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ABSTRACT

The lower reach of the Yangtze River basin (LYRB) is located at the central region of the mei-yu and baiu

front, which represents the subtropical East Asian (EA) summer monsoon. Based on the newly released daily

rainfall data, two dominant intraseasonal variation (ISV) modes are identified over the LYRB during boreal

summer (May–August), with spectral peaks occurring on day 15 (the biweekly mode) and day 24 (the 21–

30-day mode). These two modes have comparable intensities, and together they account for above about 57%

of the total intraseasonal variance. Both ISV modes exhibit baroclinic structures over the LYRB at their

extreme phases.

However, the genesis and evolutions associated with the two modes are different. Considering the genesis

of their extreme wet phases over the LYRB, the biweekly mode is initiated by a midlatitude jet stream

vorticity anomaly moving southeastward, while the 21–30-day mode is primarily associated with a low-level

westward propagation of an anticyclonic anomaly from 1458 to 1208E, which reflects the westward extension

of the western North Pacific subtropical high (WNPSH). The development of the biweekly mode at LYRB is

enhanced by the northwestward movement of a low-level anticyclonic anomaly from the Philippine Sea to the

south of Taiwan, which is a result of the enhancement of the WNPSH resulting from its merger with a tran-

sient midlatitude high. In contrast, the development of the 21–30-day mode is enhanced by an upper-level

trough anomaly moving from Lake Baikal to far east Russia. These two ISV periodicities are also found to be

embedded in their corresponding source regions.

The new knowledge on the sources and evolutions of the two major LYRB ISV modes provides empirical

predictors for the intraseasonal variation in the subtropical EA summer monsoon.

1. Introduction

During boreal summer, from May to August, many

flooding events over the Yangtze River basin (YRB) are

associated with extremely active phases of the intra-

seasonal variation of the mei-yu (or baiu) front. For

example, the severe flooding over the lower reach of the

YRB (LYRB) in the summer of 1998 was associated

with two intraseasonal wet events occurring in June and

July (e.g., Zhu et al. 2003; Wang et al. 2003; H. Liu et al.

2008), and the heavy Yangtze rainfall during the sum-

mer of 1991 was also attributed to the atmospheric in-

traseasonal variability (e.g., Mao and Wu 2006).

Many previous studies of boreal summer intraseasonal

variation (ISV) were focused on the tropical monsoon
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region. Two dominant ISV modes that were prevalent

over South Asia and the tropical western North Pacific

regions were found, namely, the northward-propagating

30–50-day mode (e.g., Krishnamurti and Subrahmanyam

1982; Chen and Murakami 1988; Hsu and Weng 2001;

Kemball-Cook and Wang 2001; Lawrence and Webster

2002; Hsu et al. 2004) and the westward-propagating

quasi-biweekly mode (e.g., Krishnamurti and Bhalme

1976; Krishnamurti and Ardanuy 1980; Chen and Chen

1995; Annamalai and Slingo 2001; Mao and Chan 2005;

Kajikawa and Yasunari 2005; Yang et al. 2008).

In contrast to the tropical ISV, the preferred fre-

quencies and properties of ISV in the subtropical East

Asia (EA) summer monsoon region, such as LYRB, are

quite different. Most previous studies have dealt with

a single case or a small sample of cases. For instance,

a 12–24-day oscillation was reported as prevailing over

YRB during the 1989 summer (Chen et al. 2000), which

was out of phase with that over the South China Sea

(SCS). The strong signal of the 30–60-day oscillation was

shown in the 1998 YRB flood (Zhu et al. 2003), which

featured a northward propagation from the tropics. A

15–30-day periodicity was found to contribute to the

1991 summer Yangtze–Huaihe River basin flood, and

was influenced by the penetration of both midlatitude

perturbation and westward propagation of the anoma-

lous subtropical western North Pacific high (Mao and

Wu 2006). A quasi-biweekly oscillation has been re-

ported over the lower reach of YRB during late summer

in 1981 (Chao 1991) and early summer in 1991 (Zhang

et al. 2002). Unfortunately, a generally accepted de-

scription of the dominant periodicities and major char-

acteristics of the ISV over YRB has not emerged yet.

