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Abstract

The thermal effect of the Tibetan Plateau (TP) on the northern hemisphere climate has long been a hot topic of scientific
research. However, the global effects of the TP heat source are still unclear. We investigate the teleconnection patterns
coincident with the TP heat source in boreal summer using both observational data and numerical models including a lin-
earized baroclinic model and an atmospheric general circulation model. The western TP shows the most intense variability
in atmospheric heating and the most active connection to atmospheric circulations. The surface sensible heating component
of the western TP heat source is associated with a high-latitude wave train propagating from North Japan to central North
America through the Bering Sea and Canada. The radiative heating component is accompanied by a wavenumber-4 wave train
over Eurasia. We focus on the global zonally-oriented pattern that is connected with the latent heat release from the western
TP, referred to here as the TP—circumglobal teleconnection (TP-CGT). The TP-CGT pattern is triggered by the western TP
latent heating in two parts starting from the TP: an eastward-propagating wave train trapped in the westerly jet stream and
a westward Rossby wave response. The TP-CGT accounts for above 18% of the total variance of the circumglobal telecon-
nection pattern and modulates mid-latitude precipitation by superimposition. The western TP is the key region in which
diabatic heating can initiate the two atmospheric responses concurrently, and the heating over northeastern Asia or the Indian
Peninsula is unable to induce the circumglobal pattern directly. The unique geographical location and strong tropospheric
heating also make the western TP as a “transit area” of transferring the indirect impact of the Indian summer monsoon (ISM)
to the TP-CGT. These results enhance our understanding of the relationship between the circumglobal teleconnection and
the ISM and is helpful for improving the prediction of the circumglobal teleconnection variability.
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1 Introduction action centers along the upper-tropospheric westerly jet

stream (Ding and Wang 2005; Enomoto et al. 2003; Kosaka
The circumglobal teleconnection (CGT) is a major telecon- et al. 2009; Krishnan and Sugi 2001; Lu et al. 2002). The
nection pattern in the northern hemisphere in boreal sum-  CGT exhibits a stationary Rossby wave trapped in the basic
mer and is characterized by several geographically-anchored ~ flow, which has been confirmed by the analysis of Rossby
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wavenumbers. The scale of the westerly jet stream allows
the propagation of the CGT throughout the entire northern
hemisphere (Ambrizzi et al. 1995; Hoskins and Ambrizzi
1993; Kosaka et al. 2009). The CGT therefore exerts more
important impacts on the mid-latitude temperature, precipi-
tation and extreme weather than the meridional telecon-
nections such as the Pacific—Japan pattern (Ding and Wang
2005; Hu and Nitta 1997; Hu et al.2005; Huang et al. 2011;
Li et al. 2005; Nitta 1987; Sun and Wang 2012; Wang et al.
2017; Wu et al. 2016b; Yuan et al. 2015).

The CGT is a dynamic mode that can self-maintain effi-
ciently by extracting available potential energy from the
westerly jet stream (Chen et al. 2013; Kosaka et al. 2009;
Sato and Takahashi 2006). The zonal asymmetries of the
westerly jet stream account for the longitudinal phase-locked
teleconnection centers (Kosaka et al. 2009). Previous studies
have investigated the role of external forcing in the CGT and
shown that the diabatic heating or cooling over the Medi-
terranean Sea is responsible for the CGT-like pattern and
several remote areas such as North America and tropical
Africa can also trigger a mid-latitude stationary Rossby
wave response (Lin et al. 2017a, b; Lin and Lu 2016; Yasui
and Watanabe 2010).

The effect of the Indian summer monsoon (ISM) on the
CGT has been much debated, and it has been hypothesized
that the ISM heat source may contribute to the maintenance
of the CGT (Ding and Wang 2005, 2007). Previous studies
have also highlighted the role of ISM heating in exciting
the CGT pattern, especially the main centers of the CGT
over the Asian sector (Krishnan and Sugi 2001; Wu 2002;
Wau et al. 2003). The interdecadal change in the impact of
diabatic heating has shown that the CGT was dominated by
ISM rainfall before the 1970s and affected by both the ISM
and southern European regions after the 1970s (Ding and
Wang 2007; Ding et al. 2011; Lin et al. 2017a; Wu and Wang
2002). By contrast, Yasui and Watanabe (2010) showed that
ISM monsoon heating contributed only a small part to the
CGT variability. Such debates also surround the effects of
forcing by sea surface temperature anomalies (SSTAs). A
CGT-like response can be excited by a strong tropical SSTA
during the summer preceding the peak phases of the El Nifio
Southern Oscillation, and rainfall in the ISM region can be
modulated by the El Nifio Southern Oscillation to enhance
the CGT pattern (Ding et al. 2011). The interdecadal CGT
pattern shows no significant relationship with the Atlantic
multidecadal oscillation, although the CGT prefers the same
phases as this oscillation (Wang et al. 2017; Wu et al. 2016a,
2018). These characteristics of the CGT not only feature a
dynamic mode trapped in the jet stream, but also are sensi-
tive to external forcing, which results in the low prediction
skills of the CGT variability.

The Tibetan Plateau (TP) covers an area of 2.9 mil-
lion km? and is the highest plateau in the world with an
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average elevation > 4000 m (Qiu 2008; Yao, 2017). The
high elevation and complex terrain make the plateau an area
with extremely high levels of incoming shortwave radiation
(Zhao and Chen 2000). Previous studies have highlighted the
thermal effect of turbulent heat processes and surface radia-
tion. The change in the surface turbulent heat flux over the
southeastern TP exerts an important role in regulating Meiyu
rainfall and torrential rainstorms in the Yangtze River val-
leys (Dong et al. 2019; Duan et al. 2013; Duan and Wu 2005;
Liu et al. 2020b). Precipitation in northeastern India and
the Bay of Bengal can also be forced by the air pump effect
driven by the surface sensible heat flux (SSHF) of the TP
(Wu and Zhang 1998). Robust connections have been found
between the atmospheric circulation and the variability in
snow cover on the TP (Song et al 2019; Zhao et al. 2007;
Wu et al. 2014a, b). Autumn-spring snow cover over the
eastern TP can affect North American temperature by large-
scale atmospheric wave pattern, a Pacific—North America
(PNA)-like downstream atmospheric response, and a west-
ern Pacific-like teleconnection pattern is excited by anoma-
lies in the autumn snow cover (Lin and Wu 2011; Liu et al.
2017, 2020a; Mote and Kutney 2012; Qian et al. 2019; Wang
et al. 2020; Wu et al. 2011). The decrease in summertime
snow cover can trigger a zonal wave train over Eurasia and
influence 30% of the total variance in summer heat waves in
southern Europe (Wu et al. 2016c¢).

The atmospheric heat source over the TP is formed by
the SSHF, latent heat release (LH), and radiative conver-
gence during summer (Yanai et al. 1973; Jiang et al. 2016;
Jiang and Ting 2017, 2019). The impacts of the SSHF on
the Earth’s climate have been widely discussed (Duan et al.
2011; Liu et al. 2020b; Li et al. 2020b, 2021), although the
other components of the TP heat source have received less
attention. The TP presents a self-exciting feedback mecha-
nism similar to the mechanism for tropical cyclones and effi-
ciently extracts moisture from the low latitudes in coopera-
tion with the summer monsoon. The latent heating release
contributes > 60% of the TP HS in summer (Xu et al. 2008;
Xu 2014).

