15 JANUARY 2018 GU ET AL. 623

Interannual Variations of the First Rainy Season Precipitation over South China
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ABSTRACT

The first rainy season (FRS), also known as the presummer rainy season, is the first standing stage of the
East Asian summer monsoon when over 40% of the annual precipitation is received over South China. Based
on the start and end dates of the FRS defined by the China Meteorological Administration, this study in-
vestigates the interannual variations of the FRS precipitation over South China and its mechanism with daily
mean data. The length and start/end date of the FRS vary year to year, and the average length of the FRS is
90 days, spanning from 6 April to 4 July. Composite analyses reveal that the years with abundant FRS pre-
cipitation over South China feature weakened anticyclonic wind shear over the Indochina Peninsula in the
upper troposphere, southwestward shift of the western Pacific subtropical high, and anticyclonic wind
anomalies over the South China Sea in the lower troposphere. The lower-tropospheric southwesterly wind
anomalies are especially important because they help to enhance warm advection and water vapor transport
toward South China, increase the lower tropospheric convective instability, and shape the pattern of the
anomalous ascent over South China. It is further proposed that a local positive feedback between circulation
and precipitation exists in this process. The variability of the FRS precipitation can be well explained by a
zonal sea surface temperature (SST) dipole in the tropical Pacific and the associated Matsuno-Gill-type
Rossby wave response over the western North Pacific. The interannual variability of both the SST dipole and
the FRS precipitation over South China is weakened after the year 2000.

1. Introduction the East Asian summer monsoon (EASM) are formed,
known as the first rainy season (FRS; also as the pre-
summer rainy season) over South China; the mei-yu/baiu/
changma over eastern China, Japan, and the Korean
Peninsula; and the rainy season over north and north-
east China (Ding and Chan 2005; Wang 2006; Huang
Corresponding author: Lin Wang, wanglin@mail.iap.ac.cn et al. 2012). The FRS indicates the beginning of the

A remarkable feature of the East Asian rainy season
is its stepwise northward and eastward migration (Tao
and Chen 1987). Accordingly, three standing stages of
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rainy season in South China, and it approximately
starts from April and lasts to June (Chi et al. 2005; Ding
2007; Qiang and Yang 2008). As the major rainy season
in South China, the FRS contributes about 40%-50%
of the total annual precipitation. The anomalous be-
haviors of the FRS precipitation often cause serious
hazards such as landslide and city waterlogging and
thereby large economic losses (Sun and Zhao 2000;
Wang et al. 2011).

From a long-term mean point of view, the nature of
precipitation is different during the early and late stages
of the FRS because the burst/onset of the South China
Sea summer monsoon (SCSSM) occurs within the FRS
(Yuan et al. 2010). As a result, the early stage of the FRS
(i.e., before the onset of the SCSSM) is mainly featured
with frontal precipitation (Chi et al. 2005; Yuan et al.
2010). The water vapor is mainly transported to South
China via the westerly winds across the Arabian Sea
and the southeasterly winds along the southwestern
edge of the western Pacific subtropical high (Chi et al.
2005; Chang et al. 2006). In contrast, the late stage of
the FRS (i.e., after the onset of SCSSM) is mainly
featured with monsoonal precipitation (Chi et al. 2005;
Yuan et al. 2010). The water vapor is mainly from the
cross-equatorial flow over the Bay of Bengal and South
China Sea (Chi et al. 2005; Chang et al. 2006).

Previous studies have investigated the atmospheric
circulations and water vapor transport that account for
the interannual variations of the FRS precipitation. It
reveals that above-normal FRS precipitation is often
associated with enhanced and southwestward-extended
western Pacific subtropical high, southward-shifted up-
per-tropospheric subtropical East Asian jet stream, and
weakened local meridional circulation over the western
Pacific (e.g., Zhang et al. 2009; Qiang and Yang 2013).
The opposite holds when the FRS precipitation is below
normal. It is also suggested that the above-normal FRS
precipitation is observed when water vapor trans-
portation from the tropical areas is abundant and the
cold air from mid- and high latitudes invades southward
in the meantime (Chen et al. 1991; Yuan et al. 2012).
This configuration is particularly important in the early
stage of the FRS (Wu et al. 2006; Yuan et al. 2010, 2012).

The interannual variations of the FRS precipitation
could be linked to atmospheric external forcing such as
sea surface temperature (SST) anomalies. Although El
Nifio-Southern Oscillation (ENSO) is an important
driver of the EASM rainfall (e.g., Huang and Wu 1989;
Zhang et al. 1999; Zhang and Sumi 2002; Wu et al. 2003;
Ding and Chan 2005; Huang et al. 2012; Wang and Gu
2016), it is only marginally related to the FRS pre-
cipitation (Chan and Zhou 2005; Qiang and Yang 2013;
Yao et al. 2016). In contrast, the SST anomalies over the
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western Pacific warm pool could alter the local meridi-
onal circulation and thereby influence the FRS pre-
cipitation (Cai et al. 2002; Deng and Wang 2002; Qiang
and Yang 2013).

