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ABSTRACT

In this study, the relationship between circumglobal teleconnection (CGT) and East Asian summer
monsoon rainfall was analyzed by data diagnoses and numerical experiments. It is found that the CGT has
high spatial and temporal similarities with the teleconnection pattern incurred by the variation of the South
Asian high (SAH), which is collaboratively influenced by both Indian and East Asian summer monsoon
rainfall. These two teleconnections have similar spatial distributions, and their indices are strongly correlated
in temporal variations. Using the partial correlation method, it is revealed that SAH plays a significant role on
the propagation of CGT, especially to the east of 90°E. The numerical experiments indicate that the latent
heat release from East Asian summer monsoon rainfall stimulates an upper-tropospheric teleconnection,
which shows the same spatial structure with CGT. This study demonstrates that the generation of CGT is not
only associated with the Indian summer monsoon rainfall, but also closely with the East Asian summer
monsoon rainfall. The CGT is maintained by the latent heat released from the rainfall of both monsoons.

1. Introduction

The atmospheric circulation system associated with
Asian summer monsoon is an important member of at-
mospheric general circulations in boreal summer. The
phase lock relationships of atmospheric circulations
among different Asian regions are widely discussed.
Previous studies found that the Indian summer rainfall is
positively related to that over North China and nega-
tively to that over the Yangtze River valley (Liang 1988;
Kripalani and Singh 1993; Kripalani and Kulkarni 1997;
Zhang et al. 1999; Zhang 2001; Wei et al. 2015). Indian
summer rainfall has an opposite variation to the baiu in
southern Japan (Kripalani and Kulkarni 2001; Krishnan
and Sugi 2001), whereas it is in phase with the summer
rainfall over Southeast Asian countries (Kripalani and
Kulkarni 1997). The convection over tropical western
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Pacific Ocean near the Philippines also shows signifi-
cant correlation with the Japanese baiu (Nitta 1987).
Several studies reported that the in-phase or out-phase
variation of summer rainfall over the Eurasian conti-
nent is often accompanied by a midlatitude telecon-
nection in atmospheric circulation anomalies, which
consists of two low-pressure centers over Aral Sea—
Caspian Sea region and the Japan—-Korean peninsula
area, respectively, and a high pressure center over
Mongolia region (Wang et al. 2001; Krishnan and Sugi
2001). Ding and Wang (2005) proposed a concept of
circumglobal teleconnection (CGT) existing in the
upper level during boreal summer and propagating
along the Asian westerly jet. It shows obvious global
characteristics, including six activity centers located in
western Europe, eastern Europe, central-western Asia,
eastern Asia, the northern Pacific Ocean, and North
Anmerica, respectively, and the CGT has great influ-
ences on Eurasian climate variation.
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The South Asian high (SAH) is a strong and stable
anticyclone system over the South Asian highland in the
upper-level atmosphere during boreal summer. It is a
significant component of both Indian and East Asian
summer monsoon systems (Krishnamurti and Bhalme
1976; Yeh and Gao 1979). In the 1960s and 1970s, the
east-west oscillation character of SAH was revealed
by many studies (Mason and Anderson 1963; Tao and
Zhu 1964; Krishnamurti et al. 1973). Besides the zonal
movement, the meridional variation of SAH was also
discussed in the literature (He et al. 2006; Huang and
Qian 2004; Wei et al. 2012). Wei et al. (2015) demon-
strated that the interannual variation of SAH is collab-
oratively influenced by both Indian and East Asian
summer monsoon, and manifested its dominant hori-
zontal shift of northwest-southeast movement. Wei
et al. (2017) pointed out that when the SAH moves
to the southeast, the Asian westerly jet shifts to the
southeast, and two cyclones appear over the north-
western Tibetan Plateau and East Asia respectively,
while one anticyclone occurs over the southeastern
Tibetan Plateau. These cyclone and anticyclone systems
can trigger divergence over central Asia and conver-
gence over North China in the high altitudes, resulting in
the out-of-phase variation between summer precipita-
tion over North China and central Asia. Considering
that both CGT and the SAH are in the upper tropo-
sphere over the Eurasian continent and closely related
to the Asian summer monsoon precipitation, the ques-
tion arises as to whether CGT connects with the SAH.

