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ABSTRACT

Global-mean surface temperature has experienced fast warming during 1985–98 but stabilized during 1999–

2013, especially in boreal winter. Climate changes over East Asia between the two warming periods and the

associatedmechanisms have not been fully understood.Analyses of observation and reanalysis data show that

winter precipitation has decreased (increased) over southern (northeastern) China from 1985–98 to 1999–

2013. Winds at 300 hPa over East Asia strengthened during 1999–2013 around 308–47.58N but weakened to

the north and south of it. This change pattern caused the EastAsian polar front jet (EAPJ) and the East Asian

subtropical jet (EASJ) to shift, respectively, equatorward and poleward during 1999–2013. Associated with

these jet displacements, the Siberian high enhanced and the East Asian trough shifted westward. The en-

hanced Siberian high strengthened the East Asian winter monsoon and weakened southwesterly winds over

the South China Sea, leading to precipitation decreases over southern China. The westward shift of the East

Asian trough enhanced convergence and precipitation over northeastern China. A combination of a negative

phase of the interdecadal Pacific oscillation and a positive phase of the Atlantic multidecadal oscillation

during 1999–2013 resulted in significant tropospheric warming over the low and high latitudes and cooling

over the midlatitudes of East Asia. These changes enhanced the meridional temperature gradient and thus

westerlies over the region between the two jets but weakened them to the south and north of it, thereby

contributing to the wind change patterns and the jet displacements.

1. Introduction

Eastern China is a densely populated region with a lot

of agricultural and industrial activities. Variations in

precipitation over eastern China often lead to severe

droughts and floods, causing major damage in the re-

gion. Thus, it is important to investigate precipitation

variability in eastern China and to understand its

mechanisms. Since more rainfall occurs in summer than

other seasons in eastern China, most studies have fo-

cused on summer precipitation by investigating its

characteristics (e.g., Ding and Chan 2005; Ding et al.

2008) and controlling factors (e.g., Ding et al. 2009;

Zhou et al. 2009; Ha et al. 2012), while relatively few

studies have examined the variations in winter pre-

cipitation (Tao and Zhang 1998; Zeng et al. 2010;

Geet al. 2016;AoandSun2016;C.Li et al. 2015).However,

strong winter precipitation variability may also result inCorresponding author: Dr. Danqing Huang, huangdq@nju.edu.cn
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extreme events, such as the extreme snowstorm over

southern China in January 2008 (Liao and Zhang 2013),

the persistent drought over southern China from winter

to spring in 2011 (Feng et al. 2014), and the frequent

winter snowstorms over northeastern and northwestern

China (Sun et al. 2010). These studies demonstrated the

large impacts of anomalous winter precipitation during

recent years.

Recently, many studies have highlighted the potential

effect of global warming on winter precipitation vari-

ability (Wang and Fan 2013; Ding et al. 2014). X.-F. Li

et al. (2015) found that the wetting trend over central

eastern China during 1976–2009 can be largely attributed

to the weakening of the East Asian winter monsoon

(EAWM) in response to the warming in the tropical In-

dian Ocean. Liang et al. (2014) linked winter circulation

variations (e.g., in East Asian trough, Siberian high, and

East Asian jet) to different warming periods. Sun andAo

(2013) demonstrated that extreme winter precipitation

has increased along with global warming in the past half

century. It is well-known that global-mean surface tem-

perature has experienced fast warming from the late

1970s to the 1990s (Hartmann et al. 2013), but the

warming has slowed down since about year 2000, a phe-

nomenon referred to as the ‘‘global warming hiatus,’’

which has attracted considerable attention during the last

several years (Santer et al. 2011; Solomon et al. 2011;

Gillett et al. 2012; Fyfe et al. 2012; Kosaka and Xie 2013;

Trenberth and Fasullo 2013; England et al. 2014;

Watanabe et al. 2014; Dai et al. 2015; Karl et al. 2015;

Steinman et al. 2015). The hiatus phenomenon is most

pronounced in boreal winter (Dai et al. 2015; X.-F. Li

et al. 2015), and recent studies (e.g., Kosaka andXie 2013;

Dai et al. 2015; Steinman et al. 2015; Meehl et al. 2016)

suggested that the transition from a warm to cold phase

in the interdecadal Pacific oscillation (IPO) around

1999 and the recent phase change in the Atlantic mul-

tidecadal oscillation (AMO) played amajor role for the

recent slowdown in global warming rates. It is unclear

how regional climate over eastern China responds to

the two different warming rates before and after 1999,

and the associated mechanism is also an open issue.

Thus, from this perspective it is of interest to study

recent winter precipitation changes over eastern China

associated with the different warming periods before

and after 1999.

Winter precipitation over China is influenced by var-

ious factors, one of which is the East Asian winter

monsoon (Wang et al. 2010; Chen et al. 2013; Ding et al.

2014; C. Li et al. 2015). An anomalous EAWM can in-

duce either cold or warm anomalies and affect winter

precipitation over eastern China (Zhang et al. 1997;

Huang et al. 2003; Zhou and Wu 2010; Zhou 2011).