The present study attempts to give a comprehensive

description of the ISV over the central region of the EA

subtropical front, the LYRB, with a set of relatively

long-record (1979–2002) daily rainfall observations and

daily circulation made by reanalysis. This paper is or-

ganized as follows. Section 2 introduces datasets and

methodology. The dominant ISV periodicities over the

LYRB are given in section 3, and the structures and

evolutions of the dominant ISV modes over the LYRB

are depicted in section 4. Section 5 discusses the possible

origins of the two ISV modes, and a summary is given in

section 6.

2. Data and methodology

The daily precipitation data on land are compiled by

the project entitled the ‘‘Asian Precipitation–Highly-

Resolved Observational Data Integration towards Eval-

uation of the Water Resources (APHRODITE),’’ which

is being conducted by the Research Institute for Hu-

manity and Nature (RIHN) and the Meteorological

Research Institute (MRI) of the Japan Meteorological

Agency (JMA). The APHRODITE project has devel-

oped state-of-the-art daily precipitation datasets with

high-resolution grids (0.58) for Asia. The datasets are

created primarily with the data obtained from a rain

gauge observation network. The domain of the EA

product (APHRODITE-EA) used in this study covers

the area of 58–558N, 658–1558E (Xie et al. 2007; Yatagai

et al. 2008). The length of the data spans from 1979 to

2002. In addition, because of the unavailability of reli-

able daily rainfall in tropical regions for the 1979–2002

period, daily outgoing longwave radiation (OLR) from

the National Oceanic and Atmospheric Administration

(NOAA; Liebmann and Smith 1996) were used as

a substitute of daily rainfall in the tropics.

Daily circulation data are extracted from the follow-

ing reanalysis datasets: 1) the National Centers for

Environmental Prediction (NCEP)/Department of En-

ergy (DOE) Reanalysis 2 (NCEP-2), from 1979 to 2002

(Kanamitsu et al. 2002); 2) the 40-yr European Centre

for Medium-Range Weather Forecasts (ECMWF) Re-

Analysis (ERA-40), from 1979 to 2002 (Uppala et al.

2005); and 3) the Japanese 25-year Reanalysis Project

(JRA-25), from 1979 to 2002 (Onogi et al. 2007). Sensi-

tivity tests did not show much difference between the

three reanalyses in their circulation fields associated with

each dominant ISV mode. Therefore, in this paper, to

avoid repetition we only show the results from ERA-40.

The ISV component was obtained from the ‘‘raw’’

daily precipitation time series through first removing

climatology, and then removing synoptic fluctuations by

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

sented by climatological 5-day running mean time series,

which includes both the slow annual cycle (represented

by the first three Fourier harmonics) and the climato-

logical intraseasonal oscillation (CISO). Over the sub-

tropical EA and the western North Pacific monsoon

regions, CISO was found to be significant, which is an

invariant portion of ISV from year to year (Nakazawa

1992; Wang and Xu 1997). In EA, the well-known north-

ward seasonal advance of the subtropical rain belt (e.g.,

Tao and Chen 1987; Lau et al. 1988; Ding 1992; Kang

et al. 1999) belongs to part of fast annual cycle (LinHo

and Wang 2002) and can be represented best by CISO

(Yang 2008; J. Liu et al. 2008). Quasi 60 days was the

major periodicity of CISO over the subtropical EA re-

gion (Kang et al. 1999; Yang 2008). Therefore, the ISV

component we will focus on in this study is the year-to-

year varying part of the ISV.

To identify statistically significant and dominant pe-

riodicities, we apply the fast Fourier transform (FFT)

method with a tapered window (Bingham et al. 1967),
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which is one of the most common methods of spectral

analysis, to the time series of ISV over a given location

during a given season (May–August). In this study, the

selection of the major periodicities is determined by

calculating the average of individual power spectra for

each of the 24 summer seasons (1979–2002) over the

LYRB region. Statistical significance of power spectra

was tested according to the method of Gilman et al.

