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ABSTRACT

Intraseasonal variation (ISV) is especially prominent and unique in the Asian summer monsoon region. In

this work, the dominant ISV mode over the Tibetan Plateau (TP) in the summer monsoon season (June–

August), together with its structure and evolution, is identified using station observations, Global Precipitation

Climatology Project precipitation data, and ERA-Interim during 1979–2011. Results indicate that quasi-

biweekly oscillation (QBWO) is the dominant mode of ISV over the TP and is significant in terms of the

circulation, precipitation, and diabatic heating fields. In particular, theQBWOis closely related to the onset and

active/break phases of the TP summer monsoon. In most cases, the QBWO originates from the equatorial

western Pacific and first propagates northwestward to the Bay of Bengal and northern India, then northward to

the southeastern TP, and finally eastward to the East Asian area, showing a clockwise propagation pathway.

Two main mechanisms are responsible for the northward propagation of the QBWO signals. The first, in

operation when the QBWO signals are located to the south of 208N, is the generation of barotropic vorticity

induced by the easterly vertical shear, leading to the northward movement of the convection. The second

mechanism, responsible for the propagation taking place farther north toward the TP, is a moisture advection

effect that destabilizes the lower atmosphere ahead of the convection. Further analyses suggest that theQBWO

plays a role in linking the ISV of the different subsystems of the Asian summer monsoon as a macroscale

monsoon system.

1. Introduction

Intraseasonal variation (ISV)modes generally comprise

the 30–60-day oscillation [also known as the Madden–

Julian oscillation (MJO; Madden and Julian 1971) in the

boreal winter and boreal summer intraseasonal oscilla-

tion (BSISO; Wang and Xie 1997)] and 10–20-day

oscillation [also referred to as the quasi-biweekly

oscillation (QBWO)]. Madden and Julian (1971) were

the first to detect the 30–60-day oscillation in the tropical

Pacific and confirmed that it exists over the global

tropics (Madden and Julian 1972). The QBWO was first

found in the Indian Ocean and the western Pacific

(Murakami and Frydrych 1974; Murakami 1975;

Numaguti 1995). Subsequent studies indicated that

these two dominant ISVmodes are also evident over the

subtropics (Blackmon 1976; Blackmon et al. 1977;

Krishnamurti and Subrahmanyam 1982; Anderson and

Rosen 1983; Krishnamurti and Gadgil 1985; Jeong et al.

2008; Mao et al. 2010;Wen et al. 2011) and even over the

entire globe (Kikuchi and Wang 2009; Yang 2009).

It is well known that the active and break phases of the

Asian summer monsoon are affected by ISV. Yasunari

(1979, 1980) found that the 40-day fluctuation is closely
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associated with the major active and break cycles of the

monsoon over the whole of the Asian monsoon areas.

The QBWO also regulates the active and break phases

of the Indian summer monsoon (Krishnamurti and

Ardanuy 1980; Chen and Chen 1993), the South China

Sea summer monsoon (Chen and Chen 1995; Chen et al.

2000; Chan et al. 2002), and the East Asian summer

monsoon (EASM) (Mao and Wu 2006; Jiang and Lau

2008; Fujinami and Yasunari 2009; Jia and Yang 2013).

The elevated heating of the Tibetan Plateau (TP)

plays a fundamental role in the formation and variation

of the summer circulation, at least over Asia (Flohn

1957, 1960; Hahn and Manabe 1975; Luo and Yanai

1983, 1984;Wu andZhang 1998; Duan andWu 2005;Wu

et al. 2012). Previous studies have demonstrated that the

TP is a relatively independent subsystem of the Asian

summer monsoon region (Tang and Reiter 1984; Duan

et al. 2013), and the associated multiscale ISV modes in

terms of wind, convection, precipitation, relative vor-

ticity, and atmospheric diabatic heating have been rec-

ognized (Krishnamurti and Subrahmanyam 1982; Nitta

1983; Zhang et al. 2009; Wang et al. 2011; Zhang et al.

2014). Nitta (1983) demonstrated that the vertically in-

tegrated heat sources over the eastern TP present

medium-term changes with 10–15- and 30-day periods,

which is strongly associated with the South Asian high

(or Tibetan high) and can be regarded as an ISV activity

of the entire Asian summer monsoon system. He et al.

(2006) found that, in summer, the southeastern TP was

the most active ISV area of blackbody temperature. In

particular, the ISV modes over the TP, to some extent,

can influence local and even large-scale weather sys-

tems, including the plateau low vortex (Zhang et al.

2014), subtropical high (Li et al. 1991), and South Asian

high (Liu and Lin 1991), as well as the precipitation

anomaly in eastern China (Zhou et al. 2000). ISV signals

over the TP may originate from either the lower lati-

tudes, such as the Bay of Bengal and the southern rim of

the TP (Krishnamurti and Subrahmanyam 1982; Zhang

et al. 2009) or middle-to-high latitudes (Blackmon et al.

1984a,b; Xie et al. 1989). Other studies (Peng and Wu

1995; Zhou et al. 2000) have also argued that the TP

itself may act as a source and a sink of ISV modes.

Compared to the large volume of literature concern-

ing ISV over the East Asian and South Asian monsoon

regions (Chen et al. 2000; Ko and Hsu 2006; Mao and

Wu 2006; Fujinami and Yasunari 2009; Yang et al. 2010,

2014), the ISV over the TPmonsoon region has received

much less attention due mainly to insufficient observa-

tions. In addition, most studies were generally based on

case studies. Therefore, it is necessary to conduct a

systematic investigation of the ISV over the TP, in-

cluding its characteristics and propagation path, by

analyzing long-term observational datasets. Further-

more, from the viewpoint of the Asian monsoon system,

the role of the ISV modes during the onset, active, and

break phases of the TP summer monsoon (TPSM) and

its link to the ISV of the other two subsystems of the

Asian summer monsoon [i.e., EASM and South Asian

summer monsoon (SASM)] need to be fully explored.

