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ABSTRACT

Recent concurrent shifts of the East Asian polar-front jet (EAPJ) and the East Asian subtropical jet

(EASJ) in the boreal winter have raised concerns, since they could result in severe weather events over

East Asia. However, the possible mechanisms are not fully understood. In this study, the roles of the

interdecadal Pacific oscillation (IPO) and theAtlantic multidecadal oscillation (AMO) are investigated by

analyzing reanalysis data and model simulations. Results show that combinations of opposite phases of the

IPO and AMO can result in significant shifts of the two jets during 1920–2014. This relationship is par-

ticularly evident during 1999–2014 and 1979–98 in the reanalysis data. A combination of a negative phase

of the IPO (2IPO) and a positive phase of the AMO (1AMO) since the late 1990s has enhanced

the meridional temperature gradient and the Eady growth rate and thus westerlies over the region be-

tween the two jets, but weakened them to the south and north of the region, thereby contributing to

the equatorward and poleward shifts of the EAPJ and EASJ, respectively. Atmospheric model simu-

lations are further used to investigate the relative contribution of 2IPO and 1AMO to the jet shifts.

The model simulations show that the combination of 2IPO and 1AMO favors the recent jet changes

more than the individual 2IPO or 1AMO. Under a concurrent 2IPO and 1AMO, the meridional eddy

transport of zonal momentum and sensitive heat strengthens, and more mean available potential energy

converts to the eddy available potential energy over the region between the two jets, which enhances

westerly winds there.

1. Introduction

In the upper troposphere and lower stratosphere

throughout the year, there are two branches of narrow

and strong jets over East Asia with severe wind shear

and strong atmospheric baroclinicity. They are referred

to as the East Asian polar-front jet (EAPJ) and the

East Asian subtropical jet (EASJ; e.g., Zou et al. 1990;

Schiemann et al. 2009; Hudson 2012). In the boreal

winter, the EAPJ and EASJ are strong and located

along the southern and northern sides of the Tibetan

Plateau (TP), respectively (see Fig. 1 in Luo and Zhang

2015). The two jets can induce not only circulation

changes (Kug et al. 2010), but also significant tempera-

ture and precipitation changes over East Asia (Kuang
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and Zhang 2005; Ren and Zhang 2007; Zhang et al. 2008;

Huang et al. 2011). Thus, understanding recent changes

in the two jets can help explain recent climate variations

over East Asia, and it may also provide insights into how

the two jets may respond to future climate changes.

In recent years, many studies have recognized the im-

portance of the concurrent variations of the EAPJ and

EASJ, rather than the variation of a single jet, since they

reflect the interactions between the low- and high-latitude

circulations over East Asia (Liao and Zhang 2013; Huang

et al. 2014; Li and Zhang 2014; Huang et al. 2015; Zhu

et al. 2016; Wang and Zhang 2015; Luo and Zhang 2015;

D. Huang et al. 2017). For example, the concurring equa-

torward shift of the EAPJ and the poleward shift of the

EASJ from 1985–98 to 1999–2013 are accompanied by a

northwestward shift of the Siberian high and an enhanced

northern East Asian trough, leading to cold winters in

northern East Asia (Luo and Zhang 2015) and the abun-

dant winter precipitation over northeastern China (D.

Huang et al. 2017). An enhanced EASJ and a weakened

EAPJ act as a bridge to bring the cold and warm air to-

gether, which results in persistent snowstorms in January

2008 over southern China (Liao and Zhang 2013).

Recently, D. Huang et al. (2017) showed that the

winter EAPJ and EASJ shifted equatorward and pole-

ward, respectively, during the warming hiatus period

(Dai et al. 2015) from 1999 to 2013, compared with the

rapid warming period from 1985 to 1998. These shifts

are accompanied by a combination of a negative phase

of the interdecadal Pacific oscillation (IPO; Power et al.

1999; Dai 2013; Dong and Dai 2015; Dong et al. 2018)

and a positive phase of the Atlantic multidecadal oscil-

lation [AMO; Enfield et al. 2001; Trenberth and Shea

2006; also referred to as the Atlantic multidecadal var-

iability (AMV); Liu 2012]. The positive IPO is associ-

ated with warm sea surface temperatures (SSTs) in the

central and eastern tropical Pacific and cold SSTs in the

western and extratropical Pacific, while the positive

AMO is associated with warm SSTs in the North

Atlantic. The IPO and AMO are the most pronounced

modes for decadal to multidecadal variations in SSTs

and other related climate fields (Liu 2012), and they

have large influences on the precipitation, temperature,

and atmospheric circulations across the globe (Li et al.

2009; Mohino et al. 2011; Pui et al. 2011; Dai 2013; Dong

and Dai 2015; Zhu et al. 2015; Si and Ding 2016;

Fuentes-Franco et al. 2016; Lyu et al. 2017).

In fact, the concurrent variations of IPO and AMO

have greater effects than their individual influences.

For example, McCabe et al. (2004) found that the

droughts with broad impacts (e.g., in 1996, 1999–2002)

were mainly associated with the combination of a

negative phase of the IPO (2IPO) and a positive phase

of the AMO (1AMO). Atmospheric model simula-

tions also show that the largest precipitation response

over the United States occurs when the tropical Pacific

and North Atlantic Oceans have SST anomalies of

opposite signs that are associated with opposite phases

of the IPO and AMO (Schubert et al. 2009). Mohino

et al. (2011) examined the relative impact of the IPO

and AMO on the Sahelian precipitation and revealed

that the positive phase of the IPO (1IPO) leads to

drought over the Sahel, while 1AMO enhances the

Sahelian rainfall. Joshi and Rai (2015) indicated that

the opposite phases of IPO and AMO together modu-

lated rainfalls over the western central and northeastern

regions of India. These studies have emphasized the im-

portant role of the concurring opposite phases of the IPO

and AMO for precipitation variations. However, little at-

tention has been paid to their impacts on atmospheric

circulations, particularly over East Asia. Meanwhile, we

noticed that both the EAPJ and EASJ experienced sig-

nificant changes in the late 1970s and late 1990s (Yu and

Zhou 2007; Zhang and Huang 2011), such as the south-

ward (Yu and Zhou 2007; Zhang and Huang 2011) and

westward (Du et al. 2009) shifts of the EASJ around the

late 1970s and the meridional shift of the EASJ and EAPJ

since 1999 (D. Huang et al. 2017). It remains unclear

whether there is any linkage between changes of theEAPJ

and EASJ and the oceanic conditions over the Pacific and

Atlantic associated with the IPO and AMO, respectively.