The latent heat release from the tropics plays an important
role in modulating the atmospheric circulation and exciting
teleconnection patterns. For example, the latent heat released
by the convective activity near the Philippines can propagate
into the mid-latitudes as Rossby waves along the southwest-
erly winds in the lower troposphere (Kosaka and Nakamura
2006). We investigate whether the strong LH over the TP
can cause a similar Rossby wave response along the zonally-
varying mean flow. Previous studies have shown that snow
cover and the changes in the surface characteristics can force
a Rossby wave response similar to specific segments of the
CGT, but the impact of the western-TP (WTP) heating on
the entire CGT wave train is still unclear.
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The heat source in the sub-regions of the TP, which
affects the Asian monsoon and its various components dif-
ferently (Lu et al. 2021), shows a nonuniform variability,
especially between the WTP and the central-eastern TP.
The weakening in sensible heat is more evident over the
central-eastern TP (Duan and Wu 2008), but the interannual
variability in the total heat source of the WTP is the opposite
to that of the eastern TP (Yang et al. 2011). Previous studies
based on station observations have been mainly focused on
the thermal effects of the central-eastern TP and the role of
WTP heating remains poorly understood (Duan et al. 2011,
2013; Wang et al. 2012; Wu et al. 2016c¢) as a result of sparse
ground measurements. Studies using reanalysis datasets have
usually concentrated on the entire TP > 3000 m and ignored
the effect of the WTP (An et al. 2017). Focus has been on
the downstream circulation anomalies related to TP heating
and the effect of the TP on its upstream regions still needs
to be better understood (Lu et al. 2018; Wang et al. 2019).

A singular value decomposition (SVD) analysis of the
heat source over the TP and the 200-hPa geopotential height
(H200) over the northern hemisphere shows that the WTP
exhibits a clear teleconnection with the upper-tropospheric
circulation. We investigate the effects of various components
and different elevation of WTP heating and discuss the zon-
ally-oriented circumglobal teleconnection pattern induced
by the latent heat release from the WTP. The role of WTP
heating in forming the CGT-like pattern is shown by well-
designed numerical experiments with hierarchical models
ranging from the linearized barotropic model (LBM) to an
atmospheric general circulation model (AGCM).

The remainder of this paper is organized as follows.
Section 2 describes the data, methods, and numerical mod-
els used in this study. Section 3 discusses the relationship
between the heating of the TP area and the northern hemi-
sphere atmospheric circulation. Section 4 investigates the
teleconnection patterns related to the WTP heat source
anomalies, including the TP-CGT. Section 5 presents the
mechanism for the TP-CGT by statistical analysis and model
simulations. Our discussion and conclusions are presented
in Sect. 6.

2 Data, methods and numerical
experiments

2.1 Data

We use daily atmospheric data from the US National Center
for Environmental Prediction/Department of Energy (NCEP/
DOE) reanalysis dataset version 2 (NCEP-2) (Kanamitsu
et al. 2002) from 1980 to 2018 with a horizontal resolution
of 2.5° X 2.5° and 17 standard pressure levels. The accu-
racy of the heat source is highly dependent on the quality

of the reanalysis products over the TP and therefore other
two state-of-the-art reanalysis datasets are selected to cor-
roborate our results: the National Aeronautics and Space
Administration (NASA) Modern-Era Retrospective Analy-
sis for Research and Applications version 2 (MERRA-2)
(Gelaro 2017) and the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis 5 (ERAS) datasets
(Hersbach 2020). Our results show the same robust relation-
ship between the TP heating and atmospheric circulation as
the NCEP-2 product (figures not shown) and therefore only
the results from the NCEP-2 dataset are shown.

The monthly mean variables of the NCEP-2 dataset
include the SSHF and the precipitation rate. The radiation
fluxes at the top of the atmosphere and at the surface are
used to detect the different effects of the three components
of the WTP heat source. We also use monthly land precipi-
tation data from the Climatic Research Unit (CRU) Time-
Series version 4.03 (Harris et al. 2020) to investigate the
rainfall anomalies affected by the variability of WTP heating
through the TP-CGT. The horizontal resolution of the CRU
data is 0.5° x 0.5°.

2.2 Methods

The atmospheric heat rate at standard pressure levels is cal-
culated following the method of Yanai et al. (1973). The
equation can be written as:

R/Cp
o P 00
=Cp| =4+ Vevr+( = =
0, plat <p0> “’ap] (1)

where Q, is the atmospheric heat rate, C, = 1005J « kg™ 'K™!
is the specific heat of dry air, and V, T and p are the hori-
zontal wind, temperature and pressure, respectively. p,
=1000 hPa. R, w and 6 are the gas constant, vertical veloc-
ity and potential temperature, respectively.

The vertically integrated tropospheric heat source (HS)
is calculated from the equation:

1 Po

HS = - Qrdp = Qg +LH + SH )

100

where g means the gravity. The HS is composed of the radi-
ative convergence of the air column (Qy), the latent heat
release (LH) and the SSHF (SH) (Yanai 1961), the first two
components are calculated as follows:

Qr =5, -8l —Ll +8l+L} -5, -1 (3)
LH=LweP 4)
where S, L and P are the shortwave, longwave radiation

fluxes and precipitation, respectively. The Lw = 2,500,632
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Jkg™!. The subscripts co and 0 denotes the top of the atmos-
phere and the surface, the symbol 1 and | denote the upward
and downward radiation fluxes, respectively.

The local barotropic energy conversions (denoted as CK)
(Hoskins and Ambrizzi 1993; Kosaka and Nakamura 2006;
Kosaka et al. 2009) associated with the TP-CGT pattern are
also calculated:

Vieu [ou av du dv
CK = ou_90v\_syfon, 9
2 (ax ay> ”V(ay+ax> )

where u and v denote the zonal and meridional wind veloc-
ity, respectively. The overbars and primes represent the cli-
matological mean fields and anomalies, respectively. The
first and second terms on the right-hand side of Eq. (5) rep-
resent the barotropic energy conversions associated with
zonal variations (CK,) and the meridional shear (CKy) of
the climatological mean field, respectively. A positive value
of CK means that the circulation anomaly extracts kinetic
energy from the summer basic flow, and vice versa. The
extended Eliassen-Palm (EP) flux E = (v/* — v, —u'v/) of
Hoskins and Ambrizzi (1993) is used to represented the
propagation of CK.

Wave activity flux (WAF) is used to diagnose the energy
propagation of stationary Rossby waves. The zonal and
meridional components of the WAF are calculated follow-
ing Takaya and Nakamura (2001):

(W2 = vy )+ v (] — ')
(w;w)’, - u/’w;y>+ v —y'y))

1|
W=——1- (6)
ol
where | U| denotes the magnitude of the horizonal wind speed
and y is the stream function. The overbar represents the cli-
matological mean. The subscript and prime notations denote
the partial derivatives and anomalies, respectively.

