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Abstract

The analysis of observational rainfall shows that the intensity of rainfall intraseasonal oscillation (ISO) and the summer-mean
rainfall over the middle-lower reaches of the Yangtze River Basin (YRB) exhibit a significant positive correlation during
1979-2007. A stronger (weaker) ISO variability is often associated with wet (dry) summer in the YRB. The composite ISOs
in both the wet and dry summers are further analyzed. In the wet summers, the rainfall ISO in YRB is primarily associated
with the northward propagation of a low-level cyclone-anticyclone pair from the tropics. Cyclonic vorticity and associated
boundary layer convergence strengthen the rainfall in situ. In contrast, the rainfall ISO in YRB in the dry summers is pri-
marily associated with the westward propagation of an anomalous anticyclone. Southerly flow to the west of the anomalous
anticyclone enhances rainfall in YRB through anomalous moisture advection. In addition to the difference in ISO propaga-
tion, the background mean state also shows a marked difference. The diagnosis of water vapor flux budget shows that the
convergence and advection of seasonal mean moisture play a critical role in maintenance of the intraseasonal rainfall in the
YRB. A greater mean ascending motion and associated higher mean moisture in YRB in the wet summers favor greater
intraseasonal rainfall variability in situ. The mean state difference is responsible for distinctive vertical structures of bound-
ary layer vertical velocity. A possible feedback of the ISO to the summer-mean rainfall over the YRB is also discussed.

Keywords Intraseasonal oscillation - Summer rainfall - Yangtze River Basin

1 Introduction

The abnormal Asian summer monsoon associated with
active/break monsoon cycles influence significantly the
climate, agriculture and people societal activities. Previous
studies exhibited that the prolonged rainy/dry episode, which
will result in severe flooding/drought and extreme tempera-
ture events, is closely related to the phase evolution of boreal
summer intraseasonal oscillation (BSISO) (Annamalai and
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Slingo 2001; Li 2014; Lee et al. 2013; Diao et al. 2018). As
a component part of Asian summer monsoon, the East Asian
summer monsoon (EASM) is usually referred to both the
tropical and subtropical monsoons, encompassing a large
area spanning the equatorial regions of Southeast Asia, the
South China Sea (SCS), and the subtropical region extend-
ing from eastern China to Korea and Japan (Lau et al. 1988;
Chen et al. 2000). The commencement of subtropical EASM
is characterized by a sudden change from relatively dry con-
dition over the Yangtze River Basin (YRB) in eastern China
to periods of continuous rain spells, which is called Meiyu in
China or Baiu in Japan (Lau and Chan 1986). The alternative
change of active/break cycles in summer rainfall in the mid-
dle-lower reaches of the YRB reflects the abrupt northward
advance of the Meiyu front, which is a major convergence
zone dominated in East China during the boreal summer
(Tao and Chen 1987; Ding and Wang 2008). The promi-
nent summer rainfall with a dual- or triple-peak mode in
the YRB is directly modulated by the intraseasonal oscilla-
tion (ISO), which originates from the tropical region of SCS

@ Springer


http://orcid.org/0000-0003-3072-2891
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-019-04680-w&domain=pdf

3090

Y.Qietal

and western north Pacific (WNP) and exhibits northward or
northwestward propagation (Wang and Xu 1997; Hsu and
Weng 2001; Jiang et al. 2004; Li and Wang 2005; Li 2010;
Mao et al. 2010; Yang et al. 2010, 2014; Li et al. 2015; Oh
and Ha 2015). The ISO is found to be related to not only the
climatological summer rainfall but also the extreme rainfall
and heat-wave events over eastern China (Zhang et al. 2009;
Ren et al. 2013; Hus et al. 2015; Chen and Zhai 2017; Gao
et al. 2017). Hus et al. (2016) investigated the impacts of
boreal summer ISO on the probability and spatial distribu-
tions of extreme rainfall occurrence over southern China,
suggesting a potential focus for monitoring and probabilistic
prediction of extreme rainfall events in southern China.

More case studies have demonstrated that the persis-
tent strong rainfall over the YRB during summer is usu-
ally accompanied with ISO activities. The severe floods
during the summer of 1998, which happened in the YRB
in eastern China, have been shown to be related to the pro-
nounced northward propagation of ISO from the tropics
and the southwestward propagation from mid- and high
latitudes (Li et al. 2015). The two sources of intraseasonal
variability from tropics and mid- to high latitudes converged
in the YRB and resulted in the spells of rainfall (Chen et al.
2001). Based on phase composite analysis, it is found that
the strong intraseasonal summer Yangtze-River rainfall was
mainly contributed by the northwestward propagation of
alternating cyclonic-anticyclonic anomalous circulation,
which originated from the WNP. The low-level wind con-
vergence toward the Yangtze River between northeasterlies
associated with the anomalous cyclone and southwesterlies
associated with the anomalous anticyclone provides favora-
ble circulation condition for the strong precipitation in the
YRB (Qi et al. 2016). In another flooding year of 1991 (Lu
and Ding 1996), the Yangtze-Huai River suffered several
devastating rainfall periods, indicating experienced strong
ISOs. As suggested by Mao and Wu (2006), the intrasea-
sonal variation of the Yangtze-River rainfall was related to
the ISO atmospheric circulations, which exhibited coupled
anomalous flow pattern between the lower and upper trop-
osphere. Dynamically, the active and break sequences of
rainfall in the YRB were controlled by the coupling intra-
seasonal circulations between the low-level relative vorticity
and the upper-level divergence. During an abrupt drought-
flood transition event occurred in the YRB in early summer
of 2011, Yang et al. (2013) emphasized the importance of
intraseasonal variability in triggering the strong rainfall from
the point of meridional circulation of upper troposphere. In
the individual years associated with heavy summer rainfall
in eastern China, the ISO plays an important role in organ-
izing and regulating summer rainfall in eastern China.

