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1. Introduction
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An analysis based on July-August precipitation reveals that there is a tripole pattern of the precipitation distribution, that is,
significantly increased rainfall over North China (NC) is related to the increased rainfall over the Indian subcontinent (IS) and the
decreased rainfall over the southeastern Tibetan Plateau (TP) and vice versa, that corresponds to the Indian summer monsoon
(ISM) and TP heating pattern, which are interactive. Therefore, it is necessary to investigate the effect of NC rainfall-related
atmospheric circulation and the physical linkage with the two thermal forcings together. The linear baroclinic model (LBM) is
applied to determine the dynamics of the process. The results show that an enhanced ISM is accompanied by reduced TP heating,
favors convection and easterly anomaly over the IS, and produces a Gill-type Rossby wave that affects the vorticity over North
Africa. Meanwhile, there is another Rossby wave originating in North Africa and moving eastward to the Pacific Ocean, which
interferes with circulation at mid- to high-latitudes, i.e., it strengthens the cyclone over the Baikal region and stretches the western
Pacific subtropical high (WPSH) northward to northeastern Asia, and results in abundant water vapor transported to NC.
Furthermore, the strong convection over the IS excites the Kelvin waves over the equatorial region, which moves eastward and
generates anticyclones over Philippines, consequently leading to the Pacific-Japan (P]) pattern. The PJ pattern cooperates with the
wave train at midlatitudes, resulting in abundant water vapor being transported to NC. The summer rainfall over NC is therefore
modulated by synergistic effect of both the ISM and TP heating.

and exhibits substantial interannual to decadal variations,
resulting in more sensitivity to water shortages. Therefore, it
is essential to predict the precipitation over NC.

North China (NC) is located at mid-to high-latitudes be-
tween the Baikal region and the northwestern Pacific Ocean;
the climate variability here in summer is very large and is
affected by atmospheric circulation anomalies such as
blockings at high-latitudes over both the tropical and
extratropical regions [1], westerly wave trains [2], western
Pacific subtropical high (WPSH) [3], and Asian summer
monsoons [4-6]. NC is a densely populated, resource-rich,
and economically developed region in China and has a great
demand for water [7]. Summer precipitation contributes
more than 70% of the annual total precipitation in NC [8]

The precipitation variability in NC is closely related to
stationary external Rossby waves [9, 10] that are excited by
divergence caused by orthography and thermal forcing [11]
and quickly disperse along the westerly jet stream [12],
further affecting the global atmospheric circulation anom-
alies. However, the effect factors at mid-to high-latitudes are
complex and diverse, and the wave trains in extratropical
regions are considered to be responses to the tropical heating
anomalies [13, 14]. Many studies thus focused on the heating
sources in the tropics such as the Indian summer monsoon
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(ISM) and suggested that increased precipitation over the
Indian subcontinent (IS) played an important role in the
boreal atmosphere during summer.

Many previous publications have focused on the rela-
tionship between precipitation over NC and the ISM.
Kripalani and Singh [15] noted that the rainfall over NC is
highly related to rainfall over India and suggested to take the
subtropical ridge over the Indian region as an important
predictor over India as well as over NC. Wang et al. [16] and
Ding and Wang [9] commented that the rainfall shows
synchronous anomalies over the IS and NC during summer.
Liu and Ding [17] also utilized the model to simulate the
precipitation teleconnection between India and North
China. Various studies documented that the ISM affected the
summer climate in East Asia through a midlatitude wave
train along the East Asian upper tropospheric westerly jet
stream, causing differences in atmospheric circulation and
water vapor transport [18, 19]. The results further revealed
that an enhanced ISM could generate anomalous cyclonic
circulation over the Mediterranean Sea in the upper layer
[20, 21] and stimulated a continuous downstream air flow,
i.e., a silk road pattern [22], with a barotropic anticyclonic
anomaly over East Asia, leading to more water vapor being
transported northward along the western periphery of the
WPSH [23]. However, the position and intensity of the ISM,
which lead to precipitation over NC, exhibit large vari-
abilities in addition to land-sea thermal contrasts and are
affected by atmospheric internal dynamic processes [24] and
El Nino-Southern Oscillations (ENSO) [25]. The thermal
forcing of the Tibetan Plateau (TP) also plays a decisive role
through air pumping [26-28]. Moreover, the TP also has a
considerable influence on the boreal circulation and pre-
cipitation as a significant surface and atmospheric heating
source in summer [29, 30], which, therefore, is also
considered.

The change in TP diabatic heating, especially latent
heating released by rainfall in summer, has a profound
influence on the seasonal circulation and the interannual
changes of the Northern Hemisphere [31], and it has con-
siderable influence on the precipitation over NC during the
summer time. Observational studies have shown that in-
creased TP heating can intensify East Asian summer
monsoons, which contribute to the upward trend of mon-
soon rainfall over NC [32, 33]. Heating on the TP will trigger
two waves. One wave travels downstream along the westerly
jet stream and the other wave spreads along the low-level
southwesterly monsoon flow to the South China Sea [34].
The west one results in an anticyclone over NC, leading to
less precipitation there [35].