(1963) based on the power spectrum of mean red noise.

Because the filtered data involve high autocorrela-

tions between consecutive daily values, the degree of

freedom is much less than the original sample size. Using

Chen’s (1982) method, the effective degree of freedom

was calculated for each variable at each grid within the

Eurasian domain (08–808N, 408–1808E) for each domi-

nant ISV mode. For simplicity, for each ISV mode we

used its smallest effective degree of freedom for each

variable at every grid point for the statistically signif-

icant test (around 96 for the 21–30-day mode and 184

for the 10–20-day mode). With this effective degree of

freedom, a t test is applied to obtain the confidence level

of the correlation coefficient. In addition, the significance

of the correlation coefficients was retested through the

1000-times Monte Carlo simulation procedure (Wilks

1995; Livezey and Chen 1983). In all cases studied here,

we found that the confidence level determined by this

Monte Carlo technique was much less than the correlation

coefficient value obtained from the first method. Thus, in

the following section, the confidence level of the correla-

tion coefficient value is determined by a t-test statistic.

3. Dominant periodicities of ISV in the LYRB
summer precipitation

To obtain the dominant periodicities of ISV over

the LYRB (298–348N, 1158–1208E), we present a 24-

summer-averaged (May–August) power spectra of the

APHRODITE-EA rainfall ISV component in this re-

gion during the period from 1979 to 2002 (Fig. 1). In

addition to the multiyear mean power spectra, Fig. 1 also

shows the lines of red noise spectra, the 99% a priori and

the 99% a posteriori confidence levels. Based on the

99% a priori confidence level, three frequency bands are

identified over the LYRB during boreal summer, which

occur, respectively, on days 10–20 (peaking on day 15;

hereafter ‘‘biweekly’’), days 21–30 (peaking on day 24),

and days 7–9 (peaking on day 8). These three modes can

be well separated based on a 99% a posterior confidence

level.

We calculated the percentage variance of each major

ISV mode against the total ISV. The contributions are,

respectively, 22% from the 21–30-day mode, 35% from

the biweekly mode, and only 6% from the 7–9-day mode.

Thereby, the biweekly and 21–30-day modes are con-

sidered to be the most important two ISV modes over

the LYRB, with around a 57% contribution, which are

the focuses in this study; the biweekly mode is the most

significant. Note that the 30–60-day oscillation over the

EASM region, which was studied in some previous stud-

ies, did not show up in the spectral analyses of the year-to-

year varying intraseasonal oscillation, because it largely

belongs to the CISO associated with normal annual ad-

vance of the subtropical monsoon front (see section 2 for

data treatment).

The daily time series of the total ISV are checked year

by year. The threshold to select the significant ISV event

is defined as 1.5 times the standard deviation of the total

ISV during boreal summer over the LYRB domain. If

the absolute value of the maximum (minimum) intensity

in its wet (dry) phase exceeds this threshold, this ISV

event is selected as a significant one. Based on this cri-

terion, 74 significant ISV events are selected from these

24 yr (1979–2002), which are associated with the two

ISV modes. Table 1 exhibits the start date (the rainfall

anomaly begins increasing), the end date (the rainfall

anomaly strops decreasing), and the duration of each

significant ISV life cycle over the LYRB. The start and

end dates of each event are roughly determined by the

extreme dry phases of the bandpass-filtered time series

of the two ISV modes. Among the 74 ISV events, 45 ISV

events belong to the biweekly mode, and 29 events are

FIG. 1. Mean power spectra of the rainfall ISV component by

calculating the average of the individual power spectra for each

of the 24 summer seasons (1979–2002) over the LYRB region.

Markov red noise spectrum (dotted line), a priori 99% confidence

bound (dense dashed line), and a posterior 99% confidence level

(sparse dashed line). The x abscissa has been rescaled into the

natural logarithm of the frequency, and the corresponding y ab-

scissa times frequency. The bandwidth is 0.0076.
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contributed by the 21–30-day mode, which further proves

that the biweekly mode is the most significant ISV mode

over the LYRB during boreal summer.

