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ABSTRACT

This study investigates the relationship between subseasonal variations of the circulation and sea surface
temperature (SST) over the South China—East Asian coastal region (EACR) in association with the persistent
heavy rainfall (PHR) events over South China during May—August through statistical analysis. Based on
the intensity threshold and duration criterion of the daily rainfall, a total of 63 May—June (MJ) and 59
July—August (JA) PHR events are selected over South China from 1979 to 2011. The lower-level circulation
anomalies on subseasonal timescale exhibit an anomalous cyclone over South China and an anomalous
anticyclone shaped like a tongue over the South China Sea (SCS) during the PHR events for MJ group.
The anomalous cyclone over South China in MJ originates from low-value systems in the mid-high latitudes
before the rainfall. The anomalous anticyclone over the SCS is due to the westward extension of the western
Pacific subtropical high (WPSH) and the southeastward propagation of the anomalous anticyclone from
South China before the rainfall. For JA group, the lower-level anomalous circulation pattern is similar
to that for MJ over the South China-EACR, but with different features of propagation. The subseasonal
anomalous anticyclone is also related to the westward stretch of the WPSH, while the anomalous cyclone is
traced back to the weak anomalous cyclone over the Philippine Sea several days before the rainfall events.

Positive SST anomaly (SSTA) is observed over the SCS and the Philippine Sea during the MJ PHR
events on the subseasonal timescale. It is closely linked with the variation of local anomalous anticyclone. In
contrast, negative SSTA occupies the South China coastal region for the JA PHR events, and it is driven by
the anomalous cyclone which propagates northwestward from the Philippine Sea. The subseasonal positive
(negative) SSTAs are generated via the local processes of above (below)-normal incident solar radiation and
below (above)-normal latent heat fluxes. The possible role of the subseasonal SSTA in the local convective
instability is also analyzed in this study.
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1. Introduction

The persistent heavy rainfall (PHR) is one kind of
extreme meteorological disasters, which has attracted
intensive research in China. There have been a lot of
case studies on the PHR events. For example, Ding et
al. (1993) analyzed the PHR over the Yangtze-Huai
River basin (hereafter Jianghuai) during the summer
of 1991. Jiang et al. (2011) investigated the PHR over
the Huaihe River basin in 2007 on the perspective of

water vapor transport and budget. Ding et al. (2010)
studied the double rainbands in the PHR event over
South China during June 2005. Niu et al. (2012) com-
pared the circulation patterns during two PHR events
to the south of the Yangtze River basin in the sum-
mer of 2010. On the climatological aspect, the PHR
events in China during the last 50 years occur mostly
over eastern China and South China (Bao, 2007; Chen
and Zhai, 2013). The PHR events are distinguished

from other types of extreme rainfall events with high
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intensity, broad extent, and long duration (Tang et al.,
2006; Chen and Zhai, 2013).

Previous studies revealed that the PHR has a
close relationship with the low-frequency oscillation
(Lu and Ding, 1997; Shi and Ding, 2000; Yang et al.,
2010; Cao et al., 2012, 2013). Lu and Ding (1997) sug-
gested that low-frequency warm and moist air meets
low-frequency cold air from north over the Jianghuai
region, leading to three episodes of excessively heavy
rainfall there during the summer of 1991. Shi and
Ding (2000) demonstrated that the PHR during the
summer of 1994 is closely related to the 30-60-day
low-frequency propagation of the summer monsoon.
Yang et al. (2010) identified two major modes of low-
frequency oscillations (quasi-biweekly and 21-30-day)
for the summer rainfall over the mid-lower reaches of
the Yangtze River. Cao et al. (2012) suggested that
the summertime PHR events over Southeast China oc-
cupy the active phase of the rainfall oscillation and
exhibit significant quasi-biweekly features. They also
demonstrated that the westward propagation of lower-
level low-frequency signals from the South China Sea
(SCS) and the Philippine Sea has important impacts
on the PHR over Southeast China.

As a crucial component of the East Asian summer
monsoon system, the western Pacific subtropical high
(WPSH) has significant impacts on rainfall in China
(Tao and Chen, 1987; Lu and Dong, 2001; Li and Zhu,
2010). Various studies revealed that the WPSH has a
zonal oscillation on the subseasonal timescale, which
corresponds to different stages of the PHR events (Mao
and Wu, 2005; Tang et al., 2006; Bao, 2007; Wang
et al., 2007; Ren et al., 2013). Mao and Wu (2005)
suggested that an anomalous anticyclone and a cy-
clone exist alternatively over the coast of South China
in the mode of a 15-35-day oscillation, modulating
the WPSH extending westward or retreating eastward.
Wang et al. (2009) demonstrated that the position of
the WPSH is abnormally westward during the PHR
events over South China, compared with its climato-
logical state.

The circulation systems at upper levels are also
important to the PHR occurrences. The South Asian
high (SAH) has been shown to play an important role
in causing the PHR over South China (Qian et al.,
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2002; Wang et al., 2007). Wang et al. (2007) sug-
gested that the SAH moves westward during the PHR
over South China in June 2005, which is in favor of
triggering the PHR. The cooperation of upper-level
circulation and lower-level circulation is vital in the
PHR events. (2012) demonstrated that
there are two upper-level low-frequency signals affect-

Cao et al.

ing the summertime PHR in Southeast China: south-
eastward propagation from the area 30°-45°N, 50°—
70°E and westward propagation from the Philippine
Sea. These signals are favorable for the anomalous
divergence circumstance over Southeast China during
the PHR events at upper levels.

