared to P2, we consider that the area near

NortheastAsia is more important due to the radius of influence of

extratropical eddies. When a high (low) Eady growth rate occurs

in the midlatitudes, ECSTV tends to be larger (smaller), which is

physically consistent with the stronger (weaker) variation of me-

ridional wind in the lower troposphere over Eastern China

(Figs. 7c,d). In other words, the eddy propagates eastward along

FIG. 6. (a) Distribution of the 33 meteorological stations over

Eastern China. The purple dashed lines indicate the correlation

coefficients between ONI and winter STV at the 0.05 significance

level. (b) Time series for 23-yr sliding correlation betweenONI and

winter STV; the short and long dashes represent the 0.01 and 0.05

significance levels, respectively. The dashed red line and solid gray

lines represent the results for the average of the 33 stations and for

each station, respectively.
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the midlatitudes and strengthens more (less) near Northeast Asia

with a high (low) Eady growth rate. The intensified eddy brings

southerly wind and raises the temperature over Eastern China

when it approaches Eastern China, followed by a resulting tem-

perature drop with northerly wind when it moves out. Hence, a

stronger eddy causes stronger wind variation and larger temper-

ature fluctuation over Eastern China. Furthermore, although the

relationship betweenENSOandECSTVhas an interdecadal shift

in the 1980s, the relationship between the intensification of ex-

tratropical eddies and ECSTV is stable for the whole period. To

examine whether the relationship between ENSO and extra-

tropical eddy development may have an interdecadal shift, re-

gressionmaps of theEady growth rate withONI during P1 andP2

are shown in Figs. 8a and 8b, respectively. During P1, ENSO is

well related to extratropical eddy development over Northeast

Asia (Fig. 8a) and is also consistent with low-level meridional

wind variation over Eastern China (Fig. 8c), which overlaps with

the ECSTV-related region (Figs. 7a,b). This means that when El

Niño occurs, extratropical eddies strengthen more and result in

more variation of low-level meridional wind, associated with

larger STV over Eastern China, while the opposite occurs during

La Niña events. But during P2, ENSO is not significantly related

to the Eady growth rate over East Asia or to low-level circulation

variation (Figs. 8b,d), suggesting that the relationship between

extratropical eddy development and ENSO also has an inter-

decadal shift in the 1980s.

In addition, the intensification of extratropical eddies is closely

related to the instability of atmospheric baroclinicity, which is

associated with the horizontal temperature gradient. As men-

tioned above, we here hypothesize that whether ENSO-related

temperature over EastAsia has a pattern change in the 1980smay

be modulated by ENSO-related SST forcing via a Rossby wave

train. Since the ONI magnitude represents only the intensity

rather than the spatial pattern of ENSO events, we employ em-

pirical orthogonal function (EOF) analysis to extract the domi-

nant spatial pattern of SST anomalies over the tropical Pacific

in order to describe the ENSO patterns in the two periods

separately. We then check the consistency between the ONI and

PC1 in both P1 and P2, with correlation coefficients of 10.98

and 10.99, respectively, exceeding the 0.01 significance level

based on the Student’s t test.As the results of the twoSSTdatasets

are quite similar, we show only the results from ERSST (V5) in

the following discussion. TheEOF1modes of SST anomalies over

the tropical Pacific during P1 and P2 are shown in Figs. 9a and 9b,

respectively. Compared to P1, an El Niño–like warming pattern

occurs over the tropical Pacific during P2,with thewarming center

over the central Pacific (Fig. 9c), whichmay be attributed tomore

central Pacific El Niño events occurring after 1990 (Yeh et al.

2009). Since the ENSO-related SST anomaly pattern shows a

change in P2 compared to P1, we examine the possible change of

ENSO influence on air temperature over East Asia, including

vertical variation of potential temperature (N) and temperature

FIG. 7. Regressions of the Eady growth rate (EGR) at 850 hPa onto ECSTV (day21) during (a) P1 and (b) P2.

Regressions of synoptic meridional wind variability at 925 hPa onto ECSTV during (c) P1 and (d) P2. Stippling

indicates the regression coefficients exceeding the 0.05 significance level.
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gradient, which are the twomain factors that account for theEady

growth rate.On the one hand,ENSO-related SSTpatterns are not

related toN over Northeast Asia in both P1 and P2 (Figs. 10a,b).