The summer rainfall in the YRB exhibits not only intra-
seasonal variation but also remarkable interannual vari-
ability. The prominent feature of interannual variation in
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summer-mean rainfall is characterized by the anomalous wet
or dry season in eastern China. Simultaneously, the related
intraseasonal variability with summer rainfall in eastern
China also experiences significant year-to-year variation
in its intensity and propagation character (Li and Li 1999).
Thus it is speculated that there might exist some linkage
between the summer rainfall and ISO. Most of previous
studies emphasized the atmospheric ISO exhibits stronger
activity over eastern China in wet summer years than in dry
summer years (Li 1992; Yang and Li 2003), and less atten-
tion was paid to the statistical relationship between the sum-
mer-mean rainfall in eastern China and the ISO on interan-
nual timescale. The objective of this study is to examine the
linkage between the summer-mean rainfall and the intensity
of ISO on the interannual timescale in eastern China, espe-
cially over the YRB. The temporal-spatial characteristics
of structure and evolution of ISO associated with summer
rainfall and 850 hPa circulations are investigated. Further,
the two-way possible interactions between the mean state
and ISO are discussed based on the interannual relationship.

The data and method used in this study are described in
Sect. 2. The intraseasonal and interannual variations of sum-
mer precipitation in eastern China and its related with ISO
characteristics in periodicity and intensity are presented in
Sect. 3. In Sect. 4, the structure and evolution characteristics
of ISO related to the summer rainfall and circulations in
eastern China are described. In Sect. 5, the impacts of mean
state on ISO rainfall are presented by the diagnosis of water
vapor flux budget. In Sect. 6, the feedback of ISO perturba-
tion to the summer rainfall is discussed. Finally, a summary
and discussion is given in Sect. 7.

2 Data and methods

The daily gridded precipitation data of China with a resolu-
tion of 0.25° % 0.25° is provided by the Information Center of
China Meteorological Administration. This dataset is based
on the daily rain gauge measurements at about 2400 stations
of the Chinese national dense observational network, and
integrated by using an optimal interpolation algorithm (Shen
and Xiong 2015). To depict the ISO structure and evolution
characteristics over eastern China, we adopt the high-resolu-
tion, gridded (0.5° % 0.5°) daily precipitation dataset for the
region of Monsoon Asia, which was compiled by the pro-
ject of “Asian Precipitation-Highly Resolved Observational
Data Integration Towards Evaluation of the Water Resources
(APHRODITE’s Water Resources)”. The APHRODITE
rainfall dataset was created primarily with a rain-gauge-
observation data network using data collected from local
meteorological/hydrological organizations by the Research
Institute for Humanity and Nature (RIHN) and the Meteoro-
logical Research Institute (MRI) of the Japan Meteorological
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Agency (JMA). The Monsoon Asia product (APHRODITE _
MA, hereinafter referred to as APHRO) used in this study
covers the region of 60°-150°E, 15°S—55°N (Yatagai et al.
2012). In addition, daily-mean variables (including zonal
wind u and meridional wind v, pressure vertical velocity o,
specific humidity as well as temperature) from the NCEP/
NCAR reanalysis with the resolution of 2.5° X 2.5° are used
in this study. All datasets used in this study have the same
record length from 1979 to 2007 (29 years). We consider
May-August (MJJA) as the summer season in China.

The climatological daily-mean precipitation time series
in the EASM region contains annual cycle and considerable
fluctuations on intraseasonal timescale (Nakazawa 1992;
Wang and Xu 1997). Therefore, the fast Fourier transform
(FFT) is applied to the climatological daily-mean precipita-
tion time series to extract the signals of intraseasonal vari-
ability. The standard deviation of the filtered precipitation
in MJJA is used to measure the intensity of ISO. A Student
t test is applied to test the significance of composite and
correlation patterns.

3 Intraseasonal feature of summer
precipitation in eastern China

The spatial distribution of summer precipitation in main-
land China shows significant inhomogeneous feature
with the maximum centers located in southern and east-
ern China. The summer precipitation in China decreases
inland from the coastal region of southeast to northwest
due to the impact of tropical monsoon, forming a slant
rainfall pattern oriented in southwest-northeast direction
(Fig. 1a). The western and northwestern parts of China
receive less precipitation and are the typical dry regions in
summer. The southern and eastern areas in China are the

key regions that explain more than 50% of summer pre-
cipitation. Besides the interannual variation, the summer
precipitation in southern and eastern China experiences
significant intra-seasonal variability. Figure 1b shows the
standard deviation of rain rate in summer from May to
August averaged for the period of 1979-2007. The maxi-
mum variation center of summer precipitation is located
south of 25°N in southern China. The climate in southern
China exhibits a typical monsoon characteristic, and thus
experiences the impact of northward propagation of tropi-
cal waves or typhoon activities originated from the WNP.
Another variation center of summer precipitation occurs
in the middle-lower reaches of the YRB in eastern China,
which is a sensitive region suffering from severe floods
or droughts frequently (Fig. 1b). The strong intraseasonal
fluctuation in summer precipitation in the YRB may result
in an extremely wet or dry season (for example severe
floods in summer 1998 and droughts in summer 1981).
Thus, the domain of 110°-120°E, 27°-32°N with a large
summer variation in precipitation (shown as a rectangle
in Fig. 1b) is taken as the key region to investigate the
interannual and intraseasonal variations of summer rainfall
in the YRB.

