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ABSTRACT: The summer atmospheric heat source (AHS) over the Tibetan Plateau (TP), modulated by the midlatitude
westerlies and Asian summer monsoon, exerts a crucial influence on regional and global atmospheric circulation and cli-
mate change. Previous studies have predominantly focused on the impact of low-latitude tropical ocean–atmosphere forc-
ing signals on the summer AHS over the TP. Notably, the North Atlantic (NA) sea surface temperature anomaly (SSTA),
as an upstream signal in mid- and high latitudes, can also significantly affect the summer AHS over the TP by stimulating
atmospheric teleconnection wave trains, while the mechanisms and contributions remain unclear. This study explores the
interannual variation of the summer AHS over the TP and its correlation with concurrent NA SSTA. The results indicate
the NA tripole (NAT)-like SSTA pattern contributes about 20% to the interannual variability of the summer AHS over
the southeastern TP. Specifically, when the NAT-like SSTA pattern is in a negative phase (meridional positive–negative–posi-
tive pattern), it triggers a teleconnection wave train propagating from west to east, culminating in the positive AHS anomaly
over the southeastern TP. Further analysis indicates the presence of anomalous vertical ascending motions associated with the
wave train over the southeastern TP. When coupled with the convergence belt of water vapor, it is beneficial to the precipita-
tion in this region. The release of condensation latent heat subsequently emerges as a significant contributor to the positive
AHS anomaly. Finally, numerical simulation experiments also validate this impact process. This study elucidates the physical
mechanism through which NA SSTA affects the interannual variability of the AHS over the TP in summer, providing a scien-
tific basis for climate prediction and disaster management in the region.

KEYWORDS: Complex terrain; North Atlantic Ocean; Sea surface temperature; Summer/warm season; Atmospheric waves;
Interannual variability

1. Introduction

The Tibetan Plateau (TP) is located in central Asia and has
the highest average elevation and most complex topography
in the world. Known as the “roof of the world” and the “third
pole of Earth,” the uplift of the TP forms a prominent atmo-
spheric heat source (AHS) that towers into the free atmosphere.
Its underlying surface directly acts on the midtropospheric atmo-
sphere, significantly affecting and regulating regional and even
global atmospheric circulation and climate patterns (Ye and
Gao 1979). In summer, the atmosphere over the TP rises
strongly driven by its heating effect; while in winter, it sinks
significantly due to the longwave radiation cooling through-
out the air column. Wu et al. (1997) applied the Ertel potential
vorticity theory and thermal adaptation theory to describe this
suction–emission effect caused by the TP thermal forcing as the
“sensible heat-driven air pump” and revealed its crucial role in
the formation and maintenance of the Asian monsoon (Wu et al.

2012, 2018). Additionally, the AHS over the TP can also affect
atmospheric teleconnection wave trains. This means that the
thermal effects of the TP are not limited to local circulation but
can affect weather and climate in the Northern Hemisphere and
even globally by regulating hemispheric-scale atmospheric circu-
lation and sea surface currents (Y. Liu et al. 2020; Sun et al.
2021; Yu et al. 2022; Huang et al. 2023; Xie et al. 2023). There-
fore, an in-depth study of the AHS over the TP is essential for a
better understanding of the physical mechanisms driving global
climate change and provides a scientific foundation for develop-
ing effective climate change countermeasures.

