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Abstract Based on atmospheric circulation reanaly-
sis, global gridded precipitation, and outgoing longwave
radiation datasets, this study reveals the physical process
through which the land—sea thermal contrast over East Asia
interrelates with the variability of the interface between the
Indian summer monsoon and East Asian summer monsoon
(ITIE). The results indicate that the release of latent heat-
ing exerted by the low-frequency variability of anomalous
land—sea thermal contrast is one of the most important
physical processes correlating with the zonal movement of
the IIE, in which the release of latent heating over eastern
East Asia makes the greatest contribution. When a lower
apparent moisture sink occurs over the South China Sea but
a higher one over southern China, an anomalously positive
land—sea thermal contrast is formed. An anomalous conver-
gent zone in relation to the positive land—sea thermal con-
trast, located in the eastern part of the IIE, will favor the
IIE to move more eastward than normal, and vice versa. An
anomalous divergent zone located in the eastern part of the
IIE will benefit the IIE to shift more westward than normal.
Experiments using a linear baroclinic model confirm the
physical processes revealed by the observational analysis.
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1 Introduction

China is situated in the strongest monsoon area in the
world—that of the Asian monsoon (Flohn 1957; Chang
2004; Wang 2006). The water vapor carried separately by
the two subsystems of the Asian monsoon—the Indian
summer monsoon (ISM) and East Asian summer monsoon
(EASM)—mixes around their interface area (IIE), trans-
ports into East Asia, and further regulates the occurrence
of flooding and droughts in summer over China (e.g., Lau
and Li 1984; Tao and Chen 1987; Ding 1994; Zhang 2001,
Zhou and Yu 2005; Wu et al. 2012a; Fig. 3 in this study).
Based on previous researches on the IIE (e.g., Jin and Chen
1982; Wang and Lin 2002; Wang et al. 2003), Cao et al.
(2012) objectively defined an IIE index and found that the
zonal movement of IIE is closely related to regional rain-
fall anomalies in East Asia. When the IIE moves eastward,
summer rainfall is significantly stronger than normal over
the lower and middle reaches of the Yangtze River, and vice
versa. Consequently, understanding the physical processes
related to the IIE interannual variability may be valuable
for the prediction of summer droughts and floods in East
Asia, from the viewpoint of the interaction between the
ISM and EASM.

The land—sea thermal contrast induced by the annual
cycle of solar irradiation is a crucial driver of the Asian
summer monsoon circulation (e.g., Meehl 1994; Webster
et al. 1998; Chou 2003; Wu et al. 2012a). Large tempera-
ture increases are apparent from May to June over Eurasia,
centered on the Tibetan Plateau, but no obvious temperature
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change is found over the Indian Ocean (Li and Yanai 1996).
Subsequently, the meridional temperature gradient south of
35°N is reversed and initiates the summer monsoon over
the Indian subcontinent (Flohn 1957, 1960). The com-
mencement of the summer monsoon over East Asia, South-
east Asia and the South China Sea is also closely associated
with the land—sea thermal contrast, which directly impacts
on the monsoon flows over these places (Ueda and Yasu-
nari 1998; Zhao et al. 2007). Xu et al. (2010) suggested that
the presence of a mid-latitude zonal land—sea distribution
induces a strong zonal pressure gradient between the conti-
nent and ocean. The gradient in turn results in the formation
of an East Asian subtropical monsoon. The thermal contrast
between the Asian continent and the adjacent ocean is rein-
forced by the Tibetan Plateau, which acts as an elevated
heat source, and further intensifies the summer monsoon
(Duan and Wu 2005; Wu et al. 2007, 2009, 2012a, b; Liu
et al. 2012; Duan et al. 2013; Tang et al. 2013; Wang et al.
2013).

The land-sea thermal contrast also influences the
variability of the Asian summer monsoon. Meehl (1994)
studied the impact of land surface temperature on the
Asian summer monsoon with an atmospheric general cir-
culation model, and suggested that greater land—sea tem-
perature contrast (i.e., higher land temperatures), lower
sea-level pressure over land, less snow cover, and greater
soil moisture will induce stronger summer monsoons
(defined as higher-averaged rainfall over south Asia).
Fu and Fletcher (1985) found high correlation between
Tibet—tropical ocean thermal contrast and Indian monsoon
rainfall. Kucharski et al. (2011) found that north—south
thermal contrast mainly contributes to surface atmos-
pheric cyclones and precipitation over northern India.
When Indian Ocean sea surface temperatures are nor-
mal, the east—west thermal gradient will result in a low-
level cyclone and subsequent rainfall activity in the Bay
of Bengal and southern India. Li and Yanai (1996) studied
the interannual variability of the Asian summer monsoon
associated with land—sea thermal contrast. They found
that strong/weak Asian summer monsoon years are related
to positive/negative tropospheric temperature anomalies
over Eurasia but negative/positive sea surface tempera-
ture anomalies over the equatorial eastern Pacific, Arabian
Sea, Bay of Bengal, and South China Sea. Wang and Qian
(2009) suggested that land and sea thermal anomalies are
closely related to the summer circulation, as well as Mei-
yu rainfall and South China Sea summer monsoon inten-
sity. Kamae et al. (2014) pointed out that the land—sea
surface air temperature contrast is closely coupled with
anticyclonic anomalies around the Okhotsk Sea and the
Philippines and an anomalous cyclone over Japan during
a positive phase (warmer over land and colder over ocean)
on the interannual time scale, and vice versa.
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Previous studies have investigated the land—sea thermal
contrast in the upper and lower troposphere in forcing the
Asian summer monsoon (e.g., Li and Yanai 1996; Dai et al.
2013). They indicated that the land—sea thermal contrast
in the upper troposphere is more dominant than that in the
lower troposphere in driving the Asian summer monsoon
and influencing its variations (Sun et al. 2010; Dai et al.
2013). The upper-tropospheric land-sea thermal contrast
is larger than the lower-tropospheric, and its contribution
to the strength of the Asian summer monsoon is around
double (Dai et al. 2013). Yang et al. (2006) found that the
latent heating released from the convection concentrates
in the upper troposphere in the lower latitudes, suggesting
that lower-latitude strong convection plays an important
role in affecting the land—sea thermal contrast in the upper
troposphere.