Despite the effect of TP thermal forcing on the ISM, the
ISM can also affect summer rainfall over the TP over a wide
range of time scales [36, 37], which is modulated by at-
mospheric processes over the midlatitudes [38] and in-
coming water vapor transport [39, 40], further affecting the
thermal condition of the TP.

Prior to the current study of precipitation over NC, most
studies have typically involved only one single influence
factor because it is difficult to identify the main influencing
factors, which vary but may not be considered. Because of
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the interactive relationship between the TP thermal forcing
and the ISM, it is reasonable to regard both as one phe-
nomenon or to assume that they are one system. Addi-
tionally, the investigations on the role of tropical heating
have been limited to only revealing the correlation; thus, the
mechanism is unclear.

Based on the above discussions, the objectives of this
study were to determine the precipitation distribution
pattern during summer, investigate the effect of the ISM and
TP heating on the precipitation over NC, and utilize a model
to understand the mechanism. This paper focuses on the
variability of the midlatitude wave train, which will help to
interpret extratropical responses to the tropical heating
anomalies in Asia. A more practical motivation for this study
is that the precipitation over NC can be fully and accurately
predicted.

The structure of this paper is as follows: Section 2 de-
scribes the data and methods. Section 3 shows the tripole
pattern distribution and the related circulation. In Section 4,
we describe the model experiments performed to obtain the
circulation response to different forcing. Section 5 presents
the wave activity flux to analyze the propagation of the wave.
Brief conclusions and discussions are provided in Section 6.

2. Materials and Methods

In this study, we focused on the concentration period (July-
August, JA) of summer rainfall when the precipitation mode
is most typical, and a wave-like pattern is also often observed
over Eurasia.

The following datasets were used in this study. (1) The
daily precipitation data (APHRO) were derived from the
Asian Precipitation -Highly-Resolved Observational Data
Integration towards Evaluation of the Water Resources
(APHRODITE). The subset of APHRO covered Monsoon
Area (60°N-150°N/15°S-55°N), APHRO_MA_V1101, was
used. The product includes daily rainfall from 1951 to 2007,
with a spatial resolution of 0.25° x 0.25°. The APHRO rainfall
shows fair applicability in the TP and surrounding areas
because of its high resolution and improvement in inter-
polation [41]. To verify the results, the global rainfall dataset,
the Global Precipitation Climatology Centre monthly
(GPCC) mean rainfall data, was derived from the National
Oceanic and Atmosphere Administration (NOAA) at a
resolution of 1.0°x1.0°, and the data were chosen for the
period of 1901-2013 (http://www.esrl.noaa.gov/psd/; [42]).
Monthly mean rainfall from the Global Rainfall Climatology
Project (GPCP) analysis dataset version 2.3 from 1979 to
2017 (http://gpcp.umd.edu./; [43]) was used. (2) The Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF) Interim Re-Analysis monthly atmospheric re-
analysis data included geopotential height and zonal and
meridional winds at 200 hPa, 500 hPa, and 850hPa on a
1.5"x 1.5° grid for 1979-2017, which were obtained from the
ECMWEFE (http://apps.ecmwf.int/datasets/; [44]).

The main statistical tools used in this study included
empirical orthogonal function (EOF) analysis, correlation
analysis, and regression analysis. Linear trends were re-
moved from all the data before the regression and
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correlation analyses were performed. The North test was
used to examine the stability of each EOF [45]. Student’s ¢
test was performed to calculate the significance in the
correlation and regression analyses.

In this paper, the inverse algorithm was used to calculate
the apparent heat source (Q;) and apparent moisture sink
(Q,) of the atmosphere from 1979 to 2017, which could be
obtained from the following formula [46]:

M p\* 26
Ql _CP|:§+ 14 *VT‘{'(E) a)%],

L |oq 0q
Q, = Cp[at+V-Vq+wap],

where x=R/C,, R is the dry air Gas constant, C, is the
specific heat at constant pressure, 0 is the potential tem-
perature, t is the temperature, q is the mixing ratio of water
vapor, v is the horizontal wind, and L is the latent heat of
condensation. Term Q; represents the heating rate of air per
unit mass in unit time, and term Q, represents the heating
rate caused by the heat released by condensation of water
vapor per unit mass in unit time. In this paper, the inte-
gration height from the ground (surface pressure, Pg) to the
top (100 hPa) of the convection layer was chosen. Q; was
used to represent the integrated atmospheric apparent heat
source, and Q, was used to represent the integrated apparent
moisture sink. When water vapor decreased due to con-
densation, the latent heat is released and Q, was positive;
otherwise, it was negative.