To eliminate the climate warming effect, the long-term
trends during the time period 1980-2018 are removed after
calculating the summer mean (June—September, JJAS)
variables. Empirical orthogonal function (EOF) analysis is
used to capture the spatiotemporal variations of the CGT
instead of the one-point correlation. The first two dominant
related modes between diabatic heating over the TP and
the surrounding area and H200 are detected by the SVD
method (Bretherton et al. 1992; Liu et al. 2020a; Wallace
et al. 1992). Linear regression and composite analysis are
conducted to obtain the circulation patterns related to the
diabatic heating over the TP, respectively. Student’s ¢-test is
used to calculate the confidence level of the regression and
composite analyses.
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2.3 Numerical models and experiment designs

The LBM with a horizontal resolution of T42 and 20 sigma
vertical levels developed by Watanabe and Kimoto (2000)
is used to explore the ideal atmospheric steady response to
the diabatic heating anomaly. The basic state of the LBM is
taken from the summer mean (JJAS) of the NCEP-2 data cli-
matology for the time period 1980-2018, which is consistent
during the period of our study. Integration of the model is
continued to 30 days after given the diabatic heating anom-
aly and the results averaged for days 2630 are shown as the
steady response of the atmospheric to a prescribed diabatic
heating anomaly.

The diabatic heating anomaly given to the LBM is calcu-
lated from the 3D composite difference field between strong
positive and negative heating years in specific areas (see
Fig. 9a). The strong positive and negative years are defined
as years in which the regional mean HS exceeds one stand-
ard deviation.

The AGCM module (Community Atmospheric Model
version 5.1; CAMS5.1) of the Community Earth System
Model developed at the National Center for Atmospheric
Research (Neale et al. 2010) is used to investigate the TP-
CGT pattern induced by the WTP HS and to compare the
results with observational analyses. The F_1850_CAMS5
component set of this AGCM was used with a horizontal
resolution of 1.9° x 2.5° and 30 vertical levels. Two experi-
ments are designed with CAMS.1, including a 40-year con-
trol run and a 40-year sensitivity run with specified diabatic
heating.

The control run is forced by the observed climatological
annual cycle of the sea surface temperatures. The sensitivity
run is forced by the same external forcing as the control run,
except for an intensification of the atmospheric heat rate over
the WTP in the summer (JJAS) of each year. To avoid unreal
atmospheric responses by excessive atmospheric heating,
we set the atmospheric heating rate with respect to the verti-
cal profile of composite difference of the WTP atmospheric
heat rate (see Fig. 4d). The output in JJAS for years 2140
is analyzed.

3 Dominant coupled patterns between TP
heating and H200 in the northern
hemisphere

We applied a SVD analysis for the heat source of the TP and
its surrounding area (20-40°N, 50-110°E) and the H200 in
the northern hemisphere for the summers of 1980-2018.
The diabatic heating over oceans is much stronger than that
over land, and therefore the HS of the Indian Ocean south
of 20°N is excluded in the SVD analysis. The signal of the
heating over land is well captured.
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(a) H200 SVD1 in 1980-2018 SCF=42.45% cor=0.72 (b) H200 SVD2 in 1980-2018 SCF=17.56% cor=0.64
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Fig.1 (a), (¢) The first SVD mode (SVD1) and (b), (e) the second
SVD mode (SVD2) between the heat source over TP and its sur-
rounding region (20—40°N, 50-110°E) and H200 in the northern
hemisphere during 1980-2018. The percentage of the squared covari-
ance fraction (SCF) and the temporal correlation coefficient (cor)
between two expansion coefficients are indicated at the top of each

The first SVD mode (SVD1) explains 42.5% of the total
covariance between the two fields, with a correlation of 0.71
between the associated expansion coefficient time series
(Fig. 1a, c). The pattern of the heat source features statisti-
cally significantly enhanced heating over the WTP and a
small area north of the Arabian Sea. The corresponding
H200 pattern is dominated by positive anomalies along the
mid- and low-latitudes of the northern hemisphere. A zonal
teleconnection pattern is embedded along the above-normal
heights, with maximum anomaly centers over North Africa,
west of the TP, northeastern Asia, and the west coast of
America. The circumglobal teleconnection pattern of SVD1
resembles the CGT pattern (Fig. S1), which is represented
here by the second EOF mode of the northern hemispheric
H200. The corresponding principal component of the CGT
pattern is therefore used as the CGT index. There are also
some differences in the location and intensity of the anom-
aly centers. The teleconnection pattern associated with the
WTP heating in SVD1 shows a clearly expanded anomaly
center over North Africa and a contracted anomaly center
over northeastern Asia. The positive anomaly over North
Africa extends to Central America via the North Atlantic.
The corresponding H200 of SVD1 is also significant in the
tropics, except for a negative anomaly center over the North
Pacific. The significant correlation coefficient between the
time series of the two fields of SVDI suggests a strong

1980 1990 2000 2010

panel. The solid box corresponds to the heat source field used in the
SVD analysis and the dashed box corresponds to the area of the WTP.
The dotted regions denote the values that are significantly above the
95% confidence level, and only the heat source values exceeding the
95% confidence level are plotted. d, f Expansion coefficients of the
heat source and H200 for SVD1 and SVD2

relationship between the WTP heat source and the CGT-
like circulation pattern.

Figure 1b, e show the second SVD mode (SVD2), which
explains 17.6% of the total covariance. The correlation
between the associated time series is 0.56. The SVD?2 for the
heat source shows a dipole anomaly pattern across the west
and east of the TP. Coupled with the dipole heating pattern
over the TP, the anomalous high over tropical oceans, espe-
cially the North Pacific, is significantly enhanced, indicating
that the SVD2 mode is greatly influenced by the SSTA of the
Pacific Ocean. There are also several negative anomaly cent-
ers in the extratropics, but no significant correlation is seen
between these anomaly centers and the expansion coefficient
time series of the SVD2 pattern. The SVD2 therefore implies
a connection between the dipole pattern of the TP heat source
and the atmospheric circulation in the tropics.

The first two dominant SVD patterns account for>60% of
the total covariance between the two fields. The WTP heat
source shows a significant variation in both SVD patterns,
suggesting that the WTP is the key region associated with the
atmospheric circulation of the northern hemisphere. The con-
nection between the WTP heat source and the teleconnection
patterns in the northern hemisphere is therefore examined fur-
ther in the following section.
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4 Structures of the WTP heat source and its
associated teleconnection patterns

Composite analysis and linear regression analysis are used
to investigate the WTP heat source anomaly and the associ-
ated circulation pattern. The 3D atmospheric heating rate
anomaly is obtained from the composite difference between
the strongly positive and negative heat source years of the
WTP in summer. The 3D structure of the anomalous heat-
ing obtained from the composite difference is also used to
force the numerical models. The teleconnection pattern cor-
responding to the heating of three components at different
elevations is obtained on the basis of the regressed pattern
of H200 against the time series of the regionally averaged
heating.