Although previous studies also pointed out that the vari-
ability of the Asian summer monsoon is affected by many
other factors, such as the sea surface temperature and wave
patterns in the mid-high latitudes (e.g., Chang 2004; Wang
2006; Ueda et al. 2009; Yoon and Yeh 2010 and reference
therein), the fundamental effect of the land-sea thermal
contrast in the establishment and variations of the Asian
summer monsoon motivates us to explore the possible
relationship between the land—sea thermal contrast and
the interannual variation of the IIE. Specifically, this study
attempts to answer the following questions: Is the land—sea
thermal contrast related to the IIE variability? If so, what
are the relative contributions, quantitatively, of the land and
sea thermal anomalies over East Asia to the IIE variability?
Furthermore, what are the physical processes involved?

The remainder of the paper is structured as follows. The
datasets and methods used are described in Sect. 2. Sec-
tion 3 investigates the relationship between the IIE and the
adiabatic heating over East Asia, the circulation structure
associated with the covariation of the land—sea thermal con-
trast and the IIE, the relative contribution of the land and
sea thermal anomalies over East Asia to the IIE variability,
and the possible mechanism through which the land—sea
thermal contrast over East Asia relates to the variability of
the IIE. Section 4 verifies the relationship revealed in Sect. 3
with a linear baroclinic model (LBM, Watanabe and Kimoto
2000). A summary and further discussion are provided in
Sect. 5.

2 Data and method

We use twentieth century reanalysis data (Version 2), National
Centers for Environmental Prediction—Department of Energy
(NCEP-DOE) reanalysis II and outgoing longwave radiation
(OLR) data provided by NOAA/OAR/ESRL PSD, and CPC
merged analysis of precipitation (CMAP) over the period
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Fig. 1 The (a, c) apparent heat-
ing source and (b, d) apparent
moisture sink regressed onto the
IIE index, calculated based on
(a, b) twentieth century reanaly-
sis data (Version 2) and (c, d)
NCEP-DOE reanalysis II data.
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1979-2008 (Liebmann and Smith 1996; Xie and Arkin 1997,
Kanamitsu et al. 2002; Compo et al. 2006, 2011; Whitaker
et al., 2004). The resolution of the twentieth century reanalysis
data (Version 2) is 2° in latitude and longitude, and there are
19 pressure levels from 1000 to 100 hPa. The resolution of the
NCEP-DOE reanalysis II is 2.5° in latitude and longitude, and
there are 12 pressure levels from 1000 to 100 hPa. The resolu-
tion of the OLR and gridded precipitation is 2.5° in latitude
and longitude. Here, summer denotes June through August
(JJA). The IIE is defined by the partial deviation of equivalent
potential temperature with respect to longitude being equal
to zero around 100°E (Cao et al. 2012). The apparent heat
source, O, and the apparent moisture sink, Q, (Yanai et al.
1973, 1992; Li and Yanai 1996), are estimated using the rea-
nalysis data and the thermodynamic equation as follows:
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where 6 is potential temperature; v is horizontal velocity; w
is vertical velocity at the isobaric surface; ¢ is the mixing
ratio of water vapor; 7 is time; p is pressure; C,, is the spe-
cific heat at constant pressure of dry air; k = R/C,, where
R is the gas constant of dry air and L is the latent heat of
condensation; and V is the isobaric gradient operator. The
column-integrated apparent heat source and apparent mois-
ture sink are obtained by integrating Eqs. (1) and (2) from
100 hPa to the surface pressure, p,, i.e.,
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3 Results

