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ABSTRACT

This study investigates interdecadal changes in the relationship between interannual variations of boreal

spring sea surface temperature (SST) in the North Atlantic and surface air temperature (SAT) over the mid-to-

high latitudes of Eurasia during 1948–2014. Analyses show that the connection between the spring North At-

lantic tripole SST anomaly pattern and theEurasian SATanomalies has experiencedmarked interdecadal shifts

around the early 1970s andmid-1990s. The connection is strong during 1954–72 and 1996–2014 but weak during

1973–91. A diagnosis indicates that interdecadal changes in the connection between theNorthAtlantic SST and

Eurasian SATvariations are associatedwith changes in atmospheric circulation anomalies overEurasia induced

by the North Atlantic tripole SST anomaly pattern. Further analyses suggest that changes in atmospheric cir-

culation anomalies over Eurasia are related to changes in the position of atmospheric heating anomalies over

the North Atlantic, which may be due to the change in mean SST. Marked atmospheric heating anomalies

appear over the tropical westernNorthAtlantic during 1954–72 and 1996–2014 but over the subtropical central-

eastern North Atlantic during 1973–91. Barotropic model experiments confirm that different background flows

may also contribute to changes in anomalous atmospheric circulation over Eurasia.

1. Introduction

Surface air temperature (SAT) is an important vari-

able for the climate variability. Changes in the SAT over

Eurasia exert pronounced impacts on the economy, so-

ciety, and people’s daily lives. For instance, summer

crop yield in northeastern China is significantly influ-

enced by local surface temperature changes (e.g., Sun

et al. 1983; Yao 1995). A low summer temperature in

northeastern China may significantly reduce the re-

gional crop yield. The extremely high temperatures over

Europe in the summer of 2003 resulted in extensive

wildfires and substantial economic loss over many parts

of Europe (Beniston 2004; Stott et al. 2004). In addition,

changes in the SAT over Eurasia during spring and

summer may affect the Asian summer monsoon activity

viamodulating the thermal differences between the land

and the surrounding seas (e.g., Liu and Yanai 2001;

D’Arrigo et al. 2006). Therefore, it is important to im-

prove the understanding of the SAT variability over

Eurasia and its factors.

Studies indicated that the SAT variability over Eurasia

is significantly influenced by various factors, such as the

Arctic Oscillation (AO) (Thompson and Wallace 1998;

Gong et al. 2001; Wu and Wang 2002; Ogi et al. 2005;

Miyazaki andYasunari 2008; Chen et al. 2013), theNorth

Atlantic Oscillation (NAO) (Hurrell and van Loon 1997;

Sun et al. 2008; Yuan and Sun 2009; Zveryaev and Gulev

2009), Eurasian snow cover (Ye et al. 2015; Chen et al.

2016; Wu and Chen 2016), and El Niño–Southern Oscil-

lation (ENSO) (Wang et al. 2000; Zhou et al. 2007; Graf

and Zanchettin 2012; Cheung et al. 2012; Chen et al.

2013). For example, during the positive (negative) phase

of AO or NAO, most regions of Eurasia are covered by

positive (negative) SAT anomalies (Thompson and

Wallace 1998). Sun et al. (2008) found that SAT varia-

tions over central East Asia correlate well with the

summer NAO after the late 1970s. An increase (de-

crease) in snow cover would reduce (increase) the
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shortwave radiation absorbed by the surface, leading to

negative (positive) SAT anomalies (Chen et al. 2016).

During El Niño years, a pronounced anticyclonic circu-

lation anomaly appears over the western North Pacific in

boreal winter (Wang et al. 2000), leading to an increase in

SAT over parts of East Asia as anomalous southwesterly

winds to the northwest flank of the anticyclone carry

warmer and moister air from the lower latitudes.

Previous studies indicated that the variability of Eur-

asian SAT in boreal spring is connected with sea surface

temperature (SST) anomalies in the North Atlantic (e.g.,

Wu et al. 2010, 2011; Ye et al. 2015; Chen et al. 2016).

These studies showed that the North Atlantic SST anom-

alies may induce SAT anomalies over Eurasia through

anomalous atmospheric wave trains extending from the

North Atlantic through Europe to East Asia. Neverthe-

less, the influence of SST anomalies in the North Atlantic

on the SAT variability over the mid-to-high latitudes of

Eurasia during boreal spring is not well investigated. In

addition, previous studies have demonstrated that the

connections of theNorthAtlantic SSTwith several climate

components are unstable (e.g., Walter and Graf 2002; Wu

et al. 2011; Chen et al. 2015a). For example, Walter and

Graf (2002) found that the boreal winter North Atlantic

SST change is tightly related to the regional atmospheric

circulation in the North Atlantic sector during 1969–98,

whereas the relationship is weak during 1949–68.Wu et al.

(2011) reported that the boreal spring North Atlantic tri-

pole SST anomaly pattern has a strong correlationwith the

northeastern China summer temperature during the 1980s

and 1990s, whereas the connection is weak and in-

significant during the 1950s through the mid-1970s. Chen

et al. (2015a) showed that the relationship between in-

terannual variations of boreal winter tropical northern

Atlantic SST and NAO experienced significant inter-

decadal changes during the period 1870–2012. According

to the above studies, an interesting question is whether the

relationship between interannual variations of the boreal

spring North Atlantic SST and Eurasian SAT has been

subjected to significant changes in the past.

Our analysis reveals several marked interdecadal

shifts in the connection between boreal spring North

Atlantic SST and Eurasian SAT variations on the in-

terannual time scale during 1948–2014. This study aims

to investigate these interdecadal changes and the plau-

sible reasons for these changes. The rest of the paper is

organized as follows. Datasets and methods are de-

scribed in section 2. Section 3 presents observational

evidence for the interdecadal changes in the boreal

spring North Atlantic SST–Eurasian SAT relationship.

Section 4 compares the North Atlantic SST-related

anomalies of surface heat fluxes and atmospheric cir-

culation. In section 5, we explore the plausible reasons

for the interdecadal changes. Section 6 summarizes the

main results of this study.