Previous studies proposed a positive feedback mech-
anism between CGT and Indian monsoon: Indian
monsoon precipitation is influenced by CGT through
the Rossby waveguide to enhance the atmospheric in-
stability over northwestern India, resulting in anoma-
lous Indian monsoon precipitation; in reverse, extra
Indian precipitation releases a quantity of latent heat
so that the wave train is capable to propagate down-
stream (Ding and Wang 2005, 2007; Ding et al. 2011).
The East Asian monsoon region is located at the
downstream of CGT over Eurasian continent. The
East Asian summer monsoon precipitation may trig-
ger heat source variations, which lead to the anoma-
lies of atmospheric circulations (Lu and Lin 2009; Wei
et al. 2015). Does East Asian summer monsoon pre-
cipitation make contribution to the propagation of
CGT as well? In fact, SAH is a linkage between the
Indian and East Asian rainfall (Wei et al. 2015). When
Indian rainfall exhibits significant anomalies, the rain-
fall over East Asian shows corresponding variations. A
question then arises as to what role the SAH will play in
the influences of East Asian summer rainfall on CGT
propagation.
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The remainder of this paper is organized as follows.
The dataset, methods, and numerical model used in this
study will be introduced in section 2. Section 3 will discuss
the statistical characteristics of CGT and the SAH-
associated wave train as well as their possible connec-
tion. In section 4, the possible role played by SAH in
CGT will be discussed. In section 5, a climate model will
be used to prove the influence of latent heat released
from East Asian summer monsoon rainfall on CGT. The
conclusions and discussion are given in section 6.

2. Data, methods, and model

The monthly geopotential heights and meridional
and zonal winds used in this study are from the re-
analysis dataset of National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) with the spatial resolution of 2.5° X
2.5° for the period of 1948-2013 (Kalnay et al. 1996).
The monthly precipitation data for 1979-2013 are from
the Global Precipitation Climatology Program (GPCP)
(Huffman et al. 1997; Adler et al. 2003), which exhibits
great quality over the open ocean (Yin et al. 2004). The
summer season in this study is taken to be June, July,
and August (JJA).

The CGT index (CGTI) selected in this study is from
Ding and Wang (2005) and is defined as the 200-hPa
geopotential height anomalies averaged over the key
area 35°-40°N, 60°-70°E. The SAH index (SAHI),
from Wei et al. (2015), is the difference of 200-hPa
geopotential height anomalies between the regions
20°-27.5°N, 85°-115°E and 27.5°-35°N, 50°-80°E. The
SAHI represents the southeast—northwest horizontal
shift of the SAH. When the sign of the SAHI is posi-
tive, the SAH shifts southeastward; when it is nega-
tive, the SAH shifts northwestward. Wei et al. (2015)
found that an eastward or westward shift of SAH oc-
curs along with a southward or northward movement,
respectively, and proposed that in the interannual
time scale the southeast-northwest shift is a dominant
feature of the SAH, which is closely connected with
the latent heat released from both Indian and East
Asian monsoon rainfall.

The ECHAMS climate model created by German Max
Planck Institute for Meteorology (Roeckner et al. 2003) is
utilized to analyze the impact of East Asian summer
monsoon rainfall on the CGT wave train. This model is a
spectral model of T63L.31, with horizontal Gaussian grid
resolution of 1.875° (longitude) X 1.875°(latitude) and 31
levels in the vertical direction, and with the top level at
10hPa. Roeckner et al. (2006) comprehensively assessed
the performance of ECHAMS climate model. In our
numerical experiments, the climatology from the AMIP2
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FIG. 1. Regressed JJA 200-hPa geopotential heights against the
(a) CGTI and (b) SAHI (shading; gpm) for 1948-2013. Stippling
indicates statistical significance exceeding the 95% confidence
level based on the Student’s ¢ test.

dataset (Taylor et al. 2000) is taken to be the boundary
conditions.