There are obvious seasonal differences in the AHS over the
TP: It acts as a cold source in winter, a weak heat source in
spring, and a strong heat source in summer. In winter and
spring, sensible heat is the main component; while in summer,
the condensation latent heat released by precipitation (Pre)
becomes dominant (Ye and Gao 1979). Due to the strong
condensation latent heat, the TP becomes a powerful AHS
in the midtroposphere of the Northern Hemisphere during
summer. Coupled with the Asian summer monsoon period,
the summer AHS over the TP plays a crucial role in theCorresponding author: Jianping Huang, hjp@lzu.edu.cn
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formation and evolution of atmospheric circulation in Asia
and the Northern Hemisphere. On account of the significant
impact of the summer TP thermal forcing on global climate
change, the variability mechanisms of the summer AHS over
the TP have gained increasing attention in recent years. The
TP is simultaneously influenced by two circulation systems:
the midlatitude westerlies and the Asian summer monsoon
during summer (Yang et al. 2014; Dong et al. 2017; Zhou et al.
2019; Lai et al. 2021; Wang et al. 2022). This means that
the summer AHS over the TP is affected by various ocean–
atmosphere forcing signals from both mid–high latitudes and
tropical regions. Some studies have shown that the Indian
Ocean warm sea surface temperature anomaly (SSTA) can in-
duce Ekman divergence by triggering Kelvin waves, forming
an anomalous anticyclone over the Bay of Bengal. This anom-
alous anticyclone transports water vapor to the southeastern
TP via anomalous southwesterlies, leading to a positive pre-
cipitation anomaly and the release of condensation latent
heat, further affecting the summer AHS over the TP (Hu and
Duan 2015; Sun and Wang 2019; Zhao and Zhou 2021; Zhang
et al. 2022). Additionally, El Niño–Southern Oscillation
(ENSO), as the strongest signal of interannual variability, can
significantly affect the summer AHS over the TP due to its
close connection with the Indian summer monsoon. During
the summer of El Niño development years, the Indian summer
monsoon weakens, and an anomalous cyclonic circulation ap-
pears in the upper troposphere over the western TP. This in-
hibits water vapor transport to the western TP, resulting in a
negative precipitation anomaly in the region and further af-
fecting the summer AHS over the TP (Wang and Ma 2018;
S. Liu et al. 2020; Hu et al. 2021). Through a review of previous
studies, we find that the studies available on the anomalous causes
of the summer AHS over the TP mostly focus on low-latitude
tropical regions, while the research on the forcing signals in mid-
and high latitudes still needs to be further investigated.

Many studies have indicated that anomaly in the AHS over
the TP results from both atmospheric circulation and external
oceanic forcing (Jiang et al. 2016; Wang and Xu 2018; Zhao
et al. 2018; Han et al. 2021). The North Atlantic (NA), posi-
tioned upstream of the Eurasian continent, with its SSTA, as
a signal in mid- and high latitudes, can affect the TP thermal
conditions by stimulating atmospheric teleconnection wave
trains. Cui et al. (2015) observed that the NA tripole (NAT)
SSTA pattern in early spring could alter the strength of the
spring subtropical westerly jet over the TP by triggering sta-
tionary downstream Rossby waves, further affecting the spring
AHS over the TP. Han et al. (2022) found that the horseshoe-
like SSTA pattern over the midlatitude NA in October and
its persistence in November may be key factors in the precip-
itation and snow cover anomalies over the central TP. Addition-
ally, some scholars have demonstrated that the quasi-stationary
downstream Rossby wave train triggered by the NAT SSTA
pattern during winter and spring leads to anomalous cyclonic
circulation in the mid- to upper troposphere over the western
TP. This circulation transports water vapor from the Arabian
Sea to the southwestern TP, resulting in a positive precipita-
tion anomaly and a negative surface sensible heat anomaly in
this region (Yu et al. 2021, 2023). In summary, the NA SSTA

plays an indispensable role in the anomalous variations of the
AHS over the TP. However, current research on the impact of
NA SSTA on the AHS over the TP is mostly concentrated on
the winter and spring seasons, while the studies on the influence
of NA SSTA on the AHS over the TP in summer are still rela-
tively scarce, and the potential physical mechanisms and contri-
butions are not fully understood. Therefore, this article explores
the relationship between the summer AHS over the TP and
simultaneous NA SSTA on the interannual scale, which is
crucial for climate prediction and disaster management in the
plateau area.

The remainder of this article is organized as follows: section 2
briefly introduces the data, methods, and model applied in this
study; section 3 analyzes the interannual variability of the sum-
mer AHS over the TP and its associated atmospheric circula-
tion, explores its correlation with the concurrent NA SSTA and
the relevant physical mechanisms, and validates our findings
through numerical experiments; and finally, the summary and
discussions are provided in section 4.

2. Data, methods, and model

a. Data

The data used in this study include the following: 1) The
monthly Japanese 55-year Reanalysis (JRA-55) datasets pro-
vided by the Japan Meteorological Agency (JMA) with a hor-
izontal resolution of 1.258 3 1.258 (Kobayashi et al. 2015);
2) the monthly reanalysis datasets from the National Centers
for Environmental Prediction–National Center for Atmo-
spheric Research (NCEP/NCAR) with a horizontal resolution
of 2.58 3 2.58 for investigating the dynamic mechanism of the
wave train (Kalnay et al. 1996); 3) the monthly mean sea sur-
face temperature (SST) data from the National Oceanic and
Atmospheric Administration (NOAA) Extended Recon-
structed SST, version 5 (ERSST.v5), with a horizontal resolu-
tion of 2.08 3 2.08 (Huang et al. 2017); 4) the monthly mean
precipitation data provided by the Climatic Research Unit
(CRU TS4.06) with a horizontal resolution of 0.58 3 0.58
(Harris et al. 2020); and 5) the datasets of TP boundary pro-
vided by the National Tibetan Plateau/Third Pole Environ-
ment Data Center (Zhang et al. 2014). The study period
spans from 1981 to 2020, with the summer defined as the aver-
age from June to August.