The sea surface temperature anomaly (SSTA) can
exert significant impacts on circulation and rainfall on
multiple timescales (Huang and Wu, 1989; Lu and
Dong, 2001; Chan and Zhou, 2005; Lau and Nath,
2009; Zhou et al., 2009). Recently, the subseasonal
SST variability has attracted more and more atten-
tion with the advent of new satellite-based estimates
of SST (Vecchi and Harrison, 2002; Wu et al., 2008;
Wu, 2010; Wang and Zhou, 2012; Ren et al., 2013).
Vecchi and Harrison (2002) showed that there exists
subseasonal SST variability over the Indian monsoon
region, and the cooling of SST in the Bay of Bengal
precedes monsoon breaks by about a week. Wu et al.
(2008) demonstrated that SST over the summer mon-
soon region including the SCS has notable subseasonal
fluctuations. Their investigation also indicated that
the convection-SST interaction on the subseasonal
timescale is most notable in the summer hemisphere.
Yin et al. (2011) demonstrated that the SSTA over the
Kuroshio and its extension region can influence the
intensity of Meiyu quasi-biweekly oscillation by air-
sea interaction. The possible mechanisms in the sub-
seasonal air-sea interaction are also analyzed in some
studies. The mechanisms include wind-evaporation
and cloud-radiation processes. Meanwhile, the vari-
ation of SST can modulate circulation via changing
the lower-level convective instability (Roxy and Tani-
moto, 2012; Wang et al., 2012; Ren et al., 2013).

Many previous studies focused on case studies of
the PHR events and associated low-frequency atmo-
spheric circulation. Few studies have analyzed the
PHR events over South China and related subseasonal
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circulation during May—August on climatological as-
pect. Furthermore, subseasonal SST variability over
the East Asian coastal region (EACR) during the PHR
events is not clear yet. In this study, we investigate
the features of the circulation and SSTA over South
China—EACR during the PHR events in May—August
on the subseasonal timescale. Previous work showed
that the subseasonal mean states regulate the 12-20-
day oscillation over eastern China (Yang et al., 2013).
The circulation pattern for PHR events over South
China in May—June (MJ) has great differences from
that in July-August (JA) (Bao, 2007; Hu et al., 2007;
Qiang and Yang, 2008; Wang and Ding, 2008; Wang et
al., 2009). The PHR over South China in MJ is mostly
influenced by the summer monsoon system while the
PHR in JA is strongly related to the typhoon and
the movement of the intertropical convergence zone
(ITCZ) (Ding and Chan, 2005). Thus, in this study,
we analyze the PHR events over South China by two
groups: the MJ and JA PHR events.

The structure of the article is as follows. Section 2
gives a brief description of data and method. Section 3
analyzes evolution of the subseasonal atmospheric cir-
culation accompanied with two groups of PHR events
over South China. Section 4 investigates the features
and evolution of subseasonal SSTA during the PHR.

Section 5 provides the conclusion and discussion.
2. Data and method

2.1 Data

In this study, we use the daily rainfall dataset at
756 gauge stations in the period of 1979-2011 from
the China Meteorological Administration (CMA) to
identify the PHR events. We use the National Cen-
ters for Environmental Prediction-Department of En-
ergy (NCEP-DOE) Atmospheric Model Intercompari-
son Project-IT (AMIP-IT) reanalysis daily data (Kana-
mitsu et al., 2002) to analyze the features of circulation
and heat fluxes. The daily outgoing longwave radia-
tion (OLR) with a spatial resolution of 2.5°x2.5° from
the National Oceanic and Atmospheric Administra-
tion (NOAA) is also adopted to investigate the activ-
ities of convection (Liebmann and Smith, 1996). The
above referred variables are all from 1979 to 2011. The
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SST dataset is from Version 2 of the NOAA Optimal
Interpolation with a spatial resolution of 0.25°x0.25°
and temporal resolution of 1 day from 1982 to
2011.

2.2 Method

A single-station PHR event is defined when the
station rainfall intensity is > 25 mm day~! and du-
ration lasts for not less than 3 days. Figure 1 shows
the distribution of total number of single-station PHR
events and corresponding averaged rainfall intensity
over mainland China during MJ and JA 1979-2011.
Figure la shows that PHR events occur most fre-
quently to the south of the Yangtze River basin for
the MJ group, and the strongest rainfall intensity also
occurs in this region (Fig. 1c). For the JA group,
most PHR events occur south of 25°N (Fig. 1b).
There are two regions with larger rainfall intensity:
South China and Jianghuai (Fig. 1d). In conclusion,
both frequency and intensity of the single-station PHR
over South China are prominent. Therefore, we choose
South China (20°-25°N, 105°-120°E) as our research
area. In this region, we select 47 gauge stations for
choosing the PHR events (red dots in Fig. 1a).

In order to identify the dominant periodicity, the
power spectrum analysis is applied to the averaged 47
stations’ daily rainfall time series over South China
during each May—August from 1979 to 2011. Be-
fore applying the power spectrum analysis, we first
removed the seasonal cycle from the rainfall dataset,
and then eliminated the high frequency oscillation by
applying an 8-day running mean. Figure 2 shows
the 1979-2011 averaged results of the power spectrum
analysis over South China. We can see that 12-30-day
period is statistically significant, suggesting that the
rainfall during May—August over South China has no-
table subseasonal oscillations. In order to isolate the
subseasonal signals, we apply the 12-30-day bandpass
filter to all the variables in this study.