Generally, a weak EAWM is associated with anomalous

southwesterly winds over the South China Sea, which

enhance moisture convergence and increase pre-

cipitation over southern China (Tao and Zhang 1998;

Zeng et al. 2010;Wang andHe 2013). East Asian jets are

key components of the EAWM (Kuang et al. 2008;

Zhang et al. 2008). In winter, there are two jets located

along the southern and northern side of the Tibetan

Plateau (TP). They are the East Asian subtropical jet

(EASJ) and the East Asian polar front jet (EAPJ) (Zou

et al. 1990, 190–197; Hudson 2012). In general, a strong

EASJ is accompanied by strong large-scale circulations,

such as a strong Siberian high and East Asian trough,

that can induce cold and dry anomalies over East Asia

and lead to a strong EAWM (Chan and Li 2004; Mao

et al. 2007; Kuang et al. 2008). Because of the wind di-

vergence associated with the EASJ, its strengthening

can stimulate upward movement at its exit region

(Holton et al. 2002). Thus, the exact location of the

EASJ is tightly coupled with that of the rain belt over

East Asia (Yao and Li 2013). For the EAPJ, its intensity

is highly correlated with winter precipitation over

northeastern China (Zhang et al. 2008).

We noticed that both jets have experienced significant

changes lately (Yu and Zhou 2007; Zhang and Huang

2011), such as the southward (Yu and Zhou 2007; Zhang

and Huang 2011) and westward displacement (Du et al.

2009) of the EASJ around the late 1970s. Recently,

R. Huang et al. (2014) reported that the EASJ has

strengthened and the EAPJ has weakened since 1999,

leading to a strengthened EAWM. However, it remains

unclear whether there is any linkage between the

changes of the EASJ and EAPJ and winter precipitation

over China during the recent periods with differential

warming. Recently, many studies have highlighted the

importance of the concurrent variations of the EASJ

and EAPJ (Liao and Zhang 2013; D.-Q. Huang et al.

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

2015;Wang and Zhang 2015). The concurrent variations

reflect the interactions between the low- and high-

latitude circulations over East Asia, and therefore they

can lead to unique weather or climate patterns, in-

cluding impacts on winter precipitation over eastern

China (Liao and Zhang 2013; Luo and Zhang 2015).

Temperature variations can affect the meridional

temperature gradient (MTG) (e.g., Seidel et al. 2008; Si

et al. 2009; Yim et al. 2015) and therefore affect the

variations of the EASJ and EAPJ through the thermal

wind relation (Wallace and Hobbs 2005; Zhang and

Huang 2011). In the lower troposphere, enhanced Arctic

warming may contribute to the meridional displacements

of the two jets (Yim et al. 2015) via the thermal wind

relation (Overland and Wang 2010) and the baroclinic
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changes (Woollings 2008; Woollings et al. 2014). Sea

surface temperature (SST) variability in the Pacific and

Atlantic Ocean can also affect the East Asian jets via the

convective activities over the tropical oceans (Lu et al.

2013; D.-Q. Huang et al. 2014) and the baroclinic activi-

ties (Ren et al. 2010). Specifically, the IPO (Dai 2013) and

AMO (Liu 2012) are the most pronounced modes for

decadal–multidecadal SST variations, and they are gen-

erally considered as the major drivers of the recent de-

cadal shifts of the EAWM (Sun et al. 2015). Previous

studies have analyzed the impact ofAMOand IPOon the

EAWM, separately (Kim et al. 2014; Li and Bates 2007;

Wang et al. 2008). They indicated that the EAWM

strengthens (weakens) during the negative (positive)

phases of the IPO or AMO (Ding et al. 2014). Thus,

Arctic warming and IPO- and AMO-induced SST

changes may alter meridional temperature gradients in

the troposphere that affect the EASJ and EAPJ, which in

turn could influence the EAWMand winter precipitation

over eastern China. They can also directly alter winter

land–ocean temperature gradients over East Asia, which

affect the EAWM and thus winter precipitation over

eastern China.

In this study, we aim to answer the following two

questions: 1) How do the variations of the EAPJ and

EASJ affect winter precipitation from the fast warming

period to the hiatus period? 2) What are the possible

mechanisms causing the variations of the EAPJ and

EASJ? The rest of the paper is organized as follows.

Section 2 describes the data and method. Winter pre-

cipitation and circulation anomalies during the different

warming periods are presented in section 3. The linkage

between the recent precipitation changes and the two

jets is examined in section 4. In section 5, we propose a

possible mechanism for the changes in the two jets. A

summary and discussion are provided in section 6.

2. Data and method

a. Data

The datasets used in this study include the following

products for the period from 1961 to 2013:

1) The second version of the gridded monthly pre-

cipitation dataset over China obtained from the

China Meteorological Administration (http://data.

cma.cn/site/index.html). This dataset is constructed

based on quality-controlled rain gauge data from

around 2400 stations over China and it is on a 0.58
grid (Zhao et al. 2014).

2) The global monthly Hadley Centre Sea Ice and SST

dataset (HadISST) on a 18 3 18 grid derived from

ship observations (Rayner et al. 2003).

3) The global monthly Hadley Centre/Climatic Re-

search Unit surface temperature anomaly dataset,

version 4 (HadCRUT4), on a 58 3 58 grid (Morice

et al. 2012). It contains surface air temperature (from

weather stations) over land and SST over ocean

(from HadISST).

4) For comparison, two reanalysis datasets for upper-air

daily and monthly fields are used in this study. They

are the National Centers for Environmental Pre-

diction (NCEP)–National Center for Atmospheric

Research (NCAR) reanalysis on a 2.58 3 2.58 grid
(Kalnay et al. 1996) and the ECMWF interim re-

analysis (ERA-Interim) on a 18 3 18 grid (Dee et al.

2011). The analyzed variables include specific hu-

midity, zonal and meridional wind components,

vertical pressure velocity, air temperature, and sea

level pressure (SLP).