4.1 Composite analysis

Figure 2a shows the time series of the WTP-averaged anom-
alous heat source, from which we find the large interannual
variability of the WTP heat source since the mid-1990s. The
correlation coefficient between the normalized WTP heat
source anomaly and the CGTI is 0.51, which is statistically
significant at the 99% confidence level. The scatter plot also
shows that the CGTI was in-phase with the WTP heat source
for 30 years and out-of-phase for only nine years during
1980-2018 (Fig. 2b). This feature indicates that the CGT-
like zonal wave pattern associated with the WTP heat source
may influence the observed CGT pattern.

To detect the 3D structure of the WTP heat source,
strongly positive and negative heating years are defined as
exceeding + 1 standard deviation. We select seven strong
years and six weak years of the WTP heat source. Figure 3
displays the 3D structure of the heating rate anomaly cal-
culated by the composite difference between the strong and

(a) WTP HS anomaly

weak WTP heating years. The vertically-integrated atmos-
pheric heating anomaly is the strongest in the southwestern
WTP and it weakens toward the northeast of the WTP. The
atmospheric heating rate anomaly at the lower pressure lev-
els follows a similar horizontal distribution (Fig. 3b). The
southwestern slopes lift the heating maximum to the main
body of the WTP, with an elevation > 3000 m correspond-
ing to the 700-hPa pressure level (Fig. 3b). This suggests
the importance of ascending motion for the LH release
forced by large-scale orography. The atmospheric heating
anomaly of the main body of the WTP is stronger than that
of the southeastern WTP above 500 hPa. The strong anoma-
lous heating can extend to the upper troposphere, with a
maximum > 1 K day~! from 500 to 250 hPa in the region
30-35°N.

The composite difference in heating along the southwest-
ern slope of WTP is also seen in the height-longitude plot
(Fig. 3c), with the maximum distribution at a longitude of
80°E. Figure 3d compares the vertical profiles of the clima-
tological and anomalous values of WTP-averaged heating.
The heating anomaly is only half that of the climatological
value in the lower troposphere and the ratio increases with
height. The heating anomaly in the mid-upper troposphere
has the same magnitude as the climatological value and
is larger than the climatological value above 150 hPa. In
general, a significant heating anomaly occurs between the
positive and negative heating years, especially on the south-
western slopes of the WTP and in the upper troposphere
over the main body of the TP. The variability of the diabatic
heating induced by ascending motion can account for this
feature and the change in moisture transport caused by the
ISM is also important for summer diabatic heating over the
TP (Zhang et al. 2017).

Figure 3a shows the H200 associated with the WTP heat
source anomaly. There exists an apparent mid-latitude telecon-
nection pattern and the pattern correlation coefficient between

, (b) CGTIWTPHS
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Fig.2 a Time series of the WTP-averaged heat source (W m~2). The
years with strong positive and strong negative WTP heating (stronger
than+ 1 standard deviation) are marked with red and blue circles,
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WTP HS

respectively. b Scatter plot between the normalized WTP heat source
and the CGT index
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(a) H200 & WTP HS
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Fig.3 a Composite differences in H200 (shading; gpm), WAF (vec-
tor; mzs_z), and the WTP heat source (shading, black box; W m_z).
The blue circles indicate the TP-CGT centers and the blue lines
denote the path of the TP-CGT pattern. The black dots denote H200
differences that are significantly above the 95% confidence level. b
Pressure-latitude cross-section of the difference in WTP atmospheric

the teleconnection pattern and the CGT is 0.6. There are six
anomalous circulation centers (significant at the 99% confident
level), respectively over North Atlantic, North Africa, west of
the TP, northeastern Asia, the west coast of North America,
and the Gulf of Mexico. The associated wavenumber-6 tel-
econnection pattern is referred to here as the TP-CGT, which
features larger (smaller) anomalous centers than the CGT over
west (east) of the TP.

K/day

heat rate (K day™!) and ¢ pressure—longitude cross-section of the dif-
ference in WTP atmospheric heat rate (K day™') between the strong
positive and strong negative WTP heating years. Gray shading in
parts b and c indicates the elevation of the TP (elevation=3000 m) in
the NCEP reanalysis 2. d Climatology (black) and composite differ-
ence (red) in the WTP-averaged atmospheric heat rate (K day_l)

4.2 Teleconnection patterns associated
with diabatic heating

The TP has experienced an elevation-dependent change in
climate during the last few decades. The enhanced warming
is correlated with the elevation and the warming rate of the
main body of the TP, which is different from that in the sur-
rounding area (An et al. 2017; Duan and Xiao 2015; Ji et al.
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Table 1 Correlation coefficients between the time series of heat
source and its three components. The three rows correspond to the
average diabatic heating over the western, southwestern and main
body of TP

Sensible heat Latent heat Radiative
conver-
gence

Entire WTP 0.14 0.86%* 0.37*
WTP below 3000 m -0.24 0.79%* 0.52%*
WTP above 3000 m 0.38%* 0.85%* 0.04

2020; Lin et al. 2013; Qin et al. 2009). We divide the WTP
into two parts: the main body (elevation > 3000 m, north of
the green line in Fig. 3a) and the southwestern part of the

{a) WTP HS Reg {b) HS<3000 Reg

WTP (elevation < 3000 m, south of the green line in Fig. 3a).
Table 1 shows the correlation coefficients between the heat
source and the different components of heating. The heat
source is highly correlated with the latent heat over the entire
WTP, which indicates a > 74% contribution to the WTP heat
source from the latent heat release. The SSHF is negatively
correlated with the heat source in the main body of the WTP
(—0.24) and significantly correlated with the heat source
below 3000 m (0.38). By contrast, the correlation coefficient
between radiative heating and the heat source is 0.52 above
3000 m, but only 0.04 in the southwestern WTP, where the
elevation is <3000 m.

To investigate the circulation patterns associated with
the different amounts of diabatic heating, Fig. 4 shows the
maps of H200 regressed onto the time series of different

{c) HS=3000 Reg
;—b‘ bﬁ‘fb-i"D, *'D
B o

=

{d) WTP SH Reg

A dr > rrad

{K) RC.<3000 Reg

Fig.4 Regressions of H200 (shading; m) and associated wave activ-
ity flux (vector; m?s~2) on the standardized time series of (a) the heat
source averaged over the WTP, (b) the heat source averaged over the
southwestern WTP (elevation < 3000 m), and (c) the heat source
averaged over the main body of the WTP (elevation > 3000 m).
Regressions of H200 and associated wave activity flux on the stand-
ardized time series of (d) the SSHF averaged over the WTP, (e) the
SSHF averaged over the southwestern WTP (elevation < 3000 m),
and (f) the SSHF averaged over the main body of the WTP (elevation
> 3000 m). Regressions of H200 on the standardized time series of
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(g) the latent heat averaged over the WTP, (h) the latent heat averaged
over the southwestern WTP (elevation <3000 m), and (i) the latent
heat averaged over the main body of the WTP (elevation > 3000 m).
Regressions of H200 and associated wave activity flux on the stand-
ardized time series of (j) the radiation heating component averaged
over the WTP, (k) the radiation heating component averaged over the
southwestern WTP (elevation < 3000 m), and (I) the radiation heat-
ing component averaged over the main body of the WTP (elevation
> 3000 m). Contour intervals are 2 gpm. The black dots denote the
H200 that is significantly above the 95% confidence level
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amounts of diabatic heating and associated WAF. It is seen
that active propagation of WAF occurs over the western
TP. Corresponding to the strong atmospheric heating of the
WTP, the positive phase of the TP-CGT pattern appears in
the northern hemisphere, and the TP-CGT pattern is associ-
ated with the WTP heat source in both regressed maps. The
heat source of the southwestern WTP shows an apparent
relationship with the local circulation, although the high-
elevation heating and mid-latitude circulation of remote
areas are more closely linked. The low-elevation heating of
the WTP also shows a significant relationship with the polar
circulation, which is in contrast with the heating over the
main body of the WTP.