2. Data and methods

This study uses monthly mean vertical velocity at

500 hPa, winds at 850 and 200hPa, surface winds at 10m,

surface longwave and shortwave radiation, surface la-

tent and sensible heat fluxes, and total cloud cover

(TCC) provided by the National Centers for Environ-

mental Prediction (NCEP)–National Center for Atmo-

spheric Research (NCAR) reanalysis from 1948 to the

present (Kalnay et al. 1996). Surface winds, surface heat

fluxes, and TCC are on a spectral T62 horizontal reso-

lution Gaussian grid. Vertical velocity at 500hPa and

winds at 850 and 200 hPa are on a 2.58 latitude–longitude
grid. The convention for surface heat fluxes is positive

for downward flux.

Themonthlymean SSTs are obtained from theNational

Oceanic and Atmospheric Administration (NOAA) Ex-

tended Reconstructed SST, version 3b (ERSST.v3b),

dataset (Smith et al. 2008). This SST dataset is available

from 1854 to the present and has a horizontal resolution of

28 3 28. This study employs the monthly mean surface air

temperature from the University of Delaware (Matsuura

andWillmott 2009). This surface air temperature dataset is

available from the period 1900–2014 and has a horizontal

resolution of 0.58 3 0.58.
The time period of analysis in this study is 1948–2014,

for which all the analyzed variables are available. This

study focuses on variations on the interannual time

scale. A 9-yr high-pass Lanczos filter (Duchon 1979) has

been applied to all monthly mean variables to obtain the

component of interannual variations.

We employ the wave activity flux proposed by Takaya

and Nakamura (1997, 2001) to depict the propagation of

the stationary Rossby waves. As demonstrated by pre-

vious studies (Plumb 1985; Takaya and Nakamura 1997,

2001), the wave activity flux is parallel to the local group

velocity corresponding to a stationary wave train in the

Wentzel–Kramers–Brillouin approximation and is in-

dependent of the wave phase. The definition of the wave

activity flux is as follows:
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where p, Ho, Ra, T
0, fo, and N represent the pressure

standardized by 1000hPa, scale height, gas constant for
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dry air, perturbed air temperature, the Coriolis param-

eter at 458N, and the Brunt–Väisälä frequency, re-

spectively. Note that p is unitless because it is

standardized by 1000hPa. The variables V0 5 (u0, y0),
U 5 (U, V), and c0 denote the perturbed geostrophic

winds, mean winds, and perturbed geostrophic stream-

function, respectively. The subscripts x and y denote the

derivatives in the zonal and meridional directions, re-

spectively. The climatological mean flow is calculated

based on the period 1948–2014. In this study, the per-

turbations are defined as the anomalies regressed on the

North Atlantic tripole SST anomaly index.

3. Interdecadal changes in the North Atlantic
SST–Eurasian SAT connection

We employ the singular value decomposition (SVD)

analysis to reveal the dominant coupled mode between

interannual variations of boreal spring [March–May

(MAM)] SST in the North Atlantic and simultaneous

spring SAT over the mid-to-high latitudes of Eurasia.

The SVD technique can efficiently capture coupled

variability related to two fields (e.g., Bretherton et al.

1992; Cherry 1996). Figure 1 displays the first SVDmode

of interannual SST anomalies in the North Atlantic

(08–608N, 1008W–208E) and interannual SAT anomalies

over the mid-to-high latitudes of Eurasia (Eastern

Hemisphere, 308–808N) in boreal spring during 1948–

2014. The first SVD mode accounts for 63.9% of the

total squared covariance.

The SST anomaly distribution in the first SVDmode is

characterized by a tripole pattern, with significant pos-

itive anomalies in the midlatitude and tropical North

Atlantic and significant negative anomalies in the sub-

tropical western North Atlantic (Fig. 1a). The SAT

anomaly pattern in the first SVD mode is characterized

by pronounced negative anomalies over most regions of

Eurasia north of 408N, with two centers located around

the Baltic Sea and eastern Siberia, respectively (Fig. 1b).

In addition, notable positive SAT anomalies are ob-

served over lower latitudes extending from south of the

Caspian Sea eastward to around 1008E (Fig. 1b). The

correlation between the expansion coefficient time se-

ries of SST and SAT reaches 0.60, significant at the 95%

confidence level according to the Student’s t test

(Fig. 1c). This indicates a coupled variation between the

tripole SST anomaly pattern in the North Atlantic and

the SAT variations over the mid-to-high latitudes of

Eurasia. Note that the coupled variability between the

North Atlantic SST and the Eurasian SAT is also

FIG. 1. The first SVDmode between SST in the North Atlantic (08–608N, 1008W–208E) and
SAT over the mid-to-high latitudes of Eurasia (Eastern Hemisphere, 308–808N) during 1948–

2014. (a) MAM SST anomalies (8C) and (b) MAM SAT anomalies (8C) corresponding to the

first SVD mode. (c) Standardized SST and SAT expansion coefficient time series corre-

sponding to the first SVD mode. The SST (SAT) anomalies are generated by regressing the

SST (SAT) anomaly field onto the standardized SST (SAT) expansion coefficient time series.

Shaded regions in (a) and (b) denote anomalies significantly different from zero at the 95%

confidence level according to the Student’s t test.
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observed when the North Atlantic SST leads the Eur-

asian SAT by about two months (not shown). In the

present study, the SST expansion coefficient time series

corresponding to the first SVDmode is used as an index

for the spring North Atlantic tripole SST anomaly pat-

tern (NATI), and the positive NATI phase corresponds

to the SST anomaly pattern shown in Fig. 1a.

The fractional variance of spring SAT variability

explained by the first SVD mode (Fig. 2) displays a

spatial distribution similar to the loading of the first

SVD mode (Fig. 1b). The first SVD mode accounts for

above 40% of the total spring SAT variability over

central Siberia with the largest value reaching above

60% northwest of Lake Baikal. The fractional variance

over western Europe is about 30%. Relatively small

fractional variance is observed over eastern Europe, in

particular around the Caspian Sea.

To confirm the connection between the North At-

lantic tripole SST anomaly and Eurasian SAT variation,

we further perform EOF analysis to extract the domi-

nant mode of the North Atlantic SST variability. The

distribution of SST anomalies in the North Atlantic

revealed by the first EOF mode (not shown) bears a

close resemblance to that corresponding to the first SVD

mode (Fig. 1a). The correlation coefficient between the

principal component time series corresponding to the

first EOFmode and the expansion coefficient time series

corresponding to the first SVDmode of SST is as high as

0.97.