5) The IPO and AMO index data are the same as those

used inDai (2013),Dai et al. (2015), andDong andDai

(2015). They are smoothed principal components of

the empirical orthogonal functions of the annual SST

fields from 1920–2013 that represent the IPO and

AMO patterns mainly in the Pacific and North Atlan-

tic Ocean, respectively. To examine the combined

effects of the IPO and AMO with different phases

during 1985–2013, the 29yr of data were divided into

four different groups depending on the normalized

IPO and AMO phase combination, as shown in Fig. 1.

A composite analysis was carried out to examine the

atmospheric circulation anomalies for each group.

6) The vertical tripole warming is defined as

Vertical warming5DT(08–408N)1DT(708–808N)

2DT(458–608N),

(1)

where DT (08–408N) is the mean winter temperature

changes (1999–2013 minus 1985–98) averaged over

FIG. 1. The scatter diagram for the normalized winter IPO index

against the normalized winter AMO index during 1985–2013.
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600–400 hPa for the East Asia (708–1408E) sector be-
tween 08 and 408N, and similarly for the other terms.

To analyze the effect of vertical warming on 300-hPa

winds, the normalized vertical warming is used.

b. Method

FollowingRenet al. (2011), a jet core is identified if 1) the

wind speed at 300hPa is higher than 30ms21 for any given

day andgrid point and 2) thewind speed at the central point

is larger than that at its eight surrounding points.

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

occurrence number of jet cores at each grid point in boreal

winter [December–February (DJF)] is calculated using

the daily data from the NCEP–NCAR reanalysis and

ERA-Interim for 1985–2013 (Fig. 2). The reason for

choosing the period 1985–2013 is explained in section 3.

Figure 2 shows that theEASJ occursmore frequently than

the EAPJ. The active region of the EAPJ is located over

508–608N, 758–908E (red dashed box in Fig. 2). There are

twomaximum jet core centers of the EASJ: one is located

over the land along the southern flank of theTP (258–328N,

808–1208E) and the other is located over the ocean

along the Japanese archipelago (308–37.58N, 1308–1608E).
A close relationship between the western branch of the

EASJ and East Asian weather and climate has been re-

vealed by many studies (D.-Q. Huang et al. 2014, 2015;

Luo and Zhang 2015; Xiao and Zhang 2015). Thus, we

focused on the western branch of the EASJ in this study.

Specifically, the region of 258–328N, 808–1208E (red solid

box in Fig. 2) is chosen as the active region of the EASJ.

To quantify the meridional displacement of the EASJ

and EAPJ, we used the latitude of the maximum wind

speed at 300hPa in the active region of the EAPJ and

EASJ, respectively (referred to as the EAPJ/EASJ lati-

tude axis), following Kuang and Zhang (2006). Before

taking the latitudewithmaximum speedwithin the jet box,

the wind speed field was spatially smoothed, which slightly

reduces the year-to-year variations of the latitude axis.

The MTG over a tropospheric layer is estimated as

DT/RDf, where DT is the difference of the vertically

averaged temperature within the layer over a latitude

band Df, and R is Earth’s radius. Regression analyses

were performed over the 1985–2013 period to examine

the relationship between the meridional displacements

of the EAPJ or EASJ and the winter climate variations

over eastern China. We also applied the following

method to quantify the decadal contribution of the two

jets to the decadal changes in winter precipitation over

eastern China. For example, the regression function

between the normalized EAPJ latitude axis XPJ and

precipitation YPJ is

Y
PJ
5A0

PJ
1A1

PJ
X

PJ
, (2)

where A0PJ and A1PJ are the corresponding intercept

and slope of the regression, respectively. We used

Eq. (2) to estimate themean precipitation anomalyDYPJ

associated with a jet change:

DY
PJ
5A1

PJ
DX

PJ
, (3)

where DXPJ is the decadal shift (1999–2013 minus 1985–

98) of the EAPJ axis latitude. Thus, DYPJ represents the

contribution of the EAPJ shift to the decadal pre-

cipitation change. Similarly, the contribution of the

EASJ shift DYSJ can also be estimated. Then DYSJ and

DYPJ are combined to represent the concurrent contri-

bution of the EAPJ and EASJ shifts. Since the time

series of the EAPJ and EASJ latitude axes are only

weakly correlated (see Fig. 8), it is reasonable to simply

combine their contributions estimated through Eq. (3)

to derive the total contribution due to their meridional

displacements. The combined contribution is similar to

that estimated using a multiple regression between the

precipitation anomaly and the positions of the two jets.

The same method was also used to quantify the contri-

butions of the decadal changes in the IPO and AMO (as

X) to the decadal displacements of the two jets (as Y).

An EOF analysis was applied to extract the dominant

modes of winter precipitation over eastern China in

FIG. 2. Climatological number of boreal winter (DJF) jet cores at 300 hPa during 1985–2013 from (a)NCEP–NCAR

reanalysis and (b) ERA-Interim datasets. Values above 24 are shaded in blue. The red solid (dashed) box indicates the

active region of the EASJ (EAPJ). The thick black solid contour indicates the boundary of the Tibetan Plateau.
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1985–2013. TheMann–Kendal test (Mann 1945; Kendall

1975) was applied to detect the abrupt changepoint of

the decadal variation.