On the other hand, as shown in Fig. 10c, the EOF1 mode of SST

anomalies is significantly correlated with the air temperature

gradient overNortheastAsia during P1, where it is consistentwith

the key region that influences the development of extratropical

eddies over Northeast Asia (Figs. 7a,b). Similar to previous

studies (Leung et al. 2017; Hu et al. 2018), the anomalous anti-

cyclonic (cyclonic) circulation over the western North Pacific

(Northeast Asia) brings warm (cold) air northward (southward)

with southerly (northerly) winds via the advection effect, which

plays a dominant role in temperature change, resulting in the

anomalous temperature pattern over Northeast Asia. During P2,

however, the relation between ENSO and temperature over

Northeast Asia is not significant (Fig. 10d), while the ENSO-

related circulation shifts far eastward compared to P1, which

causes limited influence on the temperature over East Asia. All

these results suggest that the ENSO-related SST pattern over the

tropical Pacific changes from P1 to P2, resulting in a change in the

temperature gradient over Northeast Asia, which is associated

with the magnitude of extratropical eddy intensification and

ECSTV. Therefore, the change in the ENSO pattern from P1 to

P2 may cause the interdecadal shift in the ENSO–STV relation-

ship over Eastern China.

To examine the atmospheric responses to different SST

anomaly patterns over the tropical Pacific in P1 and P2, we

employ the Simplified Parameterizations, Primitive Equation

Dynamics (SPEEDY) model (Molteni 2003; Kucharski et al.

2006; Kucharski et al. 2013) to perform numerical simulations.

SPEEDY is an atmospheric general circulation model (AGCM)

developed by the International Centre for Theoretical Physics

(ITCP), with eight vertical levels and T30 horizontal resolution.

More detailed information about the SPEEDY model can be

found online at http://users.ictp.it/;kucharsk/speedy-net.html. As

many previous studies have shown (Bracco et al. 2005; Kucharski

et al. 2007;King et al. 2010;Dogar et al. 2017; Sun et al. 2017;King

et al. 2018; Leung et al. 2020; Jian et al. 2020), this model is widely

used to examine atmospheric circulation responses to SST forcing,

suggesting that it can appropriately be used to investigate the in-

fluence of different tropical Pacific SST anomaly patterns in P1

and P2. In this study, we use three types of SST fields as forcing:

SST0, SST1, and SST2. SST0 is the climatological SST with an

annual cycle during 1979–2018 from observations (Kennedy et al.

2011). SST1 is the first EOF mode of winter SST anomalies over

the tropical Pacific (258S–258N, 1208E–808W; Fig. 9a) during P1.

SST2 is also the first EOFmode of winter SST anomalies over the

tropical Pacific, but for P2 (Fig. 9b). We design three experiments

in this study: Exp_CTRL, which is a control run forced by SST0

with a running period of 145 years; Exp_P1, a sensitivity run

forced by (SST01 SST1), which restarts eachDecember based on

Exp_CTRLand runs for 3months; andExp_P2, which is the same

as Exp_P1 but forced by (SST0 1 SST2). To avoid the effect of

model spinup and make sure the same initial conditions apply in

each experiment, here we use the last 115 years of Exp_CTRL to

restart Exp_P1 and Exp_P2 and then calculate the average of 115

FIG. 8. As in Fig. 7, but for ONI.
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members for analysis. The differences between Exp_P1, Exp_P2,

and Exp_CTRL represent the atmospheric response to the SST

anomalies over the tropical Pacific in P1 and P2, separately.

The temperature responses to the EOF1 modes of SST

anomalies over the tropical Pacific during P1 (Fig. 9a) and P2

(Fig. 9b) are shown in Fig. 11. As the figure shows, the tem-

perature pattern induced by EOF1 SST anomalies has a

stronger impact on the temperature gradient over Northeast

Asia in P1 than in P2 (Fig. 11c), which is quite similar to ob-

servations (Fig. 11d). These model results highlight that the

ENSO patterns in P1 and P2 can cause different impacts on

temperature spatial distribution, resulting in the significant

change in the temperature gradient in P1, but not in P2, over

Northeast Asia, which contributes to the interdecadal shift in

the ENSO–ECSTV relationship in the 1980s.