We decompose the contributions of the three heating
components to H200 and find that the H200 associated with
surface sensible heating is characterized by a high-latitude
wave train. The wave-activity flux analysis (Fig. 4) shows
that a high-latitude wave train associated with sensible heat-
ing propagates from North Japan to central North America
through the Bering Sea and Canada. In addition, the strong
SSHF is accompanied by a wave train originated over the
Norwegian Sea that propagates to the northwest of the WTP.
The WTP heat source is mainly contributed by latent heat,
so the corresponding anomalous patterns show a similarity
between the heat source and latent heat as expected. The
radiative components over different areas correspond to very
distinct circulation patterns. The distribution of 200-hPa
height anomalies associated with the WTP-average radiative
heating features a wavenumber-4 wave train over Eurasia
(Fig. 4j). The low-elevation radiative heating corresponds to
a significantly reversed T-shaped circulation anomaly along
70 °N, the above-normal height anomaly is stronger than
former, and the wave train over Eurasia is still apparent.
However, the atmospheric circulation associated with the
radiative heating of the main body shows a below-normal
anomaly in the northern hemisphere, except to the west of
the TP. There are differences in the underlying characteris-
tics of the cloud cover, snow cover, and atmospheric humid-
ity between different elevations (An et al. 2016, 2017; Yao
2012, 2019). The cooling effect of atmospheric radiation is
stronger over the main body of the WTP than over the sur-
roundings as a result of the high elevation. All these factors
may result in the contrasting circulation anomalies associ-
ated with radiative heating at different elevations.

The local anomalous center over the west of the WTP
is significantly associated with the heating over the low
attitudes (Fig. 4c, f, i, 1). However, the circulation pattern
associated with heating of high elevation shows a weaker
anomalous center around the WTP (Fig. 4b, e, h, k). We
suggest that the northwest—southeast orientation of the
Himalaya restricts the eastward propagation of diabatic heat
energy and that the local circulation anomaly is first formed
by strong atmospheric heating and then tends to propagate

meridionally. The mid-upper tropospheric heat uplifted by
the main body of the WTP can propagate to remote areas
via the Rossby wave response along the westerly jet stream.
The combination of different latent heat anomalies at differ-
ent elevations results in the overall above-normal TP-CGT.

5 Physical mechanisms for the TP-CGT

Not all regions around the TP correspond to the TP-CGT
pattern, and the high-elevation heating of the WTP shows
stronger links with the circulation anomalies in remote areas.
Previous studies have documented that the ISM rainfall plays
an important role in the maintenance of the CGT (Ding and
Wang 2005, 2007; Ding et al. 2011). The southwestern
WTP is geographically proximal to the ISM, but shows a
weaker connection to the CGT. This suggests that the TP-
CGT is induced by the high-elevation heating. We present
here observational and modeling evidence to confirm this
speculation.

5.1 The two-direction structure of the TP-CGT
pattern

Previous studies have shown that the remote diabatic heating
in the Asian monsoon region can induce different Rossby
wave response depending on the latitude. Kelvin waves ema-
nate via equatorial heating and create extensive high-level
easterly winds to the east. By contrast, a Gill-type Rossby
wave response is induced by heating over the Indian Penin-
sula, which is called monsoon—desert mechanism. The Gill-
type Rossby wave interacts with the westerly jet stream and
affects the vertical motion over the Sahara Desert (Gill 1980;
Rodwell and Hoskins 1996; Yang et al. 1992). The region of
the TP-CGT from the WTP to the east coast of North Amer-
ica resembles this Gill-type Rossby wave response, which is
similar to the results reported by Lu et al. (2018). The mid-
latitude diabatic heating can excite stationary Rossby waves
trapped on the westerly jet stream (Hoskins and Ambrizzi
1993; Yasui and Watanabe 2010). We suggest that the TP-
CGT is composed of two parts: a westward Rossby wave
response and an eastward-propagating wave train along the
westerly jet stream.

Figure 5 shows the circulation anomalies associated with
the TP-CGT. The circulation centers are dominated by sig-
nificant anticyclonic wind anomalies at 200 hPa, accom-
panied by an upper-tropospheric divergence and a lower-
tropospheric convergence, favoring enhanced precipitation.
A strong TP-CGT is also associated with a circumglobal
easterly wind anomaly along the boundary line between
the climatological easterly and westerly winds, which may
conduce the anticyclonic wind anomaly of the teleconnec-
tion centers. The precipitation in the center of the TP-CGT
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Fig.5 Regressions of (a) the 200-hPa wind divergence (shading; s™')
and wind vectors (arrows; m s~!), (b) precipitation (shading; mm
day™!) and 850-hPa wind vectors (arrows; m s~') on the time series
of the WTP heat source. The green dots denote that the 200-hPa wind
divergence in part (a) and the precipitation in part (b) are signifi-

is also significantly enhanced, indicating that WTP heating
can affect precipitation in remote areas via the circulation
anomaly of the TP-CGT. The WTP heat source is posi-
tively correlated with the precipitation in the whole Indian
Peninsula, which shows an interaction between WTP and
ISM heating, as pointed by Jiang and Ting (2017, 2019). To
separate the different roles played by the western TP heat
source dominated by latent heating and by the Indian mon-
soon heating, Fig. S2 shows partial regression maps of ISM
(the core monsoon zone, 18-25°N, 75-85°E) (Gadgil 2003;
Jiang and Ting 2017) and WTP latent heating on the H200.
The circulation pattern associated with WTP heating after
removing the impact of ISM resembles the TP-CGT pattern,
but the pattern is not obvious conversely. The result shows
that the TP-CGT pattern is sensitive to the location of the
heating, and the WTP heating is more effective than the ISM
heating in inducing the teleconnection pattern.
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cantly above the 95% confidence level. The pink contours in part (a)
denote the westerly jet stream>20 m s~! and the blue contour depicts
the zonal wind equal to 0. The red vectors denote that the values of
either zonal or the meridional wind component is significantly above
the 95% confidence level

To verify the process by which the WTP heat source
excites the two-direction structure of the TP-CGT, a running
lead-lag correlation is performed between the WTP heat
source anomaly and the height anomaly of the two neigh-
boring TP-CGT centers (over North Africa and northeastern
Asia, corresponding to Box 1 and Box 2 in Fig. 5a, respec-
tively). Because the propagation of the Rossby wave may be
hardly captured on a monthly scale, the daily H200 anomaly
from May 12 to October 20 and the daily WTP heat source
in summer (JJAS) during the time period 1980-2018 are
used in our calculations. For example, we calculate the cor-
relation coefficients between the 39-year time series of the
WTP heat source on June 1 and the Box 1 height anomalies
from May 12 to June 20 to obtain a total of 41 correlation
coefficients from lag — 20 to+ 20 days. The WTP heat source
occurs from June 1 to September 30 and this calculation is
implemented on a daily basis. The results are shown in Fig. 6
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with an abscissa of lag days and an ordinate of the calculated
date of the WTP heat source.