The above daily rainfall time series over South
China, which have been applied with 12-30-day band-
pass filter, are normalized to unit standard deviation.
The final time series are named as the subseasonal
rainfall anomaly index (RI). We use the RI to identify
the PHR events over South China. If the RI exceeds
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Fig. 1. Total number of single-station PHR events during (a) May—June and (b) July-August of 1979-2011 (shaded)
with criteria of intensity > 25 mm day ! and duration > 3 days, and the average intensity (mm dayfl) of single-station
PHR events during (¢) May—June and (d) July—August of 1979-2011 (shaded). The red dots in (a) show the location of

the 47 raingauge stations used in this study.
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Fig. 2. Power spectrum analysis of the rainfall over South
China during May—August of 1979-2011. The dashed line

is for the red noise spectrum.

one standard deviation for at least three successive
days, we define it as one PHR event for South China.
Figure 3 shows examples of the daily rainfall and RI
time series during May—August of 1994 and 2005. By
using this method, we obtain 63 PHR events for MJ
and 59 PHR events for JA. For most PHR events, the
duration ranges from 3 to 7 days. Based on these
PHR events, the leading-lag composite is used in the
following analysis to examine evolution of the atmo-
spheric circulation and SSTA signals on the subsea-
sonal timescale. The simultaneous composite is ap-
plied by averaging the variables for all the days that
are included in the PHR events from 1979 to 2011.
The leading (lag) composite is obtained by shifting
forward (backward) the number of leading (lag) days.

We also calculate the total column water vapor

W) and water vapor flux (Fy, F}) in this study, and
Yy
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Fig. 3. Time series of the daily rainfall (dot line; mm day~!) and subseasonal rainfall anomaly index (RI; solid with

plus marks) averaged over South China for the cases of (a) 1994 and (b) 2005, respectively.

they are defined as follows:
ps

1
W =- / qdp,
g
Pt
DPs
1
F,=- / qudp,
g
Dt
pS
1
Fy, = — | qudp,
g

Py
ps means surface air pressure (we use 1000 hPa here),
py uses the air pressure at 500 hPa due to the fact
that water vapor resides mostly at mid-lower levels, ¢
is the acceleration of gravity, u, v, and ¢ are zonal and

meridional winds, and specific humidity, respectively.
3. Subseasonal circulation features

Figures 4a and 4c show the simultaneous compos-
ite of subseasonal 850-hPa geopotential height (Z850)

anomaly and 850-hPa wind field anomaly superim-
posed on 5880-5860-gpm contour lines for MJ and JA
groups. During MJ (Fig. 4a), an anomalous cyclone
is located over South China while an anomalous an-
ticyclone lies over the EACR accompanied with PHR
events. The southwest side of the anomalous anti-
cyclone shaped like a tongue occupies the SCS. This
anomalous pattern is in favor of convergence of water
vapor over South China, leading to the PHR events
there. Meanwhile, the west point of the WPSH rep-
resented by the 5880-gpm contour line (5880-line) is
located at 120°E and extends to the tongue area of the
anomalous anticyclone (hereafter tongue area). This
means that the tongue area may have a close relation-
ship with the changes of the WPSH. The circulation
pattern in JA has some similarities with that in MJ,
whereas the tongue area over the SCS has a stronger
intensity and broader extent (Fig. 4c). Besides, there

is a center of positive Z850 anomaly over 20°-30°N,
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Fig. 4. Simultaneous composite of subseasonal wind anomaly at 850 hPa (vector; m sfl) and Z850 anomaly (shaded
and black contour; gpm) for (a) 63 MJ PHR events and (c¢) 59 JA PHR events. Panels (b) and (d) are the same as (a)
and (c), but for the wind anomaly at 200 hPa and Z200 anomaly. Composites of 5880-line at 500 hPa (red contour; a,
¢) and 16740-line at 100 hPa (purple contour; b, d) for MJ and JA groups are also shown. The red contour lines in (b)
and (d) show the divergence of 200-hPa wind anomaly. The black dots in (a—d) denote the areas with above the 95%

t-test confidence level for Z850 and Z200 anomaly.

125°-135°E, which does not exist in MJ. Compared
with the pattern in MJ, the WPSH in JA, with its west
point located at the center of positive Z850 anomaly,
The

convergence in JA is still dominant like that in MJ,

moves northward and occupies a larger area.

which is conducive to excessive rainfall over South
China in JA. Above analysis shows that the WPSH
changes, and the anomalous cyclone and anticyclone
over South China—EACR are important for the PHR
events. Their evolution during the PHR events will be
investigated later in Figs. 5-7.

Figures 4b and 4d plot simultaneous compos-
ite of subseasonal 200-hPa geopotential height (Z200)
anomaly and 200-hPa wind field anomaly for two
groups of PHR events. We use 16740-gpm contour line
(16740-line) at 100 hPa to represent the intensity and

extent of the SAH for the two groups. For MJ group
(Fig. 4b), the east point of 16740-line lies at 90°E. The
subseasonal Z200 anomaly exhibits an east-west dipole
structure with the west lobe located mainly over 20°—
40°N, 70°-90°E and the east one over southeastern
China. Both the negative and positive lobes are above
the 95% confidence level. The distribution of wind
anomaly at 200 hPa shows that the westerly anomaly
along the 20°N-latitude line over South China splits
up into two branches with one branch going northeast-
ward and the other going southeastward. This feature
forms an anomalous divergence condition at the upper
levels over South China.

For JA group (Fig. 4d), the east point of 16740-
line reaches 128°E during the PHR events. The sub-
seasonal Z200 anomaly exhibits a northeast-southwest
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dipole structure with smaller amplitude compared
with that in MJ. The northeast (negative) lobe cov-
ers mainland China, and the southwest (positive) one
covers the area from India to Indochina Peninsula. We
notice that the strong anomalous divergence occurring
over South China in JA is similar to the condition in
MJ. Overall, for both groups (MJ and JA), there exist
anomalous divergence at the upper levels and anoma-
lous convergence at the lower levels over South China
in accompanion with the PHR.