To identify the climatologically dominant periodic-
ity of ISO in summer rainfall in eastern China, spectral
analysis is applied to the 29-year (1979-2007) climato-
logical daily-mean rainfall in the APHRO data. The first
four Fourier harmonics, which denote the annual, semi-
annual and seasonal cycles, are removed before carry-
ing out the spectral analysis. Figure 2 shows the power
spectra of the rainfall in the YRB, which is the region of
significant correlation in Fig. 1b, with the lines of 95%
confidence levels and red noise spectra. It can be seen that
the dominant ISO periodicity in the YRB is the frequency
band of 30-90 days. The ISO periodicity that we focus in
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Fig. 1 a Distribution of daily rain rate during summer (MJJA) in 1979-2007 (unit: mm/day). b Averaged standard deviation of MJJA precipita-

tion for the period of 1979-2007 (unit: mm/day)
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Fig.2 Power spectrum (black curve with marked circle) of sum-
mer rainfall in the middle-lower reaches of the Yangtze River Basin
(110°-120°E, 27°-32°N). Green dashed line indicates red noise spec-
trum, and red line indicates the 95% confidence level

this study is the 30-90 days band. Therefore, variables
associated with ISO horizontal circulations and vertical
structures in the following analysis and discussions are all
filtered by 30-90 days band.

The overall intensity of summertime ISO is measured by
the standard deviation of May—August intraseasonal rain-
fall anomalies. During the boreal summer, the maximum

variability centers are located along 15°N over the Bay of
Bengal and the eastern Arabian Sea in the Indian monsoon
region, and over the SCS and the Philippine Sea in the WNP
sector. By using the land precipitation data, Fig. 3 displays
the 29-yr mean (1979-2007) ISO intensity of May—August
in APHRO. Besides the western part in India peninsula and
the northern part of the Bay of Bengal, the large intrasea-
sonal variability in China is located mainly in the southeast-
ern part of China, especially along 30°N from the middle-
lower reaches of the Yangtze River valley in China to the
south of the Korea Peninsula and Japan. These regions with
large intraseasonal variability are the locations of Meiyu
front in China and Baiu front in Japan. It indicates that the
summer precipitation anomaly of eastern China is closely
related to the fluctuations of ISO over East Asia (Lau et al.
1988).

For convenience of investigating the interannual varia-
tion of summer precipitation in the YRB and its relationship
with ISO activity, we define the time series of MJJA rainfall
averaged over the box of (110°-120°E, 27°-32°N) as the
YRB index (shown in Fig. 1b). The regression of summer
time (May—August) ISO intensity onto the YRB index shows
a significant positive correlation over eastern China along
the middle-lower reaches of the Yangtze River (Fig. 4a). It
indicates that the interannual variation of the summer rain-
fall anomaly in the YRB exhibits a strong in-phase rela-
tionship with the summer-time ISO intensity. Generally, the
rainy (dry) summers are associated with strong (weak) ISO

Fig.3 Averaged summertime 55N
30-90 days ISO intensity for

the period of 1979-2007 (unit:

mm/day) 50N 1

45N
40N
35N
30N
25N

20N 1
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activities over the YRB. This relationship on the interannual
timescale is quite different from the result of Qi et al. (2008),
which showed a significant negative correlation between the
ISO intensity and Indian summer-monsoon rainfall over the
Indian subcontinent.

To further examine the in-phase relation, the summer-
time ISO intensity over the positive-correlated region is
calculated and shown in Fig. 4. Both the ISO intensity and
the summer-mean rainfall exhibit strong interannual varia-
tions. The simultaneous correlation coefficient between the
two time series of the YRB index and the ISO intensity is
0.68, indicating a high relationship between the summer-
mean rainfall and ISO intensity over the YRB on the interan-
nual timescale. Here, the YRB index in rainfall anomalies
is used to classify the wet or dry summers for the period of
1979-2007, with the MJJA rainfall anomaly above 1 (less
than — 1) standard deviation as wet (dry) summer. There
were seven wet (1980, 1993, 1995, 1996, 1998, 1999, and
2002) and six dry (1981, 1985, 1986, 1990, 2001, and
2007) summers, which are selected according to the above
definitions.

4 Evolution of ISO structures

In this section, the evolutions of ISO rainfall and 850-hPa
wind anomalies are investigated by compositing eight phases
in the ISO cycle. For the seven wet and six dry summers, we
construct the composite analysis using only those ISO cycles
with amplitudes exceeding one (or negative one) standard
deviation according to the time series of 30-90 days filtered
MJJA rainfall in the YRB for each selected summer. In the
30-90 days filtered rainfall time series, the period from a
negative peak to a positive peak and then to the next negative
peak is regarded as an ISO cycle. Each selected ISO cycle
is divided into eight consecutive phases. The first negative
peak is defined as Phase 1, the negative-turning-to-positive
is defined as Phase 3 and the positive peak is defined as
Phase 5 (the definition is the same as that in Wang et al.
2006; Qi et al. 2013), namely, Phase 1 and Phase 5 corre-
spond, respectively, to the minimum and maximum rainfall
anomalies in the YRB. According to the above definition,
a total of 17 cycles is identified, with 10 cycles in the wet
summers and 7 cycles in the dry summers. The mean inter-
val between two adjacent phases is about 5 days in both wet
and dry summers.