5. Summary and discussion

a. Summary

In this study, we examine the long-term variability of the

relationship between ENSO and winter STV over the Asian–

Pacific–American region, and investigate the possible cause for

the inconsistent evolution of the ENSO–STV relationship over

this region. Based on reanalysis and meteorological station

data, the evolution of the sliding correlation shows an inter-

decadal shift in the relationship between ENSO and winter

STV in the 1980s over Eastern China (Figs. 1b and 6b),

changing from significant in P1 (1951–87) to insignificant in P2

(1988–2018). But the relationship of ENSO–STV is significant

over North America for the whole period (Fig. 1c). Since the

relationship between ENSO and ECSTV in different periods is

unstable, it causes us to consider the prediction reliability of

factors influencing ECSTV. On the other hand, a possible

cause of the interdecadal shift in the relationship between

ENSO and ECSTV in the 1980s is also investigated. Based on

composite analysis, we noted that the intensity of STV in

Eastern China is related to the magnitude of day-to-day tem-

perature change rather than the frequency (Fig. 4), which is

associated with the intensification of extratropical eddies over

Northeast Asia for the whole period (Fig. 7). Meanwhile,

ENSO-related SST anomalies during P1 and P2 can induce

different temperature gradient patterns over Northeast Asia

via a Rossby wave train (Fig. 10), resulting in the difference

in the relationship between ENSO and the intensification of

extratropical eddies over Northeast Asia, which is directly

FIG. 9. Spatial patterns of the first EOF mode of winter SST anomalies (8C) over the

tropical Pacific (258S–258N, 1208E–808W) for (a) P1 and (b) P2. Their explained variance is

shown at the top right of (a) and (b). (c)Difference between (a) and (b). The black contours in

(a) and (b) represent the 0.88C isotherm of SST anomalies.
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related to the temperature gradient. Therefore, the change in

the ENSO pattern from P1 to P2 contributes to the inter-

decadal shift in the ENSO–ECSTV relationship in the 1980s by

influencing the temperature gradient over Northeast Asia.

Furthermore, the influence of ENSO-related SST anomalies

on temperature during P1 and P2 is examined by AGCM ex-

periments, confirming that the ENSO pattern has a stronger

influence on the temperature gradient over Northeast Asia in

P1 than in P2, which plays a role in the interdecadal shift of the

ENSO–STV relationship over Eastern China in the 1980s.

Apart from Eastern China, the model simulation also proves

that the ENSO-related temperature gradient pattern over

North America is stable for the whole period (Fig. 11), which is

consistent with observations (Fig. 10), highlighting that the

pattern of SST variation is a determining factor in regulating

STV in different regions.

b. Discussion

Additionally, the relationship between ENSO and ECSTV

in P2 is not significant (Fig. 1b). This suggests that other factors

may play a role in controlling ECSTV during P2. For example,

Gong et al. (2004) found that daily winter temperature vari-

ance over China can be influenced by the AO, by modulating

the high-frequency fluctuations of the Siberian high, which is

associated with cold-surge events in China. Since the study

period in Gong et al. (2004) covered only until 2001, we also

checked the relationship between the AO, Siberian high, and

ECSTV with an extended period from 1958 to 2018 (Fig. 12).

Although the AO (AO index is downloaded from the CPC;

https://www.cpc.ncep.noaa.gov/) is not well related to ECSTV

during P1, the relationship between the AO and ECSTV is

significant during P2, especially after 2000 (Fig. 12a), with a

correlation coefficient of20.35, exceeding the 0.05 significance

level. Meanwhile, the evolution of AO–ECSTV relationship

(Fig. 12a) is more associated with the evolution of the AO–

Siberian relationship (Fig. 12b) rather than the Siberian–ECSTV

relationship (Fig. 12c), with a high correlation coefficient of 0.83,

exceeding the 0.01 significance level. Therefore, the enhanced

relationship between AO and ECSTV during P2 (Fig. 12a) is

consistent with the recovery of theAO–Siberian relationship after

FIG. 10. (a) Distribution of the regression coefficients between PC1 and winter Brunt–Väisälä frequency

(N; day21) at 700 hPa for P1. (b) As in (a), but for P2. (c),(d) As in (a) and (b), but for temperature anomalies

(shading; 8C) and horizontal wind anomalies (vectors; m s21) at 700 hPa. The purple contours in (c) and

(d) represent the winter climatology of the 700-hPa temperature (contour interval: 48C). Only the regression co-

efficients exceeding the 0.05 significance level are plotted.
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2000 (Fig. 12b). This suggests that the influence of the AO on

ECSTV is possibly enhanced since 2000, providing a potential

predictor for ECSTV in the coming future.