The above analysis of simultaneous fields in Figs.
4a and 4c demonstrates that lower-level patterns of
anomalous cyclone over South China and anomalous
anticyclone over the EACR are dominant for both MJ
and JA PHRs. The tongue area over the SCS may
be closely related to the WPSH variation. In the fol-
lowing, we examine the evolution of the WPSH during
the PHR events.

Figure 5 displays the evolution of 5880-line from
lag = —8 to lag = 8 with an interval of 2 day for the two

40°N

150°E
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groups. The negative (positive) lag indicates a lead-
ing (lagging) situation prior to (post) the PHR events.
For MJ group (Figs. 5a and 5c¢), the west point of the
WPSH is located at about 125°E at lag = —8. Then,
it extends westward to about 121°E at lag = —6. The
WPSH stays nearly motionless at 120°E from lag = —6
to lag = —2 before the WPSH reaches the westernmost
point at lag = 0 (119°E). From lag = 0 to lag = 4, the
WPSH withdraws northeastward with smaller ampli-
tude. For JA group (Figs. 5b and 5d), the main body
of the WPSH is located more northeastward in general
compared with that in MJ. At lag = -8, the west point
of the WPSH is located at 133°E. Then, it stretches
westward continuously and slowly before reaching the
westernmost point at lag = 0 (128°E). After the rain-
fall event, the WPSH retreats eastward to 135°E step
by step from lag = 0 to lag = 8. The mean state of
the WPSH in MJ is also very different from that in JA
(Figs. ba and 5b) because of the northward migration
of the WPSH during the boreal summer. Previous
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Fig. 5. Lagged composite of 5880-gpm lines for (a, ¢) MJ and (b, d) JA events: (a, b) for Z500-field lead events and (c,
d) for Z500-field lag events from 8 to 0 days with an interval of 2 days, respectively. The black contours represent the

mean state of the 5880-line averaged from 1979 to 2011.
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studies have shown that the subseasonal march of
the summer monsoon circulation has effects on the
change in behavior of 12-20-day oscillations over east-
ern China (Yang et al., 2013). We thereby infer that
the change of the mean state of the WPSH between
MJ and JA may be an important reason for the sub-
seasonal circulation differences around the tongue area
between the two groups of PHR shown in Figs. 4a and
4c.

The evolution of the WPSH at 500 hPa for the
two groups exhibits similar characteristics: the WPSH
stretches westward before the rainfall, gets its western-
most point during rainfall events, and then withdraws
eastward after the rainfall events. Thus, the westward
stretch of the WPSH may partially lead to the forma-
tion of the anomalous anticyclone over the EACR, es-
pecially the formation of the tongue area over the SCS.
To clarify the speculation, Fig. 6 depicts the evolution
of the characteristic geopotential contour lines at 850
hPa which represent the lower-level WPSH for the two
groups. The 1505-line is used for the MJ group (Figs.

40°N

150°E

140 150°E

-2 . 4
2 4

-0
6
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6a and 6¢) while the 1490-line is used for the JA group
(Figs. 6b and 6d). For MJ group, the intersection
point between the 1505-line and the 10°N-latitude line
is used to depict the zonal movement of the lower-level
WPSH. The intersection point moves westward slowly
from 122° to 118°E prior to the rainfall (from lag = -8
to lag = 0), and after the rainfall, it retreats eastward
quickly and reaches 125°E at lag = 8. For JA group,
we use the intersection point between the 1490-line and
the 20°N-latitude line to display the zonal movement
of the 850-hPa WPSH. The intersection point lies at
128°E at lag = —8 and stretches to 122°E at lag = 0.
Then, it continuously extends westward from lag = 0
to lag = —2. After that, the WPSH retreats eastward
with a large span of 8 degrees from lag = 2 to lag = 6.
When the WPSH is located at the westernmost point,
the anomalous anticyclone shaped like a tongue also
occupies the SCS. Therefore, the westward stretch of
the WPSH has a close linkage with the tongue area.
In order to examine the prior signals of the sub-

seasonal anomalous cyclone and anticyclone over the

40°N

B,

110 120 130 140 150°E

. 8
8 7850 lag event

7850 lead event

Fig. 6. As in Fig. 5, but for the evolution of the (a, ¢) 1505-line and (b, d) 1490-line at 850 hPa.
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South China—EACR, Fig.
plots of subseasonal 850-hPa relative vorticity ((ss0)

7 shows the Hovmoller

anomaly for two groups of PHR events averaged over
10°-25°N, 105°-120°E, from lag = —15 to lag = 15.
For MJ group (Fig. 7a), the positive anomaly (anoma-
lous cyclone) occurs at about 45°N around lag =
—-10, and it propagates continuously southward and
reaches 32°N around lag = —7. Then, the positive
(s50 anomaly continues moving southward and reaches
South China with its largest amplitude at the begin-
ning of the PHR events. Therefore, in MJ, the south-
ward propagation of the positive (g50 anomaly from
mid-high latitude is an important precursor signal for
the PHR events over South China.
about the heavy rainfall during the pre-rainy season

Several studies

over South China also demonstrated similar signals
(Wu et al., 2006; Pan et al., 2013). For instance, Wu
et al. (2006) suggested that the first flood period over
South China is closely related to southward propaga-
tion of the low value system at its north side. Figure