The relationship between the spring tripole SST

anomalies in the North Atlantic and the SAT anomalies

over Eurasia is unsteady. This is demonstrated by the

sliding correlation between the SST and SAT expansion

coefficient time series related to the first SVD mode

with a 19-yr window (Fig. 3). Note that similar results are

obtained when different lengths of window (e.g., 17, 21,

and 23 yr) are employed to calculate the sliding

correlations (figures not shown). The correlation is

positive and significant at the 95% confidence level be-

fore 1975 and after 1991 except for two years, 1999 and

2000 (Fig. 3). In contrast, the correlation is weak and

insignificant during 1976–90 (Fig. 3). This indicates that

the connection between the spring North Atlantic tri-

pole SST anomaly pattern and the Eurasian SAT vari-

ation has experienced interdecadal changes around the

early to mid-1970s and 1990s. In the following, we select

high- and low-correlation periods to further investigate

the interdecadal changes in the spring North Atlantic

SST–Eurasian SAT connection. Based on the sliding

correlation in Fig. 3, we select two high-correlation pe-

riods (i.e., 1954–72 and 1996–2014) and one low-

correlation period (i.e., 1973–91). These three periods

are selected for comparative analysis because they are

not overlapping and the difference of the correlation

coefficient between 1954–72 (1996–2014) and 1973–91 is

the largest in the analysis period (Fig. 3). According to

the Fisher’s r–z transformation, the difference of the

correlation coefficient between the above neighboring

periods is significant at the 95% confidence level.

SAT anomalies related to NATI over Eurasia display

notable differences between high- and low-correlation

periods. Figure 4 shows spring SAT anomalies obtained

by regression on the normalized NATI for 1954–72,

1973–91, and 1996–2014, respectively. During 1954–72,

significant negative SAT anomalies appear over western

Europe and central-eastern Siberia extending north-

eastward to the Far East, and pronounced positive

anomalies extend from the Arabian Peninsula eastward

to southwestern China (Fig. 4a). During 1996–2014,

notable negative anomalies are observed over western

Europe, similar to those during 1954–72 (Figs. 4a,c).

However, the significant negative SAT anomalies over

the eastern part of Eurasia shift southwestward com-

pared to those during 1954–72. In addition, pronounced

positive SAT anomalies are observed over North Africa

FIG. 2. Spatial distribution of the variance fraction of spring

original SAT variability over mid-to-high latitudes of Eurasia ac-

counted for by the first SVDmode for the period of 1948–2014. The

contour interval is 5%.

FIG. 3. The 19-yr sliding correlation between the SST and SAT

expansion coefficient time series corresponding to the first SVD

mode. Note that years are labeled based on the central year of the

19-yr window. The horizontal dashed line indicates the correlation

significant at the 95% confidence level according to the Student’s

t test.
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during 1996–2014 (Fig. 4c). During 1973–91, the SAT

anomalies are weak over most regions of Eurasia except

for small regions over the north coast of Europe, North

Africa, and the Arabian Peninsula (Fig. 4b). These re-

sults confirm that the relationship between the spring

North Atlantic tripole SST anomaly pattern and the

Eurasian SAT variation is weak and insignificant during

the low-correlation period (i.e., 1973–91).

4. North Atlantic SST-related surface heat flux and
atmospheric circulation anomalies

In this section, we analyze and compare surface heat

flux and atmospheric circulation anomalies associated

with the North Atlantic tripole SST anomaly pattern

during the three periods to understand the changes in

the North Atlantic SST–Eurasian SAT connection. We

first analyze surface heat flux and associated surface

wind and cloud anomalies to understand surface heat

flux anomalies and their contributions to the SAT

anomalies. Then, we compare tropospheric atmospheric

circulation anomalies to unravel their differences among

the three periods. Last, we investigate the reasons for

the differences in atmospheric circulation anomalies.

a. Surface heat flux anomalies

During 1954–72, the spatial distribution of surface net

heat flux (NHF) anomalies over Eurasia bears a close

resemblance to that of SAT anomalies (Figs. 4a and 5a).

This indicates that the formation of SAT anomalies is

closely related to changes in surface heat fluxes. Signif-

icant negative NHF anomalies appear over western

Europe and eastern Siberia (Fig. 5a). The sensible heat

flux (SHF) is the main contributor to the NHF anoma-

lies in the above regions (Fig. 5j). The longwave radia-

tion (LWR) and latent heat flux (LHF) have an opposite

effect (Figs. 5g,m). The shortwave radiation (SWR)

has a positive contribution to the NHF anomalies in

southern Europe (Fig. 5d). Around the Caspian Sea,

positive SWR anomalies are offset by negative LHF and

SHF anomalies, leading to small NHF anomalies

(Figs. 5a,d,j,m). The negative SHF anomalies over

western Europe and eastern Siberia (Fig. 5j) may be

explained by northeasterly wind anomalies (Fig. 6a) that

bring colder air from higher latitudes, increasing the

land–air temperature difference. As the air from the

polar oceanic region has a higher humidity compared to

that over the land, the land–atmosphere humidity dif-

ference is reduced, contributing partly to positive LHF

anomalies over the high-latitude regions (Fig. 5m).

Negative SWR and positive LWR anomalies over

southwestern Europe are related to the increase in TCC

(Fig. 7a) that reduces downward SWR and increase

downward LWR. The TCC increase is consistent with

anomalous lower-level convergence (Fig. 6a) that may

lead to anomalous upward motion.

During 1973–91, the NHF anomalies are negative

over western Europe, positive over eastern Europe, and

negative over most of central-eastern Siberia (Fig. 5b).

The spatial distribution of the NHF anomalies is similar

to that of the SAT anomalies (Figs. 4b and 5b). How-

ever, the NHF anomalies are mostly insignificant, which

is consistent with weak SAT anomalies. Negative NHF

anomalies over western Europe are attributed to SWR

and SHF anomalies (Figs. 5e,k), offset by LWR and

LHF anomalies (Figs. 5h,n). Positive NHF anomalies

over eastern Europe are contributed by SHF anomalies

(Fig. 5k), canceled partly by LHF anomalies (Fig. 5n).

Consistently, surface wind anomalies are weak over

most of the mid-to-high latitudes of Eurasia except for

the Arctic Ocean coast and Far East near Russia

(Fig. 6b). Positive TCC anomalies are observed over

eastern Europe and east of the Caspian Sea (Fig. 7b),

which explain negative SWR and positive LWR anom-

alies (Figs. 5e,n).