SST variations can induce changes in the two jets

(Ren et al. 2008; Lu et al. 2013; Huang et al. 2014).

On the one hand, the IPO- and AMO-induced SST

changes may alter the meridional temperature gradi-

ents (MTG) in the troposphere (e.g., Seidel et al. 2008;

Si et al. 2009; Yim et al. 2016) that affect the EAPJ

and EASJ (D. Huang et al. 2017) via the thermal wind

relation (Wallace and Hobbs 2005; Zhang and Huang

2011). On the other hand, both barotropic and baroclinic

processes are important for variations in jet streams

(Lee 2000). The background flow, thermal gradient,

and eddy heat fluxes are closely related to the baro-

clinic eddy growth (Lee et al. 2011). The IPO- and

AMO-induced SST changes may affect thermal con-

ditions and impact the atmospheric baroclinicity in

midlatitudes (Eady 1949; Xiao and Zhang 2015) and

barotropic conditions in low latitudes (Lee et al. 2012;

Kuang et al. 2014) and thus lead to the changes of the

EAPJ and EASJ.

In this study, both the reanalysis data and atmospheric

model simulations are analyzed to answer the following

two questions:

1) How do the EAPJ and EASJ respond to the different

phase combinations of the IPO and AMO?
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2) What are the possible mechanisms for the IPO

and AMO to cause variations in the EAPJ and

EASJ?

The rest of the paper is organized as follows. Section 2

describes the data andmethod. The linkage between the

EAPJ and EASJ variations and different combinations

of the IPO andAMO is examined in section 3. In section 4,

we propose a possible mechanism for the recent changes

from 1979–98 to 1999–2014 in the two jets based on di-

agnostic analyses. Numerical experiments using an at-

mospheric general circulation model (AGCM) are also

used to explore the relative contributions of the IPO and

AMO in section 4. The summary and discussion are

provided in section 5.

2. Data and method

a. Data

The datasets used in this study include the following

products for the boreal winter [December–February

(DJF)]:

1) Four reanalysis datasets for upper-air daily and

monthly fields are used. These include the Twentieth

Century Reanalysis version 2 from 1920 to 2014 on a

28 3 28 grid (20CR; Compo et al. 2011), the ECMWF

interim reanalysis (ERA-Interim) from 1979 to 2014

on a 18 3 18 grid (Dee et al. 2011), the Modern-Era

Retrospective Analysis for Research and Applica-

tions from 1979 to 2014 on a ;0.678 3 0.58 grid

(MERRA 2; Gelaro et al. 2017), and the National

Centers for Environmental Prediction–National

Center for Atmospheric Research reanalysis from

1979 to 2014 on a 2.58 3 2.58 grid (NCEP–NCAR;

Kalnay et al. 1996).

2) To force an atmospheric model and for quantifying

the role of the IPO and AMO, we used the global

monthly SST dataset on a 18 3 18 grid from 1870 to

2014 from theHadley Centre Sea Ice and Sea Surface

Temperature dataset (HadISST; Rayner et al. 2003),

obtained from https://www.metoffice.gov.uk/hadobs/

hadisst/data/download.html. To compare the DJF

SST changes from 1979–98 to 1999–2014, we also

used the global monthly SST dataset on a 28 3 28 grid
from 1854 to 2014 from the National Oceanic and

Atmospheric Administration (NOAA) Extended

Reconstructed SST, version 5 (ERSSTv5; B. Huang

et al. 2017), obtained from https://www.esrl.noaa.

gov/psd/data/gridded/data.noaa.ersst.v5.html.

3) The IPO and AMO index data from 1920 to 2014

are derived as in Dai (2013), Dai et al. (2015), and

Dong and Dai (2015). The IPO index is the

principal component (PC) of the second leading

empirical orthogonal function (EOF) of the 3-yr-

moving-average annual SST fields over the globe

from 608S to 608N, and the AMO index is the PC1

of the EOF1 of the linearly detrended annual SST

over the North Atlantic (208–708N, 708W–08) do-

main from 1920 to 2014 (Fig. 1) based on HadISST.

These EOF modes represent the IPO and AMO

patterns mainly in the Pacific and North Atlantic

Oceans, respectively (Dai et al. 2015). To examine

the different phase combinations of the IPO and

AMO during 1920–2014, 95 years of the index

data were divided into four different groups de-

pending on the normalized IPO and AMO phase

combination, as shown in Fig. 2. A composite

analysis was carried out to examine the atmospheric

circulation anomalies (relative to the 1920–2014

mean) for each group by averaging over all the years

within the group. For this purpose, we used the raw

PC series for the IPO or AMO index without the

decadal smoothing of the PC series that is often

used for deriving a smoothed IPO or AMO index, as

done previously (e.g., Dai 2013; Meehl et al. 2013;

Dong and Dai 2015; Meehl et al. 2016). For com-

parison, the other three AMO indices from Enfield

et al. (2001), Trenberth and Shea (2006), and Sutton

and Dong (2012) have been examined.

b. Method

Following Ren et al. (2011), a jet core is identified if

1) the wind speed at 300 hPa is higher than 30m s21 for

any given day and grid point, and 2) the wind speed at

the central point is larger than that at its eight sur-

rounding points within our analysis domain, which

covers 208–708N, 658–1608E.Here, the wind speed is the

amplitude of the wind vector.