To investigate how representative the ISV features

derived from the LYRB are in depicting the ISV of the

EA mei-yu–baiu front, we made a simultaneous corre-

lation coefficient pattern of the rainfall intraseasonal

component as shown in Fig. 2, which is calculated against

the LYRB rainfall intraseasonal component over the 24

summers. We find that the precipitation ISV over the

subtropical EA region, primarily including the Yangtze–

Huaihe River basin, South Korea, and southern Japan,

have above-significant positive correlations with that

over the LYRB. Therefore, to a large extent the char-

acteristics of the major ISV modes in the LYRB rainfall

can represent the subtropical EA summer ISV.

In addition, the samples of the ISV power spectra over

the LYRB in four typical summers are shown in Fig. 3.

Two years (1979 and 2002) are dominated by the 21–

30-day periodicity and the other two years (1981 and

1993) are dominated by the biweekly periodicity, which

indicates there is large year-to-year variation of these

two dominant ISV modes over the LYRB.

4. Characteristic evolutions of two major
ISV modes

To obtain their genesis and evolutions of the two

major empirical ISV modes, we conducted two types

of statistic analysis based on daily time series of the

bandpass-filtered rainfall anomalies over the LYRB

(hereafter LYRB index) for each ISV mode. One is the

TABLE 1. The 74 significant ISV events are listed with the start dates, the begin dates, and the durations. The events associated

with the biweekly mode are in bold.

ISV

event No.

Start day

(year-month-day)

End day

(year-month-day)

Duration

(day)

ISV

event No.

Start day

(year-month-day)

End day

(year-month-day)

Duration

(day)

1 1979–05–21 1979–06–14 25 38 1990–07–23 1990–08–20 29

2 1979–06–15 1979–07–06 22 39 1991–05–14 1991–06–05 23

3 1979–07–07 1979–08–01 25 40 1991–06–06 1991–06–23 18
4 1980–07–01 1980–07–23 23 41 1991–06–26 1991–07–18 23

5 1980–07–24 1980–08–09 17 42 1991–07–19 1991–08–15 28

6 1981–05–16 1981–06–02 18 43 1992–06–10 1992–06–26 17

7 1981–06–21 1981–07–04 14 44 1992–07–25 1992–08–20 27

8 1981–07–05 1981–07–17 13 45 1992–08–09 1992–08–20 12

9 1981–07–19 1981–08–03 16 46 1993–05–10 1993–05–24 15

10 1982–05–23 1982–06–08 16 47 1993–05–25 1993–06–08 15

11 1982–06–13 1982–06–26 14 48 1993–06–09 1993–06–25 17
12 1982–07–04 1982–07–27 24 49 1993–06–26 1993–07–11 16

13 1982–08–11 1982–08–26 16 50 1994–05–05 1994–05–17 13

14 1983–05–09 1983–05–23 15 51 1994–05–05 1994–06–02 29

15 1983–05–24 1983–06–08 16 52 1994–06–03 1994–06–26 24

16 1983–06–17 1983–07–14 28 53 1994–07–08 1994–07–21 14

17 1983–07–15 1983–08–01 17 54 1995–05–11 1995–05–25 15

18 1984–05–28 1984–06–23 27 55 1995–05–26 1995–06–08 14
19 1984–07–12 1984–08–05 25 56 1995–05–11 1995–06–08 29

20 1985–05–09 1985–05–23 15 57 1995–06–11 1995–06–27 17

21 1985–06–28 1985–07–10 13 58 1996–05–30 1996–06–13 15

22 1986–06–08 1986–06–25 18 59 1996–06–14 1996–07–07 24

23 1986–07–10 1986–07–24 14 60 1996–07–08 1996–07–24 17

24 1987–05–16 1987–06–10 26 61 1997–06–01 1997–06–14 14

25 1987–06–29 1987–07–15 17 62 1997–06–28 1997–07–24 27

26 1988–04–30 1988–05–14 15 63 1998–05–05 1998–05–18 14

27 1988–05–15 1988–05–28 14 64 1998–06–21 1998–07–07 17

28 1988–06–03 1988–06–25 23 65 1998–07–14 1998–08–06 24

29 1988–06–14 1988–06–25 12 66 1999–05–14 1999–06–01 18
38 1988–07–19 1988–08–05 18 67 1999–06–20 1999–07–04 15