3.1 Relationship between the IIE and the summer
apparent heat source and apparent moisture sink

To quantitatively measure the relationship between the
IIE and the apparent heat source and apparent moisture
sink, the IIE index provided by Cao et al. (2012) is also
employed in this study. Figure 1 presents the summer
regressed apparent heat source and apparent moisture sink
on the IIE index. The apparent heat source distribution
associated with the IIE shows a meridional quadripole pat-
tern, with one positive anomaly south of 10°N and east of
100°E, another positive anomaly between 20°N and 35°N
and east of 100°E, one negative anomaly between 10°N
and 20°N, and another negative anomaly north of 35°N
and east of 100°E. Note that two anomalous centers are
most significant among the meridional quadripole pattern,
in which the positive center is located over the East Asian
continent south of 35°N, and the negative center over the
South China Sea (SCS). This pattern indicates that, when
there is stronger diabatic heating over southeastern East
Asia, the IIE index is larger and the IIE’s position is farther
east than normal; whereas, the weaker the diabatic heat-
ing over the SCS, the larger the IIE index and the farther
east than normal the position of the IIE. When the diaba-
tic heating centers each change with opposite direction
over the two regions, the IIE index is smaller and the IIE’s
position is farther west than normal (Fig. 1a). The apparent
moisture sink distribution closely resembles the meridional
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quadripole pattern associated with the apparent heat source
but with larger areas passing the significance test at a higher
confidence level (Fig. 1b). The significance test results sug-
gest that the latent heating may play an important role in
the IIE variability in the total diabatic heating. In addition,
the apparent heat source distribution associated with the
IIE shows another meridional quadripole pattern over the
Indian subcontinent (Fig. la)—and the apparent moisture
sink, which becomes more significant over the southeastern
part of the Indian subcontinent, distributes in a similar pat-
tern to the apparent heat source (Fig. 1b). These findings
indicate that the diabatic heating over the Indian subconti-
nent also contributes to the IIE variability to some extent.

Figure 1c, d, calculated using NCEP-DOE reanalysis
II, share similar patterns as Fig. 1a, b. Thereunto, the sig-
nificant positive correlation over southeastern East Asia
and the significant negative correlation over the SCS are
coherent to a large degree, suggesting that the results cal-
culated using twentieth century reanalysis data (Version 2)
are highly reliable, at least over the key research domain in
this study. The reason why the significant correlation area
and correlation intensity associated with twentieth century
reanalysis data (Version 2) are stronger than those associ-
ated with NCEP-DOE reanalysis II data is that the IIE time
series is also obtained using twentieth century reanalysis
data (Version 2). Because the corresponding correlation
intensity and area between the IIE and the diabatic heat-
ing over the Indian subcontinent are obviously weaker and
smaller than those over southeastern East Asia in the two
reanalysis datasets (Fig. 1), the contribution of the diabatic
heating over the Indian subcontinent to the IIE variability is
relatively small [agreeing with the associated consequences
in Cao et al. (2012)]. Therefore, we still focus our study on
East Asia.

It is worthwhile noting that the two anomalous centers
over southeastern East Asia and the SCS have opposite cor-
relation signs. This perhaps implies that the land—sea ther-
mal contrast is the key physical factor influencing the IIE
variability. As such, two indices of land—sea thermal con-
trast are respectively defined by the apparent heat source
and the apparent moisture sink averaged in (24°-32°N,
102°-120°E) minus that averaged in (10°-18°N, 110°-
120°E). The two regions are illustrated by the boxes in
Fig. 1. The two indices of land—sea thermal contrast are
denoted as Ip, and Ip,. It is easy to obtain the normalized
time series of the two land-sea thermal contrast indices
(Fig. 2). Figure 2 shows that the three time series share a
similar evolution tendency at the interannual time scale.
The correlation coefficient between the IIE index and I,
achieving 0.58, is larger than the critical value (0.57) at the
99.9 % confidence level. The correlation analysis results
indicate that, when the index of the land—sea thermal
contrast is larger than normal, i.e., the land—sea thermal
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Fig. 2 The normalized land—sea thermal contrast index based on the
apparent heating source (solid line); the normalized land—sea thermal
contrast index based on the apparent moisture sink (dashed line); and
the normalized IIE index (bar chart)

contrast is stronger, the IIE’s position will be farther east
than normal. On the contrary, when the index is smaller
than normal, the land—sea thermal contrast is weaker and
the IIE’s position will be farther west than normal. If we
calculate the correlation coefficient between the IIE index
and Ig,, its value reaches 0.66. The relatively large correla-
tion coefficient associated with the apparent moisture sink,
agreeing with those shown in Fig. 1, also suggests that the
land—sea thermal contrast caused by latent heating may
couple with the interannual variability of the IIE via a more
efficient route.