The numerical experiments performed in this study were
based on the linear baroclinic model (LBM) that was de-
scribed in detail in Watanabe and Kimoto [47, 48]. Many
studies show that the LBM is a useful tool to diagnose how
the atmosphere dynamically reacts to the prescribed forcing,
which is in general agreement with observations [19, 49]. To
clarify the role of dynamic processes, we utilized the dry
LBM based on time integration of the linear model with
realistic orography. The resolution used here was a trian-
gular truncation of 42 waves (T42), and its horizontal res-
olution was approximately 2.8" x 2.8" with 20 equally spaced
sigma levels (L20). The basic background state of the ex-
periment was the JA climate average field of the ERA-In-
terim data for 1979-2017. The boundary conditions and
initial conditions were determined by the model. An im-
portant feature of the model was that the time integration
was set at up to 30 days because the response approached a
steady state near day 15 to 20. Here, we took the day 15 as
steady results.

3. Observed Linkage among Rainfalls over the
IS, TP, and NC

3.1. Rainfall Tripole Pattern in Summer time. To identify the
rainfall distribution patterns, we applied EOF analysis to the
covariance metric of JA precipitation. Figure 1(a) shows the
leading rainfall variability pattern over Asia based on
APHRO data. The leading mode (EOF1) accounts for 15.1%
of the total variance and is well separated from the other

modes evaluated by the North test. The pattern (shown as
“+—+” in Figure 1(a)) is a tripole pattern that extends from
the IS across the southeastern TP to NC. This tripole pattern
is available when the EOF analysis is applied to the GPCC
rainfall data from 1940 to 2013 (Figure not shown), and it is
defined as an IS-NC pattern by Zhang et al. [50]. The
principal component corresponding to the leading spatial
pattern (PC1) is shown in Figure 1(b), which indicates the
tripole pattern rainfall has discernable interannual variations
superposed upon it. To facilitate our analysis, we define the
IS rainfall index (ISR) as the normalized area average rainfall
in the region of 75°E-85°E, 20°N-26'N in JA, with the North
China rainfall index (NCR) for the domain of 107°E-120°E,
37°N-44°'N and the rainfall index of the southeastern TP
(TPR) is defined over the region of 85°E-95°E, 28°N-31°N.
The simultaneous rainfall associated with the ISR features a
significant distribution, as mentioned above. The tripole
pattern is still significant when the GPCC data are applied to
calculate the correlation of ISR with rainfall (Figure 1(c)).
The negative correlation center of precipitation in TP is in
the southeastern foot of the mountain, just the region we
picked. In addition, we notice that there are also obvious
positive correlation areas with ISR in Southeast Asia from
Figures 1(a) and 1(c). It may be related to the water vapor
channel under this pattern and will be discussed later.
Figure 1(d) displays the time series for the ISR (the black
solid line), the NCR (blue dashed line), and the TPR (the red
dashed line). The out-of-phase relationship of rainfall be-
tween Indian monsoon and NC is a well-known telecon-
nection pattern, and the correlation coefficient between
NCR and ISR is 0.30, while —0.16 is not significant with TPR.
What role does the TP play? Then, we calculate the corre-
lation coeflicient between the ISR and the TPR, which is
—0.6, and it supports the point that they are synergistic and
affect the climate in NC.

The ISR exhibits a reverse variation with precipitation
over the southeastern TP, implying a reverse latent heat
distribution. The latent heat of condensation associated with
the large amount of rainfall in both the IS and the TP plays a
vital role in driving the atmosphere circulation in northern
hemisphere [27]. Thus, to determine the underlying reason
for the tripole pattern and its effect, we examine the asso-
ciated atmospheric circulation anomalies in Section 3.2.

3.2. Associated Atmospheric Circulations. Figure 2 shows the
regression patterns of the atmospheric circulation and
rainfall onto PC1. When PC1 is positive, precipitation in-
creases in the IS and NC, corresponding to weakened South
Asian High (Figure 2(a)). There are strong anticyclonic
anomalies near Central Asia, which indicates strong di-
vergence. The basic distribution of summer circulation is
shown in Figure 2(b) as contours. There are obvious trough
and ridge activities in the westerly belt, and the WPSH is
about 30°N in latitude. In the mid-troposphere (Figure 2(b)),
the WPSH is significantly northwestward, there are obvious
westerly anomalies in NC, with warm and wet air trans-
ported. Meanwhile, the negative anomaly near Lake Baikal
deepens the trough and transports dry and cold air from
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FIGURE 1: (a) Spatial pattern of the first EOF analysis applied to July-August (JA) APHRODITE rainfall from 1951 to 2007. (b) Principal
component corresponding to spatial pattern in (a). (c) Geographical distribution map of the correlation coefficients between JA GPCC
rainfall from 1940 to 2013 and the India Subcontinent Rainfall (ISR), dark (light) shadings indicate values exceeding 99% (90%) confidence
levels through student’s ¢ test. (d) The time series of the ISR (red dashed line), rainfall over North China (NCR) (blue dashed line) and

southeastern Tibetan Plateau Rainfall (TPR) (black solid line).