It is noteworthy that almost all the above-mentioned
studies about the FRS precipitation are based on
monthly mean data. The average over April-June or
May-June is usually chosen to represent the FRS
season. However, the start and end dates of the FRS
vary substantially from year to year (Qiang and Yang
2008; also see Fig. 2a herein). Therefore, it may not be
sufficient to use the monthly mean data to investigate the
variations of the FRS precipitation and the associated
mechanism. In this paper, we employ the definition of the
FRS based on daily mean data and revisit the interannual
variations of the FRS precipitation accordingly. The as-
sociated atmospheric processes and possible influences
from the tropical Pacific are also discussed.

Section 2 describes the data and methodology used in
this study. Section 3 shows the FRS precipitation over
South China and its interannual variability based on
daily mean data. Sections 4 and 5 explore the processes
that lead to interannual variations of the FRS pre-
cipitation from the perspective of atmospheric circula-
tions and SST, respectively. Section 6 briefly discusses
the decadal weakening in the interannual variability of
the FRS precipitation. Finally, section 7 summarizes the
main findings of this study, and section 8 provides fur-
ther discussion.

2. Data and methods

Precipitation data used in this study are from the
daily mean rainfall dataset of 2479 Chinese stations for
the period 1981-2015, archived and updated by the
National Meteorological Information Center, China
Meteorological Administration (CMA). Atmospheric
data are from the National Centers for Environmental
Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) daily mean reanalysis dataset,
spanning the period 1948 to date (Kalnay et al. 1996). This
dataset has a 2.5° by 2.5° horizontal resolution and extends
from 1000 to 10hPa with 17 vertical pressure levels. SST
data are from the monthly mean Hadley Centre Sea Ice
and Sea Surface Temperature dataset (HadISST), which
is a unique combination of monthly globally complete
fields of SST and sea ice concentrations on a 1° by 1° grid
from 1870 to the present (Rayner et al. 2003).

Following the definition of the National Climate Center
of CMA, “southern China” as used herein is defined as
four provinces in South China including Fujian, Guang-
dong, Guangxi, and Hainan Provinces (National Climate
Center 2013). Among the 2479 stations, 261 stations are
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FIG. 1. Locations of the 2479 meteorological stations. Red dots indicate the 261 stations in
Fujian, Guangdong, Guangxi, and Hainan Provinces that are used to define the FRS over

South China.

located in South China (red dots in Fig. 1), which
consist of 66, 86, 90, and 19 stations in Fujian, Guang-
dong, Guangxi, and Hainan Provinces, respectively.
The start date of the FRS is defined according to the
following criteria (National Climate Center 2013):

1) The start date of the FRS in Guangdong (Guangxi)
Province is defined as the first day when the daily
precipitation that exceeds 38 mm is observed at no less
than 50% of all the stations [i.e., 43 (45) stations] after
1 March and the daily precipitation that exceeds
38mm is observed at no less than 10% of all the
stations [i.e., 9 (9) stations] on the previous day.

2) The start date of the FRS in Fujian (Hainan)
Province is defined as the first day when the daily
precipitation that exceeds 38 mm is observed at no
less than 50% of all the stations [i.e., 33 (10) stations]
after 1 April and the daily precipitation that exceeds
38mm is observed at no less than 10% of all the
stations [i.e., 7 (2) stations] on the previous day.

3) The start date of the FRS over South China is defined
as the earliest date among the above four start dates
of the FRS.

The end date of the FRS is defined according to the
following criteria (National Climate Center 2013):

1) Daily precipitation averaged over the 261 stations is
below 7 mm for five successive days after 1 June.
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2) Daily precipitation that exceeds 38 mm is observed at
less than 5% of the 261 stations (i.e., 13 stations) for
five successive days.

3) The ridge line of the western Pacific subtropical high
is located north of 22°N for five successive days.

4) The end date of the FRS is defined as the first date
that daily precipitation averaged over the 261 sta-
tions is below 7mm when the above three criteria
are met.

Based on these definitions, the start and end dates of
the FRS are monitored and archived in the National
Climate Center of CMA. It is noteworthy that rainfall
area is natural and should not be limited by govern-
ment areas. If we look at Fig. 1 carefully, however, it is
clear that there is a quasi-zonally oriented high to-
pography in South China, comprising the Nanling
Mountains and Wuyi Mountains (see Fig. 1 of Chen
et al. 2009). These mountains are important to steer the
rain belt and to form the FRS over South China. Given
that almost all the 261 stations in the four provinces are
located at and to the south of this high topography, it is
reasonable to use these stations to define the FRS over
South China.

Figure 2a shows the time series of the start and end
dates of the FRS during the period 1981-2015, both of
which exhibit obvious interannual variations. The av-
eraged start and end date is 6 April and 4 July, re-
spectively. The length of the FRS also varies year by
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FI1G. 2. (a) The start (blue solid line) and end (red solid line) dates of the FRS over South
China and their long-term means (dashed lines) during the period 1981-2015. (b) The length
of the FRS over South China during the period 1981-2015.

year, and the averaged length is 90 days (Fig. 2b). In this
study, the FRS period denotes the period between the
start and end date of the FRS, and its length varies year
to year. Accordingly, the FRS precipitation of each year
is defined as the total precipitation amount during the
FRS period, and the atmospheric variables during the
FRS period of each year are extracted for the sub-
sequent analyses. The period 1981-2015, which is the
common period among different datasets, is analyzed in
this study. The confidence level of composite and re-
gression analysis is evaluated through the two-tailed
Student’s 7 test.