3.2 Circulation structure associated with
the covariation of land—sea thermal contrast
and the IIE

To investigate the atmospheric circulation structure associ-
ated with the covariation of land—sea thermal contrast and
the IIE, we perform a composite analysis according to the
normalized time series of the IIE and the land—sea thermal
contrast with the diabatic heating (bar chart and the two
lines in Fig. 2). Given the criterion that the /o, /o, and the
IIE index are all larger than 0.3 standard deviation, 6 out
of 30 years can be identified as positive-anomaly years,
in which the IIE shifts more eastward than normal. These
years, hereafter referred to as EAY, are 1988, 1995, 1998,
1999, 2000 and 2007. According to the same criterion but
with opposite sign, another 7 out of 30 years are chosen
as negative-anomaly years, in which the IIE shifts more
westward than normal. These years, hereafter referred to as
WAY, are 1980, 1981, 1984, 1985, 1997, 2002 and 2003.
Since the conditions in EAY mirror those in WAY to a large
degree, the composite analysis is performed with the physi-
cal quantities in EAY minus those in WAY.

Figure 3a shows the diabatic heating and atmospheric
circulation anomalies. In summer, the apparent heat-
ing source is significantly negative over the SCS, with
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Fig.3 Composite anomalies of summer (JJA) mean a, e apparent
heating source (contour interval = 4 W m~2), b, f apparent mois-
ture sink (contour interval = 4 W m_z), ¢, g horizontal winds at
850 hPa (units: m s_l), and d, h vertical speed at 500 hPa (contour
interval = 0.01 Pa s7!) with EAY minus WAY. The results shown
in panels a—d are calculated using twentieth century reanalysis data

maximum anomalies under —36 W/m?. On the contrary,
the apparent heating source in EAY is conspicuously higher
than that in WAY over southeastern East Asia, with maxi-
mum anomalies exceeding 20 W/m?. The anomalous com-
posite pattern of the apparent moisture sink not only shares
a similar pattern as the apparent heating source, but also has
a larger center value (24 W/m?) over southeastern East Asia
(Fig. 3b). Both anomalous patterns in Fig. 3a, b present an
anomalous thermal gradient pointing to sea. Figure 3c, g
shows that, along the western flank of an anomalous anti-
cyclonic circulation over the SCS, an enhanced southerly
extends northeastward from sea to land. Accompanying the
anomalous anticyclone, subsidence anomalies appear in the
same region with a central vertical speed of about 0.05 Pa/s
at 500 hPa. Meanwhile, an anomalous convergence zone at
the earth’s surface and an anomalous ascending air current
at 500 hPa appear in southeastern East Asia. The ascending
velocity is approximately —0.03 Pa/s. Figure 3e-h, calcu-
lated using NCEP-DOE reanalysis II data, reproduce the
anomalous patterns in Fig. 3a—d, respectively. In accord-
ance with Fig. 3, the significant OLR anomalies are nega-
tive over southeastern East Asia, and positive over the sea
around the Philippines (Fig. 4a); whereas, the significant
positive precipitation anomalies are located over southeast-
ern East Asia, and significant negative anomalies are over
the SCS (Fig. 4b). Note that the anomalous convergence
zone is located just east of the IIE. Resulting from the
combined thermodynamic and dynamic forcing in which
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(Version 2), while e-h are calculated using NCEP-DOE reanalysis
II data. C and D in ¢ denote convergence and divergence. The areas
shaded with blue or red from light to dark denote the differences
passing the significance test at the 90, 95 and 99 % confidence level,
respectively
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Fig. 4 Composite anomalies of summer (JJA) mean a OLR (contour
interval = 2 W m~2), b precipitation (contour interval = 1 mm dfl),
and c¢ IIE with EAY minus normal (red line) and WAY minus nor-
mal (blue line). The areas shaded with blue or red from light to dark
denote differences passing the significance test at the 90, 95 and 99 %
confidence level, respectively. The open and solid circles in ¢ denote
the differences passing the significance test at the 95 and 99 % confi-
dence level, respectively
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Fig. 5 Vertical profiles of the apparent heating source over a, d
southern China (24°-32°N, 102°-120°E), b, e the South China Sea
(10°-18°N, 110°-120°E), and c, f the difference between them.
Black line—normal years; red line—EAY; blue line—WAY (units:

the difference of I, and Ip, between EAY and WAY are
2.49 and 2.36, i.e., coupled with the anomalous conver-
gence zone in particular, the IIE shifts more eastward in
EAY, in which the displacement differences at 22°N, 24°N
and 26°N pass the significance test at the 99 % confidence
level, and that at 28°N passes the significance test at the
95 % confidence level (Fig. 4c). In fact, the difference of
the IIE index runs up to 2.19, passing the significance test
at the 99.9 % confidence level. The IIE moving more west-
ward will happen under generally the opposite conditions
of each physical quantity analyzed above.