3. Recent winter precipitation and circulation
changes

To analyze the precipitation changes between the

fast warming and hiatus periods, we first defined the

two periods. Figures 3a and 3b show the global-mean

surface temperature anomalies during 1961–2013 for

annual and winter mean, respectively. During 1961–

2013, separated by dashed vertical lines in Fig. 3, there

are three periods with distinct warming rates: a cold

period from 1961 to 1977 with little change, a fast

warming period from 1978 to 1998, and a hiatus period

from 1999 to 2013. The third period is with little

warming for annual and slightly cooling for winter.

That is why we focus on the circulation changes in DJF.

The three warming periods are in accordance with pre-

vious studies (e.g., Li et al. 2007; Ma et al. 2012; Zhang

2016). Similar warming patterns are also seen over the

Northern Hemisphere (Figs. 3c,d). The volcanic erup-

tions in 1963, 1982, and 1991 caused temporal cooling

for a few years after each event. To eliminate the tem-

poral cooling after 1982, we chose two nearly 15-yr pe-

riods: namely, 1985–98 as the fast warming period and

1999–2013 as the hiatus period. This division is also

consistent with the results of Ding et al. (2014) and C. Li

et al. (2015). In the following, all the decadal changes are

the 1999–2013 mean minus the 1985–98 mean.

Climatological meanwinter precipitation over eastern

China decreases gradually from the south to the north,

with a high precipitation center over southeastern China

(Fig. 4a). In Fig. 4b, differences of winter precipitation

between the two warming periods show widespread

decreases over southern China, the midwest reaches of

the Yangtze River, and the southeast corner of northern

China. Over southern China, the winter precipitation

has decreased by approximately 25%. This is consistent

with the frequent drought events in recent years over

southern China, as noticed previously (e.g., Xin et al.

2006; Feng et al. 2014; Huang et al. 2015). However,

winter precipitation has increased by approximately

50% over northeastern China during the hiatus period

(Fig. 4b). Specifically, another wet anomaly center is

also indicated in the Yangtze River delta. This coincides

with the wetting trend in the period of 1976–2009 re-

ported by X.-F. Li et al. (2015), who revealed that the

increasing SST in the Indian Ocean was largely re-

sponsible for the recent precipitation increase over the

Yangtze River delta. The warming of the Indian Ocean

causes an anomalous cyclonic circulation along the coast

of eastern China and brings more water vapor there. In

this study, besides the Yangtze River delta, we mainly

focused on the much wider regions, which are north-

eastern China (408–548N, 1208–1358E) with wet anoma-

lies and southern China (208–288N, 1058–1228E) with dry
anomalies during the hiatus period. The top parts of

Figs. 4c and 4d show the time series of regional-mean

winter precipitation averaged over northeastern China

and southern China, respectively. They show that the

FIG. 3. The (a),(b) global mean and (c),(d) the Northern Hemisphere mean of (a),(c) annual and (b),(d) boreal winter (DJF)

surface temperature anomalies (8C; relative to 1961–90 mean) from HadCRUT4 during 1961–2013. The two vertical dashed lines in

(a)–(d) indicate the years of 1979 and 1998. The blue solid lines in (a)–(d) indicate the trends in the two warming periods.
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linear trend of winter precipitation is positive over

northeastern China but negative over southern China.

However, both trends are insignificant statistically. The

Student’s t test values of the precipitation changes be-

tween the two periods (bottomparts of Figs. 4c,d) indicate

that the regime shift in the two regions is significant, and

the shift results mainly from decadal variations with small

contributions from long-term trends. An analysis of the

regional precipitation data from 1961 to 2013 confirmed

this conclusion (results not shown).

We further performed anEOF analysis to quantify the

dominant modes of winter precipitation variations over

eastern China during 1985–2013. As shown in Fig. 5a, the

leading mode (EOF1) accounts for 51% of the total

variance and is well separated from the other modes by

the criterion defined by North et al. (1982). It shows a

southern-dry–northeastern-wet precipitation anomaly

pattern. The first principal component (PC1) associated

with EOF1 exhibits both interannual and interdecadal

variations (Fig. 5b). Though the regime shift around 1999

in PC1 is not significant based on the Mann–Kendall test

(Fig. 5c), the PC1 is mostly with negative (positive)

anomalies before (since) 1999. The second EOF (EOF2;

Fig. 5d) shows a dipole pattern with two large centers:

FIG. 4. The 1985–2013mean winter (DJF) precipitation over (a) eastern China (mm), (b) precipitation difference

(mm) between 1999–2013 and 1985–98, and the time series of the regional-mean winter precipitation averaged over

(c) northeastern China (408–548N, 1208–1358E) and (d) southern China (208–288N, 1058–1228E) for 1985–2013. The
dots in (b) indicate that the difference is significant at the 90% level. The green lines in (c),(d) are linear trends. The

black (green) bars in (c),(d) indicate the mean winter precipitation in 1985–98 (1999–2013).
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southeastern China and the Yangtze River delta. This

mode also shows a decadal shift around 1999 (Fig. 5e).

The regime shift around 1999 in PC2 is statistically con-

firmed by theMann–Kendall test (Fig. 5f). Thus, theEOF

analysis also confirms that there exists a regime shift

around 1999 in winter precipitation over eastern China,

and the decadal difference results mainly from multi-

decadal variations, not from a secular long-term trend.

The large-scale circulation changes between the two

periods (Fig. 6) favor the northeastern-wet–southern-dry

anomaly pattern, as one would expect. As shown in

Figs. 6a,b, negative geopotential height anomalies of about

20gpm at 500hPa are located over regions around 408–
608N, 1008–1408E, covering parts of northeastern China.

