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ABSTRACT

The strengthening of monsoonal southerlies over East Asia is associated with the westward intensification of

the North Pacific subtropical high. Previous work has shown that the seasonal-mean position and strength of

subtropical highs are affected by tropical and subtropical diabatic heating. Here it is shown that the synoptic-

time-scale strengthening of southerlies over eastern China is dynamically tied to extratropical eddy activity.

Composite analysis based on strong southerly wind events highlights an antecedent baroclinic wave train

propagating southeastward into eastern China from extratropical central Asia. This wave train generates

quasigeostrophic ascent over eastern China that is associated with heavy precipitation. The anomalously cold

upper-tropospheric conditions associated with the wave train decrease static stability throughout the lower and

middle troposphere in eastern China, while low-level moistening enhances equivalent potential temperature. It

is proposed that the resulting reductions in dry andmoist static stability intensify the eddy-induced precipitating

ascent. These results illustrate how East Asian monsoon circulation and precipitation can be enhanced by the

interaction of midlatitude baroclinic waves with the moist subtropical monsoon region.

1. Introduction

The annual cycle of rainfall over East Asia is charac-

terized by relatively dry winters and rainy springs and

summers, with the summer season (June–August) rain-

fall often referred to as the EastAsian summermonsoon

(EASM). In early summer (June–July), strong low-level

southerlies develop over East Asia and a zonally elon-

gated precipitation band appears over south-central

China, South Korea, and southern Japan (Fig. 1c).

This rainband, known as the mei-yu–baiu (MB) front,

generally forms on the northern boundary of a warm

subtropical air mass (Kodama 1992). To the north of the

MB, a strong upper-tropospheric westerly jet develops

(contours in Fig. 1a) and plays a key role in the seasonal

evolution of the EASM (e.g., Zhang et al. 2006). This

MB is quasi-stationary (e.g., Ninomiya 1984) and has its

maximum impact over EastAsia in June and July (Liang

andWang 1998; Ding and Chan 2005; Zhou et al. 2009b;

Seo et al. 2012). In late July, the westerly jet weakens

and its core shifts northeastward (Schiemann et al. 2009;

Zhang et al. 2006), while the MB transitions to more

sporadic and transient precipitation events (e.g., Molnar

et al. 2010; Sampe and Xie 2010). The position and in-

tensity of the MB exhibits large variability on various

time scales, which can exert strong impacts on natural

and human systems in the densely populated East Asian
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region. For example, the development of strong mon-

soonal southerlies over eastern China is often followed

by the northward shift of the rainband, producing ex-

cessive precipitation over northern China (Zhou et al.

2009b), a region that is otherwise vulnerable to drought

(Wang 2006).

The presence of a quasi-steady subtropical high

pressure system over the western North Pacific, the

North Pacific subtropical high (NPSH), is regarded as

key to maintaining the monsoonal southerlies (Kodama

1992; Zhou et al. 2009a; Wu et al. 2010; Wang et al.

2013). The time-mean position and intensity of the

NPSH are connected to sea surface temperatures (SSTs)

and the associated diabatic heating field (Liu et al. 2004;

Zhou et al. 2009b;Wu et al. 2010; Song andZhou 2014a).

Westward intensification of the NPSH associated with

spatial redistribution of SSTs and the diabatic heating

field is thought to control the interannual variability of

monsoonal southerlies and precipitation over eastern

China (Zhou et al. 2009a; Wu et al. 2010; Wang et al.

2013). Specifically, anomalously warm SSTs over the

tropical Indian Ocean and cold SSTs in the tropical

central Pacific can induce the westward intensification of

the NPSH (Wang et al. 2000; Yang et al. 2007; Li et al.

2008; Wang et al. 2013; Song and Zhou 2014b).

While diabatic heating is a fundamental driver for

subtropical circulations in the summer, the presence of

westerlies is essential for the generation of Rossby

waves and the associated subtropical highs such as the

NPSH (Rodwell and Hoskins 2001). The position and

strength of westerlies are sensitive to tropical diabatic

heating (Yang and Webster 1990; Ting 1994), indicating

that the mean-state properties that affect wave propa-

gation respond to changes in the diabatic heating field. It

is thus natural to ask whether extratropical eddies, su-

perimposed on westerlies, can affect subtropical circu-

lations. Indeed, previous studies consistently suggest

that subtropical circulations are influenced by extra-

tropical eddies occurring in baroclinic zones, even in the

summer (e.g., Enomoto et al. 2003; Kosaka et al. 2009;