3. Temporal and spatial characteristics of the wave
trains

Figure 1 shows the regressed 200-hPa geopotential
heights against the CGTI (Fig. 1a) and SAHI (Fig. 1b).
The anomalous geopotential heights in both Figs. 1a and
1b are zonally extended teleconnection wave trains
along the Asian jet stream, with significant activity
centers located at central-western Asia, eastern Asia,
the northern Pacific Ocean, and western North America,
respectively. The two wave trains exhibit high similar-
ity over the entire Northern Hemisphere, with a spa-
tial correlation coefficient of —0.73. If we only focus
on the midlatitude region over the Eurasian continent
(25°-60°N, 20°W-140°E), the spatial correlation coeffi-
cient is —0.76. Because the SAH index contains the ef-
fect from both Indian and East Asian summer monsoon
rainfall (Wei et al. 2015), the similarity in spatial struc-
ture indicates that the East Asian summer monsoon
rainfall may be also important in maintaining CGT.
Further, it is also worth noting that the strength of ac-
tivity centers in each wave train has noticeable differ-
ences from its counterpart. The SAH-triggered wave
train has significantly weaker centers over its upstream
area, the region of the North Atlantic and the United
Kingdom. This indicates that SAH may have close as-
sociation with the wave train downstream.

Lu et al. (2002) proposed that the meridional winds
can better describe the zonally distributed teleconnec-
tion wave trains because of their relative independence
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FIG. 2. As in Fig. 1, but for meridional winds (ms™}).

from the meridional movement of westerly jet stream.
When 200-hPa meridional winds are regressed against
the two indices respectively (Fig. 2), the results mani-
fest more obvious spatial similarity and show a clearer
wave train pattern. The spatial correlation coefficient
reaches —0.80 over Northern Hemisphere, and even
increases to —0.83 when referring to the region over the
midlatitude Eurasia (25°-60°N, 20°W-140°E). Similar to
the situation of the geopotential height field in Fig. 1, the
SAH-related wave train is evidently weaker over the
northern Atlantic-United Kingdom region in the up-
stream, while it is much stronger over eastern North
America. The above analyses demonstrate that the
SAH-induced wave train has a spatial distribution sim-
ilar to CGT. To assess their temporal relationship, the
correlation coefficient between the time series of these
two indices is calculated. The value is —0.7, which is
statistically significant, exceeding the 99.9% significance
level. Therefore, the CGTI-related wave train and the
SAH-related wave train have significant correlation
with each other on the interannual time scale in both
spatial distribution and temporal evolution. However, it
should be noted that despite the name of CGT, it is not
perfectly circumglobal; rather, its propagation is ap-
parently interrupted over North Atlantic. The wave
train signal is missing in both Figs. 2a and 2b over there.

To investigate the role played by SAH in CGT, the
method of partial correlation is used to demonstrate the
contribution of SAH. When the linear parts of SAH
affecting CGT are removed, the regressed 200-hPa
meridional winds against CGT stay nearly the same
over the Eurasian continent, but change greatly from
East Asia to North America (Fig. 3). From 90°E to the
east, the wave train becomes much weakened, and the
downstream activity centers are nearly unrecognizable.
According to the above analysis, the variation of SAH
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F1G. 3. Regressed JJA 200-hPa meridional winds against the
CGTI after removing the influence of the SAH (shading; ms 1) for
1948-2013. Stippling indicates statistical significance exceeding the
95% confidence levels based on the Student’s ¢ test.

may play an important role in the propagation of CGT
from upstream to the Pacific Ocean and even to North
America. In fact, Fig. 2 has already shown that the SAH
is closely related to the wave train downstream to the
east of the Eurasian continent.

Ding and Wang (2005) emphasized the prominent
role of Indian summer rainfall in the propagation of
CGT. Wei et al. (2015) have demonstrated that the
horizontal shift of SAH acts as a bond between the
Indian and East Asia summer monsoon, which means
that the variation of the SAH is influenced not only by
Indian monsoon rainfall, but also by East Asian mon-
soon rainfall. Therefore, in the following we will illus-
trate the contribution of East Asian summer monsoon
rainfall on the propagation of CGT.