In this paper, we perform an observational study for

the period of 1979–2011 to gain insight into the structure

and propagation characteristics of the dominant ISV

mode over the TP and its link to monsoon activities in

adjacent regions. In section 2, a brief description of the

datasets and statistical methods is given. The charac-

teristics of the ISV over the TP, including the dominant

periodicities and propagations, are investigated in sec-

tion 3. In section 4, the link between the QBWO and the

onset, active, and break phases of the TPSM is in-

vestigated. Section 5 describes the specific propagation

path and evolution of the QBWO in the whole Asian

monsoon region. Finally, section 6 summarizes and

discusses the key findings of the study.

2. Data and methodology

The following datasets are employed in this study:

1) Regular surface meteorological observations at 71

stations, with an initial quality control provided by

the China Meteorological Administration: Data

were gathered four times daily from 1979 to 2011,

with variables including surface air temperature,

ground surface temperature, 10-m wind speed, daily

accumulated precipitation, and station pressure.

2) The European Centre for Medium-Range Weather

Forecasts (ECMWF) interim reanalysis (ERA-

Interim; Dee et al. 2011) dataset with a horizontal

resolution of 1.58 latitude by 1.58 longitude and 37

vertical levels (http://apps.ecmwf.int/datasets/data/

interim-full-daily/): The analysis used here covers the

period of 1979–2011 and the daily mean field is cal-

culated by simply averaging the original 6-hourly data.

We choose ERA-Interim because it shows significant

improvement over the old generation of reanalysis

datasets, such as the NCEP–NCAR and ERA-40

reanalyses, particularly with respect to the tempera-

ture and horizontal wind fields over the TP (Bao and

Zhang 2013; Wang and Zeng 2012). Besides, ERA-

Interim shows the highest skill among the several

available reanalysis datasets in representing the clima-

tology, long-term trend, and interannual variability of

global monsoon precipitation (Lin et al. 2014).

3) Pentad Global Precipitation Climatology Project

(GPCP) is a merged analysis that incorporates
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precipitation estimates from satellite and gauge

observations (Huffman et al. 1997), which is on

2.58 3 2.58 grids over the whole globe and covers

the period of 1979–2011 (ftp://ftp.cpc.ncep.noaa.gov/

precip/GPCP_PEN/). Daily GPCP precipitation

data with a horizontal resolution of 18 latitude by 18
longitude during 1997–2011 are also used. Ma et al.

(2009) suggested that GPCP exhibits a smaller rain-

fall bias in most regions of China compared to the

Climate Prediction Center (CPC) Merged Analysis

of Precipitation (CMAP; Xie and Arkin 1997).

Following Duan and Wu (2008), the surface sensible

heat flux at 71 stations over the central and eastern TP

(CETP) is calculated by the bulk aerodynamic formula

(Wang et al. 2012). The vertically integrated atmo-

spheric apparent heat source (hQ1i) and moisture sink

(hQ2i) are derived by residual budget analyses based on

the thermodynamic and moisture equations (Yanai

1961; Yanai et al. 1973) and by using ERA-Interim.

The ISV component is extracted from the ‘‘raw’’ daily

and pentad time series through first removing the cli-

matology and then removing synoptic fluctuations by

taking a 5-day running mean. The climatology is calcu-

lated by climatological 5-day running mean time series,

following the samemethod as Yang et al. (2010). Hence,

the ISV component to be examined in this study

is the year-to-year varying part of the ISV, defined as

the transient intraseasonal oscillation (TISO; Yang

et al. 2009).

3. Characteristics of the ISV over the TP

a. Dominant periodicities of the ISV over the TP

To obtain the dominant periodicities of the atmo-

spheric variability over the TP, we analyze mean power

spectra of the 33 summer seasons (June–August) of

eight meteorological elements’ ISV components over

the TP region from 1979 to 2011 (Fig. 1). It is clear that

all the eight meteorological elements show a significant

10–20-day period (i.e., QBWO), including air tempera-

ture (Fig. 1a), precipitation (Fig. 1b), geopotential

height (Fig. 1c), and surface sensible heat flux (Fig. 1d)

averaged at 71 meteorological stations over the CETP.

Similar results can be detected in the hQ1i (Fig. 1e)

and hQ2i (Fig. 1f), and meridional wind at 500 (Fig. 1g)

and 200 hPa (Fig. 1h), estimated by ERA-Interim in the

whole TP region (258–408N, 758–1058E). In addition, a 7–
9-day period is also significant in almost all of these

variables except surface sensible heat flux. For periods

longer than 30 days, however, it is significant only in

some variables such as geopotential height and meridi-

onal wind at 500 and 200hPa.

To examine the interannual variability of the ISV over

the TP, we choose precipitation as a representative

FIG. 1. Mean power spectra of the (a) air temperature, (b) precipitation, (c) geopotential height, (d) surface sensible heat flux, (e) hQ1i,
(f) hQ2i, (g) meridional wind at 500 hPa, and (h) 200-hPa ISV components by calculating the average of the individual power spectra for

each of the 33 summer seasons (1979–2011) over the TP region. Red lines showMarkov red noise spectrums; blue lines show a priori 99%

confidence bounds; and green lines show a posteriori 99% confidence levels. The x axis represents the periodicity and the y axis denotes

the variance.
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variable, and spectral analyses for the precipitation field

are conducted for each year from 1979 to 2011 (Fig. 2a).