b. Methods

1) ATMOSPHERIC HEAT SOURCE

The AHS is defined as the gain or loss of heat in the air
column, which comprises the sum of sensible heat (SH), conden-
sation latent heat (LH) released to the atmosphere by precipita-
tion, and net radiation of the air column (RC) (Ye and Gao 1979;
Yu et al. 2011). The formula is

AHS 5 SH 1 LH 1 RC

5
Cp

g

�Ps

Pt

[(vdfhr 1 lrghr 1 cnvhr 1 lwhr 1 swhr)]dp,
(1)
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where SH represents the vertical integration of the vertical
diffusion heating rate (vdfhr), LH is the vertical integration of
the large-scale condensation heating rate (lrghr) and the
convective heating rate (cnvhr), and RC is the vertical inte-
gration of the solar radiative heating rate (swhr) and the
longwave radiative heating rate (lwhr). And Cp is the spe-
cific heat of dry air at constant pressure, g is the accelera-

tion of the gravity, Ps refers to the surface pressure, and
Pt 5 100 hPa.

2) TAKAYA AND NAKAMURA WAVE ACTIVITY FLUX

The propagation of the wave energy is characterized by the
wave activity flux (WAF) (Takaya and Nakamura 2001), and
the horizontal WAF is calculated as follows:

WAF 5
p cosu
2|U|

u
a2 cos2u

(c′2
x 2 c′c′
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′
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y
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,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(2)

where u and y represent the zonal and meridional wind of the
basic flow vector U (u, y), respectively; p is the pressure; u is
the latitude; |U| is the wind speed; a is the radius of Earth; c
is the streamfunction; x and y are the partial derivatives of c
in the zonal and meridional directions; and “–” and “′” are
the climatology and deviation, respectively.

3) LINEARIZED VORTICITY EQUATION

Under the geostrophic approximation, the linearized vorticity
equation can be expressed as (Kosaka and Nakamura 2006)

RWS 2 uc

­z′

­x︸︷︷︸
ZA

2 yc

­z′

­y︸︷︷︸
MA

2 u′c
­z′

­x︸︷︷︸
b_x

2 y ′c
­(f 1 z)

­y︸����︷︷����︸
b_y

2 Res 5 0,

(3)

where the RWS is the linearized Rossby wave source; ZA (MA)
represents the transport of perturbed vorticity by the zonal (me-
ridional) component of the climatological rotating wind; b_x
(b_y) indicates the transport of mean vorticity by the zonal (me-
ridional) component of the perturbed rotating wind; and Res
represents the residuals, including the dissipation, nonlinear ef-
fects, skew terms, and data uncertainty. The RWS term can also
be divided into the vorticity stretching term (related to the con-
vergence and divergence of the flow) and the vorticity advection
term (representing the vorticity advection by the divergent wind)
(Sardeshmukh and Hoskins 1988), expressed as

RWS 5 2 =H ? {u′x( f 1 z)} 2 =H ? {uxz′}, (4)

where =H is the horizontal gradient operator, u 5 (u, y) refers
to the horizontal wind, f represents the Coriolis parameter, and
z is the relative vorticity. The subscripts x and c represent the di-
vergent and rotational wind component of u, respectively.

4) BAROTROPIC AND BAROCLINIC

ENERGY CONVERSION

The barotropic energy conversion (CK) and baroclinic en-
ergy conversion (CP) formulated by Kosaka and Nakamura
(2006) are calculated as follows:

CK 5
y ′2 2 u′2

2
­u
­x

2
­y

­y

( )
2 u′y ′

­u
­y

1
­y

­x

( )
, (5)

CP 5 2
f
s

y ′T′­u
­p

2 u′T′­y
­p

( )
, (6)

where s 5 (RT /Cpp)2 (dT /dp) is the atmospheric stability
parameter. The R and Cp denote the gas constant and specific
heat at constant pressure, respectively.

c. Model

Sensitivity experiments were conducted using the Commu-
nity Atmospheric Model, version 6.0 (CAM6) (Danabasoglu
et al. 2020), of the Community Earth System Model (CESM)
developed by the NCAR to examine whether the NA SSTA
can excite a wave train propagating downstream to the TP
and affect the AHS over the TP during summer. This mode
utilizes the finite-volume dynamical core (Lin and Rood 1997)
and incorporates enhanced physical parameterizations com-
pared to previous versions. It operates at a horizontal resolu-
tion of 0.98 (in latitude)3 1.258 (in longitude), with 32 vertical
levels, and a model top at 2.26 hPa.