50°N
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20

Lag

Lead

T T T
110 130 140°E
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T

Ta also shows that the southward propagation of nega-
tive (g50 anomaly (anomalous anticyclone) from South
China (25°N) to the SCS (15°N) during lag = -10 to
lag = 0 period is a potential contributor to the forma-
tion of the tongue area. Figure 7c shows that there are
two precursor signals for the tongue area on the aspect
of zonal propagation. One signal is the eastward prop-
agation of negative (g50 anomaly from 105° to 120°E
during lag = —10 to lag = 0 period, which is identi-
cal with the above southward propagation of negative
(g50 anomaly in Fig. 7a. The other signal is the west-
ward propagation of the negative (g59 anomaly from
the Philippine Sea (140°E) to the SCS (120°E) dur-
ing lag = —10 to lag = 0 period, which corresponds to
the westward extension of the WPSH. Therefore, both
the southeastward propagation of the anomalous anti-
cyclone from South China and the westward stretch of
the WPSH contribute to the formation of the tongue
area in MJ as shown in Fig. 4a.

For JA group (Figs. 7b and 7d), the subseasonal

40° N+

—10 =5 0 5 10 15 Day

Lag

Lead

Fig. 7. Hovmoller plots of subseasonal anomalies of relative vorticity at 850 hPa for (a, ¢) MJ and (b, d) JA events
over (a, b) 105°~120°E and (c, d) 10°-25°N. Negative (positive) lags on the (a, b) abscissa and (c, d) ordinate mean
that relative vorticity anomalies lead (lag) rainfall. Lag = 0 corresponds to simultaneous composite.
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anomalous cyclone exhibits different evolution. The
positive (g50 anomaly (anomalous cyclone) over South
China during the PHR events is traced back to the
weak positive (g50 anomaly over the Philippine Sea
(10°N, 135°E; at lag = —15). Prior to the rainfall,
the weak positive (g50 anomaly over the Philippine
Sea propagates northwestward to South China and
strengthens gradually. The westward propagation of
the negative (g50 anomaly from 140° to 120°E (from
lag = -8 to lag = 0) in Fig. 7d indicates that the
formation of the tongue area is closely related to the
westward stretch of the WPSH.

Figure 8 displays the Hovmoller plots of subsea-
sonal anomaly of relative vorticity at 200 hPa for MJ
and JA groups. This is to exhibit the evolution of the
anomalous cyclone over mainland China as shown in
Figs. 4b and 4d. For MJ group, the positive 200-hPa
relative vorticity ((200) anomaly (anomalous cyclone)
exhibits southward propagation from 45° to 30°N in
Fig. 8a and eastward propagation from 60° to 110°E

ACTA METEOROLOGICA SINICA
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in Fig. 8c prior to the rainfall (from lag = —15 to
lag = 0). This feature indicates that the mid-high
latitude systems propagate southeastward and trig-
ger the subseasonal anomalous cyclone over southeast-
(2013) indicated the 10-20-
day oscillation of the spring rainfall over South China

ern China. Pan et al.
appears to be a southeastward propagating coherent
wave train comprising a series of anomalous cyclones
and anticyclones, which is similar to our results. For
JA group (Figs. 8b and 8d), the positive (209 anomaly
(anomalous cyclone) also appears southward propa-
gating from 60° to 30°N during lag = -8 to lag =
0, but the zonal propagation is not remarkable. The
activities of cold air affecting South China in MJ are
more active than that in JA (Liang and Wu, 2001;
Bao, 2007). Therefore, the different mean states may
be the reason for the different features of propagation
between the two groups of PHR events shown in Figs.
7 and 8.

Figure 9 shows the Hovmdller plots of subseasonal

Lead Lag

Fig. 8. Hovmoller plots of subseasonal anomalies of relative vorticity at 200 hPa for (a, ¢) MJ events and (b, d) JA

events over (a, b) 100°-120°E and (c, d) 20°-40°N.
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Fig. 9. Hovmoller plots of subseasonal anomalies of total column water vapor (shaded; kg m™
s™!) for (a) MJ and (b) JA events over 10°-25°N.

(vector; kg m™!

total column water vapor anomalies and water vapor
flux anomalies for the two groups of PHR events av-
eraged over 10°-25°N, from lag = —15 to 15. For MJ
group (Fig. 9a), water vapor can be transported to
South China from two paths. One is the eastward
propagation from the Bay of Bengal (90°E) to South
China (115°E) during lag = —5 to lag = 0. The other
path is the westward propagation from the western
Pacific (140°E) to South China (115°E) during lag =
—15 to lag = 0. The westward transport of water vapor
may be related to the westward stretch of the WPSH.
For JA group (Fig. 9b), the positive total column wa-
ter vapor anomaly propagates westward from 140° to
120°E from lag = —12 to lag = 0, accompanied with
strong westward stretch of northeastward water vapor
flux, which is closely related to the westward extension
of the WPSH. Overall, the westward stretch of WPSH

is in favor of the westward transport of water vapor.
4. Subseasonal features of SSTA

In this section, we investigate the features of
SST variability over the EACR on the subseasonal
timescale in association with the PHR events over
South China. Figure 10 shows simultaneous compos-

ite of SSTA on the subseasonal timescale linked with

2) and water vapor flux

two groups of PHR events. For MJ group (Fig. 10a),
there is a large area of positive SSTA over the SCS and
the Philippine Sea while a small area of negative SSTA
appears along the East Asian coastal line. The pos-
itive SSTA lies beneath the WPSH and corresponds
—20°N,
112°-132°E) in Fig. 10a as the key oceanic region, in

well to the tongue area. We define area 1 (5°

order to investigate the relationship between the posi-
tive SSTA and the evolution of the anomalous anticy-
clone. For JA group (Fig. 10b), robust negative SSTA
occurs over the South China coastal region during the
PHR events. Figures 7b and 7d show that the sub-
seasonal anomalous cyclone propagates northwestward
from the Philippine Sea and passes by the South China
coastal region just before the PHR events. The neg-
ative SSTA over the South China coastal region may
have been related to the anomalous cyclone. Thus,
we define area 2 (14°-24°N, 108°-124°E) in Fig. 10b
as the key region for JA group. In the following, the
co-variation of SSTA and circulation anomaly on the
subseasonal timescale is investigated over the above

defined two areas (area 1 and area 2).