These height anomalies move the East Asian trough (red

line in Figs. 6a,b) westward and slightly tilt toward north-

eastern China. This could help trigger more ascending

movement, which can be seen in vertical wind fields (not

shown), and thus enhance precipitation over northeastern

China during the hiatus period. In contrast, positive height

anomalies are seen over southernChina (Figs. 6a,b), which

could suppress upward motion and reduce precipitation

there. Meanwhile, positive height anomalies cover high-

latitude Eurasia and the subtropical regions in the sector

(Figs. 6a,b). These height anomalies are associated with an

increase (decrease) in themeridional height gradient from

low to middle (middle to high) latitudes; thus they should

strengthen the EASJ but weaken the EAPJ.

Near the surface (Figs. 6c,d), large positive SLP

anomalies (up to 4 hPa) dominate high-latitude Eurasia,

including the Siberian regions, while negative anomalies

of approximately 2 hPa cover the low latitudes. This

strengthens the Siberian high (located over 408–508N,

808–1108E) and expands it poleward during the hiatus

period. The increased height over high-latitude Eurasia

at 500hPa also implies a strengthened Siberian high at

the surface. As the Siberian high strengthens, the

EAWM should strengthen with increased northeasterly

winds over most of eastern China (Luo and Zhang

2015). Consequently, southwesterly winds should

weaken over the South China Sea, and precipitation

should decrease over southern China (Tao and Zhang

1998; Zeng et al. 2010;Wang andHe 2013). Our analyses

based on some EAWM indices (Wang and Chen 2010;

Shao and Li 2012) also revealed significant strengthen-

ing of the EAWM during the hiatus period (not shown).

The results are consistent with Ding et al. (2014), who

showed that the EAWM had experienced decadal

changes, with weakening after the mid-1980s and

strengthening after about 2005.

4. Link between recent precipitation changes and
the EAPJ and EASJ

To explore whether the precipitation and circula-

tion changes are related to the variations of the EASJ

FIG. 5. The spatial patterns of the (a) first and (d) second leading EOF modes of winter precipitation during 1985–2013; (b),(e) the

corresponding time series of the PCs; and the Mann–Kendall test (MK) of (c) PC1 and (f) PC2. The red lines in (b),(d) indicate the

11-point running average. The two black dashed lines in (c),(f) indicate the 90% confidence level of the MK.
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and EAPJ, we first examined wind speed changes at

300 hPa between the two periods. Figure 7 shows a

tripole alternating zonal pattern with strengthened

winds around 308–47.58N (midlatitude) and weakened

winds to the north and south of it. This negative–

positive–negative wind anomaly pattern from 108 to
608N causes meridional displacements of the two jets,

with an equatorward shift of the EAPJ and a pole-

ward shift of the EASJ during the hiatus period. We

noticed that the geopotential high changes at 300 hPa

(not shown) were similar to those at 500hPa (Figs. 6a,b).

The low pressure anomaly center over 408–608N,

1008–1408E should induce a cyclonic wind anomaly

over the area between the two jets. This cyclonic wind

anomaly should lead to wind speed changes, as shown

in Fig. 7.

Figure 8 shows the time series of the latitude axis of

the EASJ and EAPJ during 1985–2013. Besides an

equatorward (poleward) shift of the EAPJ (EASJ)

from 1985–98 to 1999–2013, which is more evident in

the ERA-Interim data than in the NCEP–NCAR re-

analysis, Figs. 8a,b also show that the interannual

variations of the latitudinal position of the EAPJ has

increased during the hiatus period. This increased

variability is consistent with the large interannual

variations in the cold breaks and winter precipitation

over China in recent years (Wang and Feng 2011).

Compared with the large interannual variations, the

decadal shifts shown in Fig. 8 are statistically in-

significant, except Fig. 8d, which is significant at the

90% level. However, this does not mean that these

shifts cannot have a significant impact on winter cli-

mate over eastern China.

To examine the relationship between the meridional

displacement of the EAPJ and EASJ and winter pre-

cipitation changes over eastern China, we regressed

winter precipitation against the normalized latitude axis

of the two jets separately. Figure 9a shows that, associ-

ated with an equatorward displacement of the EAPJ,

winter precipitation increases over northeastern China.

In contrast, associated with a poleward displacement of

the EASJ, winter precipitation decreases over southern

China (Fig. 9b). The regression patterns are similar with

the ERA-Interim data (not shown).

Associated with the equatorward displacement of

the EAPJ, 500-hPa geopotential height decreases over

mid-to-high-latitude Asia around 47.58–608N, espe-

cially to the west of Lake Baikal, but increases over the

polar region around 608–808N, 908–1408E (Fig. 9c; same

for ERA-Interim). Associated with the poleward dis-

placement of the EASJ, 500-hPa height also decreases

over a region around Lake Baikal (Fig. 9d; or to the

east of Lake Baikal for ERA-Interim, not shown).

Meanwhile, 500-hPa height increases over the high

FIG. 6. (a),(b) The 1985–2013 mean DJF geopotential height at 500 hPa (contours, gpm) and its change (shading,

gpm; 1999–2013 minus 1985–98), (c),(d) the 1985–2013 mean DJF sea level pressure (contours, hPa) and its change

(shading, hPa; 1999–2013 minus 1985–98) from (left) NCEP–NCAR reanalysis and (right) ERA-Interim datasets.