3. Results

a. Interannual variability of the summer AHS over the
TP and associated anomalous circulation

In this section, we examine the interannual variability of the
summer AHS over the TP and the distribution of associated
anomalous circulation during the period from 1981 to 2020. To
emphasize the interannual variability, we detrend the linear
trend of the data and conduct the filtering techniques (subtract-
ing the 9-yr running average from the original data) to isolate in-
terannual signals. Figure 1a illustrates the spatial distribution of
the climatological state and interannual standard deviation of
the summer AHS over the TP. During summer, the entire TP
acts as a heat source, with peaks concentrated in the southeast-
ern TP, reaching up to 200 W m22. This is primarily due to the
release of condensation latent heat from summer precipitation
(Luo et al. 2024). The interannual standard deviation of the
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summer AHS also exhibits high values in the southeastern
TP, indicating significant interannual variability in this region.
Consequently, we identify the southeastern TP (878–1038E,
278–348N) as the key region for analyzing the interannual vari-
ability of the summer AHS over the TP. Additionally, we pre-
sent the spatial distribution of the first leading mode for the
empirical orthogonal function (EOF1) of the interannual vari-
ability of the summer AHS over the TP in Fig. 1b. The EOF1
accounts for 33.0% of the total variance and passes the North
test. The primary anomaly center of the summer AHS is also sit-
uated in the southeastern TP, while a smaller area in the western
and northeastern TP displays a reverse-phase pattern, though
with weaker intensity. We perform an area-weighted average
and standardization on the interannual series of the summer
AHS over the key region in the southeastern TP (highlighted by
the red rectangle box in Fig. 1a) to establish the AHS index. The
temporal correlation coefficient between this index (AHS_domain,
indicated by the red line in Fig. 1c) and the normalized princi-
pal component (PC) corresponding to EOF1 (AHS_PC1,
represented by the blue line in Fig. 1c) is 0.94, statistically signif-
icant at the 99% confidence level. Thus, the index AHS_domain
effectively captures the interannual variation of the summer
AHS over the TP.

Figure 2 illustrates the spatial distributions of the summer
200-hPa meridional wind, 200-hPa geopotential height, and
horizontal WAF, as well as the 500-hPa geopotential height
and wind field anomalies regressed to the AHS_domain. As
can be seen in Fig. 2a, there is a teleconnection wave train
propagating from west to east from the NA in mid- and high
latitudes of Eurasia. The wave train appears to result from
the coupled relation between the waveguide teleconnections
along the polar front jet and along the subtropical jet, as ex-
amined by Xu et al. (2022). It bifurcates near the Caspian Sea,
with the northern branch continuing to propagate eastward
along the polar front jet in the upper troposphere as far as the
Sea of Okhotsk region, and the other branch propagating
south-eastward along the subtropical westerly jet to East
Asia. Among them, the activity centers of the northern
branch of the wave train are basically consistent with those of
the British–Baikal Corridor (BBC) teleconnection pattern
(Xu et al. 2019); and the activity centers of the southern
branch of the wave train are distributed on the east and west
sides of the TP. The anomalous WAF distinctly shows the
propagation path of Rossby wave energy. As depicted by the
200-hPa horizontal WAF (Fig. 2b), this wave train originates
from the western NA, corresponding to the exit zone of the

(a) (b)

(c)

North=True 33.0%EOF1

AHS_PC1
AHS_domain

R(AHS_PC1, AHS_domain)=0.94

FIG. 1. (a) Spatial distribution of the summer AHS over the TP (W m22; shading) and standard deviation of its in-
terannual variations (W m22; black contour) during 1981–2020. The red rectangle box (878–1038E, 278–348N) denotes
the key region. (b) Spatial pattern of the EOF1 of the summer AHS over the TP during 1981–2020. The percentage in
the top right is the percent variance explained by the EOF1. (c) Normalized AHS index obtained by the area-
weighted average over the key region (AHS_domain, red line) and the normalized PC corresponding to the EOF1
(AHS_PC1, blue line). The number in the top right is the correlation coefficient between AHS_domain and AHS_
domain.
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NA jet, effectively exciting disturbances. The wave train
undergoes disturbances, generating low-frequency oscillations
that influence the weather and climate of downstream regions
through energy propagation and dispersion effects. When the
summer AHS over the TP is anomalously strong, the wave
train extends from the NA across western Europe, central
Asia, and the Iranian Plateau to the southeastern TP. The
geopotential height anomalies over these regions exhibit a
pattern of “1, 2, 1, 2, 1,” with most areas significant at the
90% confidence level. The positive geopotential height
anomaly over the southeastern TP corresponds to the inten-
sified South Asian high induced by the abnormally strong
summer AHS over the TP. Furthermore, the comparison of
the 200- and 500-hPa geopotential height anomalies (Figs. 2b,c)
reveals a similar spatial structure of the wave train, characterized
by “weaker in the lower levels and stronger in the upper levels,”
indicating an equivalent barotropic structure in the vertical di-
rection of the atmospheric circulation associated with the inter-
annual variation of the summer AHS over the TP.