4.1 Subseasonal co-variation of SSTA and

850-hPa circulation anomalies

To examine the co-variation of the SSTA and cir-
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culation anomaly on the subseasonal timescale, the
Hovmoller plots of subseasonal anomalies of SST and
7850 for MJ group over area 1 are shown in Figs. 11a
and 11c. The positive Z850 anomaly (anomalous an-
ticyclone) occurs first around lag = —8 over 5°—20°N
(Fig. 11a) and 112°-132°E (Fig. 11c). The amplitude
of the positive Z850 anomaly begins to increase and
reaches the maximum at about lag = -3, which is re-
lated to the southeastward propagation of the anoma-
lous anticyclone from South China and the westward
extension of the WPSH mentioned above. Then, the
positive Z850 anomaly weakens and switches to nega-
tive Z850 anomaly from lag = -3 to lag = 12. On the
oceanic aspect, the notable negative SSTA over area
1 occurs at lag = -9, 3 days after the prominent neg-
ative Z850 anomaly at lag = —12. Then, the negative
SSTA fades and switches to positive SSTA from lag =
—9 to lag = 1. The prominent positive SSTA occurs at
about lag = 1, which is 4 days delayed after the promi-
nent positive Z850 anomaly over area 1. This feature
indicates a phase difference between the subseasonal
anomalies of SST and circulation. For MJ group, the
subseasonal SSTA over area 1 lags 3 or 4 days behind
the Z850 anomaly.

Figures 11b and 11d show the Hovmoller plots of
subseasonal anomalies of SST and Z850 for JA group

50°N

VOL.27

over area 2. For JA group, we investigate the vari-
ation of SSTA and anomalous circulation over area
2. Figure 11b shows that the negative Z850 anomaly
over 14°-24°N reaches its largest amplitude around
lag = -3, which is linked with the above northwest-
ward propagation of the anomalous cyclone from the
Philippine Sea. Afterward, it weakens and switches
to positive Z850 anomaly in several days. Figure 11d
shows the same feature over the area of 108°-124°E.
During the PHR events, the maximum amplitude of
the negative SSTA appears over area 2 at lag = 1,
about 4 days behind the maximum amplitude of the
negative Z850 anomaly at lag = —3. Therefore, the
subseasonal SSTA lags about 4 days behind the Z850
anomaly for JA group.

4.2 Causes of the subseasonal SSTAs

To further investigate the phase difference be-
tween the subseasonal SSTA and circulation anomaly
SSTAs,
12a and 12b display co-variation of subseasonal Z850

and the causes of the subseasonal Figs.
anomaly and SSTA averaged over area 1 and area
2. For area 1 during MJ, the subseasonal Z850 leads
SSTA by about 4 days (Fig. 12a). For area 2 during
JA, the subseasonal Z850 anomaly also leads SSTA

by 4 days (Fig. 12b). The results present the phase

50°N

40

30

20

EQ

—-0.15 —-0.13 —0.10 —0.07 —0.04 —-0.01 0.01 0.04 0.07 0.10 0.13 0.15

Fig. 10. Simultaneous composite of subseasonal SSTA (shaded; K) for (a) MJ and (b) JA PHR events. Composites of
5880-5860-gpm contour lines (red contours) and Z850 anomaly (green contours; gpm) are overlapped. The black dots
denote the areas above the 95% t-test confidence level for the subseasonal SSTA. The box in (a) denotes area 1 (5°-20°N,
112°-132°E) and the box in (b) area 2 (14°-24°N, 108°-124°E).
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Fig. 11. Hovmoller plots of subseasonal anomalies of SST (shaded; K) and Z850 (red contour; gpm) for MJ events over
(a) 112°-132°E and (c) 5°-20°N corresponding to area 1 in Fig. 10a. Panels (b) and (d) are the same as (a) and (c),
but for JA events over (b) 108°-124°E and (d) 14°-24°N (area 2). Negative (positive) lags (day) on the abscissa mean
that SST (Z850) anomalies lead (lag) rainfall. Lag = 0 corresponds to simultaneous composite.

difference more clearly. Therefore, for MJ group, the
positive SSTA over area 1 is closely related to the vari-
ation of local anomalous anticyclone. For JA group,
the negative SSTA over area 2 has a close relationship
with the northwestward propagation of the anomalous
cyclone from the Philippine Sea.

How does the subseasonal circulation anomaly af-
fect the subseasonal SSTA? There are two major ways:
one is via the radiation and heat fluxes, and the other
is via upper ocean physical processes. Previous stud-
ies have demonstrated that the former is more im-
portant on subseasonal timescales (Wu, 2010; Roxy
and Tanimoto, 2012).

the subseasonal SSTA on the perspective of radiation

We try to explain causes of
and heat fluxes. Figure 12 also shows the compos-
ite of subseasonal anomalies of OLR and net solar
and net longwave radiations, latent and sensible heat
fluxes, wind speed at 10 m, and specific humidity at

2 m, which are all averaged over area 1 and area 2.