The dots indicate that the difference is significant at the 90% level. The red line in (a),(b) indicates the approximate

mean location of the East Asian trough in the DJF 500-hPa height field.
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latitudes (608–808N, 308–1108E) and the mid-to-low

latitudes (208–408N) (Fig. 9d). The negative height

anomalies around Lake Baikal associated with the

displacements of both the EAPJ and EASJ may shift

the East Asian trough (cf. Figs. 6a and 6b) westward

and strengthen it.

Near the surface, positive SLP anomalies over

high-latitude Eurasia are associated with both the

equatorward displacement of the EAPJ and the

poleward displacement of the EASJ (Figs. 9e,f),

particularly for the ERA-Interim dataset (not

shown). This suggests a strengthening and poleward

expansion of the Siberian high (cf. Figs. 6c and 6d),

which is also reflected by increased height at 500 hPa

over the polar region (Figs. 9c,d). These results are

consistent with the findings of Luo and Zhang (2015),

who showed that an equatorward shift of the EAPJ

concurred with an enhanced Siberian high at the

surface, which in turn strengthened the EAWM. A

strengthened EAWM with enhanced northeasterly

winds would weaken southwesterly winds over the

South China Sea and decrease precipitation over

southern China (Tao and Zhang 1998; Zeng et al.

2010; Wang and He 2013).

To quantify the contributions of the meridional

displacements of the two jets to the decadal changes in

precipitation (Fig. 4b) and the circulations (Fig. 6), we

multiplied the regression coefficients shown in Fig. 9

by the decadal changes in the position of the two jets

from 1985–98 to 1999–2013 (Fig. 8) and combined

FIG. 7. The DJF wind speed difference (m s21) at 300 hPa between 1999–2013 and 1985–98 from the (a) NCEP–

NCAR reanalysis and (b) ERA-Interim. The red solid (dashed) box indicates the active regions of the EASJ

(EAPJ). The shading indicates that the difference is significant at the 90% level.

FIG. 8. The latitude (8N) of the DJF (a),(b) EAPJ and (c),(d) EASJ during 1985–2013 from the (left) NCEP–

NCAR reanalysis and (right) ERA-Interim datasets. The two dashed lines indicate the mean value of the latitude

axis of the EAPJ and EASJ for 1985–98 and 1999–2013. The correlation coefficient between the EAPJ and EASJ

series is 20.16 and 20.06 for the NCEP–NCAR and ERA-Interim cases, respectively.
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them to show the effect of the decadal shifts of the two

jets in Fig. 10. This method is acceptable because the

two time series of the jet axis (Fig. 8) are only weakly

correlated. A multiple regression of the precipitation

or circulation fields against the two jet locations

yielded similar results (not shown) for the combined

contribution, further confirming the reliability of the

above method. The estimated changes of precipitation

(Figs. 10a,b) and circulation (Figs. 10c–f) associated

with the jet shifts are broadly consistent with those

shown in Fig. 4b (for precipitation) and Fig. 6 (for

circulation). These regression results further suggest

that the precipitation and circulation changes between

the two warming periods are closely linked to the

meridional displacements of the two jets.

5. Mechanisms for the jet changes

The above analyses show that the jet displacements in

recent decades may have affected the circulation and

FIG. 9. Regression coefficients of (a),(b) DJF precipitation (mmday21); (c),(d) geopotential height at 500 hPa

(gpm); and (e),(d) SLP (hPa) against the normalized latitude axis of the (left) EAPJ (multiplied by 21, indicating

the poleward displacement of EAPJ) and (right) EASJ for 1985–2013 from the NCEP–NCAR reanalysis dataset.

The shading indicates that the regression coefficient is significant at the 90% level.
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precipitation in winter over eastern China. However,

what causes the jet displacements is unclear. As dis-

cussed in the introduction, theMTG changes can play an

important role in the variation of the two jets. Here we

explored the linkage between the recent warming pat-

terns and the displacements of the two jets.

Figure 11 shows the winter temperature change

patterns from 1985–98 to 1999–2013. At the surface, a

broad cooling is seen over the central and eastern

Pacific and central Eurasia (Fig. 11a), similar to that

seen in previous studies (e.g., Dai et al. 2015; C. Li

et al. 2015). The temperature anomaly patterns over

the Pacific Ocean resemble those associated with the

negative phase of IPO (Power et al. 1999; Dai 2013;

Dong andDai 2015), as noticed previously byDai et al.

(2015). Substantial warming also exists over the At-

lantic Ocean, and it resembles the positive phase of

AMO (Dai et al. 2015). At upper levels (Figs. 11b,c),

the temperature changes along the East Asian sector

(708–1408E) are characterized by the large warming

over the high latitudes (north of 708N, centered in the

lower troposphere) and the low latitudes (south of;408N)

FIG. 10. The decadal changes in (a),(b) precipitation (mm); (c),(d) geopotential height at 500 hPa (gpm); and

(e),(f) SLP (hPa) from 1985–98 to 1999–2013 estimated bymultiplying the regression coefficients shown in Fig. 9 by

the decadal changes in the position of the two jets shown Fig. 8 from the (left) NCEP–NCAR reanalysis and (right)

ERA-Interim datasets.
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and a cooling at the midlatitudes (458–608N). The large

warming over the high latitudes is linked to the Arctic

amplification of surface warming associated with sea ice

loss (Serreze et al. 2009; Screen and Simmonds 2010),

while the warming over the low latitudes is linked to the

warming over the western Pacific and eastern Indian

Ocean, where the warming is enhanced during an IPO

cold phase (Dai 2013).