Siberia to NC. There are divergence anomalies over the TP
and the wind speed is small, which is coherent with Jiang
[37]. In northern India, the westward flow is obvious. There
are significant cyclonic anomalies leading to the increase of
convection. As for term of water vapor transport, it is ba-
sically consistent with the distribution of precipitation
anomalies (Figure 2(c)). One branch of water vapor is
transported from the cross-equatorial airflow to India, and
another branch is transported to India around the northern
topographic line of the TP from the Bay of Bengal, while
there is less water vapor to the TP, corresponding to less
precipitation. There is also significant water vapor trans-
ported to NC. To further illustrate circulation anomalies
related to rainfall in these three regions, we compare the
regressed atmospheric circulation anomalies against the
NCR, TPR, and ISR, as shown in Figure 3.

Figure 3(a) shows the regression map of atmosphere
circulation with regard to the simultaneous NCR, which is
related to ascending precipitation over NC. There is a well-
organized zonal wave train spanning from Central Asia to
the Pacific Ocean with anomalous anticyclones in the
Mediterranean, Central Asia, and Northeast Asia,

separated by cyclonic anomalies. The anomalous cyclone
strengthens the trough and conveys cold dry air into NC.
Besides, the anomalous anticyclone over Northeast Asia is
conducive to the WPSH northward and causes more
moisture transported to NC, consequently leading to the
northward shifting of the distribution of precipitation in
East China. Moreover, the anomalous anticyclone di-
verged over the TP in the lower troposphere (Figure 4(a)),
suggesting a decrease in precipitation because the
southerly movement and convergence are significant for
increased rainfall in the tropics since the air temperature is
relatively uniform in the tropics, while the subtropical area
is even warmer in summer. Figure 3(b) shows the in-
creased precipitation in the southeastern TP. There is an
appearance of robust negative anomaly over Central Asia
and East Asia and between them is a positive anomaly over
the southern Baikal region, providing less water vapor for
NC. Moreover, the anomalous anticyclonic circulation
over South China indicates a strengthened WPSH tending
southwards with more moisture led by lower-troposphere
wind gathers in South China, as shown in Figure 4(b). This
precipitation distribution agrees well with the “southern
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FiGure 2: The linear regression pattern of the (a) 200 hPa wind (vectors, units: m-s), (b) The linear regression pattern of 500 hPa
geopotential height (shadings, units: gpm), 500 hPa wind (vectors, units: m-s™"), and climatic JA 500 hPa geopotential height (contours,
units: gpm) (c) The linear regression pattern of water flux (vectors, units: kg-m"-s™!) on the PC1 during 1979-2007. Dark (light) stippling
indicates values significantly exceeding the 99% (90%) confidence level using Student’s ¢ test in (b) and (c); winds with values under the 90%

confidence level are omitted in (a)-(c).
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FIGURE 3: The linear regression pattern of the 500 hPa geopotential height (shadings, units: gpm) and 500 hPa wind (vectors, units: m-s~")
against the (a) NCR, (b) TPR, and (c) ISR for JA during 1979-2007. Dark (light) stippling indicates values significantly exceeding the 99%

(90%) confidence level using Student’s ¢ test.

flood-northern drought” pattern [51, 52]. Moreover, the IS
is occupied by an anomalous anticyclone, which favors the
transportation of the water vapor northward (Figure 4(b)),
combined with the water conveyer belt from the Bay of

Bengal; it is remarkably conducive to precipitation over
the southeastern TP but useless for the IS. The anomalous
circulation for increased rainfall over the IS is shown in
Figure 3(c). It is very similar to the result in Figure 3(a) in
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FIGURE 4: (a) Regression maps of 850 hPa wind (vectors, units: m-s') anomalies against (a) NCR, (b) TPR, and (c) ISR for JA during
1979-2007. Dark (light) shadings indicate values significantly exceeding the 99% (90%) confidence level using Student’s ¢ test.

the key areas: anomalous cyclone in Baikal area, enhanced
southwestern airflow in NC, anomalous anticyclone in
Central Asia, cyclone anomalies in the IS, and anticyclone
anomalies in northern Africa, all of which are consistent
with those discussed above: on the one hand, they are
conducive to precipitation in the IS; on the other hand, the
divergence is conducive to the generation of Rossby wave
and further affects climate in NC through wave train; only
the positive anomaly is more obvious and broader in
subtropical Pacific (Figure 3(c)). Meanwhile, there is a
northerly air flow over the TP in the lower troposphere, as
shown in Figure 4(c), implying an increase in precipitation
over the IS but a decrease in precipitation over the TP. It is
worth noting that there is an anomalous anticyclone over
Philippines in Figures 3(a) and 3(c), just like Figure 2(b).

At middle latitude and over India, the circulation is
basically the same when precipitation increases in NC and
IS. That is, Central Asia, Lake Baikal, and Northeast Asia
correspond to “+—+” anomaly centers, India corresponds to
negative anomaly, contrary to the increase of precipitation in
southeastern TP. The results further confirm the rationality
of the tripole pattern, which is related to circulation at low
latitudes and mid- to high-latitudes. Thus, in Section 4, we
discuss the determination of the physical mechanism and
highlight the tropical thermal forcing.