For area 1 during MJ (Fig. 12¢), the net solar radi-
ation anomaly changes from minimum to maximum
from lag = -9 to lag = 0. The OLR anomaly are en-
hanced from lag = —12 to lag = —2 and suppressed
from lag = -2 to lag = 8. The variation of OLR and
net solar radiation anomaly corresponds well to the
westward extension of the WPSH and the southeast-
ward propagation of the anomalous anticyclone from
South China. The convection is not active and there
is little cloud over area 1 during this process, thus in
favor of the increase of SSTA. The net longwave radia-
tion anomaly is relatively small compared with the net
solar radiation anomaly. Figure 12e shows that the
subseasonal latent heat anomaly varies from the posi-
tive maximum (lag = —11) to the negative maximum
(lag = —1). This is mainly because of the decrease of
the surface wind anomaly (Fig. 12g). This feature
shows that the ocean over area 1 releases less energy

to the atmosphere, which is also in favor of the in-
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Fig. 12. (a, b) Composite subseasonal anomalies of SST (dot line; K) and Z850 (cross line; gpm); (¢, d) OLR (dot
line), net solar radiation (cross line), and net longwave radiation (hollow dot line) (W m™2); (e, f) latent (dot line) and

sensible heat (cross line) fluxes (W m™2), and (g, h) wind speed at 10 m (dot line; m s™!) and specific humidity at 2 m

(cross line; 10™* kg kg™!), averaged over (a, c, e, g) area 1 and (b, d, f, h) area 2.
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crease of SSTA there. The amplitude of the sensible
heat anomaly is so small that it is neglected.

Overall, before the rainfall, the occupation of the
anomalous anticyclone over area 1 triggers more radi-
ation and less cloud there, so the ocean over area 1
receives more radiation and releases less latent heat
to the atmosphere, which is favorable for the increase
of SSTA. After the rainfall, the anomalous anticyclone
over area 1 changes to the anomalous cyclone. The ra-
diation becomes weaker and the latent heat anomaly
turns to be positive, which is a crucial contributor to
the decrease of SSTA over area 1.

The right panels in Fig. 12 display a similar evo-
lution for area 2 during JA. From lag = —10 to lag =
-2, both net solar radiation and OLR anomalies switch
from the maximum to minimum, which corresponds to
less radiation and more cloud, accompanied with the
northwestward propagation of the anomalous cyclone
from the Philippine Sea at the same time (Fig. 12d).
Owing to the increase of surface wind anomaly (Fig.
12h), the latent heat anomaly over area 2 changes from
relative large negative (lag = —11) to largest positive
(lag = —2) (Fig. 12f).
over area 2 releases more latent heat to the atmo-

This means that the ocean

sphere. The subseasonal sensible heat anomaly is also
relatively negligible. In conclusion, before the rainfall
events, the northwestward propagation of the anoma-
lous cyclone from the Philippine Sea to South China
causes less radiation, more cloud, and more latent heat
released to the atmosphere over area 2. Therefore,
the ocean over area 2 loses more energy and tends to
get colder. After the rainfall, the anomalous cyclone
weakens and finally disappears. The ocean over area
2 receives more radiation and releases less latent heat,
so the negative SSTA fades and switches to positive

anomaly.

4.3 Possible role of the subseasonal SSTA on
the circulation

The subseasonal SSTA variation can also have an
important influence on the circulation via changing
the local thermal gradient (Lau and Nath, 2009), or
affecting the lower-level convective instability (Roxy
and Tanimoto, 2012; Ren et al., 2013). We hereby dis-
cuss the possible role of the subseasonal SSTA on the
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convective instability. We use the pseudo-equivalent
potential temperature (fs.) at 1000 hPa minus that at
850 hPa (fse1000 — Osess0) to represent the lower-level
convective instability. Figure 13 shows the composite
subseasonal anomalies of SST, convective instability
(0se1000 — Oses50), Ose, specific humidity and air tem-
perature at 1000 hPa, averaged over area 1 and area
2. Figure 13a shows that the convective instability
anomaly over area 1 for MJ group is positive (posi-
tive means more unstable) during lag = —4 to lag =
4, which corresponds to the decrease of positive Z850
anomaly during lag = —4 to lag = 4 as shown in Fig.
12a. Figure 13c shows that the anomalies of air tem-
perature and specific humidity at 1000 hPa are at their
positive phase from lag = —4 to lag = 4 because of the
warm SSTA over area 1 during this period. Therefore,
the warm SSTA over area 1 could increase the surface
air temperature and humidity, thus affecting the sur-
face s and creating unstable conditions. Thus, the
positive SSTA in area 1 for MJ group may be favor-
able for the weakening of the anomalous anticyclone.

For JA group (Fig. 13b), the convective instabil-
ity anomaly over area 2 is negative (negative means
more stable) during lag = —4 to lag = 2, which cor-
responds to the weakening of negative Z850 as shown
in Fig. 12b. Figure 13d shows that the air tempera-
ture at 1000 hPa also decreases following the cooling
of SST during lag = —4 to lag = 2. However, the hu-
midity is not closely related to the variation of SST in
this process. The cold SSTA may just partially mod-
ify the convective instability via affecting surface air

temperature.
5. Conclusions and discussion

This study addresses the connection between
anomalous circulation and SST over the South China—
EACR, accompanied with the PHR events over
South China during May—August on the subseasonal
timescale. The PHR events over South China are cat-
egorized into two groups (MJ and JA groups) firstly.
By using the criterion that the normalized subseasonal
daily rainfall anomalies over South China exceed one
standard deviation for at least 3 consecutive days, we
selected 63 PHR events during MJ and 59 PHR events
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Fig. 13. (a, b) Composite subseasonal anomalies of SST (cross line), convective instability (hollow dot line), s (dot
line; K) at 1000 hPa, (c, d) specific humidity (dot line; 10™* kg kg™') and air temperature (cross line; K) at 1000 hPa,

averaged over (a, c¢) area 1 and (b, d) area 2.

during JA over South China. The features and evo-
lution of the circulation anomaly and SSTA over the
South China—ECAR on the subseasonal timescale are
investigated by performing the lead-lag composite for
MJ and JA groups.