3. The FRS precipitation and its interannual
variation

Figure 3a shows the long-term mean precipita-
tion during the FRS. Almost all the stations in South
China observe an accumulated precipitation that ex-
ceeds 600mm. Two maximum precipitation centers
are located over northwestern Fujian Province (near
27.5°N, 117.5°E) and central Guangdong Province
(near 22.5°N, 112.5°E), respectively, and the maximum
precipitation exceeds 900 mm. The average length of
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the FRS is only 25% of a year (90 days), but the pre-
cipitation in the FRS generally accounts for more than
40% of the annual total precipitation over South China
(Fig. 3b). This result suggests that the FRS pre-
cipitation is quite important for the hydrological cycle
over South China.

Figure 4 shows the normalized 261-station-averaged
FRS precipitation over South China, referred to as
the FRS precipitation index hereafter, for the period
1981-2015, where a positive (negative) index means
sufficient (deficient) FRS precipitation. The index
features strong interannual variability and a linear
trend of —0.14 decade !, which is below the 95% con-
fidence level. In the following section, a composite
analysis is performed to reveal the anomalies associ-
ated with this index. The 0.5 standard deviation is used
to select typical FRS precipitation cases. Based on this
criterion, nine years are identified as years with suffi-
cient FRS precipitation (1981, 1983, 1986, 1987, 1992,
1993, 1997, 1998, and 2014), and nine years are identi-
fied as years with deficient FRS precipitation (1985,
1988, 1991, 1994, 1995, 1999, 2003, 2011, and 2015).
Hereafter, they are referred to as wet and dry FRS
years, respectively.
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FIG. 3. (a) The climatology of accumulated precipitation during the FRS. (b) The ratio of the FRS precipitation
with respect to the annual totals. Shading interval is 100 mm in (a) and 5% in (b). Red lines indicate the Yellow
River and Yangtze River. Blue lines indicate the boundaries of Fujian, Guangdong, and Guangxi Provinces.

Figure 5 shows the composite precipitation in wet
and dry FRS years and their differences. In wet FRS
years, the accumulated precipitation generally exceeds
800 mm over all of South China, and the maximum ex-
ceeding 1600 mm is observed in southwestern Guang-
dong Province (near 22°N, 112.5°E) (Fig. 5a). In dry
FRS years, in contrast, the accumulated precipitation is
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generally on the order of 500-600mm over most of
South China, and the maximum is just above 800 mm
(Fig. 5b). The differences between the two cases are
quite distinct. More precipitation is observed over all of
South China in wet FRS years than in dry FRS years,
and the precipitation center differences exceed 600 mm
in Guangdong Province (Fig. 5c).
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FIG. 4. The normalized FRS precipitation index (blue) and Irwc (red) for the period 1981-2015.

4. Associated atmospheric circulations

The climatology of 200-hPa wind field during the FRS
features a westerly jet stream along 35°-40°N and pre-
vailing easterly winds to the south of approximately
15°N (Fig. 6a). An anticyclone is formed in between
with its center being situated over the Indochina
Peninsula. Compared with those in dry FRS years,
both the westerly jet stream and the tropical prevail-
ing easterly winds are weakened significantly in
wet FRS years (Fig. 6b). An anomalous cyclone is
observed above the eastern Tibetan Plateau (at ap-
proximately 30°N, 95°E), implying that the climato-
logical anticyclone over the Indochina Peninsula
(Fig. 6a) is weakened and southward shifted. The center
of the anticyclone over the Indochina Peninsula is lo-
cated above 18°N, 102°E in the climatological mean
sense, and it shifts to 16°N, 103°E in wet FRS years and
to 19°N, 99°E in dry FRS years (not shown). This feature
can also be seen from the movement of the western
Pacific subtropical high. The western edge of the west-
ern Pacific subtropical high is located around 15°N,
116°E in the climatological mean sense, and it shifts to
approximately 14°N, 112°E in wet FRS years and to
approximately 15°N, 119°E in dry FRS years (Fig. 6¢).
These features are generally consistent with previous
studies (e.g., Qiang and Yang 2013), although details
differ slightly.

The southwestward-situated western Pacific sub-
tropical high corresponds to 850-hPa southwesterly
wind anomalies over South China and the northeastern
portion of Indochina Peninsula (Fig. 6e), which en-
hances the climatological mean southwesterly winds in
this region (Fig. 6d). This configuration could alter the
FRS precipitation in two ways. First, the water vapor
over South China is mainly transported via the
Indochina Peninsula and the western North Pacific
during the FRS in the climatological mean sense
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(Fig. 7a). The southwesterly wind anomalies can en-
hance the water vapor transport from the Indochina
Peninsula significantly (Fig. 7b), providing a favorable
moisture environment over South China for abundant
FRS precipitation. Second, the background 850-hPa air
temperature is warmer over the Indochina Peninsula
than over South China (Fig. 6e). Hence, the south-
westerly wind anomalies will advect warm air toward
South China. Although the enhanced moisture trans-
portation and warm advection toward South China can
be observed throughout the troposphere, they are
stronger in the lower than in the mid- and upper
troposphere (not show). As a result, the convective
instability (—06/dp) in the lower troposphere is en-
hanced over South China (Fig. 6f), providing favorable
dynamical conditions for enhanced ascending motion
(Fig. 8) over South China. Therefore, the circulation-
induced moisture environment and dynamical condi-
tions both facilitate enhanced FRS precipitation over
South China.