FIG. 1. June–July mean (a) eddy geopotential height variance (Z02)1/2 (shading; m) and westerly wind speed (contours from 10m s21

with interval of 5m s21) at 250 hPa. (b) Meridional gradients of potential temperature (1026 Km21) at 500 hPa and (c) precipitation

(shadings; mmday21) and 925-hPa winds (m s21). Wind vectors .2.0m s21 are plotted. Thick contours in (b) indicate topography

.1200m. All data are from ERA-Interim, except the precipitation in (c), which is from GPCP.
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Kang and Lu 2012). For example, Song and Zhou (2013)

showed that synoptic-scale transient eddy activity con-

tributed to bias in the simulation of the time-mean East

Asian subtropical jet.

The extratropical baroclinic nature of the EASM is

evident in the frontal nature of the MP precipitation

maximum. Figure 1a depicts 250-hPa westerlies (con-

tours) and the synoptic-scale eddy activity (shading),

defined as the variance of 250-hPa eddy geopotential

height (Z02)1/2, where the prime denotes 10-day high-

pass-filtered values). The subtropical jet speed has a

local maximum over the Tibetan Plateau, between 508
and 1008E and 358 and 458N, whereas the transient eddy

activity peaks at higher latitudes, between 458 and 608N.

While the transient eddy activity is relatively weak over

the Tibetan Plateau, the (mean) meridional potential

temperature gradient 2›yu at 500 hPa is largest there

(Fig. 1b), with strengthened eddy activity occurring

downstream (though it is important to note that the

500-hPa level lies within the planetary boundary layer

over much of the plateau). The peak in 2›yu over sub-

tropical Asia and the North Pacific is consistent with the

strong westerly winds in thermal wind balance. Situated

downstream of the Tibetan Plateau, eastern China (1058–
1208E) is subject to relatively strong upstream baro-

clinicity. Transient eddy activity rapidly strengthens over

eastern China (around 358–458N); the eddy geopotential

variance is locally maximized in this region, consistent

with enhanced frontal activity in the MB (Chen and

Chang 1980; Ding et al. 2004; Ding and Chan 2005).

The present study investigates the interaction be-

tween extratropical eddies and low-level southerlies

over eastern China during the summer monsoon season.

In addition to being associated with NPSH variations, as

discussed above, previous studies consistently indicate

that the seasonal evolution and the interannual vari-

ability of the monsoon rainband are closely related to

the position of the westerly jet over East Asia (Liang

and Wang 1998; Zhou and Yu 2005; Sampe and Xie

2010; Chen et al. 2013; Li and Zhang 2014; Chiang et al.

2015). Here, we hypothesize that the seasonal-mean

statistical relationship between the westerly jet position

and the monsoon rainband is partly associated with the

synoptic-scale eddy activity along theAsian westerly jet.

In this study, we seek to elucidate the extratropical eddy

effect on the EASM by considering the following

questions:

1) What are the dynamic and thermodynamic charac-

teristics of the synoptic eddy structure preceding the

westward intensification of the NPSH and the asso-

ciated strong monsoonal southerlies over eastern

China?

2) How does upper-tropospheric wave propagation

affect the low-level monsoon circulation?

To address these questions we perform lead–lag com-

posite analysis preceding and following the anomalously

strong monsoonal southerlies over eastern China. The

rest of this paper is organized as follows. Section 2 de-

scribes the data and methodology used in our analysis.

Then in section 3 we examine the surface pressure pat-

tern associated with the strong southerly events over

eastern China. In section 4, we examine the characteris-

tics of upper-tropospheric wave propagation and its

possible effect on the low-level monsoon circulation. In

section 5, we seek to better understand themechanisms of

enhanced precipitation by evaluating the time evolution

of dynamical lifting and moist stability over East Asia.

2. Data and methodology

a. Data

We use the European Centre for Medium-Range

Weather Forecasts interim reanalysis (ERA-Interim)

dataset (Dee et al. 2011). The reanalysis model com-

prises 60 vertical levels between the surface and about

65-km altitude with a horizontal resolution of about

80 km. The data products used in this study are 43 daily

with a horizontal resolution of 1.58 3 1.58. For our pur-
poses, the data are averaged to daily means. We con-

sider the 34-yr period spanning from 1979 to 2012.