For MJ group, the lower-level anomalous circu-
lation pattern during the PHR events exhibits strong
convergence over South China, with an anomalous
cyclone located over South China and an anomalous
anticyclone shaped like a tongue over the SCS. There
are three main subseasonal precursor signals at lower
levels for MJ group. The first signal is the southward
propagation of low-value systems from the mid-high
latitude to South China, which is a main contributor to
the anomalous cyclone over South China. The second
signal is the southeastward propagation of anomalous
anticyclone from South China to the SCS, and the
third one is the westward propagation of the anoma-
lous anticyclone from the Philippine Sea to the SCS,
corresponding to the westward stretch of the WPSH.

The latter two signals contribute to the formation of
the tongue area during the PHR events. At the up-
per level, the circulation exhibits an east-west dipole
structure, which facilitates a divergence circumstance
over South China during the PHR events.

The pattern of lower-level circulation anomaly in
JA is similar to that in MJ over the South China—
EACR, but the feature of the propagation is different.
The anomalous cyclone over South China during JA
PHR events originates from the weak anomalous cy-
clone over the Philippine Sea several days before the
rainfall. This weak anomalous cyclone propagates
northwestward to South China and gets strengthened
gradually. The westward extension of the WPSH is
also prominent for JA group, which is a dominant
factor to the formation of the tongue area in JA.
The upper-level anomalous circulation pattern for JA
group with a northeast-southwest dipole structure is
also constructive for the anomalous divergence at up-

per level over South China. The different mean states
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of the WPSH between MJ and JA may be an impor-
tant reason for the subseasonal circulation differences
between the two groups of PHR events. On the as-
pect of the water vapor transport accompanied with
the two groups of PHR events, the westward stretch
of the WPSH before the rainfall is in favor of the
westward transport of water vapor from the western
Pacific to South China.

On the oceanic aspect, for MJ group, positive
SSTA lies over the SCS and the Philippine Sea while
negative SSTA exists along the East Asian coastal line.
The co-variation of subseasonal anomalies of SST and
7850 over the SCS and the Philippine Sea indicates a
phase difference between the circulation anomaly and
SSTA on the subseasonal timescale during the MJ
PHR events. Before the rainfall, the anomalous anti-
cyclone over the SCS and the Philippine Sea is inten-
sified due to westward propagation of the WPSH and
southeastward propagation of the anomalous anticy-
clone from South China. Meanwhile, the local ocean
receives more radiation under the weak-convection
and less-cloud condition. The negative latent heat
anomaly indicates that the ocean loses less energy.
Therefore, the ocean over the SCS and the Philippine
Sea is in favor of getting warmer. For JA group, ro-
bust negative SSTA occupies the South China coastal
region. The local Z850 anomaly also leads the SSTA
for several days. The cold SSTA over the South China
coastal region is driven by the local anomalous cy-
clone. Before the rainfall, the anomalous cyclone over
the South China coastal region strengthens because
of the northwestward propagation of the anomalous
cyclone from the Philippine Sea. Thus, the local ocean
receives less radiation under the strong-convection and
more-cloud condition. The latent heat anomaly over
the area is positive, leading to more energy release
over the local ocean. The above factors are favorable
for the decrease of SSTA over the South China coastal
region.

In general, the SSTAs over the key oceanic region
for MJ and JA groups are mainly driven by the circu-
lation anomaly via processes of radiation and latent
heat fluxes. The SSTAs also affect the circulation via

changing lower-level convective instability. For MJ
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group, the warm SSTA during the PHR events could
increase the surface air temperature and humidity,
For JA
group, the negative SSTA may partially modify the

thus creating the local unstable condition.

convective instability via affecting surface tempera-
ture.

In this study, we have focused on the circulation
anomaly and SSTA accompanied with PHR events on
the subseasonal timescale. The differences between
the PHR events on the subseasonal timescale and pre-
cipitation on interannual, interdecadal, and synoptic
timescales over South China also need attention. On
interannual and interdecadal timescales, the SSTAs
in the central-eastern Pacific (El Nifio/La Nina), the
western Pacific warm pool, and the Bay of Bengal, can
usually be a precursor signal for the circulation and
rainfall anomalies over East Asia (Huang and Wu,
1989; Liang and Wu, 2001; Chan and Zhou, 2005;
Zhou et al., 2009). The subseasonal SSTA variations
are forced by the subseasonal circulation anomalies
via heat fluxes based on some observations (Wu, 2010;
Roxy and Tanimoto, 2012; Ren et al., 2013). This is
12. For

precipitation on the synoptic timescale, studies are

supported by our results as shown in Fig.

mainly about the mesoscale structure and weather
pattern during a rainfall process (Sun et al., 2002;
Zhang and Ni, 2009). Therefore, the PHR defined in
this paper has unique features in terms of the air-sea
relationship, compared with precipitation on interan-

nual, interdecadal, and synoptic timescales.
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