FIG. 4. Anomalies of MAM SAT (8C) obtained by regression on

the normalized NATI for (a) 1954–72, (b) 1973–91, and (c) 1996–

2014. Stippled regions denote anomalies significantly different

from zero at the 95% confidence level according to the Student’s

t test.
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During 1996–2014, significant negative NHF anoma-

lies extend from western Europe eastward to eastern

Siberia (Fig. 5c), contributing to negative SAT anoma-

lies there (Fig. 4c). Negative NHF anomalies over

northern part of western Europe are mainly attributed

to SHF anomalies (Fig. 5l), whereas LHF anomalies

have an opposite effect (Fig. 5o). Changes in SHF and

LHF in this region may be related to anomalous

northeasterly winds (Fig. 6c). These winds bring colder

but wetter air from polar oceanic regions, leading to an

increase in land–air temperature difference but a de-

crease in land–air humidity difference, and thus more

upward SHF but less upward LHF (Figs. 5l,o). Negative

NHF anomalies over Siberia are primarily due to SHF

FIG. 5. Anomalies (Wm22) ofMAM(a)–(c)NHF, (d)–(f) SWR, (g)–( i) LWR, ( j)–(l) SHF, and (m)–(o) LHFobtained by regression on

the normalized NATI for (left) 1954–72, (middle) 1973–91, and (right) 1996–2014. Stippled regions denote anomalies significantly dif-

ferent from zero at the 95% confidence level according to the Student’s t test. Positive (negative) values indicate heat fluxes are downward

(upward), which contribute to positive (negative) SAT anomalies.
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anomalies (Figs. 5c,l). The SHF anomalies in this region

can be explained by anomalous northeasterly winds that

bring colder air from higher latitudes (Fig. 6c). To the

southeast of Lake Baikal, negative NHF anomalies are

contributed by SWR anomalies (Figs. 5c,f), which is

consistent with more TCC (Fig. 7c).The negative NHF

anomalies extending from western Siberia southeast-

ward to northeastern China contribute to the negative

SAT anomalies (Figs. 4c and 5c). Over southwestern

Europe, positive NHF anomalies are observed, opposite

to the SAT anomalies (Figs. 4c and 5c). Thus, the SAT

change cannot be explained by surface heat fluxes. In

this region, SWR and LWR anomalies have a positive

and negative contribution to the NHF anomalies, re-

spectively (Figs. 5c,f,i). Changes in SWR and LWR in

this region are attributed to an anomalous cyclone

(Fig. 6c), which increases the TCC (Fig. 7c). The LHF

and SHF anomalies are positive in this region (Figs. 5l,o).

This is likely associated with anomalous southerly winds

(Fig. 6c) that bring warmer and wetter air from lower

latitudes, reducing the land–air temperature and humidity

difference. The positive LWR, LHF, and SHF anomalies

together overcome the negative SWR anomalies, leading

to positive NHF anomalies.

We have calculated the different terms of horizontal

temperature advection (not shown). Results confirm

that the advection of mean temperature by anomalous

meridional winds plays an important role in the forma-

tion of negative SAT anomalies over the mid-to-high

latitudes of Eurasia during 1954–72 and 1996–2014

(Figs. 4a,c). In contrast, during 1973–91, the advection

due to anomalousmeridional winds is weak over most of

themid-to-high latitudes of Eurasia, which explain weak

SAT anomalies there (Fig. 4b).

The above analyses indicate that changes in surface

heat fluxes have a large contribution to the formations

of SAT anomalies over most of mid-to-high-latitude

Eurasia. One exception is southern Europe during

FIG. 6. Anomalies of MAM surface winds (vectors, at 10m; m s21)

obtained by regression on the normalized NATI for (a) 1954–72,

(b) 1973–91, and (c) 1996–2014. The shading indicates that one

component of the wind anomaly is significantly different from zero

at the 95% confidence level according to the Student’s t test. Wind

anomalies less than 0.1m s21 are not shown.

FIG. 7. Anomalies of MAM total cloud cover (%) obtained by

regression on the normalized NATI for (a) 1954–72, (b) 1973–91,

and (c) 1996–2014. Stippled regions denote anomalies significantly

different from zero at the 95% confidence level according to the

Student’s t test.
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1996–2014. Furthermore, changes in surface heat fluxes

aremainly resulted from atmospheric circulation changes.

Therefore, atmospheric circulation changes play an im-

portant role in connecting the North Atlantic tripole SST

anomaly pattern and the Eurasian SAT changes.

b. Atmospheric circulation anomalies

Wind anomalies at 850 and 200 hPa bear some re-

semblance to each other over mid-to-high latitudes of

Eurasia during the three periods (Fig. 8), indicating a

barotropic vertical structure. A north–south dipole sea

level pressure (SLP) anomaly pattern appears over the

North Atlantic during all three periods, with anomalous

cyclone and anticyclone around 308 and 608N, re-

spectively. This dipole SLP anomaly pattern features a

typical negative phase of NAO (e.g., Walker and Bliss

1932; Hurrell 1995; Hurrell and van Loon 1997). The

correlation coefficient between the spring NAO index

and the NATI reaches 0.53 during 1948–2014, significant

at the 95% confidence level according to the Student’s t

test. Note that the NAO index employed in this study,

which was derived from the Climate Data Guide web

page of the University Corporation for Atmospheric

Research (UCAR) (https://climatedataguide.ucar.edu/

climate-data/hurrell-north-atlantic-oscillation-nao-index-

stationbased), was defined as the difference of standard-

ized SLP anomalies between Lisbon, Portugal, and

Stykkishólmur and Reykjavik, Iceland (Hurrell 1995).

We have calculated the SAT anomalies over Eurasia

related to spring NAO index during the three periods

(not shown). Significant SAT anomalies in association

with the spring NAO index are mainly located over

northern Europe during 1954–72 and 1996–2014. By

contrast, SAT anomalies related to spring NAO are

weak over most of the mid-to-high latitudes of Eurasia

during 1973–91, similar to those associated with the

spring NATI. The results suggest that the influence of

spring NAOon the SAT anomalies over the eastern part

of Eurasia are generally weak during the three periods

except for small patches over East Asia.