Precipitation data are from the Global Precipitation

Climatology Project (GPCP), which merges satellite-

derived and in situ global precipitation data (Huffman

et al. 2001). This GPCP dataset covers October 1996–

December 2013 with 1.08 3 1.08 horizontal resolution
and is archived at the National Center for Atmo-

spheric Research (NCAR; ftp://ftp.cgd.ucar.edu/archive/

PRECIP/). The time span of the GPCP data is ;17yr

shorter than that ofERA-Interim.TheGPCPdata are used

primarily to demonstrate that many days (or episodes) of

extreme precipitation over eastern China are associated

with the development of strong southerlies (Figs. 2b,c).

b. Methodology

Lead–lag composite analyses are performed in order

to investigate monsoonal southerly strengthening on

short (;daily to weekly) time scales. For each grid point,

seasonal cycles of the variables of interest are con-

structed from 30-day running averages of the 34-yrmean

daily climatology for each calendar day. After desea-

sonalizing the data, interannual variability is removed

by 2–120-day bandpass filtering. In this study, we focus

on June and July because these two months are when

the monsoonal southerlies over East Asia and the
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associated mei-yu rainband develop and ultimately

peak (Zhou et al. 2009b; Molnar et al. 2010; Sampe and

Xie 2010).

To define an anomalously strong southerly event,

925-hPa meridional wind anomalies (y) are zonally

averaged over a longitude interval from 1058 to 1158E.
We further average over 208–358N, since southerly

moisture flux over these latitudes accompanies pre-

cipitation over mainland China (Fig. 1c). Low-level

southerly strengthening in this region is dynamically

tied to the westward intensification of the NPSH and has

been related to anomalously strong precipitation over

eastern China (Wang et al. 2013). For our purposes,

southerly events are defined as time periods during which

area-averaged y exceeds 0.5 standard deviation over 3 or

more consecutive days. Moreover, to assure temporal

isolation of events, if the beginning of an event occurs

within 6 days of the end of the preceding event, then the

latter event is neglected. This procedure yields 72 distinct

events for June and July over 1979–2012. Lag zero is

defined as the day for which the area-averaged southerly

wind amplitude peaks. Prior to generating the

composites, a 3-day running average is applied to filter

out noise associated with very high-frequency variability.

3. Development of southerlies and convection

a. Dipole pressure anomaly and precipitation

The composite surface pressure for strong southerly

events over the mei-yu exhibits a land–sea dipole

anomaly in surface pressure between eastern China and

the South China Sea (Fig. 2a). This spatial distribution

of anomalous surface pressure reinforces the climato-

logical surface pressure pattern associated with the

summertime land–sea thermal contrast—namely, low

over the continent and high over the ocean. Anomalous

high surface pressure over the South China Sea (red

colors in Fig. 2a) can be interpreted in terms of the

westward intensification of the NPSH, a well-known

factor for strengthening the monsoonal southerlies

(vectors in Fig. 2a) as shown in previous studies (Zhou

et al. 2009a; Wu et al. 2010; Wang et al. 2013). However,

relatively little attention has been given to the effect of

extratropical lows (blue colors in Fig. 2a), which may also

contribute to the southerly strengthening and potentially

influence the westward intensification of the NPSH.

This dipole pressure anomaly is accompanied by

anomalously strong precipitation over eastern China,

especially over central China (Fig. 2b). This regional

increase in precipitation is associated with below-

normal rainfall over southern China, consistent with

the observational analysis of Zou et al. (2010). Over

eastern China, heavy precipitation events are largely

associated with strong southerly events that transport

moisture from the South China Sea into the continent.

Figure 2c shows the percentage of precipitation days

associated with strong southerly events over eastern

FIG. 2. June–July (a) composites of anomalous surface pressure

(shadings; Pa) and anomalous 925-hPa winds (vectors; winds

.1.0m s21 are plotted) associated with strong southerly events

during 1979–2012. (b) Composites of observed precipitation

(mmday21) associated with strong southerly events during 1997–

2012. Statistically significant (t test: p , 0.05) values are hatched.

(c) The fraction (%) of precipitation over eastern China (averaged

over 308–408N and 1058–1208E) associated with strong southerly

events during 1997–2012; the precipitation rate (abscissa) is binned

by in 1mmday21 interval (e.g., the 10mmday21 tick corresponds

to the precipitation rate between 9.5 and 10.5mmday21), and the

fraction of days in that bin associated with southerly events is

plotted. The black square box in (b) illustrates the averaging region

for (c).
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China, specifically over the region 308–408N, 1058–1208E
where anomalous precipitation is maximized. The days

experiencing strong southerly winds over eastern China

are only about 26% of the total June–July days. Despite

their relatively low frequency of occurrence, these strong

southerly events explain about 45%–90% of heavy pre-

cipitation days (.10mmday21). By contrast, less than

35% of weak precipitation days (,5mmday21) occur

during strong southerly events, suggesting that weak

precipitation conditions are generally not associated with

the large-scalemonsoonal southerlies over easternChina.