The increase in the height over North Africa is signifi-
cantly correlated with the WTP heat source from lag 0
to+ 8 days during early June and early July. This connection
is weak from late July to mid-August, but then increases later
again. The preceding height anomaly over North Africa also
shows a significant correlation with the WTP heat source,
indicating an upstream effect of the circulation anomaly
that propagates along the westerly jet stream. The height
anomaly of northeastern Asia exhibits a significant and
positive relationship with the WTP heat source from lag+ 1
to+ 8 days. This linkage is stable before mid-July and after
September. The WTP heat source leads the two neighboring
TP-CGT centers by 1-8 days, suggesting a two-direction
propagation of the Rossby wave response from the WTP.

It is interesting that the westward atmospheric response
is more unstable than the eastward one. The center of TP-
CGT over northeastern Asia is weaker in August than in
the other months (figure not shown). We consider that the
change in the westerly jet stream results in this instable rela-
tionship during summer. The configuration of the jet stream
determines the meridional location and wavenumber of the
wave train. The westerly jet features a transient latitudinal

migration (Schiemann et al. 2009), which accounts for the
unstable correlation when we take a fixed region as the
center of the TP-CGT. Since the CGT also shows large inter-
seasonal variability (Ding and Wang 2007), it is hard to cap-
ture a dynamic teleconnection center. Numerical models are
therefore used to better understand the TP-CGT.

5.2 Simulations of numerical models

Figure 7 shows the response of the 200-hPa geopotential
height to the WTP anomalous heating based on an experi-
ment with a simple linearized model (LBM) forced by the
composite difference in the WTP heat source. An anomalous
high occurs over the WTP on the fifth day after the start
of model integration, which corresponds to the TP-CGT
center over the west of the WTP. The teleconnection patterns
appear after the model is integrated for 10 days and con-
tinuously strengthen to form a circumglobal positive height
anomaly. The experimental results validate the observation-
based conclusions that the WTP heating anomaly can induce
the TP-CGT pattern, which leads the TP-CGT centers in
North Africa and northeastern Asia by 1-8 days.

The diabatic heating in the AGCM is represented by a
series of parameterization schemes that include clouds,
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Fig.7 The 200-hPa height (shading; gpm) and wind (arrows; m
s7h response of (a) day 5, (b) day 10, (c) day 15, and (d) average
to the prescribed heat forcing over the WTP from day 26 to day 30.

radiation, and turbulence. The unrealistic atmospheric heat-
ing anomaly used in the model may result in large errors. To
ensure a real atmospheric response, we calculate the heating
ratio profile of the climatological heating to the anomalous
heating over the WTP by referring to the method of Li et al.
(2016) and then multiply the atmospheric heating rate by
the heating ratio profile in each time step when the model
is integrated. Figure 4 shows that SSTAs may influence the
TP-CGT and therefore the SST of the AGCM is fixed by the
climatological SST to exclude the impact of SSTAs.

The AGCM can well reproduce the above-normal TP-
CGT when the WTP heat source is intensified. Figure S3
shows the third EOF mode (EOF3) of H200 in two experi-
ments of the AGCM model. The EOF3 of control run resem-
bles the CGT-like pattern, and features six anomalous high
centers along the mid-latitudes of the northern hemisphere,
which accounts for 12.96% of the total variance. The per-
centage of variance of the EOF3 rises to 15.76% in the
sensitivity run, and the upper-level anticyclone over North
Africa is also enhanced (Fig. S3b). Figure 8 shows the cir-
culation anomaly associated with anomalous heating in the
AGCM simulation and observations. The anomalous height
belt along the mid-latitude is similar to the observation. It is
worth noting that the difference between the control and sen-
sitivity runs includes all the circulation anomalies induced
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The background mean state used in the LBM model experiments is
taken from the summer mean (JJAS) climatology for the time period
of 1980-2018

by the heating of the WTP, and the most remarkable phe-
nomenon is the in-phase TP-CGT pattern. Other character-
istics are also represented in the simulations, including the
easterly anomaly in the south of the TP-CGT center and the
quasi-barotropic structure in most cells, except for a baro-
clinic circulation around the TP.

Other factors may also account for the difference between
model and observation. The westerly jet stream simulated by
the AGCM in both control and sensitivity runs is stronger
than the observed (not shown) and the zonal asymmetry
of the jet stream also differs from the observation, which
account for the meridional displacement of the western hem-
ispheric TP-CGT in the AGCM simulation. Secondly, the
observed SSTA in the North Pacific acts on an anomalous
anticyclone in the upper troposphere and an anomalous high
at 850 hPa (Fig. 8b, d), corresponding to strong WTP heat-
ing. When the role of the SSTA is excluded in the AGCM,
no circulation anomaly occurs over the tropical ocean. In
spite of these differences, the consistence between the obser-
vations and the AGCM simulation indicates that the vari-
ability in the WTP diabatic heating largely contributes to the
TP-CGT teleconnection pattern during summer.

Figure 9 shows the 200-hPa barotropic energy conver-
sion associated with the above-normal TP-CGT pattern. The
barotropic energy conversion is concentrated along the both
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Fig.8 Differences in (a) the 200-hPa height (shading; gpm) and wind
vectors (arrows; m s~') and (c) the 850-hPa height (shading; gpm)
and wind vectors (arrows; m s~!) between the sensitivity and control
experiments of the AGCM. Composite differences in (b) the 200-
hPa height (shading; gpm) and wind vectors (arrows; m s71) and (d)
the 850-hPa height (shading; gpm) and wind vectors (arrows; m s~})

flanks of the summer westerly jet stream. The strong WTP
heating corresponds to the conversion of kinetic energy
between the TP-CGT and the summer climatological mean
flow around teleconnection centers. The CK is mainly con-
tributed by the meridional shear term (CK,), as shown by
the strong meridional component of the EP flux (Fig. 9e, f).
The associated CK, is significantly positive on the south-
ern flank of the exit of the Asian jet (Fig. 9¢, d), indicating
the intensified extraction of kinetic energy associated with
the zonally elongated variations of the westerly jet stream.
Despite some differences in the location of the anomalous
energy conversion centers, the AGCM experimental results
resemble the observed, indicating that interactions between
the TP-CGT and the basic flow is intensified by the WTP
anomalous heating.