It is clear that theQBWO is significant in each individual

year, although signals with periods longer than 20 days

(e.g., 20–30 and 30–60 days) are also significant in

some years.

In Fig. 2b, the year-by-year variance contribution

percentage in individual power spectra from each ISV

mode for observed daily precipitation time series aver-

aged at 71 stations over the CETP is plotted. It is ap-

parent that the variance contribution from theQBWO is

above 20% inmost years and even exceeds 50% in some

cases. For example, the QBWO explains nearly 70% of

the variance in 1989. The 33-yr-averaged QBWO ac-

counts for about 35% of the variance in the ISV of daily

precipitation over the TP during 1979–2011, manifesting

the dominance of the QBWO in the ISV of precipitation

over the TP. In contrast, the 30–60-day oscillation

shows a much larger interannual variability, and its av-

eraged variance contribution is about 24% during the 33

years. Meanwhile, the 20–30-day oscillation is typically

less than 20%, except for three years (1981, 1982, and

2005), with a 9% average variance contribution over the

33 years. So, the 20–60-day oscillation accounts for

about 33% of total variance, indicating that it also is

significant in some certain years.

b. Characteristics of the QBWO propagation
over the TP

The meridional propagation characteristics of the

QBWO over the TP can be illustrated by a Hovmöller
diagram of 10–20-day filtered daily hQ1i along 708–
1008E during 1979–2011 on a year-by-year basis. Ac-

cording to the QBWO propagation directions of hQ1i,
we can categorize them into three types: 1) propagating

from the low latitudes to the TP (type I); 2) propagating

FIG. 2. The (a) interannual distribution of periods corresponding to marked spectra peaks of

intraseasonal activity passing a posteriori 99% confidence level and (b) interannual variations

of variance contribution percentage from the 10–20-, 20–30-, and 30–60-day oscillation to in-

traseasonal oscillation in the individual power spectra for the 71-station-averaged summer daily

precipitation over the CETP during 1979–2011.
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from the high latitudes to the TP (type II); and 3)

propagating from the TP to high and/or low latitudes

(type III). Statistical analyses show that type-I propa-

gation is dominant in 26 years from 1979 to 2011, in-

dicating the northward propagation from low latitudes

toward the TP is the most pronounced and appears in

almost all years. Meanwhile, the other two kinds are

detected in 13 (type II) and 19 years (type III), re-

spectively (Table 1). In the GPCP precipitation, these

three kinds of propagation occur in 11, 5, and 7 years

during 1997–2011, respectively. Most years are consis-

tent with that for hQ1i, especially in convection-

dominant regions. Generally, there is more than one

kind of propagation direction appearing in each year.

Here, in Fig. 3, we only show themeridional propagation

features of hQ1i for six years (boldface values in Table

1), in which all three kinds of propagation directions can

be detected. The northward propagation from low lati-

tudes is always much stronger and spans more latitudes

than the other kinds of propagation; in some cases, the

northward propagation even originates from the

Southern Hemisphere, crosses the equator, and then

spreads to the TP region. Moreover, the northward

signals seem to be strengthened after reaching the TP in

some years, such as 1983, 1988, 2002, and 2003. In con-

trast, the southward propagation from high latitudes is

comparatively weak, although it also appears in many

years. It is of interest to note that the propagation from

low and high latitudes can spread to the TP region at the

same time, denoting the phase-locking phenomenon.

Another interesting feature is the propagation away

from the TP itself; sometimes, it can propagate south-

ward and northward simultaneously. Here, we only fo-

cus on the first kind of propagation (type I), and the

other two kinds will be discussed in a separate paper.

To reveal the meridional and vertical structure of the

QBWO, we take a composite approach by selecting 48

type-I propagation cases during 1979–2011. The com-

posite is constructed as such that at day 0 the QBWO

convection is located at exactly 278N along 708–1008E,
where it is already over the TP. The temporal evolution

of the composite hQ1i and moisture conditions from

day218 to 0 (with a 2-day interval) is given in Figs. 4 and

5. The anomalous positive QBWO convection and cor-

responding moisture convergence can be found in the

South China Sea near the equator at day212. Then, the

anomalous positive convection moves northwestward

and intensifies gradually, in agreement with a cyclonic

circulation and significant moisture convergence center.

At day 24, the maximum hQ1i center arrives mainly in

the Indian subcontinent and partly in the Bay of Bengal,

with a somewhat weakened signal. It then turns north-

ward and arrives at the southern slope of the TP at

day22; by this time, the anomalous convection has been

intensified again. The strengthening of the QBWO

in hQ1i could be related to the very strong moisture

transport. This is because, from day 24, the cyclonic

circulation gradually collapses and evolves into robust

southwest airflow, which can transport plenty of mois-

ture to the TP, coinciding with the large value of mois-

ture convergence over the southern slope of the TP

(Fig. 5). To confirm the results from hQ1i, we also plot

the composite QBWO evolution of GPCP daily pre-

cipitation (20 type-I cases) from day 218 to 0. Obvi-

ously, the results (contours in Fig. 4) are highly

consistent with hQ1i.
Of particular importance is the generation of an

anomalous positive hQ1i center over the South China

Sea at day 212. After that, this anomalous positive

convection moves northwestward to the Indian sub-

continent and then moves northward. It implies that

such a kind of QBWO may originate from the

tropical ocean.

The essential atmospheric dynamical processes that

give rise to the northward propagation of the 10–90-day

boreal summer intraseasonal oscillation have been ex-

amined in previous studies (e.g., Jiang et al. 2004; Abhik

et al. 2013). Here, we conduct similar composite analyses

of the meridional–vertical structure of 10–20-day

filtered vorticity (Fig. 6a), divergence (Fig. 6b), vertical

velocity (Fig. 6c), and specific humidity (Fig. 6d) fields

with respect to the maximum convection center (MCC)

TABLE 1. The specific categories of propagation directions of filtered hQ1i and GPCP precipitation (parentheses) are listed with their

occurrence year and total year statistics. The years in which all of the propagation directions of hQ1i occurred are in boldface.