To further reveal how the anomalous ascending mo-
tion is induced, the linearized omega equation was di-
agnosed as follows, which is similar to previous studies
(e.g., Kosaka et al. 2011; Hu et al. 2017) but additionally
considers the role of the diabatic heating:

2 42
2 f d f d 1
+ +
o=@ IY LD v v v )
2 52
+ <v2 L i) Ry v+ v VT
o Ip?
_ V2 f2 82 RV2Q,
o 8p ap
Ewélyn+wtherm+wQ’ (1)

where overbars indicate climatological mean quantities,
and primes indicate the composite anomalies during the
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FIG. 5. Accumulated FRS precipitation during (a) wet FRS
years, (b) dry FRS years, and (c) their difference. Shading intervals
are 200 mm in (a) and (b) and 100 mm in (c). Red lines indicate the
Yellow River and Yangtze River. Blue lines indicate the bound-
aries of Fujian, Guangdong, and Guangxi Provinces.

FRS. The f is the Coriolis parameter, V is the horizon-
tal wind vector, ¢ is the vertical component of relative
vorticity, o = R/p[(RT/c,p) — (dT/dp)] is the background
static stability, R = 287 Jkg ' K™! is the gas constant for
dry air, ¢, = 1004JK ! kg~ ! is the specific heat of dry
air at constant pressure, and Q is the diabatic heating
rate in Ks™! estimated as the residual of thermody-
namic equation based on four-times-daily NCEP-
NCAR reanalysis data. The first, second, and third
terms on the right-hand side of Eq. (1) represent the
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vertical velocity anomalies induced by the vertical dif-
ference of vorticity horizontal advection, the horizontal
temperature advection, and the diabatic heating, marked
as Wy, Wfper» a0 wyy, Tespectively. Figure 9 shows the
distribution of composited vertical motion between wet
and dry FRS years (wgp, ), 04y @fperm> and @y at 500 hPa.
It reveals that wj, is dominating (Fig. 9d), and wyy, is
negligible (Fig. 9b), implying the key role played by di-
abatic heating.

Although the magnitude of is smaller than that of
wl,, the patterns of wy,.., and w,  are quite similar to
each other especially over South China (Figs. 9a,c). It is
inferred that there exists local positive feedbacks in the
formation of w), . That is, the temperature advection dis-
cussed in the previous paragraph (Fig. 6¢) can induce some
initial ascending anomalies over South China whose
magnitude is approximately one-third of w/, (Figs. 9a,c).
This process enhances precipitation and thereby latent
heat releases over South China. The resultant diabatic
heating anomalies will further enhance ascending motion
(Fig. 9d) and precipitation, forming a self-maintained
positive feedback between precipitation and ascending
motion. Compared with previous studies that emphasize
the role of enhanced water vapor transport and the shift of
the western Pacific high on the FRS precipitation (e.g.,
Zhang et al. 2009; Qiang and Yang 2013), our results
suggest that the warm advection induced by the south-
westerly wind anomalies plays a crucial role to increase
convective instability and shape anomalous ascending
motion over South China and thereby to influence the
interannual variations of the FRS precipitation. This
mechanism is similar to that observed in the interannual
variability of mei-yu precipitation (Kosaka et al. 2011).

/
therm

5. Associated tropical Pacific SST

Figure 10a shows the composite anomalies of SST
between wet and dry FRS years in spring [March-May
(MAM)], which leads the FRS by approximately one
month. Strong negative SST anomalies are observed
over the tropical and subtropical western Pacific,
consistent with previous studies (e.g., Cai et al. 2002;
Deng and Wang 2002; Qiang and Yang 2013). In
addition, strong positive SST anomalies are observed
over the tropical eastern Pacific, which was not reported
by previous studies. These east-west SST anomalies
form a zonal SST dipole in the tropical Pacific that
resembles the mature phase of El Nifo (Fig. 10a),
indicating a weakened east-west SST gradient in the
tropical Pacific. An inspection on the time evolution of
this SST pattern reveals that the zonal SST dipole
begins to emerge in February, amplifies in April and
May, and persists to June (Fig. 10b). The negative SST
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FIG. 6. (a) The climatology of 200-hPa winds during the FRS. (b) Composite anomalies of 200-hPa winds during the FRS between wet
and dry FRS years. (c) The location of the western Pacific subtropical high (indicated by 5875-gpm contour) during the FRS for the
climatology (black), the wet FRS years (blue), and the dry FRS years (red). (d) The climatology of 850-hPa winds during the FRS.
(e) Composite anomalies of 850-hPa winds (vector) between wet and dry FRS years overlaid with the climatology of 850-hPa air tem-
perature (contour) during the FRS. (f) Composite anomalies of 700-hPa convective instability —6s./dp during the FRS between wet and
dry FRS years. Contour intervals are 1°Cin (¢) and 2 X 10~> K Pa™ ! in (f). Zero contours are bolded and contours with negative values are
dashed in (f). Dark, middle, and light shading in (b), (e), and (f) indicate the 99%, 95%, and 90% confidence levels based on two-tailed

Student’s ¢ test, respectively.

anomalies in the tropical western Pacific can even be
tracked back to January and December, but the sig-
nals are weak and insignificant especially over the
tropical eastern Pacific (Fig. 10b). This evolution
process is quite different from that of El Nino (e.g.,
Fig. 4 of Feng et al. 2011).