There exist some differences between the model simu-
lations and observations. For example, the negative height
anomalies over the mid-latitudes of Eurasia only appear in
the model simulations. Previous studies have also noticed
that the negative height anomalies over Eurasia are accompa-
nied by the CGT pattern in the AGCM model when modify-
ing the diabatic heating by changing the surface albedo over
the Indian monsoon heat low region (Saeed et al., 2011; their
Fig. 1¢). However, Lin et al. (2017a) could not reproduce

(b) OBS H200&UV200
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80 64 48 32 8 0 16 32 48 64 B8O
OBS HB50&UV850
1 1
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between the years of strong positive and strong negative WTP heating
in the observational dataset. The black dots denote the values of H200
and H850 that are significantly above the 95% confidence level. The
red vectors denote the values of either the zonal or the meridional
wind component significantly above the 95% confidence level

the negative height anomalies in a LBM model, and thus
suggested that the different response among the models be
caused by the extra mid-latitude precipitation induced sur-
face albedo around the ISM region. Our LBM results resem-
ble the response of AGCM model in Saeed et al. (2011),
which may deemphasize the effect of precipitation because
the LBM is a dry atmospheric model without moist process.
However, the phenomenon cannot be captured in observa-
tions, and the reason is still unclear.

6 Uniqueness of the WTP heating

Previous studies have indicated that mid-latitude heating can
induce a CGT-like response along the westerly jet stream
(Yasui and Watanabe 2010), and the SVD analysis in our
study suggests a specific effect of WTP heating on the TP-
CGT pattern. The CGT pattern is also recognized as an inter-
nal dynamic mode trapped in the westerly jet stream (Ding
et al. 2011; Kosaka et al. 2009). The CGT in observations
is a combination of both the internal dynamical mode and
the diabatic heating induced wave response, which causes
difficulties to evaluate the contribution of each component to
the observed CGT pattern. The correlation between the WTP
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Fig.9 Regressions of (a) CK (shading; 107> m™ s) and the
extended EP flux (arrows; m” s72), (c) CK, and (e) CKy at 200-hPa
on the standardized time series of the WTP heat source in the obser-
vational dataset from 1980 to 2018. Differences in (b) CK (shading;

heat source and the CGT pattern is 0.56, which indicates
that the TP-CGT contributes 31% of the CGT variability.
However, because there are notable differences in the spatial
distribution of the CGT-like patterns associated with differ-
ent mechanisms, the determination coefficients (the square
of correlation coefficient) are not precise enough to represent
the contribution of a specific region to the CGT. We use a
“regression-out” method, which evaluates the contribution
of one grid to a circulation pattern by removing the impact
of the gird and calculating the change in this circulation
pattern, to further detect the role of mid-latitude diabatic
heating in the CGT pattern.

The regression-out method is carried out as follows. First,
we calculate the H200 anomaly associated with the latent
heat release of one grid point and then compute the residual
H200 field by subtracting the anomalous height from the
original height field. Secondly, an EOF analysis is performed
on the residual height field and the percentage variance of
the EOF2 is noted. The contribution of this grid point is
represented by the differences in the percentage variance
between the residual and original EOF modes. This pro-
cess is completed in each grid point over Eurasia (5—70°N,
10-140°E).

Figure 10a shows the contribution of diabatic heating
over Eurasia to the EOF2 mode, which represents the CGT
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107> m~2 s73) and the extended EP flux (arrows; m® s~2), (d) CK, and
) CKy at 200-hPa between the sensitivity and control experiments
of the AGCM, respectively. The blue contours denote the westerly jet
stream exceeding 20 m s~

pattern. Three key regions associated with the CGT pattern
are found in southern Europe, the WTP, and northeastern
Asia. The contributions of the three regions are above 26%,
18%, and 14%, respectively. Previous studies have shown
that the rainfall in southern Europe exerts a strong down-
stream effect on the Eurasian part of the CGT and explains
60% of the total CGT-like response to the mid-latitude dia-
batic heating in a LBM model simulation (Lin et al. 2017a;
Yasui and Watanabe 2010). However, the steady response
forced by southern European heating is concentrated in Eur-
asia, which differs from the circumglobal influence of the
WTP heat source (Lin et al. 2017a). This also corroborates
the decreasing contribution of southern European heating to
the CGT in the entire northern hemisphere.

The three components of the atmospheric heat source
show pronounced differences in their relationship with the
CGT pattern (Fig. 10b—d). The connection between the CGT
and the SSHF or latent heat is weak in southern Europe, but
radiative heating makes a similar contribution to the CGT as
the heat source, which suggests that the contribution of the
heat source to the CGT pattern in this region is dominated by
the net radiative heating in the atmosphere. The latent heat
process over the WTP mainly contributes to the connection
between the WTP heating and the CGT pattern, whereas
the contributions of the other two heating components are
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Fig. 10 Contributions (%) to the CGT pattern by the (a) diabatic heat-
ing, (b) SSHF, (c) latent heat and (d) radiative convergence over Eur-
asia calculated by the regression-out method. The dashed box denotes

minimal. A similar magnitude of the contribution to the
CGT pattern is found between the SSHF and latent heat over
northern Europe, but the local atmospheric heating does not
make a significant contribution to the CGT. The SSHF and
LH feature an out-of-phase variation over northern Europe,
with a correlation coefficient of —0.92 between the two
heating components over northern Europe, which accounts
for the out-of-phase association. Figure 10 shows a broader
association between radiative heating and the CGT pattern
over North Africa, the Mediterranean Sea, and southern
Europe, which can be explained by the westward propaga-
tion of the Rossby wave from the TP and ISM region (Yang
et al. 1992; Rodwell and Hoskins 1996; He et al. 2017; Lu
et al. 2018, 2019). This suggests the critical upstream influ-
ence of the TP and ISM diabatic heating on North Africa via
the propagation of the Gill-type Rossby wave.

The regression-out method implies a relationship between
the mid-latitude diabatic heating and the CGT pattern, and
we therefore discuss the contributions of the different heat-
ing components. As a result of this interaction, the anoma-
lous heat source can be formed by the circulation anomaly
of the CGT. We have verified the TP-CGT response induced
by the WTP heating, although there is still uncertainty in the
causal linkage between the atmospheric heating over other
regions and the CGT pattern. Figure 11 shows the steady
responses to different areas of heating in the LBM model.
The heating pattern is obtained by the composite difference
between the strong positive and negative heating years in
the prescribed region, which is similar to the calculation of
anomalous heating in the WTP. There are five experiments

(b) SSHF Contribution %
1 L

30w 0 30E 60E 90E 120E 150E

the WTP region. The green dashed line divides the WTP by the topo-
graphic height of 3000 m, with the main body north of the green line
and the southwestern part south of the green line

forced by diabatic heating in five regions, including two ISM
regions south of the WTP (Figs. 11b, c¢), the Kunlun Moun-
tains north of the WTP, northern Europe, and northeastern
Asia. The locations of the prescribed forcing are shown in
Fig. 11a. The LBM model reproduces the tropical Kelvin
wave response when diabatic heating is located over the
tropical Indian Ocean and shows a superposition of the tropi-
cal Kelvin wave and the Gill-type Rossby wave response
to Indian Peninsula heating, but the eastward-propagating
wave train over the mid-latitude of Asia along the westerly
jet stream is unclear. Previous studies have founded that the
diabatic heating in western-central India is more efficient
than that in the Indian Peninsula in modulating the CGT
main centers over mid-latitude Asia (Wu 2002; Wu and
Wang 2002). Such feature is consistent with the result of
LBM experiments in our study. However, there is no appar-
ent wave-like response in the LBM model when the diabatic
heating moves to the north of the WTP, and the heating over
northern Europe and northeastern Asia does not feedback
on the CGT-like teleconnection pattern. The atmospheric
response to the heating over southern Europe is not shown
because the result is consistent with that of Lin et al. (2017a;
their Fig. 9a) and the response is mainly concentrated over
Eurasia.