4.1 Composite in wet summers
Figure 5 shows the composite evolutions of 30-90 days fil-
tered anomalies in rainfall and 850-hPa winds in the wet

summers. During the wet summers, negative rainfall anoma-
lies are found to along 30°N extending from the mid-lower

@ Springer

Yangtze River to south of Japan in Phase 1 (Fig. 5, Phase_1),
indicating that the region around the YRB is in the driest
stage. The southern China is controlled by the northeast-
erlies in the lower troposphere, which lie northwest of
the anomalous cyclonic circulation with the center over
the SCS. From the height-phase cross section of the YRB
region (Fig. 6), we can see negative vorticity and divergence
anomalies in the low-level troposphere and positive vorticity
and convergence anomalies in the upper-level during Phase
1. The northeasterlies associated with the cyclonic circula-
tion anomaly over the SCS and Philippine Sea, accompanied
by the low-level divergence and negative vorticity, are not
favorable for the formation of rainfall in the YRB. During
Phases 2 and 3, the negative rainfall anomalies significantly
weaken in the YRB and south of Japan. Also, the north-
easterlies above these regions become weaker due to the
weakening and shifting of northeastward cyclonic circula-
tion with the center toward the WNP (Fig. 5, Phase_2 and
3). Phase 3 is the transition phase, during which the YRB
goes through dry to wet anomalies. Note that an anomalous
anticyclonic circulation starts to form in the tropical Philip-
pine Sea in Phase 3.

About 5 days later, the organized positive rainfall anoma-
lies in Phase 4 appear near the mid-lower reaches of the
YRB. The anomalous cyclone weakens westward and the
anomalous northeasterly dominates the northern part of the
Yangtze River. Simultaneously, the anticyclonic anomaly
over the Philippine Sea begins to strengthen and moves
northward. The southern part of China is characterized by
the low-level westerly anomalies, which provide the favora-
ble circulation condition for strong precipitation in the YRB.
During peak wet Phase 5, the anticyclonic anomaly contin-
ues to strengthen and propagate northward, and the northern
cyclonic anomaly continues to weaken and shift westward
into the adjacent region between south of Korean Peninsula
and southern Japan. The enhanced rainfall along the middle
and lower reaches of the Yangtze River in eastern China
extends slightly northeastward under the influence of the
strengthened southwesterlies to the south of the rainband
and the weakened northeasterlies to the north of the rainband
(Fig. 5, Phase_5). In the vertical phase evolution, the posi-
tive vorticity in the lower troposphere, the low-level con-
vergence and upper-level divergence during Phases 4 and 5
all support the enhancement of rainfall in the YRB (Fig. 6).
From Phase 6 to Phase 8, the positive rainfall anomalies
begin to weaken gradually in the YRB; the associated low-
level cyclonic anomaly disappears, and the anticyclonic
anomaly weakens northward.

4.2 Composite in dry summers

For the dry-summer composite, the ISO rainfall anoma-
lies evolve in similar ways phase-by-phase compared to
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Fig.5 Composite ISO cycle of 30-90 days filtered anomalous rainfall
rate (shading in unit of mm/day) and 850-hPa wind (vectors in unit
of m/s) during the wet summers. Only the rainfall anomalies that are

the composite in the wet summers, but with weaker pre-
cipitation (Fig. 7). It indicates that the YRB receives more
intraseasonal precipitation during wet summers than during
dry summers. This is consistent with the in-phase interan-
nual relationship between ISO intensity and summer-mean
rainfall in the YRB shown in Fig. 4. It is noted that the ISO

2 4 L] 8

significant above the 90% confidence level are shown. The thick red
lines denote the anomalous circulations (marked with “C”) and anti-
circulations (marked with “A”)

low-level circulation anomalies in the dry summers are quite
different from those in the wet summers. Unlike the north-
ward movement of the cyclone-anticyclone circulation pair
in the wet summers, the cyclonic anomaly located in the
northern Philippines decreases westward significantly from
Phase 1 to Phase 3 in the dry summers (Fig. 7, Phase_1, 2,
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Fig. 6 Height-phase cross sec-
tion of 30-90 days filtered wind
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and 3). Meanwhile, an anticyclonic anomaly forms over the
sea region to the southeast of Japan during Phase 2. With the
intensification and westward movement of the anticyclonic
circulation to southeastern China, the anomalous cyclone
vanishes during the peak Phase 4 and 5 (Fig. 7, Phase_4 and
5). The precipitation in the YRB is considerably weak due to
the weak of low-level wind convergence, though the strong
southwesterlies dominate the regions from south to YRB of
China in Phase 5. From the vertical structure, the positive
vorticity in the lower troposphere, low-level convergence
and upper-level divergence during the peak phase are weaker
in the dry summers than that in the wet summers (Fig. 8),
resulting in less precipitation in the YRB.

In brief, the northward propagation of the cyclone-anticy-
clone anomalous pair over East Asia from the tropics plays
a critical role in producing strong precipitation in the YRB
during the wet summers. In contrast, in the dry summers, the
westward movement of the anomalous anticyclonic circula-
tion and the vertical conditions do not favor strong precipita-
tion in eastern China.
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5 Water vapor flux budget diagnosis

The precipitable water in an air column is given by

Pv

Pr=—1/<a—q+v
g ot

Py

0
-Vg+ — dp,
q apé!’Q)P (€]

where P, is the precipitation in an air column, g is the grav-
ity, ¢ is the specific humidity, 7 is the time, V is the hori-
zontal wind vector, V is the horizontal gradient operator, p
is the pressure, p, and p, are the bottom pressure (usually
1000 hPa) and the top pressure (300 hPa), respectively, w is
the vertical pressure velocity.