31 1988–08–13 1988–08–30 18 68 2000–05–20 2000–06–14 26

32 1989–05–30 1989–06–11 13 69 2000–06–15 2000–07–02 18

33 1989–06–12 1989–06–24 13 70 2001–06–30 2001–07–23 24

34 1989–06–25 1989–07–18 24 71 2001–07–24 2001–08–19 27

35 1989–07–19 1989–08–13 26 72 2002–06–14 2002–07–07 24

36 1989–07–31 1989–08–13 14 73 2002–07–08 2002–08–02 26

37 1990–06–23 1990–07–05 13 74 2002–08–01 2002–08–23 23
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composite analysis of the strong ISV cases selected from

the 24 summers (May–August) based on the LYRB in-

dex. As shown in Table 1, 45 biweekly cases and 29 cases

of 21–30-day modes are chosen for their composite

analysis. The other method is the point-based lead–lag

correlation analysis between different meteorological

fields and the maximum wet phase of the LYRB index in

each ISV frequency band. Both the composite sequences

and the point-based lead–lag correlation patterns dem-

onstrate very similar life cycles for the same ISV mode.

For brevity, only the results obtained from the lead–lag

correlation analysis are shown below, which exhibits

more smoothed contours. Day 0 is defined as the day with

the maximum rainfall anomaly over the LYRB region.

a. Biweekly mode

Figures 4–5 show the half–life cycles (from day 27 to

day 0) of 200-hPa vorticity and 200-hPa winds, rainfall/

OLR, and 850-hPa wind anomalies, respectively, against

the LYRB anomalous rainfall on the biweekly frequency

band. The evolution from day 27 to day 0 completes a

half-cycle because the pattern at day 0 is nearly similar

to that at day 27, with reversed signs. The next life cycle

is a mirror image of the presented life cycle. We notice

that an anticyclonic anomaly in the upper level (Fig. 4)

and a cyclonic anomaly in the low level (Fig. 5) occur over

the LYRB when the maximum rainfall anomaly occurs

there (day 0). This indicates that the ISV over the LYRB

has a baroclinic structure, similar to the tropical ISV.

To investigate where the maximum wet phase with the

baroclinic vertical structure comes from, we traced back

7 days prior to day 0 when the LYRB experiences the

extreme dry phase. At day 0, the upper-level anticyclonic

anomaly/negative vorticity anomaly is located over the

LYRB (Fig. 4), which corresponds to the wet phase of

LYRB (Fig. 5). Note that this upper-level anticyclonic

anomaly can be traced back to day 27 in northern China

(408N, 1208E). This upper-level negative vorticity anom-

aly moves southward from 408N to the LYRB with an

increasing strength from day 27 to day 0 (Fig. 4). This

southward-propagating anticyclonic anomaly is embed-

ded in an east–west-oriented, southeastward-propagating

wave train along the midlatitude westerly jet stream from

the Caspian Sea to East Asia (Fig. 4). The upper-level

anticyclonic anomaly tends to accompany the upper-level

atmospheric divergence, which induces anomalous as-

cent. The enhanced upward motion not only increases

the rainfall probability, but also intensifies the low-level

cyclonic anomaly through enhancing the low-level con-

vergence. Correspondingly, the southward expansion can

be detected in the evolution of the rainfall anomalies

(Fig. 5a).