To further obtain the vertical structure of diabatic heat-
ing associated with the covariation of land-sea thermal
contrast and the IIE, we sequentially perform composite
analyses of the vertical profiles of the apparent heating
source and the apparent moisture sink. Figure 5 shows the
vertical profile of the apparent heating source over south-
ern China, the SCS, and the difference between them. The
normal vertical distributions over southern China present
large heating centered between 300 and 500 hPa. In EAY
and WAY, the vertical profiles share the same pattern as in
normal years. In EAY, the apparent heating source at lay-
ers above 925 hPa is larger than in normal years, whereas
those above 800 hPa in WAY are less than in normal
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°C day~!). The results shown in panels a—c are calculated using twen-
tieth century reanalysis data (Version 2), while d—f are calculated
using NCEP-DOE reanalysis II data

years over southern China (Fig. 5a). Figure 5b shows that
the large heating over the SCS appears at layers above
500 hPa, and their values are generally larger than those
over southern China. The apparent heating source in EAY
is less than in normal years over the SCS at each isobaric
surface, but larger in WAY than in normal years. The posi-
tive apparent heating source differences only appear below
300 hPa in EAY. The negative apparent heating source
difference between southern China and the SCS appears
from 200 to 800 hPa in WAY and normal years (Fig. 5c).
Figure 5d—f, calculated using NCEP-DOE reanalysis 11
data, are almost the same as Fig. 5a—c, respectively. These
results, which agree with those obtained by Dai et al.
(2013) and Sun et al. (2010), suggest that the IIE variabil-
ity correlates more closely to the upper tropospheric gradi-
ent of the apparent heating source over East Asia in com-
parison with the individual heating source over the SCS or
southern China.

Figure 6 shows the vertical profile of the apparent mois-
ture sink over southern China, the SCS, and the difference
between them. The largest drying in normal years occupies
the layer between 400 and 700 hPa over southern China.
Also reflected in normal years, the vertical distributions
of the apparent moisture sink show large drying centered
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Fig. 6 As in Fig. 5 but for the apparent moisture sink (units: °C day™")

between 400 and 700 hPa in EAY (WAY), and their val-
ues are greater (less) than in normal years at each layer
(Fig. 6a). Figure 6b demonstrates that the relatively large
apparent moisture sink over the SCS appears at layers
between 400 and 800 hPa with a wavy pattern. The appar-
ent moisture sink in EAY over the SCS is less than in nor-
mal years, but that in WAY is larger than in normal years
at each layer. The apparent moisture sink differences are
negative at each layer in WAY, positive at the layers above
1000 hPa in EAY, but negative below 700 hPa and positive
above 700 hPa in normal years (Fig. 6¢). Figure 6d—f, cal-
culated using NCEP-DOE reanalysis II data, correspond-
ingly show similar patterns as Fig. 6a—c. The results also
suggest that the apparent moisture sink differences over
East Asia, especially in the upper troposphere, are more
closely associated with the IIE variability than the individ-
ual apparent moisture sinks over the SCS or southern China
to some extent.

3.3 The relative contribution of land and sea diabatic
heating to the IIE’s variability

The significant correlation between Ig,, Ip, and the IIE
indicates that the land—sea thermal contrast associated with
both the apparent heating source and the apparent moisture

Apparent Moisture Sink/(°C/d)

Apparent Moisture Sink/(°C/d)

Table 1 The quadribasic regression coefficients of the IIE index

Inter-dependent variable X X5 X3 Xy
Regression coefficient 0.052 —0.125 0.441 —-0.141
Variance contribution (%) 2.2 6.9 28.5 7.9

sink is closely related to the IIE’s variability. To further
obtain the relative importance of land and sea diabatic heat-
ing, we perform a regression analysis in which the nor-
malized IIE index is the dependent variable, and the four
normalized inter-dependent variables include the appar-
ent heating source averaged in (24°-32°N, 102-120°E),
the apparent heating source averaged in (10°-18°N, 110—
120°E), the apparent moisture sink averaged in (24°-32°N,
102°-120°E), and the apparent moisture sink averaged in
(10°-18°N, 110°-120°E). Denoting the four inter-depend-
ent variables as x1, xp, x3 and x4, we can establish the corre-
sponding quadribasic regression model (Table 1). The mul-
tiple correlation coefficient of the model reaches 0.67 and
passes the significance test at the 99 % confidence level.
We can therefore analyze the relative contribution of each
variable according to the regression model.

Table 1 shows that the regression coefficients associated
with diabatic heating over southern China are positive, and
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Fig. 7 Correlation coefficients 70N
between the a apparent moisture

sink over southeastern East Asia 60N &
and horizontal winds at 500 hPa

and b the apparent moisture 50N +
sink over southeastern East

Asia and geopotential height at

500 hPa. The contour interval 40N 1
is 0.1 in b. The areas shaded

from light to dark denote cor- 30N
relation coefficients passing

the significance test at the 90, 20N
95 and 99 % confidence level,

respectively 10N

those over the SCS have the opposite sign. This indicates
the land-sea thermal contrast truly connects with the IIE’s
variability. The four factors explain 46.3 % of the total vari-
ance of the IIE index. Among them, the largest explained
variance is 28.5 %, contributed by the inter-dependent
variable x3, and the explained variances of the remaining
three inter-dependent variables almost have the same order.
The correlation coefficient distribution at 500 hPa shows
that the apparent moisture sink over southeastern East
Asia clearly associates with the circulation from the lower
latitudes region to the higher latitudes region. The higher
apparent moisture sink over southern China is often accom-
panied by the intensification of southwesterly flow over the
northwestern SCS, the southwestward extension and inten-
sification of the western pacific subtropical high (WPSH),
and the southward invasion of cold air (Fig. 7). The corre-
lation coefficient of 0.57 shows that the apparent moisture
sink over southern China is significantly and positively cor-
related to the zonal WPSH index developed by Lu (2002).
These results indicate that the apparent moisture sink over
southeastern East Asia is the most important factor in an
anomalous land—sea thermal contrast, as land has a lower
heat capacity than sea, and the apparent moisture sink over
southern China links to the mid-high latitude circulation
more strongly (Li and Yanai 1996; Wang and Qian 2009). It
modulates the IIE’s variability through the associated west—
east movement of the WPSH (Cao et al. 2012).