FIG. 1. Time series of the normalized DJF IPO (black line) and

AMO (shading) indices during 1920–2014, derived as the PC of the

second leading EOF of 3-yr-moving-average annual SSTs in near-

global (608S–608N) oceans (for IPO) and PC1 of the EOF1 of the

detrended annual SST over the North Atlantic (208–708N, 708W–08
for AMO). The correlation coefficient between the two series is

20.167.
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To select the key regions for the EAPJ and EASJ, the

occurrence number of jet cores at each grid point over

our analysis domain was calculated using the daily data

from the four reanalysis datasets mentioned above.

Following Luo and Zhang (2015) and D. Huang et al.

(2017), the regions of 508–608N, 758–908E and 258–328N,

808–1208Ewere chosen as the active regions of the EAPJ

and EASJ, respectively, from the reanalysis datasets.

The MTG over a tropospheric layer is estimated

as D�T/aDf, where D�T is the difference of the vertically

averaged temperature from the surface to 300 hPa be-

tween two adjacent zonal bands with a latitude distance

ofDf (radians) within 208–708N, and a is Earth’s radius.

The baroclinicity can be expressed in terms of the

Eady growth rate s, which is defined as (Eady 1949)

s5 0:31

�
f

N

��
dV

dz

�
, (1)

where f is the Coriolis parameter,N is the Brunt–Väisälä
frequency, V is the time-mean horizontal wind velocity,

and z is the vertical height. The value of s averaged

between 700 and 850hPa is used in our study, since the

baroclinic development primarily occurs in the lower

troposphere (Lunkeit et al. 1998). Since the vertical

shear is closely associated with the horizontal tempera-

ture gradient (Lehmann et al. 2014), a positive Eady

growth rate would increase baroclinicity, often due to

increased horizontal temperature gradients, and thus

increase upper-level winds.

The anomalous meridional advection of heat and

momentum would affect the large-amplitude stationary

waves, which are generally accompanied by the jets

(e.g., Klein 1983; Panetta 1993; DeWeaver and Nigam

2000; Wang et al. 2009; Xiao and Zhang 2012; Xue and

Zhang 2017). Thus, we chose themeridional transport of

zonal momentum u0y0 and sensitive heat T 0y0 by synoptic
eddies to study their impacts on the jets by the daily data

(Kuang et al. 2014).

Changes in the interactions between the mean flow

and transient eddies would transfer the available poten-

tial energy to the atmospheric time-mean flow and

therefore impact the variation of the jets (e.g., Lee et al.

2012; Huang et al. 2014). The changes are quantified by

analyzing barotropic and baroclinic energy conversions

in the quasigeostrophic framework based on Cai et al.

(2007). Following this framework, two energy conver-

sions are calculated, including the barotropic energy

conversion (BTEC) and the baroclinic energy conversion

(BCEC), from mean available potential energy to eddy

available potential energy. The BTEC can be expressed

by the inner product of theD vector of the basic flow and

the E vector of the transient parts (Cai et al. 2007):

D5

�
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The BCEC is roughly proportional to the poleward

eddy heat flux multiplied by the meridional temperature

gradient (Cai et al. 2007):

C
1
5

�
P
o

P

�Cy /CpR

g
, (5)

C
2
5C

1

�
P
0

P

�R/Cp
�
2
du

dp

�
,

�
(6)

BCEC52C
2

�
u0T 0 ›�T

›x
1 y0T 0 ›�T

›y

�
, (7)

where g is the acceleration of gravity; Po is 1000hPa; R is

the gas constant for dry air; cp (cy) is the specific heat of

dry air at the constant pressure (volume); u is the potential

temperature; and u, y, and T are the zonal wind, meridi-

onal wind, and temperature at 300hPa, respectively. The

FIG. 2. Scatter diagram for the normalized DJF IPO index

against the normalized winter AMO index during 1920–2014. The

years 20–99 mean 1920–99, while the years 00–14 mean 2000–14. A

negative (positive) phase of IPO is denoted as2IPO (1IPO), and

similarly for AMO.
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overbar and prime represent the climatological mean and

transient part, respectively. All the transient variables are

2–8-day variations derived using a bandpass filter and are

on 300hPa.

Regression and composite analyses are used in this

study. The statistical significance of a difference or a

regression coefficient is assessed using a Student’s t test

at the 90% confidence level.

The standard partial correlation (e.g., Saji andYamagata

2003; Zhu et al. 2013) is also used to provide a lower

bound of the independent contribution by the IPO or

AMO to an atmospheric field. This method involves the

correlation between two variables (say, x and y) while

eliminating the influence of a third variable (say, z) by

first removing all the variations associated with z from x

and y. In our case, the IPO index is highly correlated with

the AMO index during 1979–2014 (with a correlation

coefficient r 5 20.53). For example, to remove the in-

fluence from the AMO on an atmospheric variable (e.g.,

300-hPa wind speed, denoted as the y variable), here we

will consider theAMO index as the independent variable

z and the IPO index as the predictor (x variable) for y and

use the standard partial correlation coefficient

r
xy,z

5
r
xy
2 r

xz
r
yzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(12 r2xz)
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(12 r2yz)
q (8)

as a measure of the influence of the IPO on the atmo-

spheric variable (i.e., 300-hPa wind speed) with the

AMO’s influence being removing through linear re-

gression. Here, rij is the correlation between the vari-

ables i and j. The statistical significance of the correlation

coefficient is assessed using a two-tailed t test at the 90%

confidence level.

c. Model experiments

We used the CESM1.2.0 with the CAM5 physics

(Neale et al. 2012) for the experiments (Table 1) that

were forced by the observed monthly SSTs and sea ice

concentrations from HadISST. We selected the finite-

volume dynamical core configured with a horizontal

resolution of 2.58 longitude 3 1.98 latitude and 30 ver-

tical hybrid levels. We used the default initial files for

atmosphere and land conditions at the year-2000 level,

which were provided by CESM1.2.0. All the simulations

were integrated for 31 years, with the last 30 years being

used in our analyses.