For the seasonal mean and intraseasonal variability of rain-
fall, and for the column integration of rainfall where w = 0
at p, and p,, the precipitation equation can be approximately
written by the column integrated water vapor:
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Fig.7 Same as Fig. 5, except for the dry summers
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The above Eq. (2) indicates that the precipitation is
mainly determined by the column-integrated convergence

of water vapor flux, where the convergence of water vapor

flux may be decomposed into two terms:

-V.-Vg=-V-Vg—¢V-V. 3)
The term (—V - Vq) represents the horizontal advection of

moisture; the term (—qV - V) represents the horizontal mois-
ture convergence. That means the precipitation is primarily
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Fig.8 Same as Fig. 6, except
for the dry summers
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contributed by the horizontal advection of moisture and
moisture convergence.

In order to illustrate the impact of multi-scale motions
on the intraseasonal variation of YRB rainfall which we
focused on, each variable of Eq. (3) is decomposed into a
low-frequency background state (LFBS, > 90 day) compo-
nent (which include climatology annual and semi-annual
cycles and interannual variability), a 30-90 days intrasea-
sonal (ISO) component, and a higher-frequency variability
(HFV, <30 day) component. For example, horizontal wind
vector is decomposed into:

V=V+V +V,

where an overbar, a prime, and a star denote the LFBS, ISO,
and HFV component, respectively. The total precipitation
is the sum of the decomposed multi-timescale components
of vertically integrated moisture advection and conver-
gence terms described in Eq. (3). Our calculations of pre-
cipitation and each term of decomposed moisture advection
and convergence components show in Fig. 9a that the total
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precipitation is primarily attributed to LFBS and ISO com-
ponents of moisture advection [i.e., (—=V - Vg), (=V - Vg)']
and moisture convergence [i.e., (—gV - V), (—¢V - V)']. In
general, the convergence of moisture shows a much greater
contribution than the advection of moisture to the precipita-
tion. It is noted that the amplitude of HFV in both advection
and convergence of moisture [(—V - Vg)*, (—¢V - V)*] is
in general too small to consider its contribution to the total
precipitation. For intraseasonal rainfall variability over the
YRB, we note that the terms associated with the HFV inter-
actions with the LFBS and ISO components [i.e., terms such
as (=V-Vg') (=V'-Vg*) . (=V* - Vg), (=V* - Vq'),
(=V*.Vg*) and terms suchas (—gV - V*)', (=¢'V - V*Y,

(=g*V - VY, (=g*V - V'Y, (=¢*V - V*)'] are in general
small in contributing to the intraseasonal moisture advection
and convergence terms and thus to the first order of approxi-
mation they are negligible. Thus, the intraseasonal horizontal
moisture advection and convergence terms can be written as:

(=V-Vg) ~(=V-VgY +(=V'-Vg) +(-V'- Vq’)’,(4)
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Fig.9 a Precipitation budget (a)
with column integrated 1o precipitation budget
(1000-300 hPa) LFBS, ISO and
HFV moisture advection and 10 4
convergence terms over region
of (110°~120°E, 27°-32°N). s -
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precipitation, following three 6 -
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To identify the relative contributions to the anomalous
precipitation along the YRB region, the impact of LFBS,
ISO and HFV components are computed quantitatively
according to Egs. (4) and (5). Applying a 90-day low-pass
filter, 30-90-day band-pass filter and a 30-day high-pass

filter to each variable of above equations, one may extract
the LFBS, ISO and HFV signals from the original data,
respectively.

To reveal the impact of the interannual and intrasea-
sonal variation mode on the ISO rainfall in the YRB, a
vertical integrated (1000-300 hPa) moisture advection
and convergence analysis with different decomposed time-
scale is calculated quantitatively over the YRB region of
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(110°-120°E, 27°-32°N). Figure 9b shows the contribu-
tions of moisture advection from each term of Eq. (4)
in the wet and dry summers. The largest positive con-
tribution to the ISO rainfall is the term of (=V’ - Vg)’,
which is associated with the advection of mean moisture
by the ISO flow. The second large positive term is the
advection of ISO anomalous moisture by the mean flow
(=V - Vq')'. Its magnitude is two times smaller than the
mean moisture advected by the ISO flow. The third term
(=V'-Vq'), which denotes the ISO moisture advected by
the ISO flow, induces a negative ISO rainfall tendency.
These positive contributions of (=V’ - Vg)’ and (=V - V¢')’
to the ISO rainfall demonstrate that the mean moisture
advected by the ISO anomalous flow and the anomalous
moisture advected by the mean flow play an important
role in the occurrence and maintenance of intraseasonal
anomalous rainfall in the YRB during summer. However,
the ISO-ISO interactions (—V’ - V4')’ on the intraseasonal-
timescale tend to produce negative contribution to the ISO
rainfall. The intraseasonal moisture advection by the intra-
seasonal flow is more favorable for the dry summers.