Since the surface temperature changes from 1985–

98 to 1999–2013 resemble a combination of a negative

IPO and a positive AMO (Fig. 11a), we first focused on

the 300-hPa winds associated with the different groups

of the IPO and AMO phase combination shown in

Fig. 1. The composite 300-hPa wind speed anoma-

lies in the four groups are shown in Fig. 12. In the

‘‘1IPO1AMO’’ group (Figs. 12a,b), positive wind

anomalies at 300 hPa are in the active regions of

the EAPJ, which enhance the EAPJ. In the

‘‘2IPO2AMO’’ group (Figs. 12e,f), no significant

wind anomalies are seen over the active regions of the

EAPJ and EASJ. Thus, neither of the two groups can

be linked with the displacements of the EAPJ and

EASJ. In contrast, in the ‘‘2IPO1AMO’’ (Figs. 12c,d)

and ‘‘1IPO2AMO’’ (Figs. 12g,h) groups, a tripole

anomaly pattern is along the active regions of the

EASJ and EAPJ, with positive anomalies between

them and negative anomalies to the south and north of

it for the2IPO1AMO case. This pattern, in particular

one shown in Figs. 12i,j for the 2IPO1AMO

minus1IPO2AMO case, assembles the 300-hPa wind

differences between the two warming periods (Fig. 7).

This result further links the recent wind changes to the

negative IPO and positive AMO phase combination

during the hiatus period.

Figure 13 shows the patterns of regressed 300-hPa

wind speed against the normalized IPO or AMO in-

dex. Associated with the negative phase of IPO

(Figs. 13a,b), there is an alternating anomaly pattern

in 300-hPa wind speed with strengthened winds

around 308–47.58N (midlatitude) and weakened winds

to the north and south of it. This pattern is also evident

for a positive phase of AMO (Figs. 13c,d). This alter-

nating anomaly pattern should 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. To further

FIG. 11. The difference of DJF (a) surface temperature (8C) and the zonal mean air temperature averaged over

East Asia (708–1408E) between 1999–2013 and 1985–98 (8C) from the (b) NCEP–NCAR reanalysis and (c) ERA-

Interim datasets. The shading indicates that the difference is significant at the 90% level.
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quantify the contribution of the IPO and AMO to the

decadal changes in 300-hPa winds, we multiplied

the regression coefficients shown in Figs. 13a–d by the

decadal changes of the IPO and AMO indices from

1985–98 to 1999–2013. Since the IPO and AMO in-

dices are significantly correlated during 1985–2013

(r 5 20.48), we showed the results separately for the

IPO and AMO in Fig. 14 instead of combining them:

that is, the contribution of the correlated part in the

IPO and AMO indices is included in both cases for the

IPO and AMO. The wind change patterns in Fig. 14

are broadly consistent with those in Fig. 7. This

suggests that the wind changes and, in particular, the

meridional displacements of the two jets are closely

linked to the recent changes in the IPO and AMO.

Figure 15 shows the regression patterns of the mean

MTG averaged from the surface to 300hPa against the

normalized IPO and AMO indices separately. The cli-

matological MTG is negative over the Northern Hemi-

sphere because of the decreasing temperature from south

to north. Thus, associated with a negative IPO and a

positive AMO index, the negative MTG anomaly over

the midlatitude regions of 258–508N (Figs. 13a–d) would

intensify the MTG and thus strengthen the westerlies

FIG. 12. Composite DJF wind speed anomalies (relative to 1985–2013 mean; m s21) at 300 hPa for the case of

(a),(b)1IPO1AMO; (c),(d)2IPO1AMO; (e),(f)2IPO2AMO; and (g),(h)1IPO2AMO during the period of

1985–2013; and (i),(j) the composite DJF wind speed differences at 300 hPa between the 2IPO1AMO and

1IPO2AMO cases from the (left) NCEP–NCAR reanalysis and (right) ERA-Interim datasets. The shading in-

dicates that the anomaly is significant at the 90% level. The red solid (dashed) box indicates the active regions of the

EASJ (EAPJ).
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there via the thermal wind relation. Meanwhile, the

positive MTG anomalies over high and low latitudes

would weaken the westerlies there. The effect of the IPO

and AMO changes on the MTG is shown in Fig. 16,

which is broadly consistent with the decadal MTG

changes from 1985–98 to 1999–2013 estimated directly

from the reanalysis data (Fig. 17). This indicates that the

decadalMTGchanges between the two periods are closely

linked to the recent changes in the IPO and AMO and

further suggests that the IPO and AMO changes are be-

hind the decadal changes in the wind fields and the dis-

placements of the two jets via their influences on theMTG.

FIG. 13. Regression coefficients of DJF wind speed at 300 hPa (W300; m s21 per unit index) against (a),(b) the

normalized IPO index (multiplied by21, indicating the negative phase of IPO) and (c),(d) normalized AMO index

(m s21) during 1985–2013 from the (left) NCEP–NCAR reanalysis and (right) ERA-Interim. The red solid

(dashed) box indicates the active regions of the EASJ (EAPJ). The shading in (a)–(d) indicates that the regression

coefficient is significant at the 90% level.

FIG. 14. The decadal changes of W300 (m s21) estimated by multiplying the regression coefficients shown in

Figs. 13a–d by decadal changes in the (a),(b) IPO and (c),(d) AMO indices from 1985–98 to 1999–2013 from the

(left) NCEP–NCAR reanalysis and (right) ERA-Interim. The red solid (dashed) box indicates the active regions of

the EASJ (EAPJ).