Previous studies suggest that ENSO could lead to sig-
nificant changes of spring (MAM) precipitation that re-
sembles Fig. 5c over South China (e.g., Fig. 3¢ of Wu et al.
2003), so we examined the evolution of the Nifio-3.4 in-
dex in the nine wet and nine dry FRS years. It reveals that
four out of nine wet FRS years are preceded by El Nifio
(Fig. 11a), and three (four) out of nine dry FRS years are
preceded by La Nifia (El Nifio) (Fig. 11b). There is large
spread of the Nifio-3.4 index within wet (dry) cases, but
the composite mean is positive (negative) for wet (dry)
cases after March (Fig. 11). These results suggest that
ENSO may play some role to modulate the FRS pre-
cipitation, but its role seems to be vague. In contrast, the
zonal SST dipole that is observed in spring in the tropical
Pacific is likely responsible for the interannual variations
of the FRS precipitation.

A similar SST dipole in the tropical Pacific was also
identified in our previous study (Gu et al. 2015). It was
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suggested to exert significant influences on the autumn
precipitation over South China. The interannual variation
of the autumn precipitation over southern China can be
better explained by the zonal SST dipole than by the SST
anomalies over either the tropical eastern or western Pa-
cific alone (Gu et al. 2015). It motivated us to define a
similar index to reflect the east-west contrast (EWC) of
the tropical SST as follows:

c = SST% — SST3, (2)
where SST} and SST denote the normalized area-
averaged SST in the tropical eastern (5°S-5°N, 150°-
90°W) and western (7.5°S-7.5°N, 140°-160°E) Pacific,
respectively.

Figure 4 shows the normalized MAM mean Igwc for
the period 1981-2015. The correlation coefficient be-
tween the Igwc and the FRS precipitation index is 0.59,
exceeding the 99% confidence level. Lag correlation
reveals that a significant correlation coefficient between
the FRS precipitation index and Igwc begins to exceed
the 99% confidence level in February and lasts to June
(blue curve in Fig. 12). The correlation with Igyc is the
strongest in MAM (r = 0.61) and secondarily strongest
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FIG. 7. (a) The climatology of column integrated water vapor flux
during the FRS. (b) Composite anomalies of column-integrated
water vapor flux during the FRS between wet and dry FRS years.
Dark, middle, and light shading in (b) indicate the 99%, 95%,
and 90% confidence levels based on two-tailed Student’s ¢ test,
respectively.

in April-June (r = 0.58) (Fig. 12). These results suggest
that the FRS precipitation in South China is closely
linked to this zonal SST dipole over the tropical Pacific.
Moreover, Igwc in MAM may be useful for the opera-
tional rolling prediction of the FRS precipitation in
South China, whose climatological period spans from
6 April to 4 July (Fig. 2a).

The SST over the western Pacific warm pool was sug-
gested to account for the interannual variations of the FRS
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precipitation (Cai et al. 2002; Deng and Wang 2002; Qiang
and Yang 2013), so a comparison was made between the
EWC index and the warm pool (WP) index Iwp, which is
defined as the averaged SST over (7.5°S-7.5°N, 140°-
160°E), the western box in the definition of Igwc.
Figure 12 shows the lag correlations of the FRS pre-
cipitation index with both Igwc and Iwp. The correlation
with Igwc is always stronger than that with Iwp. This is
particularly clear in April, May, and June, when the cli-
matological mean FRS is defined (Fig. 2a). The improve-
ment in correlation coefficient (Fig. 12) is most clear in
May (0.58 vs 0.44) and June (0.46 vs 0.31), and it corre-
sponds to a remarkable increase in the variance of the FRS
precipitation explained by Igwc (33.6% vs 19.4% in May
and 21.2% vs 9.6% in June). Hence, these results suggest
that the zonal SST dipole over the tropical Pacific repre-
sented by Iewc plays an important role in the interannual
variations of the FRS precipitation over South China.