In the subsequent sections, we seek to diagnose the fun-

damental mechanisms that cause the southerly induced

moisture convergence over eastern China by examining

wave disturbances. For this, we perform lagged compos-

ite analyses to better understand the effect of extra-

tropical waves on the development of monsoonal

southerlies. We start by examining the propagation of

extratropical surface lows over the Eurasian continent.

b. Propagation of surface lows

Figure 3 shows the composites of surface pressure in

June and July from lag day24 (i.e., pressure leading the

peak southerlies by 4 days) to lag day 2. From this figure,

it is clear that the development of southerlies over the

mei-yu is associated with anomalous, southeastward-

propagating extratropical surface low pressure centers.

At day 24, the composite-mean surface low is located

upstream over central Asia and Russia, between 408 and
608N, and subsequently propagates southeastward along

the northern and eastern margin of the Tibetan Plateau.

Concurrently, subtropical high perturbations over the

western North Pacific and South China Sea are weak at

day24 but rapidly strengthen through day22, leading to

the development of monsoonal southerlies over eastern

China. It is interesting to note that the anomalous

southerlies first appear over central China at day 22. At

day 0, the anomalous extratropical low and subtropical

high are in closest proximity, with the latter peaking over

the South China Sea. Approximately 2–3 days after the

peak of monsoonal southerlies and the associated mois-

ture convergence over eastern China, the surface low

develops downstream (fourth row of Fig. 3). The de-

velopment of an extratropical trough over East Asia

has been hypothesized as a characteristic downstream

Rossby wave response to diabatic heating in midlatitudes

(Kaspi and Schneider 2013), although that is a time-mean

response and here we are examining only one phase of a

transient response. To summarize, the southeastward

propagation of surface lows originating over central Asia,

combined with the westward intensification of the NPSH,

leads over time scales of days to about a week to the in-

tensification of the mei-yu–baiu trough over East Asia.

4. Extratropical wave train

The propagation of anomalous surface low pressure

can be interpreted as part of an extratropical wave train.

In general, the extratropical wave train is clearly seen in

the upper troposphere, where westerlies are much

stronger and wave amplitude is generally larger. Pre-

vious studies have demonstrated that the EASM is af-

fected by an upper-tropospheric wave train extending

northwestward into central Asia and the Middle East

(Enomoto et al. 2003; Kosaka et al. 2009). In what fol-

lows, we present evidence that rapid strengthening of

monsoonal southerlies over eastern China is connected

to the upper-tropospheric wave train.

a. Wave train

Figure 4 shows lagged composites of the upper-

tropospheric (250 hPa) relative vorticity. During

days 26 and 24, a zonally elongated wave train is evi-

dent from western Eurasia to East Asia (first row of

Fig. 4). Here we see that, as part of an eastward-

propagating transient wave train, an anomalously

strong upper-tropospheric cyclone (rather than anticy-

clone) develops over eastern China (first and second row

of Fig. 4) a few days before the peak southerly winds.

This wave train also appears when regression analysis is

used as an alternative to our compositing methodology

(Fig. A1), verifying the robust relationship between low-

level southerlies and upper-level wave disturbances on

synoptic time scales. Although this wave train is a

propagating, transient phenomenon, during days 26

and 24 it is reminiscent of the well-known regional

summertime stationary wave called the Silk Road pat-

tern (Enomoto et al. 2003; Kosaka et al. 2009). Spe-

cifically, cyclonic motion over eastern China and

anticyclonic motion over central Asia are consistent

with Fig. 2 of Kosaka et al. (2009). It is likely that these

traveling waves interfere constructively with the quasi-

stationary waves (i.e., Silk Road pattern) during the

early stage of the strong southerly events.