4456 JOURNAL OF CL IMATE VOLUME 30



A significant tripole anomaly pattern of 300-hPa wind

speed (Figs. 18a,b) is associated with the vertical

warming, which is defined in section 2. This pattern is

comparable to that shown in Fig. 7, with some differ-

ences in the high latitudes (north of 508N). In particular,

the regressed wind pattern (Figs. 18a,b) shows large

decreases over the active regions of the EAPJ. We also

performed a regression of the MTG against the nor-

malized vertical warming to investigate the possible

mechanism for the meridional displacements of the two

jets. As shown in Figs. 18c,d, the MTG changes associ-

ated with the changes in the vertical warming are

broadly consistent with those shown in Fig. 17. This in-

dicates that the changes of MTG are also closely linked

to the changes of the vertical warming and thus lead to

the meridional displacement of the two jets. The 300-hPa

wind speed and MTG changes associated with the de-

cadal changes of the vertical warming (not shown) are

similar to the regressed pattern shown in Fig. 18.

6. Conclusions and discussion

Global-mean surface temperature has experienced a

fast warming period of 1985–98 and a hiatus period of

1999–2013, especially for boreal winter. Compared

with the fast warming period, winter precipitation has

decreased by about 25% (increased by;50%) over the

southern (northeastern) part of eastern China during

the hiatus period. This anomaly pattern reduces the

south–north precipitation gradient seen in winter pre-

cipitation climatology. This recent regime shift of

winter precipitation complements studies on decadal

variations of the EAWM (e.g., Ding et al. 2014), since

most previous studies used atmospheric circulation

indices to quantify the EAWM changes.

We have examined the associated changes in atmo-

spheric circulation, including the combined effect of

the EASJ and EAPJ on winter precipitation over

eastern China. From 1985–98 to 1999–2013, a negative–

positive–negative pattern of change for wind speed at

300 hPa occurs from 208 to 608N over East Asia, with

strengthened winds around 308–47.58N and weakened

winds to the north and south of it. This change pattern

helps explain the equatorward (poleward) displace-

ment of the EAPJ (EASJ) from the fast warming to the

hiatus period. Associated with the wind changes and

the meridional displacements of the two jets, the

Siberian high enhances, and the East Asian trough shifts

westward during the hiatus period. The enhanced Sibe-

rian high strengthens the East Asian winter monsoon

(EAWM) and weakens southwesterly winds over the

South China Sea, which decreases precipitation over

FIG. 15. As in Fig. 13, but for the regression patterns of DJF mean MTG averaged from the surface to 300 hPa

(1025 K m21).
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southern China. The westward shift of the East Asian

trough enhances convergence over northeastern China,

leading to increased precipitation there. These circula-

tion changes provide favorable conditions for the

northeastern-wet–southern-dry anomaly pattern dur-

ing the hiatus period.

We have further examined the linkage between the

wind changes (including the meridional displacements

of the EAPJ and EASJ) and the changes in meridional

temperature gradients (MTGs). For surface temper-

ature changes between the two periods, the dominant

feature is a combination of the temperature anomalies

associated with a negative IPO phase and a positive

AMO phase. In the free troposphere, a tripole tempera-

ture anomaly pattern exists over East Asia (708–1408E),
with warming over the low (south of ;408N) and

high (north of ;708N) latitudes and cooling over the

midlatitudes (458–608N). These temperature anomalies

enhance the MTG and thus westerly winds over the

region between the two jets but weaken the MTG and

thus the westerlies to the south and north of it. These

MTG-induced changes help explain the abovementioned

wind anomaly patterns and the displacements of the

two jets.

The decadal changes in temperature and wind fields

have been further linked to recent phase changes of the

IPO and AMO. Specifically, a negative IPO phase

and a positive AMO phase during the hiatus period led

to the warming at the low and high latitudes and

cooling at the midlatitudes over the East Asian sector.

Thus, we concluded that the IPO and AMO can sig-

nificantly influence winter tropospheric MTG and thus

circulation fields (including EAWM and the EAPJ and

EASJ) over East Asia, which in turn affect winter

FIG. 17. The difference of DJF mean MTG (1025 Km21) averaged from the surface to 300 hPa between 1999–

2013 and 1985–98 from (a) NCEP–NCAR reanalysis and (b) ERA-Interim. The red solid (dashed) box indicates

the active regions of the EASJ (EAPJ). The shading indicates that the difference is significant at the 90% level.

FIG. 16. As in Fig. 14, but for the estimated contribution to theMTGby the IPO andAMOvia regression (1025Km21).
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precipitation over eastern China, and that the recent

northeastern-wet–southern-dry anomaly pattern since

1999 results largely from the combined effect of a

negative IPO phase and a positive AMO phase during

this period.

It should be emphasized that the observational and

reanalysis data used here include impacts from the

Indian Ocean, the tropical SSTs of which are rising due

to global warming and also vary with the IPO (Dong

et al. 2016), and they are related to the recent wet

anomaly over the Yangtze River delta (X.-F. Li et al.

2015). Thus, the relationship between the IPO or

AMO and the variations of the two jets revealed here

include the role of the Indian Ocean. Numerical ex-

periments are underway to quantify the relative con-

tributions of the warming trend in the Indian Ocean

and the decadal SST variations associated with the

IPO in the Pacific and Indian Ocean and the AMO in

the North Atlantic Ocean.
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