Categories Main years Total years

From low latitudes to the TP (type I) 1979, 1980, 1983, 1984, 1985, 1986, 1987, 1988, 1989, 1990, 1991, 1992, 1993,

1995, 1996, 1997, 1998, 1999, 2000, 2001, 2002, 2003, 2004, 2005, 2008,

and 2011 (1997, 1998, 1999, 2000, 2001, 2003, 2004, 2006, 2007, 2008, and 2011)

26 (11)

From high latitudes to the TP (type II) 1983, 1984, 1987, 1988, 1989, 1990, 1995, 1997, 2001, 2002, 2003, 2006, and 2009

(1997, 2000, 2001, 2003, and 2007)

13 (5)

From the TP to low and/or high

latitudes (type III)

1979, 1981, 1983, 1985, 1987, 1988, 1992, 1994, 1996, 1999, 2000, 2001, 2002, 2003,

2007, 2008, 2009, 2010, and 2011 (1999, 2001, 2002, 2003, 2008, 2009, and 2010)

19 (7)
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at day 26, when the MCC is located at 158N. The MCC

is defined by the latitude where the maximum hQ1i or
precipitation is observed. Obviously, a barotropic

structure of vertical velocity accompanies the MCC and

coincides with the lower-level convergence and upper-

tropospheric divergence. Similar to that for the

northward-propagating 15–90-day mode, as illustrated

in Jiang et al. (2004), the most striking asymmetric

structure with respect to the MCC associated with the

northward QBWO is also noted in the vorticity field.

With an equivalent barotropic structure, its positive

center is situated roughly 200 km to the north of the

FIG. 3. Hovmöller diagrams of 10–20-day filtered hQ1i (Wm22) along 708–1008E for a sample of 6 yr. Positive hQ1i anomalies are shaded

and negative anomalies are shown by dashed contour lines. The two vertical dashed gray lines and the horizontal dashed blue line

represent the TP longitudinal area and the onset date of the TPSM, respectively. Black, green, and purple arrows represent the three kinds

of propagation direction of 10–20-day QBWO. The blue arrows represent the propagation of the QBWO to the TP before the onset date

of the TPSM.
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FIG. 4. Evolution of the 10–20-day filtered hQ1i (shaded; Wm22) and GPCP precipitation (contours; mmday21)

composite fromday218 to 0. Day 0 represents a reference timewhen the convection centermoves to 278Nalong 708–
1008E. The shaded area and contours exceed the 90% confidence level. The black solid thick curves are drawn to

indicate the TP area with height above 2000m (the same below). The contour interval ofGPCP is 0.5mmday21. Blue

solid dots in the top-left panel denote five stations used to calculate the TPSM index.
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MCC. The barotropic vorticity and lower-level conver-

gence in the boundary layer appear to help the lower-

level moisture convergence to the north of the MCC,

corresponding to the observed maximum specific hu-

midity (Fig. 6d) appearing nearly 200 km to the north of

the MCC in the lower troposphere. In addition, at

days 28 and 26, a significant positive surface heating

flux exists in northern India, located to the north of the

MCC (figure not shown). Hence, surface sensible heat-

ing might also contribute to the northward propagation,

FIG. 5. As in Fig. 4, but for the vertically integrated water vapor flux (vectors; kgm21 s22) and moisture flux

divergence (1025 kgm22 s22). The dotted areas and vectors exceed the 90% confidence level.
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by making the lower troposphere less stable (Webster

1983; Hsu et al. 2004).

At day24, theMCC is located at approximately 208N,

and by the end of the following 2 days the convection has

already been over the TP. Previous work (Jiang et al.

2004; Abhik et al. 2013) focused on the propagation of

the 10–90-day oscillation in the area from the equator to

around 208N, without attention to the QBWO and

whether and how the QBWO can continue to move

northward to the TP. At day 24 (Fig. 7), the relatively

weaker vertical structure of vorticity, convergence, and

vertical velocity are similar to those at day 26 (Fig. 6).

The main difference lies in the specific humidity field,

which becomes much stronger than before. Actually,

some studies have noted that a northward shift of

boundary layer moisture is associated with the

northward-propagating boreal summer intraseasonal

oscillation (Jiang et al. 2004; Fu et al. 2006) and the

importance of negative horizontal moisture advection

during the initiation of extended break spells of Indian

summer monsoon (Prasanna and Annamalai 2012).

Here, the 10–20-day filtered positive horizontal mois-

ture advection maximum center leads the convection by

38 at low levels at day24 (Fig. 7e), while it is negative at

day 26 (Fig. 6e). The robust horizontal moisture ad-

vection will destabilize the lower atmosphere ahead of

the convection by enhancing the equivalent potential

temperature and shifting the specific humidity center to

the north of the MCC. In Figs. 6f and 7f, we can see that

the intensity of the equivalent potential temperature

FIG. 6.Meridional–vertical structures of the northward-propagatingQBWOcases for (a) vorticity (1026 s21), (b) divergence (1026 s21),

(c) vertical velocity (1023 Pa s21), (d) specific humidity (1025 kg kg21), (e) horizontal moisture advection (10210 kg kg21 s21), and

(f) equivalent potential temperature (K) fromERA-Interim at day26. Shaded areas exceed the 90%confidence level. The horizontal axis

is the meridional distance (degrees) with respect to the maximum convection center. Positive (negative) values mean to the north (south)

of the convection center, and the vertical axis is the pressure (hPa).