In the CTRL run, the climatological monthly SST

averaged from 1979 to 2014 was used. Five sensitivity

experiments—EXP_All, EXP_P, EXP_A, EXP_AP,

and EXP_IP—are similar to CTRL but with monthly SST

anomalies, which are the 1999–2014 minus 1979–98 mean

difference based onHadISST, added to the climatological

monthly SST over the globe, the Pacific, the North At-

lantic, both the Pacific and North Atlantic, and both the

Indian and Pacific Oceans, respectively. These ocean

domains are shown in Fig. 3, together with the SST

anomalies for January. The experiment EXP_All can be

used to quantify the model’s ability to simulate the recent

jet shifts, as the circulation differences between EXP_All

and CTRL may be compared with those between 1999–

2014 and 1979–98 in the reanalysis. We realize that these

SST differences include not only the SST anomalies in-

duced by the IPO andAMO, but also the changes caused

by the recent external forcing (Trenberth and Fasullo

2013; Zhang 2016), although the IPO-related SST change

pattern seems to dominate in thePacific (Fig. 3).Here,we

used these simple decadal differences to qualitatively

represent the SST forcing associated with the IPO and

AMO, while the Indian SST difference reflects the recent

changes in the oceanic conditions in that basin. It should

be emphasized that the EXP_P and EXP_A experiments

only attempt to simulate the influence directly coming

from the Pacific IPO-related or Atlantic AMO-related

SST forcing. In the real world, it is possible that the other

ocean basins may respond to the IPO- or AMO-related

SST forcing and thus further impact East Asian jets.

These additional impacts are partially included in the

EXP_AP and EXP_IP experiments. Because of this, we

expect the response in the EXP_P and EXP_A experi-

ments to be on the lower end of the impact from the IPO

or AMO, as seen in the real world.

3. EAPJ and EASJ variations and the IPO and
AMO phase combinations

For each of the four IPO and AMO phase combi-

nations (Fig. 2), we estimated the composite mean of

300-hPa wind speed (Figs. 4a–d) as the mean wind speed

TABLE 1. Atmospheric model experiments carried out in this study.

Experiment name SST configuration

CTRL Climatological (monthly) SST averaged

from 1979 to 2014

EXP_All Climatological SST 1 SST anomaliesa

over the globe

EXP_P Climatological SST1 SST anomalies over

the Pacific Ocean

EXP_A Climatological SST1 SST anomalies over

the North Atlantic

EXP_AP Climatological SST1 SST anomalies over

both the Pacific and North Atlantic

Oceans

EXP_IP Climatological SST1 SST anomalies over

both the Indian and Pacific Oceans

a The SST anomalies are the monthly mean SST differences be-

tween 1999–2014 and 1979–98 based on HadISST.
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averaged over all the years within a given group. These

composite wind speeds are characterized by zonally

prolonged EASJ along 308N, while it is difficult to ex-

amine the patterns of the EAPJ in Figs. 4a–d, as its in-

tensity is much weaker than that of the EASJ. The

differences among the four composite wind speeds are

shown more clearly by wind velocity anomalies (rela-

tive to the 1920–2014 mean) in Figs. 4e–h. In the

‘‘1IPO 1AMO’’ (Fig. 4e) and ‘‘2IPO 2AMO’’ groups

(Fig. 4g), there are no significant wind speed anomalies in

the active regions of the two jets. However, in the

‘‘1IPO 2AMO’’ (Fig. 4f) and the ‘‘2IPO 1AMO’’

groups (Fig. 4h), a tripole anomaly pattern is evident

along the active regions of the two jets, with positive

anomalies between them and negative anomalies to

the south of the EASJ and north of the EAPJ for

the 2IPO 1AMO group (Fig. 4h) and roughly the

opposite for the 1IPO 2AMO group (Fig. 4f). This

pattern is particularly evident in the difference between

the 2IPO 1AMO and 1IPO 2AMO groups (Fig. 5a)

and is more obvious during 1979–2014 (Fig. 5c) than

1920–78 (Fig. 5b).We further tested the sensitivity of our

results to different definitions of the AMO index. Using

the three other AMO indices from Enfield et al. (2001),

Trenberth and Shea (2006), and Sutton andDong (2012),

the composite 300-hPa wind speed anomalies were ex-

amined in the four phase groups (figure not shown).

Similar results were found with a tripole anomaly pattern

along the active regions of the two jets in the 1IPO

2AMO and the 2IPO 1AMO groups.

In fact, opposite phases of the IPO and AMO have

occurred for most years during 1979–2014, with the

1IPO 2AMO group seen mostly during 1979–98 and

the 2IPO 1AMO group mostly during 1999–2014

(Fig. 1). The SST changes from 1979–98 to 1999–

2014 are shown in Fig. 6 based on the HadISST and

ERSSTv5 datasets. They show similar SST changes

that resemble those associated with the negative phase

of the IPO over the Pacific (e.g., Power et al. 1999;

Dai 2013; Dong and Dai 2015). Substantial warming

also exists over the Atlantic Ocean (Fig. 6), and it re-

sembles the positive phase of the AMO (e.g., Enfield

et al. 2001; Knight et al. 2006; Dai et al. 2015). Thus,

there may exist a linkage between opposite phases of

the IPO and AMO and variations of the two jets during

1979–2014.