3.4 Persistence of the correlation between the IIE
and diabatic heating

To illustrate the persistence of the feature between the IIE,
apparent heating source and apparent moisture sink, we
show the temporal evolution of the correlation coefficient
between the IIE and the 60 days running averaged apparent
heating source along 114°E, as well as that between the IIE
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and the 60 days running averaged apparent moisture sink
along 114°E (Fig. 8). The noticeable features are that the
significantly positive correlation coefficients between dia-
batic heating and the IIE index occur around 30°N (land),
the significantly negative correlation coefficients occur
around 15°N (sea), and the correlation intensity connected
with the apparent moisture sink is stronger in contrast to
the apparent heating source. These two features agree with
the results obtained above, and can be confirmed by the
correlation maps associated with the 60 days running aver-
aged index of land—sea thermal contrast and the IIE index
(the black lines in Fig. 8b, d). Other new and conspicuous
features are that the onset of significantly negative correla-
tion between the IIE and the apparent moisture sink occurs
mostly in early May over the SCS (Fig. 8c), and normally
persists during the whole monsoon season, once it has
established. The persistence is also obvious for the corre-
lation between the IIE index and apparent heating source
over the SCS (Fig. 8a). The significantly positive correla-
tion over land begins in early summer, and ends in Sep-
tember. The correlation maps associated with the 90 days
running averaged index of land-sea thermal contrast and
the IIE index (the green lines in Fig. 8b, d) also reflect this
persistence.

The persistence revealed above suggests that a positive
feedback mechanism associated with the release of latent
heating plays a critical role. The positive latent heating dis-
turbance drives anomalous convergent low-level flow to
the heating centers; the anomalous convergent low-level
flow gathers more water vapor; the additional water vapor
condenses to water through ascending movement; and, in
turn, more latent heating is released, and vice versa (Char-
ney and Eliassen 1964; Gill 1980; Zhang 1996; Wang et al.
2000). When a positive latent heating disturbance occurs in
southeastern East Asia, and negative disturbance occurs in
the SCS, a positive land—sea contrast is established (Fig. 3)
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Fig. 8 Correlation coefficients between the 60 days running averaged
apparent heating source along 114°E and the IIE index (a), correla-
tion coefficients between the running averaged I, and the IIE index
(b), correlation coefficients between the 60 days running averaged
apparent moisture sink and the IIE (c), and correlation coefficients
between the running averaged Ip, and the IIE (d). The areas shaded
blue or red from light to dark denote correlation coefficients passing

and maintained during the whole summer monsoon sea-
son through the positive feedback mechanism (Fig. 8). The
persistently positive land—sea contrast may induce a south-
westward extension and intensification of the WPSH and
a corresponding convergence zone over the north of the
WPSH (Fig. 3e). The persistent convergence zone continu-
ously attracts the IIE located at its western flank, and leads
the IIE’s position farther east than normal. In contrast,
when a positive latent heating disturbance occurs in the
SCS, and negative disturbance occurs in southeastern East
Asia, a negative land—sea contrast is established (Fig. 4)
and also preserved by the same positive feedback mecha-
nism (Fig. 8). The WPSH related to the persistently nega-
tive land—sea contrast may continuously impel the IIE to
move more westward than normal.

4 Model results

To qualitatively test the role of the thermal contrast over
East Asia in impacting the local atmospheric circulation

FEB MAR APR MAY JUN JUL AUG SEP OCT NOV

the significance test at the 90, 95 and 99 % confidence level, respec-
tively. In b, d, the thin black line denotes correlation coefficients
associated with the 60 days running averaged adiabatic heating, the
green line denotes correlation coefficients associated with the 90 days
running averaged adiabatic heating, the thick blue line denotes the
critical value at the 90 % confidence level, and the thick red line
denotes the critical value at the 99 % confidence level

anomalies, we adopt an LBM with JJA climatology cal-
culated from the NCEP-DOE reanalysis II. The apparent
moisture sink patterns associated with the IIE variability in
WAY, EAY and normal years serve as the prescribed forc-
ing for the dry version LBM. We use a version with a hori-
zontal resolution of T42 and 20 sigma levels in the vertical
direction. In the LBM, the time scales of Rayleigh friction
and Newtonian damping are 0.5 day~! for ¢ > 0.9, 1 day ™!
for o < 0.03, and 20 day~! for o between 0.9 and 0.03. A
detailed description of the LBM can be found in Watanabe
and Kimoto (2000). Figure 9a shows the prescribed verti-
cal profiles of the heating source in normal years and EAY,
which are the same as the observed profiles of the apparent
moisture sink shown in Fig. 6a, b, but in the sigma coordi-
nate system. The center intensities of the heating sources
are determined by the prescribed vertical profiles, and the
corresponding spatial distributions exhibited in Fig. 9b, c
are similar to those shown in Fig. 3.