15 JUNE 2015 WANG AND DUAN 4929



ahead of the convection has a certain gap. Therefore, at

day24, in the process of convection moving toward the

TP, the very strong horizontal moisture advection,

rather than the barotropic vorticity, plays a critical role

by helping the lower-level moisture convergence move

to the north of the MCC.

In brief, at day 26, the most striking asymmetric

structures appear in the vorticity field and the homolo-

gous vertical motion and divergence fields, which sug-

gests that the easterly vertical shear mechanism, as put

forward by Jiang et al. (2004) to explain the northward

propagation of the 15–90-day ISV mode over the Indian

Ocean, may also play a role in the northward propaga-

tion of the QBWO identified in this study. The key

process with this mechanism is the generation of baro-

tropic vorticity due to the coupling between the free-

atmosphere baroclinic and barotropic modes in the

presence of the vertical shear of the mean flow. The

induced barotropic vorticity to the north of the MCC

can lead to a northward shift of the moisture conver-

gence in the boundary layer and thus a northward

propagation of the convection. However, the easterly

shear of the mean flow is very weak in the area from

208N to the southern rim of the TP (see Fig. S1 of the

supplementary material). After day 24, therefore, the

reason that convection moves farther northward over

the TP cannot be explained by the easterly vertical shear

mechanism. Instead, the strong horizontal moisture

advection destabilizes the lower atmosphere ahead of

the MCC and shifts the specific humidity center to the

north of the MCC. This then leads to the northward

displacement of the convective heating, and thus the

convection tends tomove northward, which corresponds

closely to the robust southwest moisture transport in

Fig. 5 from day 24. Besides, the TP is the highest (av-

erage elevation:. 4000m) plateau in the world, and the

FIG. 7. As in Fig.6, but at day 24.
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elevated strong heat source can strengthen the warm

moist airflow from low latitudes toward the plateau

(Liang et al. 2005). Thus, the TP itself also plays a role in

the farther northward propagation of the QBWO by

strengthening the moisture transport.

4. The relationship between QBWO and the onset
and active/break phases of the TPSM

Over subtropical East Asia, the QBWO has been

identified to be a very important mode of the ISV of

precipitation and convection during summer (Fukutomi

and Yasunari 1999; Chen et al. 2000; Ko and Hsu 2006;

Mao and Wu 2006; Jiang and Lau 2008; Fujinami and

Yasunari 2009; Yang et al. 2010, 2014). The activity of

the QBWO can exert significant influence on the onset

and active/break phases of the EASM and SASM and

even the entire Northern Hemisphere summermonsoon

(Yasunari 1979, 1980; Krishnamurti and Ardanuy 1980;

Chen and Chen 1993; Lau and Yang 1996; Goswami

et al. 2003; Zhou and Chan 2005). However, less effort

has been devoted to examining the link between the

QBWO and TPSM (Li and Duan 2011), due mainly to

the limited availability of observational data. Following

Tang (1995), we calculate the TPSM index from the

geopotential height difference between the four

boundary points (32.58N, 808E; 258N, 908E; 32.58N,

1008E; and 408N, 908E) and the midpoint (32.58N, 908E)
(shown in Fig. 4), which generally represents the activity

of the surface heat low over the TP. Note that the geo-

potential height at five points is calculated from station

pressures in terms of the barometric height formula.

Following Bai et al. (2001), the onset date of the TPSM

is defined as follows: when a particular day the TPSM

index turns positive from negative, even if negative

again, but the continuous number of days is less than 5,

then that day will be defined as the start date of the

TPSM. The onset dates of the TPSM for each year

during 1979–2011 are listed in Table 2. The onset dates

of the TPSM exhibit large interannual variability. The

earliest date is 2 April 2000, and the latest date is 5 June

for 1984, 1987, and 2001. On average, the onset date

appears around the middle of May.

To investigate the link between the QBWO and

TPSM activity, 181 days (90 days before and after the

onset date) of TPSM index and summer precipitation

averaged at 71 stations are chosen for each year. The

33-summer-averaged Mexican hat wavelets (Torrence

and Compo 1998) of TPSM index and precipitation are

shown in Fig. 8. The QBWO signal in TPSM index

strengthens markedly before monsoon onset. More-

over, the propagation of the QBWO is closely related to

the TPSM evolution. Before and after the onset of

TPSM, the QBWO signals exist over the TP in most

years, accompanying the meridional propagation from

low and/or high latitudes or the local QBWO over the

TP region (Fig. 3). About one month after monsoon

onset, the significant QBWO signal in precipitation is

greatly enhanced and then reaches its maximum in the

middle of July. Later, with the weakening and end of the

TPSM, the precipitation over the TP reduces gradually

and the QBWO signal also disappears at the end

of August.

Composite analysis is performed to further charac-

terize the heating and circulation features associated

with the active and break phases of theQBWO in TPSM

index. The active phase is defined as when the 10–20-day

filtered TPSM index is greater than its standard de-

viation, and the break phase is defined as when the 10–

20-day filtered TPSM index is smaller than its negative

standard deviation. Based on this definition, 428 active

and 430 inactive days are selected from the 33 summers

(about 121 QBWO events). Then the active and break

composites of filtered circulation, precipitation, mois-

ture conditions, and diabatic heating are constructed in

Fig. 9. When the QBWO signal is active, more pre-

cipitation occurs in the CETP and its downstream area,

while less occurs in northern India, northern China, and

eastern China. In the break phase, the conditions are

opposite: that is, deficient precipitation is found in the

CETP, whereas above-normal precipitation is found in

northern India, northern China, and eastern China

(Figs. 9c,d). This result is similar to that of Liu and Ding

(2008), in which they investigated the interannual cor-

relation in precipitation between the Indian summer

monsoon region and northern China and found a tele-

connection pattern characterized by consistent pre-

cipitation variations in the two regions. Moreover, the

phase relationship between hQ1i (Figs. 9g,h) and pre-

cipitation indicates that the intraseasonal activity of the

TPSM is closely associated with diabatic heating over

the TP. In addition, regardless of whether we consider

TABLE 2. The onset dates of the TPSM.