The eastward propagation is better seen in a time–

longitude Hovmöller plot of the meridional wind field at

250 hPa (Fig. 5), averaged over 358–508N.1 The solid

arrow overlaying the red shading, extending from 408 to
1308E over day 29 to day 17, highlights the phase

propagation in the geopotential field. Following Yang

1 Themeridional average (from 358 to 508N) encompasses higher

latitudes than the region of the maximum upper-level cyclone over

the eastern side of the Tibetan Plateau (around 358–408N). Since

the wave train tends to propagate southeastward over Asia, the

Hovmöller plot that includes higher latitudes better captures the
eastward propagation of the wave train.
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FIG. 3. Composites of anomalous surface pressure (shadings; Pa) for (top)–(bottom) lags24,

22, 0, 12, and 14 days in June–July. Vectors are anomalous winds (m s21) at 925 hPa

.1.0m s21. The absolute values of anomalous surface pressure.100 Pa are mostly statistically

significant (t test; p , 0.05).
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FIG. 4. Composites of anomalous relative vorticity (shadings; 1026 s21) with winds (vectors)

at 250 hPa for (top)–(bottom) lags of 26 to14 days in June–July. Only statistically significant

values (t test; p , 0.1) are shaded and wind vectors .2.4m s21 are plotted.
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and Hoskins (1996), the zonal phase speed of (baro-

tropic) Rossby waves can be expressed as follows:

c5 u2b/(k2 1 l2). Assuming a representative zonal

wavenumber of synoptic-scale midlatitude eddies of k; 7

(Kiladis 1998), the zonal phase velocity c, over Asian

midlatitudes, ranges fromabout 1.0 to 6.0ms21 at 250hPa,

depending on themeanwesterly wind speed u, which itself

varies both meridionally and zonally. The phase velocity

of the upper-level low inferred from Fig. 5 (solid line) is

about ;3.2ms21, which lies within the predicted range

estimated from the simple dispersion relation.

The presence of an upper-level anticyclone (first row

in Fig. 4 and second row in Fig. A1) over central Asia

(northern part of the Tibetan Plateau) is reminiscent of

the upper-level anticyclone over the Tibetan Plateau in

several modeling studies, such as Wang et al. (2013). In

Wang et al. (2008), a stationary wave train is generated

by imposing heating over the Tibetan Plateau, so an

enhanced upper-tropospheric anticyclone clearly ap-

pears over the Tibetan Plateau.On the other hand, Fig. 4

shows synoptic-scale traveling waves that are internally

balanced with large-scale circulations. The upper-

tropospheric cyclone situated along the eastern side of

the Tibetan Plateau during days24 and22 is indicative

of relatively high potential vorticity that is often asso-

ciated with cold-air intrusions from higher latitudes

(Aebischer and Schär 1998). This upper-tropospheric

cyclone is rapidly replaced by an anticyclone fromday22

to day 12. This result is somewhat consistent with the

upper-tropospheric vorticity transition following the pen-

etration of extratropical wave trains into the South Pacific

and SouthAtlantic convergence zones (Van derWiel et al.

2015). As suggested by Van der Wiel et al. (2015), this

upper-tropospheric anticyclone is dynamically tied to la-

tent heating associated with deep convection (by creating

upper-level mass divergence) from day 0 to day 12.

b. Vertical structure

The vertical structure of the extratropical wave train is

depicted in the left column of Fig. 6 through the me-

ridionally averaged (308–408N), longitude–height cross

section of geopotential height anomalies. The height

anomalies tilt westward with height, indicating poleward

heat transport by the extratropical wave train. Consis-

tent with Fig. 4, positive height anomalies appear over

the western side of the Tibetan Plateau approximately

6 days before the monsoonal southerlies peak. Sub-

sequently, anomalously low heights, especially in the

upper troposphere, develop over the eastern side of the

Tibetan Plateau and peak at day 24. This anomalously

low height is consistent with the development of an

upper-tropospheric cyclone at day 24 (Fig. 4). This

anomalous geopotential height field is accompanied by

changes in vertical motion (center column of Fig. 6).

FIG. 5. Meridionally averaged (358–508N), longitude–time Hovmöller plot of anomalous meridional (V) winds

(m s21) at 250 hPa, based on the (a) composite and (b) regression analyses. The abscissa is longitude and the ordinate

is the time lag associated with strong southerly wind events over eastern China. The solid line indicates the ap-

proximate zonal phase velocity of Rossby waves and is drawn subjectively. The contour intervals are 0.05 and

0.015m s21 in (a) and (b), respectively. The red (blue) color indicates anomalous northward (southward) flow.
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Specifically, anomalous ascent appears slightly west of

anomalously high geopotential height, as expected for

quasigeostrophic (QG) uplift in baroclinic waves in

westerly vertical shear. This anomalous ascent is first

seen west of the Tibetan Plateau and subsequently

propagates eastward as part of the wave train. At

days 22 and 0, when the monsoonal southerlies rapidly

strengthen and peak, surface pressure decreases (Fig. 3),

so temperatures near the Tibetan Plateau must be

anomalously low, by hydrostatic balance; the anoma-

lously low geopotential height (third and fourth rows of

Fig. 6) verifies this balance.