In the lower troposphere, as shown in Fig. 5, the no-

ticeable feature is the northwestward propagation of an

anticyclonic anomaly and/or an anomalous dry area from

the Philippine Sea to the south of Taiwan. The most

rapid northwestward propagation occurs during the pe-

riod from day 23 to day 22 when the upper-level nega-

tive vorticity anomaly arrives at the LYRB. The low-level

anticyclonic anomaly over the south of Taiwan enhances

the southwesterlies toward the LYRB, which not only

reinforces the low-level cyclonic shear near the LYRB

but also increases the wet anomaly through conveying

more moisture to the LYRB region. Note also that from

day 27 to day 24, the low-level midlatitude anticyclonic

anomaly moves eastward (Fig. 5a), and by day 24 it

moves to the Yellow Sea, while the subtropical high

enhances over the Philippine Sea. At day 23 the Yellow

Sea and Philippine Sea anticyclonic anomalies merge

into one, further enhancing the western North Pacific

subtropical high (WNPSH), and causing the Philippine

Sea anticyclonic anomaly moving northwestward sig-

nificantly from day 23 to day 22 (Fig. 5a). Thus, the

northwestward propagation of the Philippine Sea anti-

cyclonic anomaly, that is, the northwestward extension

and the enhancement of the WNPSH, is due to a merge

of a transient midlatitude high over the Yellow Sea with

the subtropical high over Philippine Sea.

Initiated by the upper-level anticyclonic anomaly from

the midlatitudes and enhanced by the low-level south-

westerly anomaly along the southeastern China, a north-

east–southwest-tilted rain belt with a baroclinic vertical

structure of the circulation anomalies has been well de-

veloped from day 22 to day 0, covering the LYRB,

southern Japan, and Korea.

FIG. 2. Correlation coefficients (cc) between the intraseasonal

rainfall at each grid and the intraseasonal component of LYRB-

averaged (within the blue square) rainfall during the 24 summers

(1979–2002). The regions above the 95% confidence level are

shaded.
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b. 21–30 day

A set of time sequences similar to those for the bi-

weekly mode are also made for the 21–30-day mode

shown in Fig. 6 (and in Fig. 8 below). Additionally, the

same analysis is also made for the 500-hPa geopotential

height anomaly, as shown in Fig. 7. We found that the

21–30-day mode is also characterized by the out-of-

phase relationship between the low- (Fig. 6) and upper-

level circulations (Fig. 8; namely, the quasi-baroclinic

structure) over the LYRB at day 0, which is similar to

the biweekly mode. However, the genesis and evolution

of the 21–30-day mode are distinct from the former mode.

According to Figs. 6a,b, the initiation and the en-

hancement of the wet phase over the LYRB is closely

associated with a systematic westward-propagating an-

ticyclonic anomaly from the western Pacific (1458E) to

the northern SCS (1208E) along 208N throughout the

half–life cycle. This westward propagation of the low-

level anticyclonic anomaly is consistent with a westward

extension of 500-hPa WNPSH, which can be seen clearly

in Fig. 7. As a result, the southwesterlies along the

southeastern China are gradually enhanced from day

26 to day 22, which favors the genesis and the in-

tensification of the wet phase over the LYRB through

increasing the wet anomaly and the low-level cyclonic

shear. In contrast to the biweekly mode, we do not find

the evident contribution from the midlatitude perturba-

tion to the westward extension of the WNPSH in Fig. 7.

In the upper-level (Fig. 8), there is no evident mid-

latitude migratory wave directly moving over the LYRB.

However, a prominent upper-level positive vorticity

FIG. 3. Power spectra of rainfall ISV component in four individual years. The Markov red

noise spectrum (dotted line) and a priori 99% confidence bound (dense dashed line). The

x abscissa has been rescaled into the natural logarithm of the frequency, and the corresponding

y abscissa times frequency.
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anomaly in the higher latitudes is seen to be well es-

tablished near Lake Baikal at day 28, and it moves to

Far East Russia at day 0. This upper-level positive vor-

ticity tends to deepen an upper-level trough and ahead

of the anomalous upper-level trough, the low-level

LYRB cyclonic vorticity is expected to be enhanced.

From day 22 to day 0, a northeast–southwest-tilted

rain belt with a typical baroclinic vertical structure gets

well developed, which has almost identical feature as in

the biweekly mode.