Year Date Year Date Year Date

1979 30 Apr 1990 18 May 2001 5 Jun

1980 4 Jun 1991 15 Apr 2002 16 May

1981 1 Jun 1992 16 May 2003 25 Apr

1982 1 Jun 1993 11 May 2004 21 Apr

1983 3 Jun 1994 3 May 2005 15 Apr

1984 5 Jun 1995 13 May 2006 26 May

1985 14 May 1996 20 Apr 2007 20 May

1986 10 May 1997 11 May 2008 22 Apr

1987 5 Jun 1998 5 May 2009 27 May

1988 26 May 1999 16 Apr 2010 16 Apr

1989 11 May 2000 2 Apr 2011 18 Apr
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precipitation or hQ1i, the QBWO phases are opposite

between the western and the CETP.

Precipitation anomalies are consistent with the large-

scale circulation. Corresponding to the changes of the

QBWO in the TPSM, the circulation and moisture

conditions are depicted in Figs. 9a–f. During the active

phase of the QBWO, the 500-hPa circulation is charac-

terized by a cyclone over the TP. Correspondingly, a

warm and wet southwesterly exists in the southeastern

TP, and adequate water vapor supply from the low lat-

itudes leads to a large value of water vapor convergence

over the CETP, which favors above-normal pre-

cipitation. During the break phase, however, an anticy-

clone dominates the TP at 500 hPa, andmost areas of the

TP and its eastern side are controlled by a dry and cold

northwesterly, corresponding to the water vapor di-

vergence zones. Zhang et al. (2014) showed similar cir-

culation and moisture conditions by analyzing TP

vortices and the related 10–30-day intraseasonal oscil-

lation. In both the active and break phases of the

QBWO, the signal of the precipitation anomaly in

northern India is opposite to that in the CETP.

At 200 hPa, the western and the CETP are under the

control of different circulation types. In the summer

climatology, the upper-tropospheric circulation over the

TP is governed by the huge Tibetan high, so the anom-

alous anticyclone over the CETP in Fig. 9a can super-

impose on the climatological anticyclone to strengthen

itself favoring more precipitation over the CETP (Duan

et al. 2008). On the contrary, the distribution in the

break phase is shown in Fig. 9b, corresponding to less

precipitation over the CETP. The changes of position

and intensity of the Tibetan high during the active and

break phases of the TPSM, in association with the

QBWO of the Tibetan high, reflect the alternation of

active and break phases of the monsoon in the lower

troposphere (Krishnamurti 1973).

In terms of precipitation occurrence, it is necessary to

examine the high- and low-level configuration of di-

vergence and vertical velocity (Fig. 10). In the active

(break) phase of the QBWO, a significant negative

(positive) center of velocity potential is situated in the

CETP at 200 hPa; that is, high-level divergence and

500-hPa convergence become enhanced (weakened)

over the CETP. When the QBWO is abnormally strong,

the high- and low-level configuration of divergence is

conducive to abundant precipitation over the CETP and

vice versa. Correspondingly, in the height–longitude

cross sections of vertical velocity averaged over 278–
408N (Figs. 10e,f), we can see significant ascending

(descending) motion taking place over the CETP in the

active (break) phase, whereas the opposite situation

happens in the western TP. Therefore, the positive and

negative phases of the QBWO are closely related to the

active and break phases of the TPSM.

5. Propagation of the QBWO in the Asian summer
monsoon region

Considering the fact that the QBWO is the common

feature for all three subsystems of the Asian summer

monsoon, it is necessary to investigate whether the

QBWO can link them together on intraseasonal

time scales.

Figure 11 shows themeridional and zonal propagation

characteristics of the QBWO in hQ1i over the Asian

monsoon region. Similar features can also be noted

based on the GPCP daily precipitation data (Fig. 11).

Figures 11a,c clearly indicate that the QBWO signal

over India can move northward into the TP area but

FIG. 8.Meanwavelet power spectra of the (a) TPSM index and (b) summer precipitation by calculating the average

of the individual wavelet power spectrum for each of the 33 summer seasons (1979–2011) over the TP region. Day

0 represents the TP summer monsoon onset day; day 290 indicates 90 days ahead of the onset day; and day 90

indicates 90 days after the onset day. Dotted areas exceed the 90% confidence level, and the thick dashed curve on

either end indicates the edge effects.

4932 JOURNAL OF CL IMATE VOLUME 28



stops at about 308N in most cases; the QBWO signal in

some cases can also move to the midlatitudes (about

508N) through the TP area, which can be seen in Fig. 3.

This may be due to the fact that the TP itself could be an

active ISV center (Peng andWu 1995; Zhou et al. 2000).