In addition, since the unstable ENSO–EAWM relationship has

been pointed out in previous studies (He andWang 2013) and the

relationship between ENSO and ECSTV seems to recover after

2002 (Fig. 1b), investigation into the stability of the ENSO–

ECSTV relationship is needed. Owing to the limited length of

observational data, we will examine the possible interdecadal

variation of the ENSO–ECSTV relationship based on phases 5

and 6 of theCoupledModel Intercomparison Project (CMIP5 and

CMIP6; Taylor et al. 2012; Eyring et al. 2016)model outputs in our

futurework, aiming to provide some insight for climate prediction.

FIG. 11. Spatial patterns of temperature (8C) and horizontal wind
(m s21) anomalies at 700 hPa for (a) Exp_P1-Exp_CRTL, (b) Exp_

P2-Exp_CRTL, and (c) the difference in 700-hPa temperature

between Exp_P2 and Exp_P1. Wind speed in (a) and (b) less than

0.3m s21 has been masked out. The blue and black dashes in

(c) indicate the area exceeding the 0.05 and 0.1 significance level,

respectively. (d) The difference in the regression pattern of PC1

and 700-hPa temperature anomalies between P2 and P1.

FIG. 12. Time series for the 23-yr sliding correlation between

(a) the AO index (AOI) and ECSTV, (b) AOI and Siberian high

synoptic variability (SHSV; 408–608N, 708–1208E), and (c) SHSV

and ECSTV; the short and long dashes represent the 0.01 and 0.05

significance levels, respectively.
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Bulić, I. H., and �C. Branković, 2007: ENSO forcing of the Northern

Hemisphere climate in a large ensemble of model simulations

based on a very long SST record. Climate Dyn., 28, 231–254,

https://doi.org/10.1007/s00382-006-0181-1.

Cane, M. A., and S. E. Zebiak, 1985: A theory for El Niño and the

Southern Oscillation. Science, 228, 1085–1087, https://doi.org/

10.1126/science.228.4703.1085.

Chen, J., and P. Kumar, 2004: A modeling study of the ENSO in-

fluence on the terrestrial energy profile in North America.

J. Climate, 17, 1657–1670, https://doi.org/10.1175/1520-

0442(2004)017,1657:AMSOTE.2.0.CO;2.

Chen,W., H. Graf, andR.Huang, 2000: The interannual variability

of East Asian winter monsoon and its relation to the summer

monsoon. Adv. Atmos. Sci., 17, 48–60, https://doi.org/10.1007/

s00376-000-0042-5.

Cheung, H. N., W. Zhou, H. Y. Mok, and M. C. Wu, 2012:

Relationship between Ural–Siberian blocking and the East

Asianwinter monsoon in relation to theArctic Oscillation and

the El Niño–Southern Oscillation. J. Climate, 25, 4242–4257,

https://doi.org/10.1175/JCLI-D-11-00225.1.

Delworth, T. L., and M. E. Mann, 2000: Observed and simulated

multidecadal variability in the Northern Hemisphere. Climate

Dyn., 16, 661–676, https://doi.org/10.1007/s003820000075.

Dogar, M. M., F. Kucharski, and S. Azharuddin, 2017: Study of the

global and regional climatic impacts of ENSO magnitude us-

ing SPEEDY AGCM. J. Earth Syst. Sci., 126, 30, https://

doi.org/10.1007/s12040-017-0804-4.

Duchon, C. E., 1979: Lanczos filtering in one and two dimensions.

J. Appl. Meteor., 18, 1016–1022, https://doi.org/10.1175/1520-

0450(1979)018,1016:LFIOAT.2.0.CO;2.

Eady, E., 1949: Long waves and cyclone waves. Tellus, 1, 33–52,

https://doi.org/10.3402/tellusa.v1i3.8507.

Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J.