In addition to the moisture advection, the effect of mois-
ture convergence on the intraseasonal rainfall is also exam-
ined. Figure 9c illustrates the moisture convergence con-
tributions to the ISO rainfall variability from each term of
Eq. (5). The two terms of (—gV - V') and (—¢'V - V)’ show
the positive contribution to produce the intraseasonal rain-
fall. The leading term (—gV - V'), which represents the con-
vergence of mean moisture by the ISO flow, is dominant in
these three components. It indicates that the abundant sum-
mer mean moisture is the critical factor in causing the strong
ISO rainfall. The second term (—¢'V - V)’, associated with
the mean flow convergence by the ISO moisture, also plays
a positive role in the maintenance of ISO rainfall, although
it only accounts for about 8% of the total ISO moisture con-
vergence contribution. This result is consistent with Hus and
Li (2012), who emphasized that much greater contribution
of (—qV - VY than (—¢'V - V)'. That is because of the large
difference between the mean and intraseasonal moisture
amplitude in the precipitation region. The term (—¢'V - V'Y,
intraseasonal eddy—eddy moisture convergence, same as the
interactions of moisture advection, exhibits a negative role
in the contribution to the ISO rainfall.

It is noted that the magnitude of mean moisture con-
vergence by ISO flow is about 2—4 times larger than the
moisture advection terms (Fig. 9b, c). It is suggesting that
the convergence of mean moisture dominates the moisture
advection for the maintenance of anomalous rainfall over
the YRB during wet summers. This result is consistence
with Ding and Hu (2003), who demonstrated that the strong
precipitation came mainly from the convergence of water
vapor in the low-level troposphere. In this study, the diag-
nostic analysis further shows that the processes of increased
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mean moisture convergence by ISO flow and mean moisture
advection by ISO flow are crucial for supporting and produc-
ing the anomalous rainfall in YRB region.

According to the previous studies (Chen 1985; Huang and
Sun 1992, 1998; Ding and Hu 2003), the water vapor trans-
port and convergence of water vapor flux play an important
role in contributing to summer rainfall in the East Asian
monsoon region. The relationship between the atmospheric
large-scale circulation and water vapor transport can be
illustrated by means of the streamfunction and water vapor
flux potential fields. During boreal summer, there are strong
westward moisture transport from the tropical Pacific and
strong eastward moisture transport from tropical Indian
Ocean (Fig. 10a). The abundant moist air is transported
from the tropical oceans toward eastern China to support
the local precipitation. During the wet summer, anomalous
southwesterlies associated with the anticyclonic circulation
over the SCS and WNP increase the moisture in the YRB
region (Fig. 11a). In addition to water vapor transport, the
convergence of water vapor flux represented by the potential
and divergence fields plays an essential role in maintaining
the high mean and anomalous water vapor content in the
YRB (Figs. 10b, 11a). In the dry summers, on the contrary,
anomalous moisture divergence and a negative moisture
anomaly appear in the region (Fig. 11b). It is likely that the
interannual variation of the East Asian summer monsoon
is modulated by the Pacific-Japan (PJ) pattern (Nitta 1987,
Huang and Sun 1992). Such a PJ pattern may be inferred
from Fig. 11, which shows an alternated dry-wet-dry pattern.
In addition, the interannual variability of ISO also shows a
close relationship with the PJ pattern. Figure 12 indicates
that the ISO precipitation over the YRB is strongly influ-
enced by the teleconnection pattern of intraseasonal water
vapor flux transport anomalies, which is denoted by the vari-
ous cells with negative and positive centers over East Asia.
It suggests that the PJ pattern of water vapor flux not only
modulates the interannual variation of East Asian summer
monsoon, but also has an impact on the interannual variabil-
ity of ISO precipitation in the YRB. Thus, the background
seasonal-mean state is important in modulating the ISO
variability.

In the composites of vertical profiles averaged over the
YRB during the wet and dry summers, one can see that
all the variables in Fig. 13 show remarkable differences
between the wet and dry summers. During the wet sum-
mers, the moisture increases upward from the boundary
layer and reaches the maximum at 700 hPa (Fig. 13a) due
to the strong ascending motion (Fig. 13b). Accompanied
by the pronounced ascending motion, the distribution
of low-level convergence and upper-level divergence
in the troposphere favors the buildup of local moisture
through moisture flux convergence (Fig. 13c). Same
as specific humidity, the anomalies of vertical motion
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Fig. 10 Distribution of a streamfunction and non-divergent field,
and b potential and divergent field for the vertically integrated water
vapor flux during summer (MJJA). Streamfunction and potential are

and divergence/convergence, the vertical shear of zonal
wind also show opposite signs between the wet and dry
summers from the boundary layer to the upper level
(Fig. 13d). The negative vertical shear anomaly in the
wet summers implies that the easterlies decrease rapidly
from the lower to upper troposphere until the westerlies
appear at 200 hPa, indicating an anomalous westerly

indicated by contours, unit: 107 kg/s; non-divergent and divergent
fields are indicated by vectors, unit: kg/(m s)

shear appears during the wet summer. Given the sum-
mer mean westerly shear over the region, the westerly
shear anomaly implies an enhanced total vertical wind
shear over the Meiyu front region. The strong vertical
shear may destabilize the intraseasonal perturbation and
enhance the strength of ISO (Wheeler and Kiladis 1999).
During the dry summers, however, less moisture, down-
ward motion, divergence in the lower troposphere and
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Fig. 11 Composite anomaly patterns of summer (MJJA) wind (vec-
tor; unit: m/s) and specific humidity (shading; unit: g/kg) at 850 hPa
in the wet (a) and dry (b) summers

weaker vertical shear over the YRB are not favorable for
the development of ISO (Fig. 13).