4. Possible Teleconnection Linking the
Synergetic Diabatic Heating Effect

In the above discussion, we addressed the tripole pattern for
rainfall over the IS and the southeastern TP and NC. The
increased precipitation over the IS caused by strengthened
ISM is often accompanied by the release of latent heating
similar to that in the southeastern TP [53], which means that
the diabatic heating can represent precipitation to a large

extent. Therefore, we use the LBM to verify the effect of
thermal forcing and investigate how it determines the
rainfall distribution. Based on the tripole pattern distribu-
tion shown in Figure 1, we consider two forcings, heating
over IS and cooling over TP, represent the enhancement of
the ISM and the abatement of the TP heat. Q; and Q, are
basic quantities for diagnosing the mechanisms of the
heating process. The large centers of Q; and Q, correspond
well with the heavy rainfall center of the same period of the
time. The observed results of average Q; and Q, over the IS
and TP are given in Figure 5 to make clear the profile of the
diabatic heating in JA. It is shown that the level of the
strongest heating is lower over the southeastern TP than IS.
The climatic TP heating is generally near the ground, while
the center is around 700 hPa over IS. We also separate the
strong and weak ISM year with the 90th percentile and
calculate the difference value, as shown in Figures 5(b) and
5(d), the maximum value of the TP is around 500 hPa and
around 800 hPa of the IS. The average surface pressure of the
climate in the southeast of the TP in summer is around
600 hPa, while that in India is around 1000 hPa. With the
consideration of Q; and Q, above, we consider the changes
in air heating rate caused by the two forcings are in the
middle troposphere and the bottom troposphere, respec-
tively. All these forcings have horizontal shapes that are
elliptical with zonal radii of 5 degrees and meridional radii of
2 degrees. The in-depth mean and the vertical structure of
the forcing are shown in Figure 6. The two forcings, re-
spectively, represent the variations of the diabatic in the IS
and southeastern TP. And, they are set to 1 K/day, just as the
value in Figures 5(b) and 5(d). We performed four exper-
iments: (1) INH, the idealized diabatic heating over India at
80°E, 22°N with the center at 0.45 (Sigma coordinate system);
(2) TPC, the idealized diabatic cooling at 90°E, 30°N with the
center level at 0.95; (3) TPH, same as TPC but for heating
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FIGURE 5: Profile of (a) climatological and (b) composite difference between the strong and weak ISM years of JA apparent heat source (Q;)
and apparent moisture sink (Q,) (units: k-day™") of the atmosphere from 1979 to 2017. Black circles indicate values significantly exceeding

the 90% confidence level in (b) and (d).

instead of cooling; and (4) COM, the combined forcing of
INH and TPC.

We performed the INH and TPC experiments to isolate
the effect of the two thermal forcings and further illustrated
their synergetic effect. The results are shown in Figure 7,
which are completely different for the two experiments.

For the INH experiment, there is an apparent wave train
at mid- to high-latitudes, with four positive anomalies at
200hPa (Figure 7(a)) distributed over northern Africa,
Central Asia, and northern Bohai Sea, and there are three

relatively weak negative anomalies in the northern Medi-
terranean Sea, the Baikal region, and the northwest Pacific
Ocean. It is barotropic at mid- to high-latitudes in INH, and
the wave train is known to be maintained by the conversion
of the kinetic energy of the westerly jet stream through
barotropic instability. The positive anomaly over East Asia is
conducive to reinforcing the WPSH and moving northward,
resulting in abundant water vapor but inadequate upward
motion in NC. In the tropics, the height field of 200 hPa is
symmetrical near the equator (Figure 7(a)), which may have
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triggered a Gill-type Rossby wave [54]. The Rossby wave
forced by tropical thermal forcing could have been self-
maintained via thermal damping, characterized by a warm
temperature anomaly moving westward in the lower layer
and a cold temperature anomaly moving eastward in the
upper layer over West Asia (figure not shown) [55, 56]. As
shown in Figure 7(b), there is a strong vertical shear of the
easterly wind in North India, which increases the monsoon
convection, leading to an increase in precipitation on the
downshear and to the left and traps the Rossby wave in the
lower troposphere. In addition, the diabatic heating asso-
ciated with monsoon rainfall represented a strong forcing to
the atmosphere [18, 21], leading to strengthened convection
over the IS. The latent heating released by the increased
rainfall, along with the land-sea thermal contrast, leads to
more water vapor transport from the Southern Hemisphere
and the Arabian Sea to IS as shown in Figure 7(c). And, it is
coherent with the results by Greatbatch [19], in which it is
interpreted that Kelvin waves appear on the Indian coast and

spread eastward (Figure 7(c)). The Kelvin waves facilitate the
inland transport of water vapor from the Bay of Bengal to the
north and also inhibit the convection over the Philippine
Sea, and the Pacific-Japan (P]) teleconnection appears, thus
strengthening the anticyclone over Japan. Additionally, it
should be noted that it is baroclinic in low-latitudes except in
the Sahara Desert, as shown in Figures 7(a)-7(c). The Sahara
Desert in Africa has a strong heating effect and generates an
easterly jet stream [57, 58] with a cyclonic shear on the south
side, which can form a weather scale disturbance that
propagates westward. In addition, it is important to note that
there is also an external Rossby wave that propagates
eastward along the westerly jet stream at mid- to high-lat-
itudes, corresponding to the upper divergence over the
North Africa.