When the QBWO signal propagates from India into the

TP area, it may become a part of the QBWO that

originated in the TP local area, subsequently strength-

ening and becoming capable of propagating to the

middle-to-high latitudes. The QBWO, therefore, is

likely to be a medium linking the SASM and TPSM

together. From Fig. 11b, we can see that the significant

QBWO signal in India may originate from the area

around the South China Sea region (near 1208E), and
undergoes westward movement toward the Indian re-

gion. Figure 11d indicates that the QBWO in the TP

monsoon region exhibits an obvious eastward propaga-

tion and eventually arrives at eastern China longitudes

FIG. 9. Distribution of 10–20-day filtered circulation at (a),(b) 200 hPa; (c),(d) 500 hPa (vectors; m s21) and summer precipitation

(shaded; mm day21); (e),(f) vertically integrated moisture flux (vectors; kg m21 s22) and divergence (shaded; 1025 kg m22 s22); and

(g),(h) hQ1i (Wm22) in (left) the active phase and (right) the break phase. Pink vectors and dotted areas exceed the 90% confidence level.
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(1208E). As a result, the QBWO may also serve to

connect the TPSM with the EASM. Therefore, the

QBWO over the TP is an important and efficient

‘‘bridge’’ linking the other two subsystems of the Asian

summer monsoon (EASM and SASM) on the

intraseasonal scale.

To further understand the physical nature and likely

source area of the QBWO in the Asian summer mon-

soon area, we conduct an analysis of its life cycle to in-

vestigate its process of evolution. A better alternative

for describing the complex spatiotemporal propagation

features is to use the extended empirical orthogonal

function (EEOF) technique (Weare and Nasstrom

1982). EEOF analysis with 2- and 4-day lags is used on

the 10–20-day filtered hQ1i in the Asian monsoon area,

and a pair of the first two leading EEOFs represents a

half cycle of the QBWO mode (figure not shown). A

similar pattern of the QBWO occurs in GPCP daily

precipitation during 1997–2011, but the signals from

midlatitudes are not so evident and more signals cover

the East Asian area (see Fig. S2 of the supplementary

material).

The strength and phase of the QBWO mode can be

described by a combination of the first two coefficients

[principal components (PCs)] for each EEOFmode, and

we choose significant and well-definedQBWO events to

FIG. 10. The 10–20-day filtered velocity potential (contours; 106m2 s21) anddivergentwinds (vectors;m s21) at (a),(b) 200 and (c),(d) 500 hPa

and (e),(f) height–longitude cross sections of vertical velocity (1024 Pa s21) averaged over 278–408N in (left) the active phase and (right) the

break phase. Pink vectors and blue contours exceed the 90% confidence level.
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composite the life cycle of theQBWO.Here, the specific

definition of a significant QBWO event follows that of

Kikuchi et al. (2012). The composite life cycle of the

QBWO (Fig. 12b) is constructed based on a phase space

consisting of the first two PCs (Fig. 12a). A negative

anomaly of convection associated with the QBWO ap-

pears first in the equatorial western Pacific in phase 1. It

then moves northward to dominate the South China Sea

region and continues to spread westward to the South

Asian region (phase 5). This northwestward propagation

is in good agreement with previous studies, which suggest

that the QBWO in the Indian monsoon region originates

in the equatorial western Pacific and propagates westward

to the Bay of Bengal (Krishnamurti and Bhalme 1976;

Annamalai and Slingo 2001; Chatterjee and Goswami

2004). The westward phase speed of the type-I QBWO is

FIG. 11. (a) Meridional propagations of filtered hQ1i (shaded) and GPCP precipitation (contour) averaged along

608–858E and (b) zonal propagations of filtered hQ1i (shaded) andGPCP precipitation (contour) averaged along 108–
208N calculated from the lead–lag correlation with respect to the Indian summer monsoon region. (c) Meridional

propagations of filtered hQ1i (shaded) and GPCP precipitation (contour) averaged along 758–1008E and (d) zonal

propagations of filtered hQ1i (shaded) and GPCP precipitation (contour) averaged along 258–408N calculated from

the lead–lag correlation with respect to the TP summermonsoon region. The units of the x axis in (left) and the y axis

in (right) are days. Shading and pink contours denote correlation above the 90% confidence level. The two dashed

gray lines in (c) represent the latitudinal range of the TP.
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about 6ms21, with a baroclinic vertical structure (figure

not shown), and is thus likely to be equatorial Rossby

waves in the presence of monsoon mean flow and con-

vective coupling (Chen and Chen 1993; Chatterjee and

Goswami 2004; Kikuchi and Wang 2009).

Meanwhile, the convective anomaly in the South

China Sea can also move northeastward, which

generates a northeast–southwest band of convection

(phases 4 and 5). In phase 5, we can see that there is a

convective anomaly in northern China, which actually

propagates from the midlatitudes through the northern

rim of the TP. It then moves eastward to join the

northeastern part of the convection band, ultimately

reaching the western North Pacific (phases 5–8). So, for

northern China, it is possible that the QBWO from the

midlatitudes plays a leading role and also contributes to

parts of the northern TP. These QBWO signals from the

midlatitudes are mainly reflected in the upper layer and

so may be the reason why they can be seen more clearly

in the vertically integrated atmospheric apparent heat

source hQ1i than in the summer GPGP precipitation. At

200 hPa, the composite life cycle of the QBWO in terms

of relative velocity shows that there is a wave train in the

midlatitudes that spreads southward to the northern TP,

northern China, eastern China, and the eastern oceans

of Japan (see Fig. S3 of the supplementary material).

This is in accordance with the findings of Yang et al.

(2010), in which the origin of the biweekly variability

over the Yangtze River basin was found to be primarily

attributable to an upper-level anticyclonic anomaly,

embedded in the southeastward-propagating wave

trains along the midlatitude westerly jet stream. Similar

results were also documented byDing andWang (2007),

who explored the intraseasonal link between the sum-

mer Eurasian wave train and Indian summer monsoon.