6 Effect of ISO perturbation on summer
rainfall

Besides the ISO rainfall, the intraseasonal anomalous low-
level vorticity, convergence and specific humidity over the
YRB all show larger intensity in the wet summers than in
the dry summers. These results confirm the high positive
correlation between the summer rainfall in the YRB and ISO
intensity on the interannual timescale. Based on the relation-
ship, the feedback of ISO perturbation to the summer-mean
precipitation is investigated.

Figure 14 shows height-phase sections of ISO rainfall,
omega and specific humidity in the YRB during the wet
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and dry summers, respectively. With the commencement of
precipitation at Phase 3 (Fig. 14a), the ascending motion
starts to enhance in the boundary layer in Phase 2 and then
increases rapidly during peak Phase 4 and 5 in the wet sum-
mers (Fig. 14b). The peak phase is featured by positive
moisture anomalies in the YRB with a deep enhanced water
vapor layer in the mid-lower troposphere below 300 hPa
(Fig. 14c¢). The enhanced specific humidity during Phase 4-5
and increased temperature during the two phases (figure not
shown) lead to an increase of equivalent potential tempera-
ture and moist static energy (MSE) in the lower troposphere
(Zhao et al. 2013). This marked increase of equivalent poten-
tial temperature and MSE result in a convectively unstable
stratification, which favors the occurrence of a stronger ISO
variability. In the dry summers, however, the ISO rainfall,
vertical motion and specific humidity anomalies are all
weaker in magnitude compared to those in the wet sum-
mers. The little amount of water vapor in the dry summers is
not enough to produce and support the strong and persistent
rainfall in the YRB (Fig. 14f). More importantly, compared
to the ascending motion in the boundary layer in the wet
summers, it appears the descending motion in the YRB in
the boundary layer below 900 hPa from Phase 4 in the dry
summers (Fig. 14e). It is therefore inferred that the vertical
motion may play an essential role in modulating the rainfall
in the YRB. What causes the subsidence in the boundary
layer in the YRB during the dry summers? To answer this
question, the omega equation is diagnosed to identify the
factor(s) that determine the ascending or descending motion
in the boundary layer in the YRB.

The quasi-geostrophic omega equation without diabatic
heating may be written as:

2
<v2 +f—a—2>w = ]—Ci[v VE+O1+ Dy v,

o op? o op op

(6)

where o denotes the static stability, V is the horizontal gradi-
ent operator, V? is the Laplacian operator, f is the Coriolis
parameter, p is pressure, w is vertical p velocity, R is the gas
constant, V represents horizontal velocity vector, and ¢ is
relative vorticity.

From Eq. (6), we can conclude that the vertical motion
is primarily determined by two terms. One is the vorticity
advection associated with vertical motion; the other is the
horizontal variation of temperature advection. If we assume

A==V -V +0),

and A; = — V - VT then the terms on the right hand side of
Eq. (6) can be simplified as:

2 32 0A
V2+f—a— o=t R gy (7
o op? r
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The vertical motion depends on the contributions of verti-
cal differentiation of vorticity advection A, and horizontal
distribution of temperature advection A;. The warm advec-
tion and positive vorticity advection increases with height
can cause ascending motion, whereas the cold advection and
positive vorticity advection decreases with height will result
in descending motion. To reveal the significant contributor
that causes the upward or downward motion in the YRB, the
terms of temperature advection and vertical differentiation
of horizontal vorticity advection on the right hand side of
Eq. (7) are diagnosed during the wet and dry summers.

The height-phase cross section of 30-90 days filtered
anomalous temperature advection (A;) in the YRB in the
wet and dry summers are shown in Fig. 15. A; is positive
in the mid- and lower-troposphere during the peak phase in
both wet and dry summers. It means that the warm advec-
tion contributes to the ascending motion in the YRB in both
wet and dry summers. Note that the transition between the
cold advection and warm advection happens in Phase 3.
The warm advection increases rapidly in Phase 4 and shows
larger anomalies during the wet summers than during the
dry summers (Fig. 15).

In the composite of vertical differentiation of vorticity
advection, the positive vorticity advection (A,) anomalies
increase with height in the boundary layer and peak at Phase
3 in the wet summers (Fig. 16a). Phase 5 is the transition
from positive to negative vorticity advection in the lower
troposphere. The increase with height of positive vorticity
advection during Phases 3 and 4 causes upward motion,
although it is weak. In the dry summers, by contrast, the

A, decreases with height from Phase 3 and peaks during
Phases 5 and 6 (Fig. 16b) in the boundary layer. The increase
(decrease) with height of A, in the boundary layer during
peak phase in the wet (dry) summers explains why there is
ascending (descending) motion in the wet (dry) summers in
the boundary layer (Fig. 15b, e).

During the wet summers, the increase of positive A,
anomalies with height, together with warm advection,
contributes to the ascending motion in the boundary layer,
which brings about more precipitation in the YRB. On the
contrary, the decrease of A, with height results in subsidence
in the boundary layer in the dry summers. Though the warm
advection causes upward motion in the dry summers, the
ascending motion is less strong than the descending motion
resulted from A,. The descending motion in the bound-
ary layer in the YRB impedes the convergence of moisture
which is the necessary condition for precipitation. Thus, the
vertical motion that impacts significantly on the precipita-
tion in the YRB is primarily attributed to the vertical dif-
ferentiation of A,.