To obtain the atmospheric response to the diabatic
heating, we adopt a time integration method. Because the
atmospheric circulation response is close to the steady state
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Fig. 9 Vertical profile (a) and horizontal distribution (o = 0.55) of
the prescribed heating source in normal years (b) and EAY (c). The
contour interval is 0.5 K day_] in b, c. Panels d—f show the horizontal
wind anomalies (units: m s~) at 850 hPa and vertical velocity anom-
alies (units: Pa s~') at 500 hPa, forced by the heating source over
southern China, the SCS, and both, respectively. In a, the black solid

after day 11, the differences between EAY and normal
years at day 15 are shown as the steady response. Figure 9d
shows the simulated horizontal wind and vertical veloc-
ity differences between EAY and normal years after only
imposing the heating source in southern China. Because
the intensity of the heating source in EAY is stronger than
in normal years over southern China, the positive anomaly
of the heating source will result in a cyclonic anomaly at
850 hPa, with ascending motion at 500 hPa around the same
region. Stronger southwesterlies prevail over the south-
ern flank of the cyclonic anomaly. A relatively weak anti-
cyclonic anomaly, which may benefit the southwestward
extension and intensification of the WPSH, is also forced
out over the SCS. The circulation anomalies, responding
to the heating source, resemble the composite anomalies
of summer mean circulation (Fig. 3c, d, g, h). This implies
the relative importance of the heating source over southern
China in influencing the circulation responses associated
with the IIE variability.

If the heating source is only imposed on the SCS, it
can be seen from Fig. 9e that an anticyclonic anomaly at
850 hPa, with descending motion at 500 hPa, which will
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line denotes the vertical profile in normal years over southern China,
the red solid line denotes the vertical profile in EAY over southern
China, the black dotted line denotes the vertical profile in normal
years over the SCS, the red dotted line denotes the vertical profile in
EAY over SCS, and the dashed line denotes zero heating

favor the southwestward extension and intensification of
the WPSH, are centered on the negative anomaly of the
heating source. However, the anomalous southwesterly
is very weak over the northern flank of the anticyclonic
anomaly. It is thus clear that the contribution of the heating
source over the SCS to the circulation responses associated
with the IIE variability is smaller than the contribution of
the heating source over southern China. These results are
consistent with those reported in Sect. 3.3.

If the heating sources are imposed on southern China
and the SCS, we find that, at 850 hPa (Fig. 9f), a signifi-
cant cyclonic anomaly dominates southern China and a
significant anticyclonic anomaly controls the SCS. The
ascending (descending) motion at 500 hPa matches well
with the cyclonic (anticyclonic) anomaly over southern
China (the SCS). In comparison with Fig. 9d, e, the circu-
lation anomalies responding to the joint influences of the
heating sources over southern China and the SCS (Fig. 9f)
are the closest to the observational anomalies shown in
Fig. 3c, d, g, h. These modeling results suggest that the
land—sea thermal contrast, contributed by the appar-
ent moisture sink, probably impels the IIE’s movement
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through significantly impacting the large-scale circula-
tions, such as WPSH.

5 Summary and discussion

Based on atmospheric variables from the twentieth Century
reanalysis (Version 2) and NCEP-DOE reanalysis II data-
sets, CMAP precipitation, OLR data and the IIE index, in
this study we have calculated the apparent heating source
and apparent moisture sink, and defined two land-sea
contrast indices. According to the two land-sea contrast
indices and IIE index, a significantly positive relationship
between the diabatic heating and variability of the IIE index
over East Asia has been identified by correlation analysis.
The circulation structure associated with the covariation
of land—sea thermal contrast and the IIE has been further
revealed by composite analysis. The corresponding results
obtained from diabatic heating and circulation using the
two reanalysis datasets, OLR, and precipitation agree
well, and therefore possess high reliability. During sum-
mers with positive indices, i.e., diabatic heating anomalies
above (below) normal over southern China (the SCS), an
anomalous thermal gradient pointing to the sea—that is,
a positive index of land-sea thermal contrast—builds up,
and low-level convergence (divergence) anomalies, accom-
panied by ascending (descending) motion, dominate over
southeastern East Asia (the SCS). The anomalous conver-
gence zone, with a lower-than-normal OLR and heavier-
than-normal rainfall over southern China, attracts the IIE,
located precisely at the western flank of the convergence
zone, and leads to an eastward shift of the IIE. During sum-
mers with negative indices, i.e., diabatic heating anomalies
below (above) normal over southern China (the SCS), the
opposite condition occurs, inducing a westward movement
of the IIE.