In summer, the thermal forcing of the TP has a greater
impact on the Northern Hemisphere circulation than the
topography [38, 59]. The cooling at the surface may lead to
weakened convection and result in less precipitation. To
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FIGURE 7: (a) Steady 200 hPa height anomalies (contours, unit: gpm), (b) 500 hPa height (contours, unit: gpm) and winds (vectors, unit:
m-s~") anomalies, and (c) 850 hPa winds anomalies (vectors, unit: m-s™") generated by INH experiment, (d)-(f) is as (a)-(c), but for TPC

experiment.

determine the decrease in precipitation over the south-
eastern TP, we performed the TPC experiment and the
results are shown in the right side of Figure 7.

At the upper layer (Figure 7(d)), the negative anomaly is
more obvious on a large scale and spans almost all of Asia
except for the area west of Central Asia. There is a Rossby
wave train at the midlatitudes moving along the westerly jet
stream in the midlayer (Figure 7(e)). The anomalous cyclone
in the Baikal region is stronger in the TPC. The anomalous
cyclone increases the intensity of the trough but has the
disadvantage of northward movement of the WPSH as
shown in Figure 7(e). Moreover, an anomalous barotropic
anticyclone has formed downstream from the cyclone over

the Japan Sea. The water vapor is mainly concentrated in the
Yangtze River basin but poor in NC. Furthermore, it gen-
erates a cyclonic anomaly in the upper troposphere over the
TP, which weakens the South Asian High, suggesting a
decrease in precipitation over the TP.

Therefore, both the two circulations against the two
thermal forcings not only affect the local circulation but also
affect the remote region. The responses to the strengthened
diabatic heating over the IS are characterized by the for-
mation of a wave train with a barotropic structure at the
milatitudes, a tropical Rossby wave, easterly anomalies,
Kelvin waves at low-latitudes, and PJ pattern in the Pacific.
NC is at the center of positive anomalies. The significant
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characteristics of TP cooling include an enhanced negative
anomaly over the Baikal region, a southwestward WPSH and
a weakened air-pumping effect. There are negative anom-
alies in East Asia. Moreover, these two forcings lead to water
vapor being transported along different paths, resulting in
different effects on the precipitation over NC. Thus, we
designed the COM experiment to clearly determine the
physical mechanism based on the tripole pattern shown in
Figures 1 and 2. The time evolution diagram of the response
is shown in Figure 8.

Figure 8 shows the circulation anomaly responses for the
COM experiment at 500 hPa for days 1-15. On the 1st day,
heating over the IS triggered an anomalous anticyclone in
situ, while cooling over the southeastern TP produced an
anomalous local cyclone (Figure 8(a)). On the 5th day, the
original positive anomalies over India weakened substan-
tially and moved eastward, while the negative anomaly over
the TP and expanded to the southern Central Asia ranges
over the TP, generating a divergence with a positive anomaly
in the north (Figure 8(b)). On the 10th day, when the cir-
culation basically formed, the divergence wind that appeared
on 5th day developed an anomalous anticyclone in Central
Asia, which may trigger the Rossby wave. As shown in
Figure 9(a), it was symmetrical in Africa, generating a Gill-
type Rossby wave. It was coherent with the suggestion by Lin
etal. [20, 60] that the response over Europe was related to the
equatorial Rossby wave response to ISM heating. The Gill-
type Rossby wave induced the divergence over the North
Africa in upper troposphere, which could induce the sta-
tionary Rossby wave. The influence of the two thermal
forcings at the midlatitudes created two branches of the
Rossby wave train, including the “+—+” anomalies pattern
observed in West Asia, the Baikal region, and northwestern
Pacific Ocean over the subtropical regions; similar patterns
existed from the midlatitudes to the equator. When the
response was stable on the 15th day, the Kelvin waves in
India were particularly pronounced with an anomalous
anticyclone over the Philippine Sea and a strengthened water
vapor transport to inland (Figure 9(b)). Meanwhile, there
was abundant water vapor in South Asia. It meant the water
vapor in the Bay of Bengal transports to South Asia apart
from converging in the IS. On the one hand, it increased
precipitation in South Asia; on the other hand, it also in-
creased water vapor of the water conveyer belt from the
South China Sea to the north. The anomalous cyclone over
the IS, however, caused water vapor to pass through the
inland and then to the TP, leading to a deficiency in water
vapor. And the positive anomalies over the TP also led the
South Asian high westward, with a decreased precipitation
over the TP. Furthermore, the Kelvin waves also suppressed
the anticyclonic convergence over the northern Philippines
and induced the PJ pattern.