5. Discussion

a. Origin of the biweekly variability over the LYRB

As depicted in the previous section, the origin of

the biweekly variability over the LYRB is primarily at-

tributed to the southeastward-propagating upper-level

anticyclonic perturbations, which is embedded in east–

west-oriented wave train from the Caspian Sea to East

Asia. This southeastward-propagating wave train goes

along the waveguide provided by the middle-latitude

westerly jet, which was also depicted by Ding and Wang

(2007) when they studied the intraseasonal linkage be-

tween the summer Eurasian wave train and the Indian

summer monsoon. The source of this wave train is pre-

sumably associated with the northeastern Atlantic in the

exit region of the Atlantic jet stream, which has been

considered to be the origin of the midlatitude wave train

(Simmons et al. 1983; Ding and Wang 2007). The sig-

nificant biweekly periodicities are exhibited along the

midlatitude westerly jet stream as shown in Fig. 9a,

which indicates that the biweekly periodicity over the

LYRB results from the transient perturbation with the

same periodicity along the upper-level westerly jet stream.

Fujinami and Yasunari (2004) has also found a well-

developed wave train along the Asian subtropical jet

associated with the submonthly (7–20-day) convective

fluctuations over the plateau, which is almost consistent

with what we found in this study.

The development of the biweekly extreme wet phase

over the LYRB is also enhanced by the northwestward-

propagating anticyclonic anomaly from the Philippine

Sea to the northern SCS (Fig. 5), which is consistent with

the enhancement and the westward extension of the

WNPSH. That means that the midlatitude perturba-

tion forcing is important for the enhancement of the

FIG. 4. Time sequences of the point-based lead correlation patterns of the filtered 200-hPa winds (with the vectors (m s21) shown above

the 95% significance test) and the filtered 200-hPa vorticity anomalies (with the contours shaded above the 95% significance level and the

contour interval of 0.06) in biweekly mode, which are calculated against the LYRB index in biweekly band. Solid contours represent

positive vorticity anomalies while dashed contours denote negative vorticity anomalies. ‘‘A’’ indicates the anticyclonic anomaly.
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FIG. 5. (a) Time sequences of the point-based lead correlation patterns of the 850-hPa winds

[with vectors (m s21) shown above the 95% significance level] and the rainfall anomalies (with

contours shaded above the 95% significance level) in the biweekly modes, which are both

calculated against the biweekly LYRB index. The minimum value of contour is 0.14 and the

contour interval is 0.06. The green shading is for the wet anomaly and the orange is for the dry

anomaly. ‘‘A’’ denotes the anticyclonic anomaly. (b) As in (a), but with the OLR anomalies.
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FIG. 6. (a) As in Fig. 5a, but for the 21–30-day mode; ‘‘C’’ represents

the cyclonic anomaly. The minimum value of contour is 0.18 and the

contour interval is 0.12. (b) As in Fig. 5b, but for the 21–30-day mode.
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subtropical high on this time scale. The westward prop-

agation from the Philippine Sea to the South China Sea

in the biweekly time scale has been widely explored in

previous literature (Annamalai and Slingo 2001; Mao

and Chan 2005; Yang et al. 2008; Kikuchi and Wang

2009). However, the origin of the biweekly mode over

the western Pacific has not been clarified yet. The linkage

between the midlatitude disturbance and the westward

extension of WNPSH in the biweekly mode indicates

that the biweekly mode over the western Pacific may be

associated with the WNPSH intraseasonal activity, and its

origin could be attributed to the midlatitude perturbation.