Wind anomalies at 200 hPa over the mid-to-high lati-

tudes of Eurasia display notable differences among the

FIG. 8. Anomalies of MAM winds (m s21) at (left) 850 and (right) 200 hPa obtained by regression on the nor-

malized NATI for (a),(b) 1954–72, (c),(d) 1973–91, and (e),(f) 1996–2014. The shading indicates that one com-

ponent of the wind anomaly is significantly different from zero at the 95% confidence level according to the

Student’s t test. Wind anomalies less than 0.15 (0.25)m s21 at 850 (200) hPa are not shown. The thick black lines in

(b) and (f) indicate atmospheric wave trains from the North Atlantic to Eurasia.
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three periods. During 1954–72, a wave train is observed

from the western North Atlantic, going first northeast-

ward to midlatitude Eurasia around 608N, next eastward

to central Eurasia around 608E, and then southeastward

to East Asia and the North Pacific (Fig. 8b). During

1973–91, there is no clear wave train over the mid-to-

high latitudes of Eurasia (Fig. 8d). This explains the

weak connection between the North Atlantic SST and

the mid-to-high-latitude Eurasian SAT variations.

During 1996–2014, the pathway of the atmospheric wave

trains from the North Atlantic to Eurasia bear some

resemblances to those during 1954–72 but located more

southward during 1996–2014 (Figs. 8b,f).

The above-mentioned anomalous wave trains over

the North Atlantic through Eurasia during the three

periods can also be captured by anomalies of 500-hPa

geopotential height and wave activity fluxes (Fig. 9). A

wave train is observed over the North Atlantic through

Eurasia during both 1954–72 and 1996–2014 (Figs. 9a,c).

In comparison, wave activity flux anomalies over mid-

to-high-latitude Eurasia are relatively weaker and

located at higher latitudes during 1954–72 than during

1996–2014. There is no clear wave train over Eurasia

during 1973–91 (Fig. 9b). These are generally consistent

with those shown in Fig. 8.

The above results indicate that anomalous atmo-

spheric wave trains from the North Atlantic to Eurasia

play an important role in the formation of atmospheric

circulation anomalies related to the spring NATI during

1954–72 and 1996–2014, which further lead to pro-

nounced SAT anomalies over Eurasia. By contrast,

during 1973–91, the lack of clear atmospheric wave

trains over the Eurasian land explains the weak atmo-

spheric circulation and SAT anomalies over Eurasia

during this period.

5. Plausible reasons for changes in atmospheric
circulation anomalies

An important question is why the spring NATI-

related atmospheric circulation anomalies are different

among the three periods. To address this question, we

examine in detail the spring SST anomalies during

the three periods. Spatial patterns of the SST anomalies

in the North Atlantic are similar among the three pe-

riods, with significant positive anomalies in tropical

and midlatitude North Atlantic and pronounced nega-

tive anomalies in subtropical western North Atlantic

(Fig. 10). The distribution of the North Atlantic SST

anomalies is consistent with that in Fig. 1a. The simi-

larity of the SST anomalies in the North Atlantic among

the three periods agrees with the similarity of the wind

anomalies. This indicates a close association between

the North Atlantic SST and wind anomalies. Previous

studies have demonstrated that the North Atlantic tri-

pole SST anomaly pattern is tightly connected to at-

mospheric circulation anomalies related to NAO

(Wallace et al. 1990; Czaja and Frankignoul 1999, 2002;

Cassou et al. 2004;Wu et al. 2009, 2011). The tripole SST

anomaly pattern in the North Atlantic may influence the

variability of NAO via the interaction between eddy and

mean flow (e.g., Cassou et al. 2004; Hu and Huang

2006a,b). The NAO-related atmospheric circulation

anomalies, in turn, may exert an influence on the tripole

SST anomaly pattern via changes in surface heat flux

and oceanic advection (e.g., Cayan 1992; Marshall et al.

2001; Visbeck et al. 2003).

The SST anomalies in the Pacific and Indian Oceans

display notable differences between high- and low-

correlation periods. During 1973–91, marked positive

SST anomalies appear in the equatorial central-eastern

Pacific (Fig. 10b), indicating a connection between

ENSO and the North Atlantic tripole SST anomaly

pattern during this period. In addition, significant

FIG. 9. Anomalies of 500-hPa geopotential height (contours; m)

and wave activity flux (vectors; m2 s22) in MAM obtained by re-

gression on the normalized NATI for (a) 1954–72, (b) 1973–91, and

(c) 1996–2014. Anomalies of wave activity flux less than 0.1m2 s22

in both directions are not shown. Contour interval for geopotential

height is 3 m, and zero contours are omitted. The thick red lines in

(a) and (c) are the same as the thick black lines shown in Figs. 8b

and 8f, respectively, indicating atmospheric wave trains over the

North Atlantic through Eurasia.
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positive SST anomalies are observed near the west coast

of North America and in the tropical Indian Ocean

through the South China Sea and subtropical western

North Pacific, and pronounced negative anomalies oc-

cur in central North Pacific. Formation of the SST

anomalies in the abovementioned regions may be partly

induced by ENSO. Previous studies have demonstrated

that ENSO can influence the SST variability in the

North Pacific, the South China Sea, and the Indian and

Atlantic Oceans via modulating changes in surface heat

fluxes (e.g., Lau and Nath 1996; Klein et al. 1999; Wang

et al. 2000; Alexander et al. 2002; Czaja and Frankignoul

2002; Huang et al. 2002, 2004; Wu and Zhang 2010; Wu

andKirtman 2011). In contrast, the SST anomalies in the

equatorial central-eastern Pacific and the extratropical

North Pacific are weak and the positive SST anomalies

in the Indian Ocean are confined to the northern part

during 1954–72 and 1996–2014 (Figs. 10a,c).

Can the different SST anomalies in the tropical Pacific

explain the difference in atmospheric circulation

anomalies over Eurasia among the three periods? To

answer this question, we remove the component of

spring SST and NATI variations that is associated with

ENSO by a linear regression with respect to the preced-

ing winter Niño-3.4 SST index, which is the area-mean

SST anomalies averaged over the region of 58S–58N,

1708–1208W. The Niño-3.4 SST anomaly is generally

used to represent the ENSO variability in previous

studies (e.g., Deser et al. 2012; Chen et al. 2014, 2015b).