To reveal how the zonal dipole of the tropical Pacific
SST influences the FRS precipitation, atmospheric vari-
ables are regressed onto the MAM mean Igwc. When
Igwc is positive, the tropical eastern (western) Pacific SST
is warmer (colder) than normal. This configuration of
SST could lead to anomalous lower-tropospheric con-
vergence (divergence) over the tropical eastern (western)
Pacific (Fig. 13a) and weaken the climatological mean
Walker circulation. As a result, the convection and dia-
batic heating over the tropical western Pacific is sup-
pressed (Zhang et al. 1996; Wang et al. 2000), and the
Matsuno-Gill-type anticyclonic Rossby wave responses
(Gill 1980) are excited to the west of the anomalous de-
scending center in the lower troposphere in both hemi-
spheres (Fig. 13b). The anomalous anticyclone in the
Northern Hemisphere is located near the Philippines
(Fig. 13b), and it corresponds well to the southwestern
shift of the western Pacific subtropical high (Fig. 6¢). The
corresponding southwesterly wind anomalies in the lower
troposphere (not shown; pattern is almost identical to
Fig. 13c) facilitate enhanced water vapor transport to-
ward South China (Fig. 13c), providing favorable mois-
ture conditions for abundant precipitation. Meanwhile,
the enhanced lower-tropospheric southwesterly winds
could advect warm air toward South China (see Fig. 6e
and related discussion). It could lead to enhanced as-
cending motion at approximately 25°N (Fig. 14a), pro-
viding favorable dynamical conditions for enhanced
precipitation over South China. Therefore, these results
suggest that the zonal SST dipole in the tropical Pacific
exerts its influences on both the moisture and the dy-
namical environment over South China and thereby the
FRS precipitation via altering the Walker circulation and
exciting a Matsuno-Gill-type Rossby wave response
around the Philippines.
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respectively. The vertical velocity is multiplied by a factor of 500 for visual purposes.

To further verify the importance of the zonal SST di- Pacific alone can also weaken the Walker circulation
pole, anomalies of circulation and moisture flux associated ~ (Fig. 13d), but its effect is weaker than that of the SST
with Igwc are compared with those associated with Iyp. It dipole (Fig. 13a). As a result, the Rossby wave response
reveals that the cooling of SST in the tropical western around Philippines is insignificant although the anomalous
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FIG. 9. (a) Composite anomalies of 500-hPa omega (i.e., w/, ) during the FRS between wet and dry FRS years.
The 500-hPa (b) w},, (€) Wiherm» and (d) w;, obtained by solving Eq. (1) with composite circulation anomalies during
the FRS between wet and dry FRS years. Contour intervals are 0.002 Pas™ L. Zero contours are bolded.
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composite anomalies of the monthly tropical SST averaged over 7.5°S-7.5°N. Contour intervals are 0.2°C. Zero
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two rectangles in (a) denote the regions used in Eq. (2) to define Igwc.

lower-tropospheric anticyclone is still there (Fig. 13¢e). The
enhanced water vapor transport toward South China can
also be observed (Fig. 13f), and it is weaker and less sig-
nificant than those when the SST dipole is present
(Fig. 13c). Moreover, the SST over the tropical western
Pacific alone cannot lead to intensified ascending motion
north of 20°N where South China is located (Fig. 14b).
These contrasting results suggest that compared with the
tropical western Pacific SST emphasized in previous
studies, the zonal SST dipole in the tropical Pacific can
better account for the variations of the FRS precipitation
over South China.

6. Weakened interannual variability of the FRS
precipitation after 2000

Previous sections have identified the interannual vari-
ations of the FRS precipitation over South China and the
involved mechanism based on data spanning from 1981 to
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2015. A closer inspection indicates that the interannual
variability of the FRS precipitation index seems to be
weakened in the latter part of the period (Fig. 4), which is
confirmed by the running standard deviation with a 9-yr
window (Fig. 15a). The standard deviation of the FRS
precipitation index is generally above 150mm before
2000 and below 120mm after that (Fig. 15a). Accord-
ingly, the whole period is divided into two from 2000. The
standard deviation of the FRS precipitation index is
174 mm during the period 1981-99, and it is 74% more
than that (100 mm) during the period 2000-15. According
to the F test that evaluates the difference of variance
between two time series (Hayashi 1982), the difference of
the FRS precipitation’s variance between the two periods
is significant at the 95% confidence level. An inspection
on the spatial pattern suggests that the weakened vari-
ance is observed over almost all of South China
(Fig. 15b). These results confirm that the variability of the
FRS precipitation is weakened significantly after 2000.
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The weakened variability of the FRS precipitation is
likely tied to the weakened variability of the zonal SST
dipole in the tropical Pacific because the variance of
Igwc also shows clear weakening after 2000 (Figs. 4
and 15a). This can be further confirmed by the spatial
pattern (Fig. 16a) and time evolution (Fig. 16b) of the
difference of SST’s variance between the periods 2000—
15 and 1981-99. The SST shows clear weakening of

0.70

variance in the key regions that are closely related to
the interannual variations of the FRS precipitation (i.e.,
the tropical eastern and western Pacific) (Fig. 16a). The
weakened variance of SST is consistent with Hu et al.
(2013) and Kumar and Hu (2014), who reported a
weakened interannual variability of air—sea coupling in
the tropical Pacific since 2000 compared with that in
1979-99. Hu et al. (2013) proposed that such suppression
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FIG. 12. Lag correlations between the FRS precipitation index and Igwc (blue) and be-
tween the FRS precipitation index and negative Iwp (red) for the period 1981-2015. All the
indices are smoothed by 3-month running mean. Dashed lines indicate the 99%, 95%, and
90% confidence levels based on two-tailed Student’s ¢ test.
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based on two-tailed Student’s ¢ test, respectively.

of variance since 2000 may be associated with increase of
the east—west contrast of the mean state in the tropical
Pacific Ocean. We could also speculate that it might
have some relationship with the recent slowdown of the
global warming (e.g., Easterling and Wehner 2009), the
associated changes in the tropical air-sea system (e.g.,
Tokinaga et al. 2012; England et al. 2014; Zheng et al.
2015; Zhang et al. 2016), and the decadal variations of
the East Asian monsoon (e.g., Yuan and Chen 2013;
Zhang 2015).