4. Influences of East Asian summer precipitation
on CGT

Figure 4 shows the regressed precipitation against the
CGTI and SAHI. Both of the regressed precipita-
tion results indicate that there are three significant
precipitation regions, northern India (NIDI; 20°-35°N,
70°-85°E), the tropical northwestern Pacific Ocean
(TWNP; 12°-22°N, 105°-140°E), and the subtropical
northwestern Pacific Ocean (SWNP; 25°-45°N, 125°-
150°E). In comparing the regressed 200-hPa meridi-
onal winds with the averaged regional summer rainfall
over each region (Fig. 5), it is found that the global
wave train can be reproduced by rainfall over both
NIDI (Fig. 5a) and SWNP (Fig. 5c), whereas the re-
gression performed against the regional rainfall over
TWNP has not shown an obvious wave train over the
Eurasian continent (Fig. 5b). It should be noted that in
Fig. 5c, over the Eurasian continent another noticeable
wave train can be found over the polar latitudes. The
wave train pattern along the polar front jet has been
well established, which contributes to the development
of the Okhotsk high and therefore affects the climate
over Northeast Asia (Nakamura and Fukamachi 2004;
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FIG. 4. Regressed JJA GPCP precipitation against the (a) CGTI
and (b) SAHI (shading; mm month™!) for 1979-2013. Stippling
indicates statistical significance exceeding the 95% confidence
level based on the Student’s ¢ test. The three black-outlined boxes
in (b) respectively represent the significant precipitation regions
of northern India (NIDI; 20°-35°N, 70°-85°E), the subtropical
northwestern Pacific Ocean (SWNP; 25°-45°N, 125°-150°E),
and the tropical northwestern Pacific Ocean (TWNP; 12°-22°N,
105°-140°E). The green-dashed area indicates the Tibetan
Plateau region with elevations exceeding 3000 m.
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Xu et al. 2019). Orsolini et al. (2015) found that the
summer rainfall over North China is simultaneously
influenced by two wave trains, the polar wave train and
the midlatitude wave train. Zhang et al. (2017) showed
that the East Asian summer monsoon rainfall is closely
related to the polar wave train in addition to the mid-
latitude Silk Road wave train, which is same as the
CGT over the Eurasian continent as demonstrated by
Zhou et al. (2019). To some extent, Fig. Sc confirms the
conclusions from these studies.

We use the partial correlation method for further
analysis. Comparing the regressed 200-hPa meridional
winds against the NIDI regional precipitation after re-
moving the contribution of TWNP and SWNP regional
precipitation respectively, it is shown that when the in-
fluence of TWNP regional precipitation is removed
(Fig. 6a), the wave train changes little, which indicates
that the tropical northwestern Pacific precipitation has
negligible contribution to the wave train. Conversely,
when getting rid of the influence of SWNP regional
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FIG. 5. Regressed JJA 200-hPa meridional winds against aver-
aged precipitation over the (a) NIDI, (b) TWNP, and (c) SWNP
regions (shading; ms™") for 1979-2013. Stippling indicates statis-
tical significance exceeding the 95% confidence level based on the
Student’s ¢ test.

precipitation (Fig. 6b), the regressed meridional winds
entirely weaken and the wave train structure over
Eurasian continent becomes unclear. In addition, after
removing the influence of NIDI regional precipitation in
the regressed meridional winds against SWNP regional
precipitation, the regression pattern still is maintained
although the strength of the midlatitude wave train is a
little weakened (Fig. 6¢). This demonstrates that SWNP
makes a great difference to teleconnection wave trains.
SWNP is exactly the key area where East Asian summer
monsoon precipitation happens. Precipitation has an
important effect on wave train propagation through
releasing latent heat. Therefore, in the following we will
discuss the impact of East Asia (SWNP) summer mon-
soon rainfall on the CGT wave train.

5. Numerical experiments

To demonstrate the role of heat source related to
SWNP regional precipitation, we use the residual
method to calculate the apparent moisture sink Q2
and the vertical integration of atmospheric apparent
moisture sink (Q2) by using the 6-hourly NCEP-
NCAR reanalysis data (Yanai et al. 1973). The inte-
grated apparent moisture sink (Q2) represents the
part influenced by water vapor in the atmosphere,

FIG. 6. Regressed JJA 200-hPa meridional winds against NIDI
after removing the influence of (a) TWNP and (b) SWNP regional
averaged precipitation, and (c) regressed JJA 200-hPa meridional
winds against SWNP after removing the influence of NIDI regional
averaged precipitation (shading; ms™') for 1979-2013. Stippling
indicates statistical significance exceeding the 95% confidence
level based on the Student’s ¢ test.

mainly associated with the released latent heat of
condensation. The regressed (Q2) against the SWNP
regional precipitation (Fig. 7a) shows that an anom-
alous high value band exists over East Asia and
northwestern Pacific Ocean. Therefore, we choose the
region 22.5°-37.5°N, 115°-145°E (black box in Fig. 7a)
as the key area for the numerical experiments. The
vertical profile of regional averaged Q2 over the key
area is shown in Fig. 7b.