FIG. 3. Mean SST anomalies (8C) for January added to the long-term (1979–2014) SST climatology for (a) EXP_A,

(b) EXP_P, (c) EXP_AP, and (d) EXP_IP. They were derived as the monthly mean SST differences between 1999–

2014 and 1979–98 based on HadISST.
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FIG. 4. (a)–(d) The 300-hPaDJF composite-meanwind speed (m s21) and (e)–(h) anomalies relative to the 1920–

2014 mean (m s21) for (a),(e) 1IPO 1AMO, (b),(f) 1IPO 2AMO, (c),(g) 2IPO 2AMO, and (d),(h) 2IPO

1AMO based on the 20CR. The years of each group are shown in Fig. 2. The values above 30m s21 are shaded in

(a)–(d). The red dashed (solid) box in (e)–(h) indicates the active region of the EAPJ covering 508–608N, 758–908E
(EASJ covering 258–328N, 808–1208E). The color shadings in (e)–(h) indicate that the differences are significant at

the 90% level based on a Student’s t test.
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We further examined the difference between 1999–2014

and 1979–98 in 300-hPa wind speed from four reanalysis

products in Fig. 7, which shows a clear tripole anomaly

pattern along the EAPJ and EASJ. This pattern re-

sembles the wind speed differences for the2IPO1AMO

minus 1IPO 2AMO groups during 1979–2014 (Fig. 5c),

which is expected, given that the 2IPO 1AMO and

1IPO 2AMO years are mainly within 1999–2014 and

1979–98, respectively (Fig. 2). Since the ERA-Interim

has good performance in quantifying atmospheric circu-

lations over East Asia (Huang et al. 2016; Zhu et al. 2017),

in the following, we will discuss the results based on the

ERA-Interim only and focus on atmospheric circulation

differences between 1999–2014 and 1979–98, which largely

represent the2IPO1AMO and1IPO2AMO groups,

respectively.

4. Mechanisms for the recent EAPJ and EASJ
variations

a. Diagnostic analysis

To understand possible mechanisms for jet changes

between 1999–2014 and 1979–98, the MTG and Eady

FIG. 6. DJF SST differences (8C) between 1999–2014 and 1979–98

from the (a) HadISST and (b) ERSSTv5. The shading indicates that

the difference is significant at the 90% level based on a Student’s t test.

FIG. 5. The 300-hPa DJF composite-mean wind speed differ-

ences (m s21) between2IPO1AMO and1IPO2AMObased on

the 20CR during (a) 1920–2014, (b) 1920–78, and (c) 1979–2014.

The duration of each group is shown in Fig. 2. The red dashed

(solid) box indicates the active region of the EAPJ (EASJ). The

color shading indicates that the differences are significant at the

90% level based on a Student’s t test.
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growth rate s differences are shown in Fig. 8. Since the

climatological MTG is negative over the Northern

Hemisphere as air temperature decreases from the

equator to the North Pole, a negative (positive) MTG

anomaly should intensify (weaken) the background

MTG.A tripole temperature anomaly pattern is seen over

the two jet regions (Fig. 8a) that can alter the background

westerlies through the thermal wind relationship. The

negative MTG anomaly over 308–508N should intensify

the MTG and thus strengthen the westerlies there, while

the positiveMTGanomalies to the south and north of this

region would weaken the westerlies there. The positive–

negative–positive MTG changes are consistent with the

reduced–increased–reduced 300-hPa wind speed change

patterns (figure not shown). The s differences also show

some positive anomalies over 308–508N and negative

anomalies over the lower and higher latitudes (Fig. 8b). The

positives anomalies are associatedwith increased horizontal

temperature gradients and thus stronger westerlies over 308–
508N. Meanwhile, the negative s anomalies should weaken

the westerlies over the lower and higher latitudes.

To analyze the relationship with the IPO and AMO,

the patterns of the 300-hPa wind speed regressed against

the unsmoothed IPO or AMO index (directly from

Fig. 1) during 1979–2014 are shown in Fig. 9. Associated

with the negative phase of IPO (and from ENSO), there

is an alternating anomaly pattern in 300-hPa wind speed

with strengthened winds around 308–47.58N and weak-

ened winds to the north and south of it (Fig. 9a). This

pattern is also evident for the positive phase of AMO,

especially for the two anomalies over 308–47.58Nand the

high latitudes (Fig. 9b). This alternating anomaly pat-

tern would lead to an equatorward shift of the EAPJ

and a poleward shift of the EASJ, as winds strengthen

equatorward around the EAPJ box but poleward around

the EASJ box.

FIG. 7. The 300-hPa DJF wind speed differences between 1999–2014 and 1979–98 (m s21) from the (a) 20CR,

(b) NCEP–NCAR, (c) ERA-Interim, and (d) MERRA. The red dashed (solid) box indicates the active region of

the EAPJ (EASJ). The shading indicates that the difference is significant at the 90% level based on a Student’s

t test.
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To understand 300-hPa wind speed variations shown

in Fig. 9, patterns of regressed MTG and s against the

unsmoothed IPO or AMO index are shown in Fig. 10.

Associated with a negative IPO (Fig. 10a) and a posi-

tive AMO index (Fig. 10c), the negative MTG anomaly

over 308–508N would intensify the background MTG

and thus strengthen the westerlies there via the

thermal wind relation. Meanwhile, the positive MTG

anomalies over the higher and lower latitudes would

weaken the westerlies there. Figures 10b and 10d show

the regression patterns of mean s against the un-

smoothed IPO and AMO indices separately. Associ-

ated with a negative IPO, negative s anomalies are

located over the EAPJ region (Fig. 10b), while the

positive s anomalies are seen over the regions along

408N associated with a positive AMO index (Fig. 10d),

which should intensify the westerlies there due to the

associated increase in horizontal temperature gradi-

ents. These results indicate that the decadal MTG

and s changes between the two periods are linked to

the recent changes in the IPO and AMO phases and

that the IPO- and AMO-induced MTG and s can help

explain the changes in the wind fields and the shifts of

the two jets.