7. Summary

Based on daily mean precipitation dataset from 2479
stations in China and the start and end dates of the first
rainy season (FRS) over South China defined and
monitored by CMA (see section 2 for details of the
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definition), this study investigates the interannual vari-
ations of the FRS precipitation over South China and its
mechanism. In contrast to previous studies that define
the FRS on the basis of monthly mean data, this study
defines the FRS in the daily sense as the period between
the start and end dates of the FRS (Fig. 2a). In this way,
the length of the FRS varies from year to year, with the
average length of 90 days spanning from 6 April to
4 July. Although the FRS only takes approximately 25%
of the length of a year, it contributes over 40% of the
annual precipitation in South China and adjacent re-
gions (Fig. 3), indicating its importance for the hydro-
logical cycle in South China.

The FRS precipitation over South China exhibits
strong interannual variations but does not show signifi-
cant long-term trend. Composite analyses reveal that
the total precipitation during wet FRS years could be
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twice as much as that during dry FRS years over South
China (Fig. 5). Compared with those in dry FRS years,
both the upper-tropospheric westerly jet stream situated
at approximately 35°-40°N and the prevailing tropical
easterly winds are weakened in wet FRS years. As a
result, the background anticyclonic shear between them
is weakened, leading to a southwestward shift of the
western Pacific subtropical high (Figs. 6a—c). The
resultant tropospheric southwesterly wind anomalies
facilitate enhanced water vapor transport and conver-
gence toward South China, on the one hand (Fig. 7b)
and anomalous warm advection toward South China, on
the other hand (Fig. 6e). Both the moisture transport
and the warm advection are stronger in the lower than in
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the middle troposphere, so this configuration increases
the lower-tropospheric convective instability (Fig. 6f),
leads to intensified ascending motion over South China
(Fig. 8), and provides favorable large-scale circulations
for abundant FRS precipitation. Here, the role of the
tropospheric temperature advection is especially em-
phasized because the thermal advection is important to
shape the spatial pattern of the anomalous vertical
motion over South China (Fig. 9¢c) besides its above-
mentioned effects to destabilize the atmosphere.
Moreover, the warm advection together with enhanced
moisture transport could trigger local positive feedbacks
between ascending motion and precipitation. The re-
sultant release of latent heat serves as an important
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cipitation’s variance calculated from the period 1981-2010.
Contour intervals are 20%. Zero contours are bolded, and contours
with negative values are dashed. Dark, middle, and light shading
indicate the 99%, 95%, and 90% confidence levels based on F test.
Blue lines indicate the boundaries of Fujian, Guangdong, and
Guangxi Provinces.

source of diabatic heating and contributes substantially
to the anomalous ascending motion that accounts for the
variations of the FRS precipitation (Fig. 9d).

An east-west SST dipole anomaly in the tropical Pa-
cific that is different from ENSO is found to be closely
related the interannual variations of the FRS pre-
cipitation over South China (Fig. 10). The simultaneous
presence of colder-than-normal SST in the tropical
western Pacific and warmer-than-normal SST in the
tropical eastern Pacific would weaken the background
Walker circulation significantly (Fig. 13a). The associ-
ated descending anomalies in the tropical western Pa-
cific would suppress convection and excite an anomalous
anticyclone near Philippines in the lower troposphere
via the Matsuno-Gill-type Rossby wave response
(Fig. 13b). It enhances water vapor transport (Fig. 13c)
and ascending motion (Fig. 14a) over South China, fa-
cilitating abundant FRS precipitation. Compared with
previous studies that consider the SST over the western
Pacific alone, we suggest that the SST dipole explains
much larger interannual variance of the FRS pre-
cipitation (Fig. 12) and creates more favorable moisture
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and dynamical environment for altered FRS pre-
cipitation (Figs. 13 and 14). Therefore, the SST dipole
may be used as an efficient indicator in the operational
predictions of the FRS precipitation over South China.
Further inspection reveals that the interannual vari-
ability of the SST dipole is weakened after the year 2000
(Figs. 4 and 16) and that the interannual variability of
the FRS precipitation is weakened accordingly (Fig. 15).
This decadal change is consistent with the overall
weakening of air-sea coupling in the tropical Pacific
Ocean (Hu et al. 2013; Kumar and Hu 2014), but its
cause is not clear and deserves further investigation in
the future.