According to the vertical profile of Q2 (Fig. 7b), we
designed the anomalous heat source experiment (HE
experiment) to explore the influence of East Asian
summer monsoon rainfall on the CGT wave train. The
experiment scheme is as follows: A 1Kday ' heat
source anomaly is settled at 500hPa over the East
China-southern Japan region and adjacent seas cen-
tered at 30°N, 130°E. The vertical profile of the heat
source is shown in Fig. 7c, and the horizontal distri-
bution is presented in Fig. 8a. The anomalous hori-
zontal heating decays exponentially outwards from
the center.

We performed the control experiment (CTRL) with
the ECHAMS climate model using the climatology from
the AMIP2 as boundary conditions. The HE experiment
was performed by adding the diabatic heating shown in
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FIG. 7. (a) Regressed JJA integrated apparent moisture sink (Q2) against SWNP regional precipitation (shading;
W m ™ 2) for 1979-2013; Stippling indicates statistical significance exceeding the 95% confidence level based on the
Student’s ¢ test. (b) The vertical profile of averaged Q2 (K day ') within the key area [the black-outlined box in (a);
22.5°-37.5°N, 115°~145°E]. (c) The vertical profile of heat source in the HE experiment (K day ).

Fig. 7 from 31 May to 31 August in summer (92 days)
in the key area over East Asia, and keeping other con-
ditions the same as in the CTRL run. Such integration
was conducted for 20 years. The results averaged in 20
summers (JJA) are taken for analysis. The differences
between HE and CTRL (shortened as HE-CTRL), ob-
tained by subtracting the CTRL result from the HE one,
are used to discuss the role played by the rainfall over
SWNP in the CGT wave train.

Figure 8 presents the anomalous atmospheric circu-
lations at 500 hPa, where strongest heating exists, in
HE-CTRL. It shows several low pressure centers in
middle latitudes, including northeastern China, the
northern Pacific Ocean, central North America, the
northern Atlantic Ocean—United Kingdom region, and
the Caspian Sea—Aral Sea region (Fig. 8a). On the
corresponding wind field (Fig. 8b), a noticeable global
cyclonic and anticyclonic circulation band can be ob-
served, and the strongest cyclonic center lies over the

northern Pacific Ocean, namely the downstream region
of East Asia.

As shown in Fig. 9, the wave train pattern at 200 hPa is
much clearer with more obvious global characteristics
and stronger downstream centers along the wave train.
On the 200-hPa geopotential heights (Fig. 9a), along the
upper-level jet stream axis, there is a zonally extended
teleconnection wave train. The positive and negative
activity centers are at a distance of about 30° longitudes.
On the 200-hPa wind field (Fig. 9b), the wave train
structure is clear. Therefore, in the upper tropospheric
circulation, the global teleconnection responding to the
anomalous heat source over the East Asia—northwest
Pacific region mainly agrees with the CGT pattern in the
reanalysis data.

The results of numerical experiments indicate that the
latent heat of condensation released from the East Asian
summer monsoon rainfall triggers a global teleconnection
wave train over its upstream and downstream regions,
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FIG. 8. Composite differences between HE and CTRL in 500-hPa
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on the Student’s ¢ test and the horizontal distribution of heat source
at 500 hPa in the HE experiment (K day '), respectively. In (b), only
the winds with statistical significance exceeding the 99 % confidence
level are drawn, and the shadings are the meridional wind strength.