Stouffer, and K. E. Taylor, 2016: Overview of the Coupled

Model Intercomparison Project Phase 6 (CMIP6) experi-

mental design and organization.Geosci. Model Dev., 9, 1937–

1958, https://doi.org/10.5194/gmd-9-1937-2016.

Geng, X., W. Zhang, M. F. Stuecker, and F.-F. Jin, 2017: Strong

sub-seasonal wintertime cooling over East Asia and northern

Europe associated with super El Niño events. Sci. Rep., 7,

3770, https://doi.org/10.1038/s41598-017-03977-2.

Gong, D., S. Wang, and J. Zhu, 2004: Arctic Oscillation influence

on daily temperature variance in winter over China.Chin. Sci.

Bull., 49, 637–642, https://doi.org/10.1360/03wd0481.
Halpert, M. S., and C. F. Ropelewski, 1992: Surface temperature

patterns associated with the Southern Oscillation. J. Climate,

5, 577–593, https://doi.org/10.1175/1520-0442(1992)005,0577:

STPAWT.2.0.CO;2.

He, S., and H. Wang, 2013: Oscillating relationship between the

East Asian winter monsoon and ENSO. J. Climate, 26, 9819–

9838, https://doi.org/10.1175/JCLI-D-13-00174.1.

——, ——, and J. Liu, 2013: Changes in the relationship between

ENSO and Asia–Pacific midlatitude winter atmospheric cir-

culation. J. Climate, 26, 3377–3393, https://doi.org/10.1175/

JCLI-D-12-00355.1.

Herring, S. C., N. Christidis, A. Hoell, M. P. Hoerling, and P. A.

Stott, 2020: Explaining extreme events of 2018 from a climate

perspective. Bull. Amer. Meteor. Soc., 101, S1–S140, https://

doi.org/10.1175/BAMS-ExplainingExtremeEvents2018.1.

Horel, J. D., and J. M. Wallace, 1981: Planetary-scale atmospheric

phenomena associated with the Southern Oscillation. Mon.

Wea. Rev., 109, 813–829, https://doi.org/10.1175/1520-0493(1981)

109,0813:PSAPAW.2.0.CO;2.

Hu, K., G. Huang, R. Wu, and L. Wang, 2018: Structure and dy-

namics of a wave train along the wintertime Asian jet and its

impact on East Asian climate. Climate Dyn., 51, 4123–4137,

https://doi.org/10.1007/s00382-017-3674-1.

Hu, Z., A. Kumar, B. Huang, J. Zhu, M. L’Heureux, M. J.

McPhaden, and J. Yu, 2020: The interdecadal shift of ENSO

properties in 1999/2000: A review. J. Climate, 33, 4441–4462,

https://doi.org/10.1175/JCLI-D-19-0316.1.

Huang, B., and Coauthors, 2017: Extended Reconstructed Sea

Surface Temperature version 5 (ERSSTv5): Upgrades, vali-

dations, and intercomparisons. J. Climate, 30, 8179–8205,

https://doi.org/10.1175/JCLI-D-16-0836.1.

Jian, Y., X. Lin, W. Zhou, M. Jian, M. Y. T. Leung, and P. K. Y.

Cheung, 2020: Analysis of record-high temperature over

southeast coastal China in winter 2018/19: The combined ef-

fect of mid- to high-latitude circulation systems and SST

forcing over the North Atlantic and tropical western Pacific.

J. Climate, 33, 8813–8831, https://doi.org/10.1175/JCLI-D-19-

0732.1.

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-Year

Reanalysis Project. Bull. Amer. Meteor. Soc., 77, 437–471, https://

doi.org/10.1175/1520-0477(1996)077,0437:TNYRP.2.0.CO;2.

Kennedy, J. J., N. A. Rayner, R. O. Smith, M. Saunby, and D. E.

Parker, 2011: Reassessing biases and other uncertainties in

sea-surface temperature observations since 1850. Part I:

Measurement and sampling errors. J. Geophys. Res., 116,

D14103, https://doi.org/10.1029/2010JD015218.

King, M. P., F. Kucharski, and F. Molteni, 2010: The roles of ex-

ternal forcings and internal variabilities in the Northern

Hemisphere atmospheric circulation change from the 1960s to

the 1990s. J. Climate, 23, 6200–6220, https://doi.org/10.1175/

2010JCLI3239.1.
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