Then, we recalculate the SST anomalies regressed on

the normalized NATI for the three periods. The SST

tripole anomaly pattern is still present in the North

Atlantic during the three periods (Fig. 11). This in-

dicates that the tripole SST anomaly pattern can occur

independent of ENSO, consistent with Wu et al. (2011).

In addition, we have examined the NATI-associated

anomalies of SAT and atmospheric winds over Eurasia

after removing the variations related to ENSO. It turns

out that the SAT and wind anomalies change little

(figures not shown). The results indicate that the ENSO

influence cannot explain the interdecadal changes in the

NATI-related atmospheric circulation anomalies over

the North Atlantic and Eurasia.

Note that the spatial distributions of SST anomalies in

the North Pacific associated with the spring NATI dur-

ing 1973–91 bear some resemblance to those related to

the positive phase of the Pacific decadal oscillation

(PDO), the leading EOF mode of monthly SST anom-

alies over the extratropical North Pacific after the

global mean SST signal has been removed (Mantua et al.

1997). One question is whether PDO contributes to the

FIG. 11. As in Fig. 10, but with variations in MAM SST and

NATI that are linearly correlated with the preceding winter

[December–February (DJF) averaged] Niño-3.4 SST index re-

moved by a linear regression.

FIG. 10. Anomalies of MAM SST (8C) obtained by regression on

the normalized NATI for (a) 1954–72, (b) 1973–91, and (c) 1996–

2014. Stippled regions denote anomalies significantly different

from zero at the 95% confidence level according to the Student’s

t test.
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interdecadal change in the connection between the

spring North Atlantic SST and Eurasian SAT variabil-

ity. To address this issue, we have compared the spring

(March–May averaged) PDO index (not shown) with

the 19-yr sliding correlation between the North Atlantic

SST and Eurasian SAT. Note that the PDO index em-

ployed in this paper is derived from the Joint Institute

for the Study of the Atmosphere and Ocean available at

their website from 1900 to the present (http://jisao.

washington.edu/pdo/PDO.latest). It is found that the

relationship between the North Atlantic SST and Eur-

asian SAT tends to be weak (strong) when PDO is in its

positive (negative) phase (not shown). The correlation

coefficient between the 19-yr running mean of the PDO

index and the time series of the 19-yr sliding correlation

shown in Fig. 3 reaches20.74 during the whole analyzed

period. This indicates that spring PDOmay play a role in

the interdecadal change in the relationship between the

North Atlantic SST and Eurasian SAT. The mechanism

responsible for the influence of spring PDO on the

connection between spring North Atlantic SST and

Eurasian SAT remains to be investigated.

As demonstrated by previous studies (e.g., Wu et al.

2009, 2010; Chen et al. 2016), SST anomalies in the

North Atlantic may exert pronounced influences on at-

mospheric circulation changes over Eurasia via modu-

lating atmospheric heating. Figure 12 displays anomalies

of vertical velocity at 500hPa obtained by regression on

the normalized NATI during 1954–72, 1973–91, and

1996–2014. Substantial differences in the 500-hPa ver-

tical pressure velocity anomalies are observed over the

North Atlantic between the high- and low-correlation

periods. During 1954–72 and 1996–2014, pronounced

upward motion anomalies occur over tropical western

North Atlantic (Figs. 12a,c), which may be induced by

local positive SST anomalies (Figs. 10a,c). This is sup-

ported by anomalous lower-level convergence and

upper-level anticyclone (Figs. 8a,b,e,f). Wu et al. (2011)

have demonstrated that spring atmospheric heating

(indicated by upward motion) over the tropical western

North Atlantic can induce an atmospheric wave train

extending from the North Atlantic eastward to Eurasia.

This indicates that the formation of the wave trains

during 1954–72 and 1996–2014 may be partly related to

the atmospheric heating anomalies over the tropical

western North Atlantic. In contrast, during 1973–91,

significant upward motion anomalies appear over the

subtropical eastern North Pacific (Fig. 12b). Upward

motion anomalies over the tropical western North At-

lantic are weak and insignificant during 1973–91. The

notable differences in the upward motion anomalies

over the North Atlantic between the high- and low-

correlation periods imply that the spatial patterns of

atmospheric circulation anomalies over the North At-

lantic and Eurasia may be sensitive to the location of

atmospheric heating, consistent with Chen et al. (2016).

Given the fact that the SST anomaly pattern in the

North Atlantic is similar among the three periods

(Figs. 10 and 11), why do vertical velocity anomalies

over the North Atlantic Ocean display notable differ-

ences between high- and low-correlation periods? The

atmospheric response to SST anomalies may be de-

pendent upon the mean state. Given the same positive

SST anomalies, induced upward motion anomalies

would be larger under a higher mean SST because of the

nonlinear dependence of atmospheric heating on mean

temperature. To address the above issue, we show in

Fig. 13 mean SST difference between high- and low-

correlation periods. Note that long-term linear trends of

SST have been removed by a regression in constructing

FIG. 12. Anomalies ofMAMvertical pressure velocity at 500 hPa (Pa s21) obtained by regression on the normalizedNATI for (a) 1954–

72, (b) 1973–91, and (c) 1996–2014. Stippled regions denote anomalies significantly different from zero at the 95% confidence level

according to the Student’s t test.
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the difference maps. From Fig. 13, the mean SST during

1954–72 and 1996–2014 is significantly higher than that

during 1973–91 by about 0.38–0.48C in the tropical and

midlatitude North Atlantic (Figs. 13a,b). This suggests

that differences in vertical velocity anomalies over the

North Atlantic between high- (1954–72 and 1996–2014)

and low- (1973–91) correlation periodsmay be related to

the differences in mean SST.

The mean atmospheric circulation change may also

play a role in contributing to the differences in anoma-

lous circulation over the North Atlantic and Eurasia.