Based on the simulated and the observed results dis-
played above, when the response was stable, the Kelvin
waves led by an anomalous anticyclone over the Philippine
Sea and a strengthened water vapor transport to inland
(Figure 9(b)). This also has an important impact on summer
precipitation in NG, and it is necessary to explore the effect
of the PJ teleconnection pattern on the precipitation in NC.

Advances in Meteorology

In this paper, the PJ pattern is defined by the EOF. The
850 hPa relative vorticity field in the East Asia-Northwest
Pacific region (0-60°N, 100°E-160°E) [61-63] is calculated.
Compared with the traditional definition method, the one-
point correlation, regional EOF is more objective and the
atmospheric variables in 850 hPa are less affected by to-
pography and are closely related to convective precipitation;
thus, it is more accurate. Then, the relative vorticity anomaly
is regressed to the principal component (PCl) corre-
sponding to the leading spatial pattern of EOF which is well
separated from other modes. The obtained relative vorticity
regression map presents a distinct meridional wave train in
the East Asia-Pacific region, that is, PJ teleconnection pat-
tern as shown in Figure 10(a), and it is consistent with results
of Kosaka et al. [63]. The PC1 is defined as PJ teleconnection
pattern index (PJI). The correlation coeflicient between PJI
and ISR, 0.35, is significantly a positive correlation. It is
consistent with the conclusion above that the strengthening
of ISM causes the Kelvin waves, and it further induces the PJ
pattern. This paper mainly focuses on the pattern distri-
bution as negative-positive-negative relative vorticity in
northern Philippines, Japan Sea, and Okhotsk Sea
(Figure 10(a)) corresponding to the strong ISM case. The P]
pattern has a reinforcing effect on the COM results, resulting
in the negative vorticity anomaly in the south strengthened
and northwestward, leading to the positive vorticity center
occupying the NC. Meanwhile, the PJ pattern has a sig-
nificant  correlation with precipitation in China
(Figure 10(b)), and the distribution of rain belt and vorticity
anomalies is basically coherent. Under the joint effect of
midlatitude wave train and PJ pattern (+—+ in 500 hPa,
figure not shown), the positive anomaly is strengthened and
moves northwestward, thus leading the WPSH moving by
the same path, which is conducive to water vapor transport.

Compared with the two separate experiments discussed
above (INH and TPC), the response of the COM experiment
in the tropical region is almost the same as that of the INH
experiment, whereas it is considerably adjusted at the
midlatitudes because of TP cooling. The negative abnormal
circulation is entrenched in the Baikal region, and the
positive anomaly in East Asia is extended farther westward
and more broadly. With the cooperation with PJ pattern, the
junction of positive and negative height anomalies is just
located in NC, corresponding to an anomalous cyclone at
850 hPa, suggesting a strengthened upward movement
(Figure 9(b)). This result also provides support for the
WPSH with northward shifting, with abundant water vapor
from the western tropical Pacific Ocean to NC.

The circulation is in agreement with the regressed cir-
culation against NCR in Figure 3(a), i.e., that type of cir-
culation indeed leads to increased precipitation over NC. It
also shows that it is indeed the synergistic effect of the two
forcings to affect the summer precipitation in NC. In this
subsection, the sequence of emergence of each system is
explained and the rationale for the tripole pattern is de-
scribed. The next step is to investigate the relationship
among the anomalous circulations, how tropical forcing
affects the circulation at mid- to high-latitudes and how it
finally influences the precipitation over NC.
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FIGURE 9: (a) 200 hPa height (contours, units: gpm) and (b) 850 hPa wind (vectors, units: m-s~') anomalies generated by COM experiment

on day 15.

5. Investigation of the Physical Mechanisms
Based on Wave Energy Propagation

Although Figure 9 provides the development of the cir-
culation, we still do not determine the propagation of the
wave train. Therefore, we calculate the Takaya and Naka-
mura wave activity flux (TNF) [64] and investigate the
energy dispersion. The TNF regressions against precipi-
tation indexes are shown in Figure 11. Figure 11(a) shows
that for the NCR, a wave train propagates eastward orig-
inating from the Mediterranean at the midlatitudes, passes
through Central Asia, and converges at the Baikal region,
which is conducive to an intense cyclone there. Although
the western part of the wave train is not significant at the
90% confidence level, it suggests moderate linking.

Figure 11(b) is for the TPR. There is a noticeable TNF
spreading southeast to Central Asia and to the TP from the
high- latitude and strengthens the South Asian High. In
Figure 11(c), there is an apparent eastward propagation of a
Rossby wave over the midlatitudes of Eurasia. The per-
spective of the quasi-geostrophic stream function and TNF
anomaly reveals when the ISR increases, there is a
strengthened negative anomaly over the Baikal region,
leading to a rising trend of rainfall over NC.