7 Summary and discussion

The summer rainfall in eastern China exhibits remarkable
intraseasonal and interannual variations. The spectral analy-
sis of summer rainfall shows that the 30-90 days is the domi-
nant mode in the intraseasonal variability of climatological
summer rainfall in the YRB. The interannual variation of
summer rainfall in the YRB displays a significant positive
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Fig. 13 Composite vertical profiles of a specific humidity (unit: g/
kg), b vertical pressure velocity (unit: 1072 Pa/s), ¢ wind divergence
(unit: 107%s), and d vertical zonal wind shear (unit: m/s) averaged

correlation with the 30-90 days summertime ISO intensity
in situ. It is suggested that a rainy (dry) season is usually
associated with strengthened (weakened) ISO activity in
summer over the YRB in eastern China.

The spatial structure and temporal evolution of composite
ISO associated with the summer rainfall and 850-hPa wind
in East Asia are analyzed for both wet and dry summers in
the YRB. The comparison of ISO structural and evolution-
ary characteristics between the wet and dry summers shows
that their low-level circulation anomalies are quite different.
In the wet summers, the cyclone-anticyclone circulation pair
propagates northward from the tropics over East Asia. In
contrast, the low-level cyclonic anomaly in the dry summers
weakens dramatically as it moves westward. Accompanied
by the westward propagation of developing anticyclonic
anomaly, the cyclonic anomaly disappears in situ during the
dry summers. The wind convergence, upward motion and
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over the YRB during MJJA. The blue (red) curve denotes the com-
posite for the wet (dry) summers

abundant moisture in the lower troposphere in the wet sum-
mers provide favorable conditions for strong precipitation in
the YRB. However, the wind convergence and moisture are
considerably weaker during the dry summers.

The budget diagnosis of water vapor flux shows that
the moisture advection provides positive support for main-
tenance of intraseasonal rainfall in the YRB. The mean
moisture convergence by the ISO flow plays an important
role in contributing to the ISO rainfall in the YRB. In the
decomposed terms of moisture advection and moisture con-
vergence, the maximum contributions to the ISO rainfall
primarily comes from the seasonal mean moisture because
of its much greater amplitude (Hus and Li 2012). The moist
air originated from the tropics is transported northward to
the YRB by the mean flow of the southwesterlies, which
is associated with the strong anticyclonic circulation over
the SCS and WNP. Also the variables of wind convergence,
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Fig. 14 Height-phase cross section of 30-90 days filtered pre-
cipitation rate (a; unit: mm/day), pressure vertical velocity (b; unit:
1072 Pa/s) and specific humidity (c; unit: g/kg) over the YRB during

vertical motion, buildup of low-level moisture, and vertical
wind shear contribute to the development of ISO over the
YRB in eastern China. From these large scale background
conditions, it indicates that the mean state plays an essential
role in controlling of ISO perturbation.

The feedback of ISO perturbation to the summer mean
precipitation is investigated in terms of the structural and
evolutional characteristics of ISO. It is found that the
intraseasonal vertical motion is upward (downward) in the

the wet summers. d—f The 30-90 days filtered precipitation rate, pres-
sure vertical velocity and specific humidity during the dry summers,
respectively

boundary layer in the peak phase in the YRB during the
wet (dry) summers. The diagnosis of anomalous vertical
motion equation shows that temperature advection has the
same contribution in both wet and dry summers. The ascend-
ing (descending) motions in the boundary layer during the
wet (dry) summers are primarily attributed to the vertical
differentiation of horizontal vorticity advection. In the dry
summers, the effect of temperature advection is weaker than
the effect of the vertically differentiated vorticity advection.

@ Springer



3106

Y.Qietal

==q

\
o o

\

1000+—

10004

Ph_1 Ph 7 Ph_8

Ph1  Ph2 Ph_3 Ph 4 Ph_5 Ph_6 Ph_7 Ph_8

Fig. 15 Vertical profile of the 30-90 days filtered temperature advection over the YRB during the wet (a) and dry (b) summers. Unit: 1073 °C/s

850

925 0.2

1000

Ph1  Ph2 Ph 3 Ph 4

Fig. 16 Vertical profile of the vertical differentiation of 30-90 days filtered vorticity advection over the YRB during the wet (a) and dry (b) sum-

mers. Unit: x 1071%/s?

Thus, the latter is the major impact factor on the vertical
motion in the boundary layer. The strong upward motion
in the lower troposphere during the wet summers provides
crucial condition for the strong precipitation in the YRB.
The high positive correlation between the intensity of sum-
mertime ISO and the summer-mean precipitation over the
YRB suggests a possible two-way interaction scenario. On
the one hand, a stronger mean vertical motion and moisture

@ Springer

condition favors a stronger ISO activity. On the other hand, a
greater ISO may enhance the summer-mean precipitation as
rainfall is positive-only event. Multiple heavy rainfall events
help elevate total precipitation.

While the current study reveals a close relation between
the ISO and mean precipitation, some issues remain open
and need to be further addressed. It has been shown that the
ISO intensity, movement or frequency is greatly modulated
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by the annual cycle of the mean state (e.g., Madden 1986;
Wang and Rui 1990; Hartmann et al. 1992; Li and Wang
2005; Qi et al. 2008). How do the different mean states
(e.g., a wet vs. a dry summer) impact the ISO structure and
propagation over the East Asia sector? What is the impact
of mid-high latitude perturbations on intraseasonal rainfall
variability over the YRB? What is the nonlinear rectification
of the ISO on the mean state? These questions need to be
further studied in future.
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