8. Discussion

In this study, the start and end dates of the FRS are
defined and archived by the National Climate Center
of the CMA (National Climate Center 2013), and the
end date of the FRS is 4 July on average (Fig. 2). One
may be surprised by this result because it is generally
thought that the period after mid-June is mei-yu sea-
son, during which the main rain belt is located along
the Yangtze River (e.g., Ding and Chan 2005). To
examine this seeming contradiction, the daily mean
precipitation is examined for three periods: 6 April—
14 June, 15 June—4 July, and 5 July-15 July (Fig. 17).
In the early stage of the FRS (6 April-14 June),
the intensity of precipitation decreases from South
China toward the Yangtze River and farther inland
(Fig. 17a). In the late stage of the FRS (15 June-
4 July) that is usually considered as the mei-yu season
(e.g., Ding and Chan 2005), the northern and southern
precipitation maxima show a splitting tendency com-
pared with those in the early stage, as indicated by a
slight northward movement of the maximum over the
northwestern portion of Fujian Province (Fig. 17b).
However, the pattern of precipitation remains almost
the same with precipitation maximums being located
south of the Yangtze River (Figs. 17a,b). In contrast,
the pattern of precipitation is totally different after
the FRS ends, and a clearly isolated rain belt is ob-
served along the Yangtze River (Fig. 17c). The higher
similarity between Figs. 17a and 17b than that be-
tween Figs. 17b and 17c suggests that the period from
15 June to 4 July should belong to the FRS in the
climatological mean sense. This argument is also
supported by previous studies that define the FRS as
April, May, and June (Chi et al. 2005; Qiang and
Yang 2008).

Despite the above results, we cannot reject that the
period 15 June—4 July belongs to the mei-yu season
because there is indeed a northward shift, albeit very



638 JOURNAL OF CLIMATE VOLUME 31

(a) Percentage of variance anomaly, MAM Cl=20%
L L | L L L

30N 27 v W\ o

15N L
1 SN o NN~

0 1N caefesyy :—‘7\,4 -

90E 120E 150E 180 150W 120W 90w 60W

(b) Percentage of variance anomaly I Cl=20%

Oct
Aug
Jun
Apr
Feb

Dec

90E 120E 150E 180 150W 120W 0w 60W
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slight, of precipitation maximum during this period and the evidence we have (Fig. 17), it is inferred that the
(Fig. 17b), not to mention many studies that define the start of the mei-yu season along the Yangtze River may
start of mei-yu season as mid-June (e.g., Ding and Chan  not correspond to the end of the FRS over South China.
2005, and references therein). In light of these contro- Their plausible coexistence reflects the complexity of
versial studies (e.g., Ding and Chan 2005; Chi et al. 2005;  the East Asian summer monsoon, which deserves care-
Qiang and Yang 2008; National Climate Center 2013)  ful investigation in the future.
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FI1G. 17. The climatology of daily mean precipitation during the period (a) 6 Apr-14 Jun, (b) 15 Jun—4 Jul, and (c) 5-15 Jul. Shading
interval is 2 mm day'. Red lines indicate the Yellow River and Yangtze River. Blue lines indicate the boundaries of Fujian, Guangdong,
and Guangxi Provinces.
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A distinct difference of this study from previous ones
is that both precipitation and atmospheric circulations of
the FRS are defined on the basis of daily data, and the
length of the FRS varies year to year. A natural question
is to what extent these results are different from pre-
vious ones that are based on monthly mean data. To
address this issue, we used the mean of April-June to
represent the FRS and repeated all the analyses. It
reveals that the results remain principally similar,
although some signals are weaker especially with
regard to the zonal SST dipole (not shown). On the
one hand, this result is expected because the FRS
defined on the basis of daily data overlaps largely with
April, May, and June (Fig. 2a). On the other hand, the
better results and clearer signals shown in this study
suggest the advantage and necessity of defining the FRS
on the basis of daily data.

Given the varying length of the FRS, another question
may arise whether the amount of the FRS precipitation
is related to the length or the start and end date of the
FRS. Preliminary analysis indicates that they are closely
linked to each other. The correlation coefficient be-
tween the FRS precipitation index and the length of the
FRS (start date of the FRS, end date of the FRS) is 0.74
(—0.55,0.63) for the period 19812015, far exceeding the
99.9% confidence level. It suggests that more FRS pre-
cipitation over South China is expected if the FRS starts
early, ends late, or lasts long. A probably more in-
teresting phenomenon is that the length of the FRS is
tightly related to the start date of the FRS. The corre-
lation coefficient between them is —0.87 for the period
1981-2015. It implies that the length of the FRS could be
well predicted once the FRS begins, and this in-
formation may be useful in operational predictions.

Last but not least, the composite between wet and
dry FRS cases and linear regression onto SST indices
are used in this study, and these methods assume that
the anomalies of variables are symmetric in wet and
dry FRS cases and that the atmospheric responses to
SST anomalies are linear. In the real climate, how-
ever, perfect linearity and symmetry can rarely be
observed. A close inspection suggests that the results
reported in this study are only quasi-linear, and that
the wet FRS case fits the proposed anomalies and
mechanism better than the dry FRS case does. For
example, the SST dipole is stronger and more signifi-
cant in wet FRS case than in dry FRS case. It implies
that the predictability of sufficient precipitation
(flooding) may be better than that of deficient pre-
cipitation (drought) during the FRS over South China.
Meanwhile, the positive feedback between pre-
cipitation and circulation is also stronger in the wet
FRS case than in the dry FRS case. It might be related
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to the asymmetric atmospheric responses to diabatic
heating over South China, which deserves further in-
vestigation in the future.
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