The right column of Fig. 6 illustrates a measure of the

static stability—namely, the Brunt–Väisälä frequency:

N5 [(g/u)(du/dz)]1/2. We now note that the wave train is

associated with temporal variability in static stability.

Over the eastern side of the Tibetan Plateau, where the

upper-tropospheric geopotential height is relatively low,

static stability substantially decreases in the mid- and

lower troposphere (450–850 hPa) from day 26 through

day 22. This reduced static stability is likely to be an

initiating factor for the rapid strengthening of ascending

motion over eastern China at day 0. This result suggests

that the upper-level wave propagation can affect the

mid- and lower-tropospheric circulations by changing

static stability.

5. Moist QG lifting

a. QG omega equation

In this section, we attempt to better understand how

the development of southerlies increases precipitation

over easternChina. Specifically, we examine the dynamics

FIG. 6. Lagged composites of anomalous (left) geopotential height (m), (center) pressure velocity (Pamin21), and (right) static stability

(h21) for (top)–(bottom) lag days of 26, 24, 22, and 0. The geopotential height and static stability are meridionally (latitudinally)

averaged from 308 to 408N. Statistically significant (t test: p , 0.05) values are hatched.
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responsible for the uplift (v , 0) by using the full quasi-

geostrophic omega equation:

�
s=2 1 f 20

›2

›p2

�
v522= �Q2

R

p
b
›T

›x
, (1)

wherev is pressure velocity, b is themeridional gradient

of the Coriolis parameter (b 5 df/dy), R is the gas con-

stant, and s5 r21›p lnu is a measure of static stability.

We use an approximate form of = � Q in which the ir-

rotational part of the horizontal wind is neglected:

p

R
= �Q ’ ›T

›x

›z

›y
2

›T

›y

›z

›x
2

›2T

›x›y

�
›2c

›x2
2
›2c

›y2

�

1
›2c

›x›y

�
›2T

›x2
2
›2T

›y2

�
. (2)

Here, z is the vertical component of relative vorticity, c

is the streamfunction of the horizontal wind, and T is

temperature. This so-called Q-vector form (Hoskins

et al. 1978) was used by Kiladis et al. (2006) in a study of

African easterly waves and recently by Boos et al. (2015)

in a study of Indian monsoon depressions. Following

Boos et al. (2015), 22= � Q was computed for every

6-hourly period; these 6-hourly values were used to

evaluate the composite means.

The composites of anomalous 22= � Q at 500 and

775hPa, averaged from day 0 to day 11, are plotted in

Figs. 7a and 7b, respectively. The dynamical forcing for

vertical motion represented by22= �Q incorporates the

combined effects of horizontal temperature advection

and advection of relative vorticity by the thermal wind.

This term has a horizontal distribution that qualitatively

matches the distribution of anomalous precipitation

(cf. Figs. 7a,b with Fig. 2b), suggesting that QG lifting

induces precipitation over eastern China. At 775 hPa,

the Q-vector convergence (22= � Q . 0) peaks slightly

south of the anomalously high precipitation. At 500 hPa,

the Q-vector convergence shifts slightly to the north,

and its magnitude is somewhat weaker than that at

775hPa. The anomalous Q-vector convergence is thus

tilted poleward with height, consistent with the fact that

baroclinic waves are generally tilted poleward with

height because of nongeostrophic effects (Yin and

Battisti 2003). The second term on the right-hand side of

Eq. (1) [2[R/p)b(›T/›x)] represents the advection of

planetary vorticity by the thermal wind; the fact that it

is approximately 4 times smaller than the Q-vector

convergence during strong southerly events indicates

that the planetary vorticity gradient (i.e., the ‘‘beta’’

effect) is relatively unimportant compared to the effects

of temperature and relative vorticity gradients for gener-

ating ascent in the wave train.

Figure 7c shows lagged composites of 22= �Q, area av-

eraged over 308–408N and 1058–1208E, where the anoma-

lous precipitation is largest (Fig. 2b). The development of

surface lows and monsoonal southerlies from day 24 to

day 21 is accompanied by the shift of 22= �Q from neg-

ative to positive. Several idealized modeling studies have

produced a realistic NPSH and monsoonal southerlies by

externally imposing condensational heating in the sub-

tropics (e.g., Liu et al. 2001, 2004). However, strong epi-

sodes of monsoonal southerlies are clearly associated with

baroclinic waves that interact with moist convection.