The north—south land—sea thermal contrast over East
Asia is one of the crucial physical factors in relation to the
zonal movement of the IIE during summer, in which the
synchronous apparent moisture sink over southern China
is the most important factor. The release of latent heat-
ing exerted by the low-frequency variability of anomalous
land—sea thermal contrast is one of the most important
physical processes because the vertical separation of peaks
of the apparent heating source and apparent moisture sink
is observed in WAY, EAY and normal years of diabatic
heating and the IIE. Once the key physical process starts
during the preceding period, it will exert significant control
over the IIE’s position during the whole summer monsoon
season. The modeling results based on the LBM further
substantiate the crucial physical process mentioned above.

Earlier studies suggested that there is a significant rela-
tionship between the zonal movement of the WPSH and

convection over the tropical western Pacific. In particular,
this can be caused by land—sea thermal contrast, which may
relate directly to the zonal movement of the IIE. The zonal
movement of the WPSH is closely related to convection
over the tropical western Pacific, the East Asian subtropics,
and the Indian summer monsoon region (Lu 2001; Lu and
Dong 2001; Lu and Lin 2009; Zhou et al. 2009; Xie et al.
2009; Liu et al. 2012). In fact, the correlation coefficients
between the zonal WPSH index, apparent moisture sink
over SCS (—0.47), and apparent moisture sink over south-
ern China (0.57) pass the significance test at the 99 % con-
fidence level. The correlation coefficient (0.32) between the
zonal WPSH index and apparent moisture sink averaged in
the Indian monsoon region (14°-20°N, 78°-80°E) pass the
significance test at the 90 % confidence level. These results
are compatible with the present results (Figs. 3, 4), sug-
gesting that the WPSH is one of the major circulation sys-
tems through whose zonal movement the land—sea thermal
contrast, mainly contributed by the apparent moisture sink,
connects with the west—east displacement of the IIE.

Huang and Li (1987) and Nitta (1987) found that a tel-
econnection pattern, commonly known as the East Asia/
Pacific or Pacific—Japan teleconnection, appears from the
area around the Philippines to North America, through East
Asia, during boreal summer. This well-known teleconnec-
tion dominates the climatic variability over East Asia. They
found that the heat source anomalies over the tropical west-
ern North Pacific greatly influence the activities of the tel-
econnection pattern by the propagations of quasi-stationary
planetary waves. Above- (below-) normal convective activ-
ity over the tropical western North Pacific is associated
with anticyclonic (cyclonic) anomalies over mid-latitude
East Asia (Huang and Li 1987; Nitta 1987; Huang and
Sun 1992). The anomalous circulation of the teleconnec-
tion pattern, in turn, can intensify the anomalous convec-
tive activity around the Philippines by enhancing evapora-
tion and moisture convergence and dynamically leading
anomalous vertical motion (Kosaka and Nakamura 2010).
Figure 7 in this study shows an almost perfect East Asia/
Pacific or Pacific—Japan teleconnection pattern, suggesting
that the East Asia/Pacific or Pacific—Japan teleconnection
may be the quasi-stationary planetary waves controlling
the IIE’s variability. So, the mechanism revealed by Kosaka
and Nakamura (2010) also offers a successful interpretation
of the persistence of the correlation between the IIE and
diabatic heating (Fig. 8).

The East Asia/Pacific or Pacific-Japan teleconnection
will also induce a well-known seesaw pattern of tropi-
cal-subtropical rainfall. The subtropical rainfall anomaly,
closely associated with the diabatic heating anomaly, is
implicitly presumed as a response to anomalous circula-
tions, while the tropical rainfall anomaly or the diabatic
heating anomaly is considered as one of the sources for
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extratropical circulation anomalies (e.g., Nitta 1987; Huang
and Sun 1992; Kosaka and Nakamura 2006, 2010). How-
ever, some studies have indicated that the subtropical rain-
fall anomaly or subtropical diabatic heating anomaly can
also influence the larger-scale atmospheric circulation (e.g.,
Kodama 1999; Lu and Lin 2009; Matsumura et al. 2015).
The results of the observational analysis and LBM model
experiments in this study agree with the latter, suggesting
that the diabatic heating anomaly over southern China can,
to some extent, drive the zonal movement of the IIE.

The persistent correlation between the IIE and appar-
ent moisture sink in the low-frequency band (60-90 days)
suggests that the low-frequency apparent moisture sink
appearing at the end of spring could be used as a potential
predictor of IIE activity on the interannual time scale. Nev-
ertheless, the forecast period of validity is relatively short.
To increase the potential for extending the forecast, other
factors impacting on the low-frequency apparent moisture
sink, e.g., ENSO, and the thermal condition of the Indian
Ocean and Tibetan Plateau, which significantly influences
East Asian climates (e.g., Wang et al. 2000; Ding and Chan
2005; Lu and Ren 2005; Ueda et al. 2009; Xie et al. 2009;
Huang et al. 2012), should be considered. These are also
interesting issues and deserve further study in the future.
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