b. Origin of the 21–30-day variability over the LYRB

In contrast to the biweekly mode, the extreme wet

phase of the 21–30-day mode over the LYRB is mainly

initiated by the westward-propagating low-level anticy-

clonic anomaly from the western Pacific to the northern

SCS–Philippine Sea. This westward-propagating low-

level anticyclonic anomaly is evidently linked with the

westward extension of the WNPSH. We made a multiyear-

averaged power spectrum of OLR over the western Pacific

(158–258N, 1258–1358E), as shown in Fig. 9b, which ex-

hibits a significant peak around days 21–30. In addition,

a 20–30-day period has been found over the Philippine

Sea–western North Pacific in previous studies character-

ized with the westward propagation at about 108–208N

(e.g., Murakami 1980). The 20–30-day westward-

propagating mode has been found also to be one of the

dominant intraseasonal modes of WNPSH activities in

several previous studies (e.g., Tao et al. 2001; Zhang

et al. 2003). Therefore, the origin of the 21–30-day mode

FIG. 7. Time sequences of the point-based lead correlation patterns of the filtered 500-hPa vorticity

anomalies (with the contours shaded above the 95% significance level) in 21–30-day mode, which are

calculated against the LYRB index in 21–30-day band.
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FIG. 8. As in Fig. 4, but for the 21–30-day mode.
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over the LYRB is mostly connected with the intra-

seasonal activity of WNPSH, which is different from the

biweekly mode that is more associated with the mid-

latitude perturbations.

6. Summary

The LYRB is a central region over the subtropical EA

monsoon. Based on newly released daily rainfall data

with a high resolution (0.58 3 0.58) and long record

(1979–2002), two major empirical ISV modes are iden-

tified from 24-yr mean spectra of the summer pre-

cipitation over the LYRB, respectively, on biweekly and

21–30-day time scales. These two ISV modes together

contribute around 57% variance to the total ISV over

the LYRB. The biweekly mode is the most dominant

ISV mode over the LYRB.

These two ISV modes share some common features,

including that both are characterized by the baroclinic

vertical structures over the LYRB at their extreme phases

and both of their developments are associated with the

westward extension of the WNPSH. However, both their

origins and their evolutions are different, which are sum-

marized in a schematic diagram (Fig. 10). 1) They have

different origins: the wet phases of the biweekly mode is

primarily induced by an upper-level anticyclonic anomaly,

which is embedded in the southeastward-propagating

wave train along the midlatitude westerly jet stream;

whereas the wet phase of the 21–30-day mode is initiated

by the low-level anticyclonic anomaly moving westward

from the western Pacific (1458E) to the northern SCS

(1208E), which is associated with a evident westward

extension of the WNPSH. Furthermore, the spectrum

analysis indicates that the source of the biweekly peri-

odicity comes from the midlatitude jet stream perturba-

tion, while the 21–30-day periodicity primarily originates

from the western Pacific and is directly linked with the

WNPSH intraseasonal activity. 2) They have different

evolutions: the development of the biweekly wet phase

over the LYRB is enhanced by the northwestward prop-

agation of low-level anticyclonic anomaly from Philip-

pine Sea to south of Taiwan, which is a result of the

enhancement of the WNPSH resulting from a merger of

the original WNPSH with a midlatitude high anomaly.

In contrast, the development of the 21–30-day wet phase

over the LYRB is associated with an upper-level trough

moving from Lake Baikal to far east Russia, which

possibly enhances the low-level LYRB low-level cyclonic

vorticity.

The identification of the two ISV modes over the

LYRB and the new knowledge on their sources and

evolution provide empirical predictors for the local intra-

seasonal variation in the subtropical EA summer mon-

soon. Although, the primary features of the two ISV

modes have been addressed in this study, the detailed

mechanism for the selection of the periodicities in their

source regions is still an interesting question to be an-

swered: that is, how is the 21–30-day variation associated

with the WNPSH generated? Why is there a strong bi-

weekly signal along the middle-latitude westerly jet

stream? Is the biweekly mode over the western Pacific

only attributed by the midlatitude perturbation, or are

there any other factors? In addition, the intensities of

the two ISV modes experience the large year-to-year

variation over the LYRB, but what controls the year-to-

year variations of the dominant periodicity over this

region calls for further studies.

FIG. 9. The mean power spectra calculated in the same way as in Fig. 1, but for (a) the 200-hPa vorticity

near the midlatitude westerly jet stream (358–458N, 908–1208E), and (b) the OLR over the western Pacific

(158–258N, 1258–1358E).
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