While QG forcing may initiate the uplift, latent heating

associated with moist convection is expected to interact

with dynamical lifting, thereby substantially altering v

(e.g., Boos et al. 2015). In other words, we have not in-

verted Eq. (1) to obtain a total vertical velocity field

FIG. 7. Compositemean of dynamical forcing for ascent [22= �Q
of Eq. (1)] associated with strong southerly events at (a) 500 and

(b) 775 hPa. Red (blue) colors indicate the forcing for ascent

(subsidence). (c) Lagged composites of areal averaged 22= � Q
over eastern China (308–408N, 1058–1208E). In (c), 22= � Q at 500

and 775 hPa are averaged (10217 Pa21 s23). In (a),(b), only statis-

tically significant values (t test; p , 0.1) are color shaded.
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because this would require assuming a temporally and

spatially invariant dry static stability and neglecting the

effects of moist convective heating on v. In the next sub-

section, we examine the time evolution of near-surface ue,

which may be relevant for the evolution of moist con-

vection and its interaction with dynamical QG lifting.

b. Moist stability

The left column of Fig. 8 shows that anomalously strong

precipitation over eastern China (contours in Fig. 8) at

day 0 is largely coincident with the largest ue anomalies at

1000hPa. Consistent with Fig. 6, the anomalous potential

temperature u (black line in the right column of Fig. 8) is

negative in the mid- and upper troposphere at day 22

(day 24 is very similar to day 22 but is not shown), de-

creasing the static stability. At day22, the vertical profiles

of anomalous u and equivalent potential temperature ue
are very similar, indicating that moisture effects are small

at this time. From day 22 to 21, near-surface ue rapidly

increases and the vertical profile of ue substantially de-

viates from that of u, most likely because of southerly

induced moisture flux. The increase in low-level ue is

FIG. 8. Lagged composites of anomalous (left) 1000-hPa ue (K) and (right) areal averaged

(308–408N, 1058–1208E) vertical profile of u (black line) and ue (red line) for (top)–(bottom)

days 22, 21, 0, and 12 . The blue square boxes in (left) illustrate the averaging region for

(right).

8460 JOURNAL OF CL IMATE VOLUME 28



expected to be accompanied by an increase in convective

available potential energy (CAPE), which would tend to

foster enhanced moist convection and lead to a reduction

in the ‘‘effective’’ static stability used in the QG omega

Eq. (1). Prior studies (e.g., Sanders 1984) have attempted

to account for the effects of moist convection in the QG

omega equation by reducing the static stability to a frac-

tion of its actual dry value. Although we do not make

such a quantitative estimate here, we note that the re-

duction in dry static stability and the increase in CAPE

that occur around day 22 and day 21 are both expected

to aid in strengthening the QG uplift illustrated in Fig. 7.

This suggests a picture of the extratropical wave train

propagating to the southeast from western Eurasia and

only producing intense precipitation when induced

southerlies advect high-ue air and thus increase CAPE in

the ascending part of the wave.

At day 0, ue in the lower troposphere maximizes,

where areally averaged values of anomalous ue anom-

alies peak at 3.5K. While heavy precipitation and asso-

ciated latent heating rapidly increase upper-tropospheric

temperatures and likely move the temperature profile

toward a moist adiabat, ue in the lower troposphere may

remain high enough to maintain positive CAPE and

sustain the moist convection. By day12, near-surface ue
decreases and the u profile warms even more at height,

although heavy precipitation persists over eastern China

and the Korea Peninsula along the mei-yu front. The

areas of heaviest precipitation occur north of the highest

1000-hPa ue anomalies; one would not expect maxima in

precipitation and ue to be aligned as they are in the more

tropical South Asian monsoon (e.g., Boos and Emanuel

2009). Instead, precipitation and ue in this extratropical

monsoon may be related via a baroclinic frontal zone.

Several observational studies indicate that East Asian

monsoon precipitation develops where the meridional

gradient in low-level equivalent potential temperature

2due/dy is maximized (Ninomiya 1984; Tomita 2011;

Sampe and Xie 2010). This is probably because synoptic

eddies can effectively mix moisture along isentropes

(O’Gorman and Schneider 2006), leading to large-scale

condensation along the mei-yu–baiu front.