In general, the two-wavetrain structure of the TP-CGT
can only be formed by the prescribed heating anomaly
over the WTP. The heating over the ISM region (southern
Europe) can only induce westward (eastward) propagating
Rossby wave response, which is located over northern Africa
(Eurasia) and only affects part of the CGT. The WTP heat
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Fig. 11 a Distribution of the prescribed heat forcing in each simula-
tion experiment of the LBM model. Blue boxes indicate the locations
of heating anomalies. The letter near each box corresponds to the
serial number of the steady response to this area’s heat forcing. b—f

source therefore plays an important role in the CGT pat-
tern, and the meridional location of the WTP is responsible
for this phenomenon. Therefore, we suggest that the WTP
plays a “pit stop” transit role in transferring the variability
of the ISM to the CGT pattern. The circulation anomaly is
responsible for other anomalous heating that is sensitive to
the CGT pattern. Cloud cover or vertical motion would be
affected in these regions.

7 Discussion and conclusions

This study investigates the summer circumglobal telecon-
nection pattern induced by the synchronous WTP heating
and reveals the connections between different diabatic heat-
ing components and the CGT pattern using both reanalysis
data and numerical models.

The first dominant coupled mode between the TP area
heating and the northern hemispheric H200 shows a signifi-
cant connection between the WTP heating and the CGT-like
teleconnection pattern. The second coupled mode displays a
dipole pattern of the TP heating and the tropical atmospheric
circulation anomaly. The first two modes explain>60% of
the total covariance between the two fields and the WTP
heat source is significantly associated with the H200 in both
modes, suggesting the important role of the WTP heating
in the upper troposphere of the northern hemisphere.

The composite differences between the strongly posi-
tive and negative WTP-averaged heating years indicate that
the vertically-integrated heat source anomaly is strongest
over the southwestern WTP, suggesting the importance of
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The averaged steady responses of H200 from day 26 to day 30 to the
prescribed heat forcing over the areas in (a). The background mean
state used in the LBM model experiments is taken from the summer
mean (JJAS) climatology for the time period 1980-2018

ascending motion in the LH release forced by the large-
scale orography. The strongest atmospheric heating rate
is> 1.8 K day™ at the boundary of the southwestern slopes.
The anomalous heating over the main body of the WTP is
stronger than that over the surroundings at the same pres-
sure level. This strong anomalous heating can extend to the
tropopause with a similar magnitude as the climatological
heating of > 1 K day~".

The H200 field associated with the anomalous heat-
ing of the WTP shows a clear CGT-like pattern, with six
anomalous high centers in the North Atlantic, North Africa,
the western TP, northeastern Asia, the west coast of North
America, and the Gulf of Mexico. The latent heat release
from the WTP contributes to this connection, called the TP-
CGT, but the surface sensible heating corresponds to a wave
train propagating from North Japan to central North Amer-
ica through the Bering Sea and Canada. A reversed T-shaped
circulation anomaly and a wavenumber-4 wave train over
Eurasia are associated with the radiative heating over the
WTP. The high-elevation heat source of the WTP is accom-
panied by a significant anomalous high over remote areas,
but the low-elevation heat source corresponds to strong local
circulation. The blocking effect of the topography accounts
for the difference.

The TP-CGT has a two-direction structure induced by
the anomalous WTP HS: a westward-propagating Gill-type
Rossby wave along the south of WTP and an eastward-prop-
agating wave train along the westerly jet stream. The running
lead—lag correlation shows that the WTP heat source leads
the TP-CGT centers in North Africa and northeastern Asia
by 1-8 days, which confirms the counter-propagation of the
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WTP diabatic heat energy. The steady response to the WTP
heating in the LBM model is consistent with this observa-
tional feature. The enhanced TP-CGT is also verified by the
AGCM model with amplified WTP diabatic heating accord-
ing to the WTP-averaged heating profile. The percentage
of variance of the CGT pattern rises about 3% when inject-
ing the WTP heating in the ACGM model. The interaction
between the TP-CGT and the basic flow is intensified in both
the observations and the AGCM model.

The CGT has been regarded as an internal dynamic mode,
and the diabatic heating in specific regions can excite a
CGT-like response. To detect the contribution of diabatic
heating to the CGT in the observations, a regression-out
method is applied to Eurasia by removing the contribution
of heating at each gird point to the CGT pattern and then cal-
culating the change in the percentage variance of the CGT.
The results show that the latent heat release from the WTP
explains > 18% of the CGT variance in the northern hemi-
sphere. The atmospheric radiative heating over the Mediter-
ranean and North Africa is strongly associated with the CGT
pattern, indicating the importance of the monsoon—desert
mechanism caused by the westward-propagating Gill-type
Rossby wave. Sensible heating in northern Europe has a
similar magnitude, but makes an opposite contribution to
the CGT pattern relative to latent heating. The correlation
coefficient between the two heating components is -0.92.

A tropical Kelvin wave is excited by heating in the tropi-
cal ISM region, and extratropical heating can cause a super-
position of the tropical Kelvin wave and Gill-type Rossby
wave response. The northern Europe and northeastern Asia
also relate to the CGT pattern, but no circumglobal response
can be induced by heating of the two regions. A CGT with a
clear two-direction structure can only be formed if the pre-
scribed heating is located in the WTP. The evidence derived
from observations and the LBM model simulations suggests
the unique role of WTP heating in the mid-latitude circula-
tion of the northern hemisphere. The transports of moisture
by the ISM and the topographic uplift effect account for the
strong WTP heat source during the summer and the WTP
acts as a “pit stop” to relay the impact of the ISM on the
CGT.

Our study confirms the effect of heating by the TP on
the upstream climate and illustrates the TP-CGT circum-
global response excited by the diabatic heating of the WTP.
Only the one-way effect of the WTP on the CGT-like pat-
tern has been detected. The CGT pattern can interact with
ISM and further affect the TP rainfall. Following Jiang and
Ting (2017), the positive phase of the CGT will promote the
central- northern Indian subcontinent rainfall, which varies
in phase with the WTP rainfall. The strong WTP rainfall
can further strength the CGT-like pattern to form a positive
feedback process. However, the interactions between the
mid-latitude teleconnection pattern and the WTP heating

have not been proved. While this study is focused on the
interannual variability of the WTP heating, strong inter-
seasonal oscillations occur in both CGT pattern and TP
heating (Ding and Wang 2007; Ren et al. 2019; Wang and
Duan 2015) and the connection between the different time
scales is still unclear. Furthermore, the heating of the WTP
shows a significant relationship with the polar circulation,
and the wave train associated with the radiative heating of
low elevation is originated from the Ural, which is similar
to the wave train shown by Li et al. (2020a). Therefore, we
speculate that the polar circulation is associated with the
Arctic sea ice variability. Apparently, these issues require
further investigations.
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