Previous studies have demonstrated that the synoptic

eddy forcing, which is an important factor inmaintaining

the variability of low-frequency flow over the mid-

latitudes, is highly sensitive to the change in the back-

ground flow (Lau and Nath 1991; Peng and Whitaker

1999; Kug and Jin 2009; Zuo et al. 2013). Figure 14 dis-

plays differences in mean 200-hPa zonal winds between

high- and low-correlation periods. Climatological mean

200-hPa zonal winds are also presented in Fig. 14 for

comparison. A subtropical jet extends eastward along

308N from North Africa to East Asia (Fig. 14) with two

centers over west and East Asia, respectively, consistent

with previous studies (e.g., Du et al. 2016; Hong and Lu

2016). The mean zonal winds at 200 hPa over Eurasia

between 408 and 608N are stronger during 1954–72 and

1996–2014 than during 1973–91. Significant negative

differences are observed over subtropical East Asia

around the jet stream center or to the north of the jet

stream axis between high- and low-correlation periods

(Fig. 14). Positive differences are observed around the

center of the subtropical jet stream axis over North

Africa (Fig. 14). Furthermore, mean zonal winds over

the tropics and high latitudes of the North Atlantic

(subtropical North Atlantic) during 1954–72 and 1996–

2014 are significantly weaker (stronger) than those

during 1973–91. In particular, large positive differences

occur to the north of the subtropical North Atlantic jet

stream axis (Fig. 14). This implies a significant north-

ward shift of the subtropical North Atlantic jet stream

during the high-correlation periods. Hong and Lu (2016)

reported that the spatial pattern of atmospheric wave

train over Eurasia is significantly impacted by the me-

ridional displacement of the subtropical jet over Eura-

sia. The above discussion implies that changes in

climatological mean winds over the North Atlantic and

Europe may also partly contribute to the differences

in atmospheric circulation anomalies in association

with NATI. Nevertheless, the mechanisms that are

FIG. 13. Difference of mean SST (8C) (a) between1954–72 and 1973–91 and (b) between 1996–2014 and 1973–91.

Stippled areas denote the regions where the difference is significant at the 95% confidence level. The long-term

linear trend has been removed when constructing the difference.

FIG. 14. Difference of mean zonal wind (shading; m s21) at

200 hPa (a) between1954–72 and 1973–91 and (b) between 1996–

2014 and 1973–91. Stippled areas denote the regions where the

difference is significant at the 95% confidence level. Contours

represent climatological meanMAMzonal winds at 200 hPa during

the period 1948–2014. The long-term linear trend has been re-

moved when constructing the difference.
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responsible for the contribution of mean circulation

changes to the differences in atmospheric circulation

anomalies related to NATI among the three periods

remain to be investigated.

In the following, we perform experiments with a

barotropic model to confirm the roles of the background

circulation and the position of anomalous atmospheric

heating in the spatial distribution of atmospheric circu-

lation anomalies over the North Atlantic and Eurasia.

As indicated by Sardeshmukh and Hoskins (1988), the

barotropic model is able to efficiently capture the es-

sential dynamics of atmospheric anomalies in response

to convective heating. The barotropic model used in the

present study is spectral, which has the truncation at

rhomboidal wavenumber 40. We first perform three

pairs of experiments. In each pair, one experiment is

forced by spring climatological mean divergence and the

other by spring climatological mean divergence plus

prescribed divergence anomaly over the given region

with a maximum intensity of 7 3 1026 s21. In the three

pairs, the spring climatological mean divergences are

based on periods 1954–72, 1973–91, and 1996–2014, re-

spectively. The locations of specified divergence anom-

aly are determined according to the upward motion

anomaly over the tropical and subtropical North At-

lantic in the above three periods, respectively (Fig. 12).

In the first and third pairs, the center of the prescribed

divergence anomaly is at 128N, 658W and 158N, 658W,

respectively. In the second pair, the center of the pre-

scribed divergence anomaly is at 308N, 308W. The baro-

tropic model is integrated for 40 days in all the

experiments. The difference between the two experi-

ments in each pair (i.e., imposed spring climatological

mean divergence plus prescribed divergence anomaly

minus imposed spring climatological mean divergence)

is considered as the atmospheric response to imposed

divergence anomaly.

Figures 15a–c display themodel response for the three

periods, respectively, averaged over model days 31–40

with red solid contours indicating the prescribed di-

vergence anomaly. Atmospheric circulation responses

based on the barotropic model experiments bear a close

resemblance to those in observations. In Fig. 15a, a wave

train is observed from the subtropical western North

Atlantic, going first northeastward across western Eu-

rope to high latitudes of central Eurasia and then

southeastward to East Asia and theNorth Pacific. This is

generally consistent with the results from the observa-

tions for 1954–72 (Figs. 8a,b). In particular, anomalous

cyclones over western Europe and East Asia and

anomalous anticyclone over central Eurasia around

608E are captured by the barotropic model simulation

during 1954–72 (Fig. 15a). In Fig. 15b, no clear wave

train is observed over mid-to-high latitudes of Eurasia

for 1973–91, consistent with the results in Figs. 8c,d. In

Fig. 15c, a clear wave train appears over the North At-

lantic through northern Europe to East Asia, which is

generally in agreement with that in Figs. 8e,f. The above

results confirm that spatial distributions of atmospheric

circulation anomalies over the North Atlantic and

Eurasia are closely related to the background circulation

and the position of the convective heating over the

North Atlantic.

It should be mentioned that there is a slight difference

in the location of anomalous atmospheric wave trains

over Eurasia between the barotropic model and obser-

vations. For example, the anomalous anticyclone over

central Eurasia during 1954–72 is located slightly

northward in the barotropic model compared to that in

the observations. The anomalous anticyclone during

1996–2014 over the high latitudes of Eurasia is located

more northeastward in the barotropic model simulation.

These inconsistencies may imply that other processes

(such as a baroclinic process and land–atmosphere in-

teraction) may also be important in the formation of the

atmospheric circulation anomalies, which remain to be

explored.

We perform another three pairs of experiments to

examine the relative importance of the background

circulation and the position of anomalous atmospheric

heating to the formation of atmospheric circulation

anomalies during the three periods. The prescribed

spring climatological mean divergences are the same as

those in Figs. 15a–c, based on periods 1954–72, 1973–91,

and 1996–2014, respectively, but we change the location

of the center of the prescribed divergence anomaly. The

results are shown in Figs. 15d–f. The difference in the

response between these two pairs indicates the impact of

the change in the position of anomalous atmospheric

heating. In addition, as the same divergence anomaly is

prescribed in Figs. 15c and 15e (Figs. 15b and 15f), the

difference in the response between these two pairs im-

plies the impact of mean circulation change. In Fig. 15d,

no wave train is simulated from North Atlantic to Eur-

asia. The difference between Figs. 15a and 15d indicates

that the formation of atmospheric circulation anomalies

over Eurasia during 1954–72 is sensitive to the location

of the atmospheric heating over the North Atlantic.