We realize that the IPO and AMO indices shown

in Fig. 1 are highly correlated with r 5 20.53 during

1979–2014. Thus, the regressed results against the IPO

(Figs. 9, 10) may include the impact of the AMO, and

vice versa. We used the partial correlation (Fig. 11) to

further quantify the impacts of the IPO andAMOon the

recent shifts of the two jets. The partial correlation

FIG. 9. Regression coefficients of DJF wind speed at 300 hPa

against the (a) unsmoothed IPO index (multiplied by 21, in-

dicating the negative phase of IPO; m s21 per unit index) and

(b) unsmoothed AMO index (m s21 per unit index) during 1979–

2014. The red dashed (solid) box indicates the active region of

the EAPJ (EASJ). The shading indicates that the regression

coefficient is significant at the 90% level based on a Student’s

t test.

FIG. 8. The 1999–2014minus 1979–98 difference of (a)DJFmean

MTG (1025 Km21) averaged from the surface to 300 hPa and the

(b) Eady growth rate s (day21). The red dashed (solid) box in-

dicates the active region of the EAPJ (EASJ). The shading in-

dicates that the difference is significant at the 90% level based on a

Student’s t test.
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patterns with 300-hPa wind speed broadly resemble the

regression patterns shown in Fig. 9, although the nega-

tive anomaly pattern south of the EASJ is less evident

in Fig. 11b than in Fig. 9b. Figure 11 also suggests that

the IPO plays a bigger role than the AMO for the re-

cent 300-hPa wind changes and that a combination of

the 2IPO and 1AMO may favor the recent jet shifts

more than the individual ones. Thus, it is necessary to

use model simulations to further investigate the mech-

anisms and relative contributions of a negative IPO

and a positive AMO to the jet changes.

b. Model results

We first selected the active regions for the EAPJ and

EASJ in the CTRL run. Figure 12a shows the occur-

rence number of jet cores at each grid point in the boreal

winter based on the daily data from the CTRL run. The

active regions of the EAPJ and EASJ are located over

508–608N, 658–808E (red dashed box in Fig. 12a) and the

southern flank of the TP (258–328N, 658–1108E; red solid

box in Fig. 12a), respectively. Although these active

regions are not exactly the same as those in the re-

analysis data (Fig. 1 in Luo andZhang 2015), the latitude

zones are similar. Furthermore, the 300-hPa DJF cli-

matological wind speed from the CTRL run (Fig. 12b) is

also consistent with that from the reanalysis data (Fig. 2

in Huang et al. 2015), which show a center of strong

winds over the latitude zone around 308N, particularly

over the ocean southeast of Japan. Thus, the model can

generally capture latitude bands of the two jets.

We then examined the model’s ability to simulate the

recent shifts of the EAPJ and EASJ. The 300-hPa wind

FIG. 10. As in Fig. 9, but for the (a),(c) regression coefficients of DJF MTG (1025 Km21 per unit index) and

(b),(d) s (day21 per unit index) against the unsmoothed (a),(b) IPO index (multiplied by21, indicating the negative

phase of IPO) and (c),(d) AMO index during 1979–2014.
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speed differences between the EXP_All and CTRL

runs are shown in Fig. 13a. The EXP_All displays a

tripole anomaly pattern with strengthened winds

around 308–508N and weakened winds to the south and

north of it. This anomaly pattern is qualitatively con-

sistent with the differences between 1999–2014 and

1979–98 from ERA-Interim for the average over the

East Asia sector (Fig. 13b), although the difference

from the simulation is smaller than that from the re-

analysis. Note the slightly different longitudes used for

the averages in Fig. 13b, as the active regions of the two

jets are different between themodel and ERA-Interim.

Thus, the model has the ability to qualitatively simulate

the meridional shift of the EAPJ and EASJ and thus

may be used to investigate the mechanisms of the re-

cent meridional shifts of the jets.

We further analyzed the wind speed differences

between the other four sensitive experiments and the

CTRL run (Fig. 14). EXP_A displays an enhanced

EAPJ and reduced EASJ (Fig. 14a), while EXP_P

produces no significant changes in the EAPJ and EASJ

regions (Fig. 14b). The EXP_AP experiment combines

the SST forcing in the North Atlantic and the Pacific

(Fig. 3), and it shows an alternating anomaly pattern

in 300-hPa wind speed with strengthened winds around

358–47.58N and weakened winds to the south of it

(Fig. 14c). This is qualitatively consistent with the dif-

ferences between 1999–2014 and 1979–98 from the re-

analysis data (Fig. 7). Since Indian Ocean SSTs have

varied with the IPO (Li et al. 2015; Dong et al. 2016), the

EXP_IP experiment is set up to quantify the combined

role of the Indian Ocean and the IPO. As shown in

FIG. 11.Maps of partial correlation coefficients between theDJF

wind speed at 300 hPa and the unsmoothed (a) IPO index (multi-

plied by 21, indicating the negative phase of IPO) and (b) AMO

index. The red dashed (solid) box indicates the active region of the

EAPJ (EASJ). The shading indicates that the regression coefficient

is significant at the 90% level based on a two-tailed t test.

FIG. 12. (a) Climatological number of DJF jet cores at 300 hPa

(days) and (b) the 300-hPa DJF climatological (last 30-yr mean)

wind speed (m s21) in the CTRL run. Values above 24 in (a) are

shaded in blue. The red dashed (solid) box in (a) indicates the

active region of the EAPJ covering 508–608N, 658–808E (EASJ

covering 258–328N, 658–1108E). The thick black solid contour in

(a) indicates the boundary of the TP. The values above 40m s21 are

shaded in (b).
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Fig. 14d, EXP_IP can capture the strengthened winds at

300hPa around 258–408N and weakened winds to the

south of it. Although the significant anomalies expand

farther to the west and the south, the latitudinal zones

are near the maximumwind anomaly between EXP_AP

and CTRL. Thus, the combined SST changes in the In-

dian and Pacific Oceans seem to play a bigger role in the

recent changes of the two jets than the IPO alone.