6. Summary and discussion

Figure 9 provides a summary schematic illustrating

how the westward intensification of the NPSH and the

associated strengthening of monsoonal southerlies are dy-

namically tied to the extratropical wave train. The wave

train propagates acrossAsia along thewesterly jet, creating

alternating cyclones and anticycloneswith an upshear tilt in

the vertical. QG vertical motion occurs throughout the

wave train, but ascent is greatly amplified over eastern

Chinawhere southerlies advectwarmandmoist air into the

ascending part of the wave train, thereby creating heavy

precipitation andupper-tropospheric anticyclones. Figure 9

thus provides amore detailedmechanistic view of the eddy

activity and convective destabilization that have been

suggested in prior work (e.g., Sampe and Xie 2010).

On seasonal time scales, the monsoon subtropical highs

are known to be initiated by tropical or Asian continent

heating. In contrast to the behavior on seasonal time

scales, our study demonstrates that extratropical transient

eddies can be an important factor influencing the mon-

soon circulation and diabatic heating field on synoptic

time scales. The effect of a southeastward-propagating

extratropical wave train on tropical convection is a classic

example of tropical–extratropical interactions that are

more typically documented in the winter and spring

(Kiladis 1998).Our study suggests that this interaction still

occurs in the early summer. On synoptic time scales, the

upper-tropospheric wave train does not show clear evi-

dence that it is associated with Tibetan Plateau heating

(Wang et al. 2013) or the South Asian upper-tropospheric

anticyclone (Wei et al. 2015). Here we document

FIG. 9. Schematic illustrating the connection between the extra-

tropical eddies and monsoonal southerlies on synoptic time scales

(a) before and (b) during the peak of the monsoonal southerlies.
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FIG. A1. Regression patterns of anomalous relative vorticity (shading; 1026 s21) with winds

(vectors) at 250 hPa for (top)–(bottom) lags of 26 to 14 days in June–July. Only statistically

significant values (t test; p , 0.1) are shaded and wind vectors .0.8m s21 are plotted.
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anomalously warm (cold) conditions over the western

(eastern) side of the Tibetan Plateau 6–7 days (2–4 days)

prior to anomalous southerlies over eastern China. The

upper-tropospheric cold-air advection over eastern China

associated with the extratropical wave train decreases

static stability in the mid- and lower troposphere. The

timing of this reduced static stability is coincident with the

timing of rapid increase in monsoonal southerlies and

dynamical uplift by QG forcing.

So far, the westward intensification of the NPSH has

been simply interpreted as a response to tropical or sub-

tropical diabatic heating.WhileWang et al. (2013) suggest

that the NPSH variability is dynamically tied to the

tropical diabatic heating, our results suggest that extra-

tropical eddies could initiate its intensification on sub-

seasonal time scales, especially over eastern China.

Although diabatic heating is a major time-mean heat

source affecting monsoonal southerlies, the westerly jet

and the associated extratropical eddies might respond to

the changes in diabatic heating field. As suggested by

Miyasaka andNakamura (2005), summertime subtropical

circulations such as theNPSH should be understood in the

context of the interactions between extratropical eddies

and tropical diabatic heating. Our results suggest that

monsoon prediction may be enhanced through better

understanding of the patterns of extratropical wave trains

(Kosaka et al. 2012; Song et al. 2013).
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APPENDIX

Regression Analysis

The upper-level wave train from the composite anal-

ysis, while statistically significant, is based on a limited

number of strong southerly events (i.e., 72 events). To

verify the relationship between the monsoonal low-level

southerlies and upper-level wave train over Eurasia, we

applied a simple linear regression analysis. Specifically,

both the low-level (925hPa) meridional wind over

eastern China and the upper-level (250 hPa) relative

vorticity as well as the wind field are filtered with a

2–30-day bandpass filter. This bandpass filtering re-

moves the seasonal cycle and interannual variability.

Then, the linear regression slope is calculated for each

grid point. This procedure is almost identical to that of

Kiladis and Weickmann (1992), except that Kiladis and

Weickmann (1992) used a 2–20-day bandpass filter. The

results we present (Fig. A1) are almost identical even if a

2–20-day bandpass filter is used.

Figure A1 shows the resulting wave train calculated

from the simple linear regression analysis. The spatial

pattern and the time evolution of this extratropical wave

train are consistent with those from the composite analysis

(Fig. 4). This result verifies that the monsoonal low-level

southerlies over eastern China are dynamically tied to the

upper-level wave train on synoptic time scales.
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