Previous studies have demonstrated that the influence of

the summer North Atlantic tripole SST anomaly on the

East Asian summer monsoon is highly dependent on the

meridional position of the atmospheric heating related

to the tripole SST anomaly (e.g., Zuo et al. 2013). During

1996–2014, an atmospheric wave train is simulated over

the mid-to-high latitudes of Eurasia when the di-

vergence anomaly is prescribed around 308N, 308W
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(Fig. 15f). Compared to Fig. 15c, the wave train is lo-

cated slightly northward. In particular, the anomalous

cyclone around 1208E is weaker and shifts northward to

the Far East. The atmospheric response during 1973–91

in Fig. 15e is featured by a dipole anomaly pattern over

Eurasia, with an anomalous anticyclone over eastern

Eurasia and an anomalous cyclone over western Eura-

sia. This is different from that shown in Fig. 15c. The

above results suggest that both the background circu-

lation and location of anomalous atmospheric heating

are important for atmospheric circulation anomalies

over Eurasia during 1973–91 and 1996–2014.

6. Summary

The present study investigates interdecadal changes in

the connection between interannual variations of SST in

the North Atlantic and SAT over the mid-to-high lati-

tudes of Eurasia during 1948–2014.An analysis using the

SVD technique reveals that the Eurasian SAT varia-

tions are coupled to the North Atlantic tripole SST

anomaly pattern. However, the connection between the

North Atlantic tripole SST anomaly pattern and the

Eurasian SAT variations is unsteady and has experi-

enced interdecadal shifts around the early 1970s and

mid-1990s. The relationship between the North Atlantic

tripole SST anomaly pattern and Eurasian SAT varia-

tions is strong and statistically significant before the

early 1970s and after the mid-1990s, whereas the con-

nection is weak between the mid-1970s and early 1990s.

During 1954–72, corresponding to the positive phase of

the tripole SST anomaly pattern, with positive anoma-

lies in the tropical and midlatitude North Atlantic and

negative anomalies in the subtropical western North

Atlantic, pronounced negative SAT anomalies appear

over western Europe and the northeastern part of Eur-

asia, and marked positive SAT anomalies extend east-

ward from the Arabian Peninsula to northwestern

FIG. 15. Barotropic model height perturbation (black contours, with contour interval of 30m) averaged over days

31–40 in response to imposed idealized divergence anomaly (red contours, with contour interval of 1026 s21, and

zero contour is omitted) over the tropical western Atlantic for (a) 1954–72 (center at 128N, 658W), (c) 1996–2014

(center at 158N, 658W), and (e) 1973–91 (center at 158N, 658W) and over the subtropical North Atlantic for

(b) 1973–91 (center at 308N, 308W), (d) 1954–72 (center at 358N, 458W), and (f) 1996–2014 (center at 308N, 308W).

Note that the spatial distribution of the imposed divergence anomaly over the tropical western Atlantic in (a) is

different from that in (c) and (e), which are related to the spatial distribution of 500-hPa vertical pressure velocity

shown in Fig. 12. The thick blue lines in (a) and (c) indicate atmospheric wave trains over the North Atlantic

through Eurasia.
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China. Spatial patterns of the SAT anomalies in asso-

ciation with the North Atlantic tripole SST anomaly

pattern during 1996–2014 bear some resemblance to

those during 1954–72, but with negative anomalies over

the northeastern part of Eurasia shifting southwestward.

In contrast, SAT anomalies are weak and insignificant

over most regions of Eurasia during 1973–91.

A diagnosis of surface heat fluxes indicates that the

formations of the SAT anomalies during the three pe-

riods are tightly connected to the changes in surface heat

fluxes. A large decrease in downward net surface heat

flux is observed over large parts of Eurasia during 1954–

72 and 1996–2014, contributing to negative SATanomalies

there. In contrast, changes in net surface heat flux areweak

over most parts of Eurasia during 1973–91, consistent with

small SAT anomalies.

Atmospheric circulation changes play an important role

in forming surface heat fluxes anomalies mainly through

wind-induced surface sensible heat flux change and cloud-

induced surface radiation change. Notable changes are

identified in the atmospheric circulation anomalies over

the North Atlantic through the mid-to-high-latitude Eur-

asia. One wave train appears to exist during 1954–72 over

the high-latitudes of Eurasia. There is no clear wave train

during 1973–91. One wave train is observed over the

midlatitudes of Eurasia during 1996–2014.

Further analyses suggest that the differences in at-

mospheric circulation anomalies among the three pe-

riods are closely related to the change in the position of

atmospheric heating anomalies over the North Atlantic

and the change in the background circulation. Pro-

nounced upward motion anomalies are observed over

the tropical western North Atlantic during 1954–72 and

1996–2014. In contrast, significant upward motion

anomalies appear over the subtropical central-eastern

Atlantic during 1973–91. Change in the location of sig-

nificant upward motion anomalies during the three pe-

riods is related to the change inmean SST. Themean SST

during 1954–72 and 1996–2014 is significantly higher than

that during 1973–91 in the tropical North Atlantic. Be-

cause of the nonlinearity of dependence of atmospheric

heating on mean temperature, a higher mean SST would

lead to stronger upwardmotion anomalies given the same

positive SST anomalies over the tropical western North

Atlantic. Results from barotropic model experiments

confirm that changes in the spatial pattern of anomalous

atmospheric circulation over the North Atlantic and

Eurasia associated with the North Atlantic tripole SST

anomaly pattern are related to the changes in the posi-

tion of the anomalous convective heating over the North

Atlantic and the changes in background circulation.

The present study interpreted changes in the con-

nection between the North Atlantic SST and Eurasian

SAT variations from the impacts of location of anoma-

lous heating and mean state. The reasons why spatial

patterns of anomalous circulation over the North At-

lantic and Eurasia are sensitive to the change in back-

ground circulation remain to be explored. In addition to

the North Atlantic SST anomalies, other factors may

contribute to the Eurasian SAT variations. The inter-

decadal changes addressed in the present study may be

related to the change in the impacts of other factors.

Further studies are needed to identify these factors and

the changes of their impacts on the Eurasian SAT

variations.
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