The vertically averaged MTG differences from the

model runs (Fig. 15) also support the simulated wind

differences. For the EXP_A experiment (Fig. 15a),

significant negative (positive) MTG anomalies over

the EAPJ (EASJ) region would intensify (reduce)

the background MTG and thus strengthen (weaken)

the EAPJ and EASJ there via the thermal wind relation.

This is consistent with the wind differences for the

EXP_A experiment (Fig. 14a). Significant MTG differ-

ences for the EXP_P experiment (Fig. 15b) are seen

over the western Pacific and thus affect the westerly

winds there. Compared to the CTRL run, the EXP_AP

experiment (Fig. 15c) shows negative MTG anomalies

over the region of 358–458N. This should intensify

the MTG and thus strengthen the westerlies there via

the thermal wind relation (Fig. 14c). Meanwhile, the

positive MTG differences over low latitudes should

weaken the westerlies there. The negative MTG anom-

alies are also evident in EXP_IP (Fig. 15d), although the

anomalies move southward to 308–408N, and it resembles

that in EXP_AP (Fig. 15c) but differs from the MTG

change in EXP_P (Fig. 15b).

Figure 16 shows the Eady growth rate s differences

between the sensitive experiments and the CTRL run.

In the EXP_A experiment (Fig. 16a), a zonal positive

s anomaly is seen over the latitudes near 508N, which

should strength the westerly winds there, including the

EAPJ. Consistent with the MTG differences for the

EXP_P experiment (Fig. 15b), robust s differences are

also seen over the western Pacific, showing positive

anomalies south of;458Nand negative anomalies to the

north and southwest of it in the EXP_P experiment

(Fig. 16b). For the EXP_AP experiment, the positive

s anomaly over 358–458N should intensify the westerlies

there due to the associated increases in horizontal

temperature gradients, while the negative s differences

over the higher and lower latitudes should weaken the

westerlies there (Fig. 16c). The MTG and s differences

are consistent with the wind differences betweenEXP_AP

and CTRL. For the EXP_IP experiment (Fig. 16d), the

positive s differences are insignificant over the region of

358–458N, while negative s differences over the higher

and lower latitudes are seen (Fig. 16d), although the

significant regions are smaller than those for EXP_AP

(Fig. 16c). These results imply that the combined effects

of a negative IPO and a positive AMO can lead to an

equatorward shift of theEAPJ and a poleward shift of the

EASJ in the boreal winter.

In the following, we used the EXP_AP experiment to

further understand the possible mechanisms from the

perspective of transient eddy variations and the energy

conversion. Figure 17 shows the 658–808E (the longitu-

dinal range of the activity regions of the EAPJ and

EASJ) mean meridional eddy transport of zonal mo-

mentum u0y0 and sensible heat T 0y0 in EXP_AP, CTRL,

and the differences between them. The eddy transport

of zonal momentum exhibits a single peak around

408N in both EXP_AP and CTRL, but it is enhanced

in EXP_AP along 358–458N (Fig. 17a). This could

FIG. 13. (a) The 300-hPa DJF wind speed differences (m s21)

between EXP_All and CTRL and (b) the 658–808E-mean 300-hPa

DJF wind speed differences (m s21) between EXP_All and CTRL

(red line) and 708–1008E-mean 300-hPa DJF wind speed differ-

ences between 1999–2014 and 1979–98 from ERA-Interim (black

line). The red dashed (solid) box in (a) indicates the active region

of the EAPJ (EASJ). The pink and light blue (dark blue) shadings

in (a) indicate that the difference is significant at the 90% (95%)

level based on a Student’s t test. The black and red boxes in

(b) indicate the active latitude region of the EASJ and EAPJ,

respectively.
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strengthen the westerlies over there (Kuang et al. 2014).

The meridional eddy transport of sensible heat shows

double peaks around 288–298 and 528N (Fig. 17b), which

are in the active regions of the EASJ and EAPJ, re-

spectively. For the eddy heat transport, a positive

anomaly over the midlatitude regions along 358–458N
in the EXP_AP experiment (Fig. 17b) could enhance

the westerlies there (Kuang et al. 2014).

Since the barotropic and baroclinic energy conver-

sions can affect the transient eddies and mean flow and

therefore results in the variation of the two jets (Lee

2000; Lee et al. 2012), we further examined them in the

EXP_AP experiment. The EXP_AP minus CTRL dif-

ference of the 300-hPa barotropic energy conversion

from the time-mean flow to eddies (Fig. 18a) shows

some positive values over the active regions of the EAPJ

and EASJ. This suggests that eddies gainedmore kinetic

energy there, and the mean flow slowed down more in

EXP_AP than in CTRL. However, the regions with

significant values in Fig. 18a are smaller than those of the

wind difference shown in Fig. 14c.

Differential heating of the atmosphere can affect the

movement of air and provide the energy source for

baroclinic wave development (Chang and Fu 2002) and

therefore alter the jets (Lee et al. 2012). Figure 18b

shows the EXP_AP minus CTRL difference of the

baroclinic energy conversion from mean available po-

tential energy to eddy available potential energy. Com-

pared to the CTRL run, the baroclinic energy conversion

has increased over the regions along 358–458N in EXP_

AP. In particular, the pattern of increase is comparable to

that of the wind speed difference (Fig. 14c). Lee et al.