Furthermore, the origin of the midlatitude wave train is

FIG. 12. (a) Phase space representation of the state of the QBWO (principal components PC1 and PC2) for the period 1979–2011. The

state of the QBWO categorized as eight phases are used for the discussion. The approximate positions of the major negative convection

areas in some phases are also denoted. Note that each PC is normalized by one standard deviation of the corresponding PCs during the

period each EEOF analysis is performed to obtain the EEOFs. (b) Composite life cycle of the QBWO (phases 1–8): filtered hQ1i (shaded;
Wm22) and 500-hPa horizontal winds (vectors; m s21). Significant vectors and dotted areas are at the 90% confidence level.
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believed to be the northeastern Atlantic in the exit re-

gion of the Atlantic jet stream (Simmons et al. 1983;

Ding andWang 2007). For the TP, this propagation path

most likely corresponds to the type-II propagation from

the midlatitudes to the TP.

The southwest part of the northeast–southwest band

of convection reaches the Indian subcontinent and

weakens gradually in phases 6 and 7. It then propagates

northward and eventually moves into the TP area in

phase 8. From phases 4–6, we can see that, when the

anomalous positive convection arrives in the TP, it

seems to extend downstream to the East Asian region,

corresponding to the significant westerly flow. It may

then converge with the signals from the midlatitudes in

phases 7 and 8, which is consistent with the obvious

eastward feature detected in Fig. 11d. Throughout the

whole life cycle of the QBWO, the anomalous anticy-

clonic (cyclonic) circulation and anomalous negative

(positive) convection are closely in phase. Additionally,

the life cycle of the QBWO as denoted by GPCP pre-

cipitation presents a similar evolution (see Fig. S4 of the

supplementary material), and the monsoon pre-

cipitation shows obvious positive anomalies when the

QBWO is in active phase, which is in good agreement

with the results presented in Fig. 9c. The whole process

of the propagation and evolution of the QBWO in the

Asian monsoon region is basically similar to that in the

first kind of propagation over the TP (Fig. 4), demon-

strating that this result mainly reflects the evolution of

the first category and the most pronounced QBWO

over theTP. For the other two types ofQBWOsignal over

the TP, there will be some different evolution processes,

but these are not discussed in detail in the present paper.

6. Summary and discussion

In this paper, by using station observations, GPCP pre-

cipitation data, and ERA-Interim during 1979–2011, we

investigate the dominant ISVmodeover theTP in terms of

periodicity, spatial structure, and propagation character-

istics and its linkwithmonsoon activity in adjacent regions.

The main conclusions can be summarized as follows:

1) The dominant ISV over the TP is the QBWO, which

exists in precipitation, diabatic heating, and circula-

tion from the surface to the upper troposphere. In

some years, 20–60-day oscillation is also significant.

The meridional propagation of the QBWO over the

TP can be categorized into three types: propagating

from the low latitudes to the TP; propagating from

the high latitudes to the TP; and generated locally

over the TP and then propagating to the high and/or

low latitudes. Statistical analysis indicates that the

first kind of propagation of the QBWO accounts for

most cases.

2) Diagnosis of the northward-propagating QBWO

suggests that barotropic vorticity induced by vertical

easterly shear may explain the northward shift of

convection before it arrives at the TP. The farther

northward movement of the convection toward the

TP, however, could be primarily due to the much

stronger horizontal moisture advection in the lower

troposphere, which destabilizes the lower atmo-

sphere ahead of the convection by enhancing the

equivalent potential temperature, shifting the spe-

cific humidity center to the north of the MCC, and

thus resulting in a farther northward movement of

the convection.

3) The QBWO usually strengthens markedly before

monsoon onset, implying that the QBWO may play

an important role in triggering TPSM onset. More-

over, the propagation of theQBWO is closely related

to TPSM evolution. In the active (break) phase of the

QBWO in the TPSM, above (below)-normal

precipitation occurs in the CETP and below

(above)-normal precipitation occurs in northern

India, northern China, and eastern China.

4) For the Asian monsoon system, the QBWO links the

ISV of three monsoon subsystems (TPSM, EASM,

and SASM). Typically, the QBWO over the TP may

originate from the equatorial western Pacific and

propagates northwestward first to the Bay of Bengal

and northern India and then northward to the

southeastern TP. The QBWO in the TP can also

move eastward downstream to the EastAsian region.

The whole process shows a clockwise pathway.

Consequently, the monsoon precipitation in each

region shows an obvious positive anomaly when the

active phase of the QBWO arrives.

The origins of the three different types of QBWO

over the TP could be different and there is not a simple

unified framework to clearly illuminate the origins and

propagation characteristics of these three types of os-

cillation. For the type-I oscillation, its origin is over the

equatorial western Pacific and the behavior of such

westward propagation seems to be associated with

equatorial Rossby wave. The type-II propagation,

meanwhile, shows a southeastward propagation, and is

likely to be an extratropical Rossby wave (Kikuchi and

Wang 2009). Its origin may be in the northwest of Eu-

rope, and it propagates to the TP region along the

midlatitude westerly jet (Ding and Wang 2007).

Whether the TP is a source and/or a sink of ISV has

been a controversial issue for a long time. According to

the above analyses, the QBWO over the TP is a
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complicated mix of the three types. The oscillation from

northern India is usually strengthened over the TP area

(Fig. 3). We still cannot answer the question of whether

this oscillation is the original one from India, one re-

generated in the TP local area, or a combination of the

two. At present, overall agreement is yet to be reached

on a given theory about the mechanisms and nature of

the ISV’s (10–20- and 30–60-day oscillation) generation

and propagation (Waliser 2006).

In the Asian monsoon region, the QBWO is featured

by apparent meridional propagation, and the TP exhibits

obviously local QBWO signals (Fujinami and Yasunari

2004; Liu et al. 2007). In some years, the 30–60-day os-

cillation over the TP is also statistically significant and

dominates the ISV over the TP. Therefore, the common

characteristics and source of the 30–60-day oscillation

over the TP also deserve attention in future work.
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