and additionally, the downstream activity centers are
much stronger. The obtained wave train accords with the
propagation path of the positive phase of CGT, except
with the opposite sign. Namely, when more or less mon-
soon precipitation occurs over East Asia, the anomalous
heat source will respectively stimulate the CGT in its
negative or positive phase and cause it to propagate
downstream. The results of numerical experiments are
mainly consistent with those from data diagnoses; that is,
the East Asian summer monsoon rainfall is beneficial for
the propagation of CGT to the downstream region over
North Pacific and North America. However, some dif-
ferences between observations and model results are also
clear. For example, the observed CGT pattern shown in
Fig. 2 is apparently interrupted over North Atlantic, but
the model results show a straightforward propagation.
Such difference may be resulted from different triggers,
which may cause different spatial pattern of CGT.
Compare to the CGTI-triggered pattern (Fig. 2a), the
anomalous centers’ related SAH-triggered wave trains
(Fig. 2b) are much weaker over the upstream area in
the region of the North Atlantic and the United
Kingdom, but stronger over its downstream area in
eastern North America. Also, the CGTI-related wave
train may be mainly confined over the Eurasian conti-
nent (Fig. 3). However, the wave train triggered by the
heating released from East Asian precipitation has
clear circumglobal features, with prominent anomalies
over the North Atlantic in both observations (Fig. 6¢)
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FIG. 9. As in Fig. 8, but for 200-hPa (a) geopotential heights and
(b) winds.

and numerical experiments (Fig. 9b). In addition, the
simulated response (Fig. 9b) has a phase difference
with the observed anomalies (Fig. 2b) by about one-
quarter wavelength over Eurasia (30°-90°E). These
differences may be attributed to the model deficiency.

6. Conclusions and discussion

This study analyzed the relationship between CGT
and SAH on interannual time scale. It is found that CGT
and the SAH-related wave train have strong similarities
in spatial distributions, especially to the east of 90°E
where their structures are nearly the same. In time
variation, these two wave train indices are highly cor-
related with the correlation coefficient of —0.70. From
the statistical method of partial correlation, further
analysis found that the removal of SAH-influenced part
basically maintains the original spatial structure of CGT
over the Eurasian continent, but weakens the wave train
to the east of 90°E, and makes the wave train to the east
of 120°E inconspicuous. The numerical experiments in-
dicated that the condensation heat release induced by
the East Asian summer monsoon rainfall will motivate
an anomalous wave train that is out of phase with the
positive CGT. In other words, less East Asian summer
rainfall strengthens the positive CGT and benefits its
downstream propagation. Therefore, the East Asian
summer rainfall plays an essential role in the propaga-
tion of CGT.

The study of Wei et al. (2015) indicated that the
horizontal variation of the SAH is simultaneously
influenced by the condensation latent heat released
from both Indian and East Asian summer monsoon
rainfall. In our partial correlation analysis, when
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deleting the influence of the SAH, which virtually de-
letes the contribution of Indian and East Asian precip-
itation, the wave train in the downstream recedes
obviously. It follows that the maintaining of CGT wave
train in its global characteristics is related not only to the
Indian monsoon rainfall as pointed out by Ding and
Wang (2005), but also to the East Asian summer mon-
soon rainfall.

It is important to note that apart from the CGT wave
train, there is another kind of wave train called the
“Silk Road Pattern” (SRP) over the Eurasian conti-
nent during boreal summer (Lu et al. 2002; Enomoto
et al. 2003). Zhou et al. (2019) documented that over
Eurasian continent SRP and CGT are highly consistent
with each other. Whether in the spatial distribution or
the time variation, they present no significant differ-
ences. Therefore, this study did not involve the SRP
wave train.

Although the importance of the East Asian summer
monsoon rainfall in maintaining CGT is revealed in this
study, the East Asian monsoon rainfall variability can be
in turn dominantly influenced by dynamical variability
in the midlatitudes. For example, considering the sig-
nificant influence of SRP on East Asian summer climate
(e.g., Kosaka et al. 2011), it is reasonable that the East
Asian precipitation anomalies can be influenced by
SRP, which may feed back to its downstream extension
as demonstrated in the present study. As shown in
Fig. 10, the simulated precipitation anomalies are
abundant over the heat source area. This suggests that
the diabatic heating—circulation feedback should be
more complicated. The relationship between monsoon
rainfall variability in India and East Asia and the SAH
variability is likely to be interactive. Their interactions
should be an important topic for future investigation.
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