To further explore the relation between the wave activity
flux and diabatic heating over the TP and the IS, the TNF
results of the LBM for different forcings are calculated and
are shown in Figure 12. In addition to the three forcings
discussed above, we add a heat forcing over the TP as the
TPH experiment but using a positive value, set as the TPC
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FIGURE 11: The linear regression pattern of the quasi-geostrophic stream function anomaly (QG) (contours, units: 10°m*s™") and T-N wave
activity flux (TNF) (vectors, units: m?>s™%) at 200 hPa against (a) NCR, (b) INR, and (c) ISR. Dark (light) shadings indicate values sig-
nificantly exceeding the 99% (90%) confidence level using Student’s t test.

experiment. For diabatic heating over India (Figure 12(a)),  trigger a midlatitude response. In the TP heating case
the wave activity flux originates from North Africa. Then, the = (Figure 12(b)), there are two wave sources located in North
wave train moves to Central Asia via Europe into the  Africa and Central Asia. The wave noticeably spreads
subtropical jet stream, which verifies that ISM heating can ~ northwestward to the west of Central Asia and then is
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FIGURE 13: Schematic diagram showing the mechanism of tripole
pattern. The letters denote anticyclonic and cyclonic circulation
centers in 200 hPa. Black arrow denotes the easterly jet. Grey arrow
denotes Kelvin waves. Purple arrow denotes PJ pattern. The green
dashed arrow denotes water vapor transport.

divided into two branches. One branch spreads southeast-
ward and enhances the South Asian High, and the other
branch spreads eastward and dissipates in the Pacific Ocean,
which agrees with observations well [65]. Figure 12(c) shows
the results of the TPC experiment. Compared with the TPH
experiment, the intensity of the TNF decreases considerably.
The TPC’s TNF result is similar to the result shown in
Figure 11(b) but has opposite effect, which strengthens the
cyclone in Baikal region. For the combined forcing
(Figure 12(d)), it indicates the best agreement with obser-
vations. Heating over the IS triggers a wave train in favor of
TP cooling and spreads in two directions: one is oriented
southeastward to the TP and the other path is oriented along
the westerly jet stream to the east, which is beneficial to the
weakening of the South Asian High and the strengthening of
the cyclone over the Baikal region. Thus, the propagation of
the Rossby wave is the evidence for the tripole pattern.

6. Discussion and Conclusions

We obtain a clear understanding of the relationship between
the ISM (i.e., precipitation over IS), TP diabatic heating (i.e.,

precipitation over southeastern TP), and rainfall over NC.
The tripole pattern also shows some instability in some years
and needs to be further explored. Moreover, the causes of the
low-frequency variability of the atmosphere are diverse
[66-68]. In this study, we investigate the effect of tropical
heating anomalies on existing extratropical teleconnection
patterns. However, the reliability of the TNF in low latitudes
requires further consideration. The fact that the WPSH has
been moving northward in recent years [69] also has an
impact on the propagation of midlatitude wave trains.
Additionally, the Rossby wave train that stretches from
western Europe to West Central Asia is also caused by the
strong barotropic instability at the jet stream exit region in
the North Atlantic Ocean [30]. Therefore, further studies are
required to determine the relationships among the different
resources.

Based on 56 years of JA precipitation, this study explains
the IS-TP-NC tripole pattern. The ISM and the TP are both
important heating sources in Asia and are interactive. Thus,
they are considered as one system and the synergy effect of
the ISM and TP heating is the focus of this study. In this
study, we analyze the mechanism of the formation of this
tripole pattern from the perspectives of circulation, LBM
numerical experiments, and wave propagation. According to
the results, the formation of the tripole pattern is caused by a
synergy effect of diabatic heating over the IS and the TP.

The sketch map shown in Figure 13 illustrates the
mechanism of the tripolar pattern. In summer, increased
precipitation over the IS is corresponding to decreased
precipitation over the southeastern TP, i.e., an enhanced
ISM and a decrease in southeastern TP thermal forcing and
vice versa. In the first case, there is enhanced convection and
easterlies over the IS. The baroclinic structure at low-lati-
tudes produces strong upward movement as a result of the
strengthened vertical wind shear. Moreover, a Gill-type
Rossby wave is generated and propagates westward along the
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abnormal easterlies to North Africa. This leads to a diver-
gence in the higher troposphere, which triggers an external
Rossby wave and moves eastward and is maintained by
extracting the kinetic energy of the basic zonal flow. In
addition, the strengthened ISM is benefit to the divergence
over Central Asia, and this would further reinforce the wave
train. The wave train affects the distribution of the circu-
lation at the midlatitudes with the PJ pattern induced by
strengthened ISM. Thus, there is a cyclonic anomaly over the
Baikal region and an anticyclonic anomaly over the North
Pacific Ocean, leading to abundant water vapor transport
and sufficient upward movement over NC. Additionally, one
of the wave trains is oriented southeastward to the TP,
weakening the South Asian High.
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