(2012) suggested that an advection contributes to in-

creased baroclinicity that modulates the growth of baro-

clinic waves in the North Atlantic. As mentioned, this

mechanismmay also be used to explain the intensification

of the westerlies over East Asia. In particular, due to

the consistency of the significant positive BCEC anomaly

(Fig. 18b) and the enhanced wind speed anomaly

(Fig. 14c), the baroclinic energy conversion has contrib-

uted more than the barotropic energy conversion to the

shifts of the EAPJ and EASJ associated with the negative

IPO and positive AMO.

5. Conclusions and discussion

In this study, we have examined four different phase

combinations of the AMO and IPO for their impacts

on the winter EAPJ and EASJ. The response of the

EAPJ and EASJ is significant in the 2IPO 1AMO and

FIG. 14. The 300-hPa DJF wind speed differences (m s21) between (a) EXP_A and CTRL, (b) EXP_P and

CTRL, (c) EXP_AP andCTRL, and (d) EXP_IP and CTRL. The red dashed (solid) box indicates the active region

of the EAPJ (EASJ). The light (dark) shading indicates that the difference is significant at the 90% (95%) level

based on a Student’s t test.
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1IPO2AMO groups. A broad tripole anomaly pattern

is seen along the active regions of EAPJ and EASJ, with

positive anomalies between them and negative anom-

alies to the south and north of them for the 2IPO

1AMO group and the opposite in the 1IPO 2AMO

group. This pattern is particularly evident in the jet

differences between 1999–2014 (2IPO 1AMO) and

1979–98 (1IPO2AMO). The IPO- andAMO-associated

SST anomalies since 1999 have enhanced the tropo-

spheric meridional temperature gradient (MTG) and

Eady growth rate s and thus westerlies over the region

between the two jets, but weakened them to the south

and north of the region, thereby contributing to the

equatorward and poleward shifts, respectively, by the

EAPJ and EASJ via the thermal relation and the in-

creased horizontal temperature gradients. Partial cor-

relations suggest that a combination of the 2IPO and

1AMO may favor the recent jet shifts more than the

individual ones.

Five CESM1.2.0 (CAM5 based) model experiments

forced by different combinations of the SST anomalies

of 1999–2014 (relative to 1979–98) were carried out and

analyzed to further examine the processes behind the

recent jet changes in response to the2IPO1AMO-like

SST anomalies from 1979–98 to 1999–2014. The model

results suggest that without the SST response in other

ocean basins, a negative phase of the IPO in the Pacific

can only affect the 300-hPa wind speed over the ocean

southeast of Japan, which may alter the oceanic EASJ,

while a positive phase of the AMO in the Atlantic can

only enhance the EAPJ and weaken the EASJ. The

combined effects of the warming over the Indian Ocean

and the negative phase of the IPO can enhance the wind

speed between the EAPJ and EASJ, but the largest

anomalies expand farther to the west. A combination

of a negative-phase IPO and a positive-phase AMO,

which resembles the recent decadal SST change, can

lead to an equatorward and poleward shift of the EAPJ

and EASJ, respectively, in the model, as seen in the

reanalysis data. The model simulation also shows en-

hanced MTG and s over the regions between the two

jets, which would result in the shifts of the jets.

We further examined the synoptic-scale transient

eddy activities in the model experiment forced with

the 2IPO 1AMO-like SST anomalies. It is found that

the meridional eddy transports of zonal momentum and

sensitive heat strengthen over the regions between the

two jets and enhance westerlies there due to the feed-

back between the stationary and transient synoptic

eddies. The barotropic and baroclinic energy conver-

sions in response to the 2IPO 1AMO-like SST forcing

also contribute to the shifts of the two jets, particularly

the baroclinic energy conversion from mean available

potential energy to eddy available potential energy.

FIG. 15. As in Fig. 14, but for the DJF MTG differences (1025 Km21) averaged from the surface to 300 hPa.
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The linkage between 2IPO 1AMO and the shifts of

the two jets has been examined by model simulations,

focusing on the MTG, baroclinicity, and energetics

feedback. In fact, the SST anomalies over the Pacific

Ocean and the Atlantic Ocean should affect the atmo-

spheric circulations and therefore impact the variation

of MTG and the Eady growth rate. Associated with the

SST anomalies over the Pacific Ocean and the Atlantic

FIG. 17. The 658–808E-mean meridional eddy transport of DJF (a) zonal momentum u0y0

(m2 s22) and (b) sensitive heat T 0y0 (K m s21) in CTRL (solid black line), EXP_AP (dashed

black line), and their differences between EXP_AP and CTRL (green line). The vertical red

lines indicate the latitude range of regions where the positive wind anomalies occur between

EXP_AP and CTRL.

FIG. 16. As in Fig. 14, but for the DJF s differences (day21).
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Ocean, a high-pressure anomaly at 300 hPa is located

over the region of 208–408N, 508–1008E (Fig. 19), and it

may induce an advection of warm andmoist air from the

south, which would enhance the MTG (Fig. 15c) and

increase the baroclinicity (Fig. 16c) around 358–47.58N
and thus strengthen westerly winds there. We also no-

tice that there is a negative–positive–negative–positive–

negative–positive-like wave chain along the latitude

band of 408–608N, which may be associated with the

quasi-stationary waves there. Coumou et al. (2018) re-

cently revealed that in the boreal summer, a weakened

equator-to-pole thermal gradient would result in the

shifts of the two jets and therefore amplify the quasi-

stationary waves. Zhang et al. (1996), Wang et al. (2000),

and Luo and Zhang (2015) also proposed that tropical

SST anomalies can affect East Asian atmospheric circu-

lations via the Pacific–East Asian teleconnection. Asso-

ciated with the positive phase of the AMO and through

the North Atlantic Oscillation, the Mongolian high over

East Asia weakens (Hao and He 2017), which affects the

atmospheric circulation over East Asia.More work is still

needed to ascertain the teleconnection linkage among the

SST variations, the background flow, and the synoptic-

scale waves.
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