b. Relationship between the NA SSTA and the AHS over
the TP in summer

Upon analyzing the large-scale circulation associated with
the interannual variations of the summer AHS over the TP in
the preceding section, it becomes evident that the external
forcing signals affecting the interannual variability of the sum-
mer AHS over the TP may originate from the western NA.
Consequently, singular value decomposition (SVD) analysis
was conducted to examine the relationship between the inter-
annual variations of the summer AHS over the TP and the
concurrent NA SSTA. The AHS over the TP was designated
as the left field and the NA SST as the right field. Similarly,
before conducting the SVD analysis, the AHS and SST data
were detrended and filtered. Figure 3 presents the heterogeneous

correlation spatial distributions and the normalized time series of
the first leading SVD mode (SVD1) of these two fields. SVD1
accounts for 52.33% of the total explained variance, with a tem-
poral correlation coefficient of 0.71 between the time series of
the left and the right fields, significant at the 99% confidence
level. This indicates a close relationship between the interannual
variability of the AHS over the TP and the NA SSTA in sum-
mer. SVD1 of the AHS over the TP (Fig. 3a) exhibits a similar
spatial distribution to its EOF1 (Fig. 1b), with the high-value
area situated in the southeastern TP. The correlation coefficient
between AHS_SVD1 and AHS_domain is 0.95, significant at the
99% confidence level. The SVD1 of NA SST (Fig. 3b) displays a
“1, 2, 1” mode from south to north, similar to the NAT pat-
tern. By comparison, we find that compared with the NAT pat-
tern, the maximum centers of SST_SVD1 shift slightly to the
east and south (Cheng et al. 2024). In addition, we calculate the
correlation coefficient between SST_SVD1 and NAT to be 0.69.
Therefore, we define the SST_SVD1 as the NAT-like SSTA
pattern. In line with the definition by previous studies (Wu
et al. 2009; Zuo et al. 2013), the spatial mode shown in Fig. 3b
can be referred to as the negative phase pattern of NAT-like
SSTA, and the opposite is called the positive phase pattern. The
results of SVD1 indicate that when the negative phase pattern
of NAT-like SSTA predominates, the summer AHS over the
TP strengthens anomalously.

Based on the findings of SVD, the SST_SVD1 in Fig. 3c
was designated as the NAT-like SSTA index series correlated
with the interannual variability of the summer AHS over the
TP in this current study. Subsequently, the 200-hPa meridional
wind, 200-hPa geopotential height, and horizontal WAF, as well
as the 500-hPa geopotential height and wind field anomalies,
were regressed against the SST_SVD1 (Figs. 4a,b,d). The regres-
sion results reveal a distinct wave train structure in the upper
troposphere propagating from the western NA to the Eurasian

(a) 200hPa V(m s-1) regressed to AHS_domain

(b) 200hPa H(gpm) & WAF(m2 s-2) regressed to AHS_domain (c) 500hPa H(gpm) & Wind(m s-1) regressed to AHS_domain0.1 2

FIG. 2. The summer (a) 200-hPa meridional wind (V, m s21; shading), (b) 200-hPa geopotential height (H, gpm; shading) and WAF
(m2 s22; vector), and (c) 500-hPa geopotential height (H, gpm; shading) and wind (m s21; vector) anomalies regressed to the AHS_domain.
The dotted areas are significant at the 90% confidence level. Only wind anomalies statistically significant at the 0.1 level are plotted.
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continent, extending to the southeastern TP. These spatial
distributions align with those depicted in Fig. 2, suggesting a
significant contribution of the NAT-like SSTA pattern to the
interannual variability of the AHS over the TP in summer.
By following the propagation path of the wave train triggered
by NA SSTA, Fig. 4c provides the vertical cross section of
temperature, geopotential height, and vertical velocity anom-
alies along the thick solid lines labeled A, B, C, D, and E
(marked in Fig. 4b) regressed to SST_SVD1. Consistent with
earlier analyses, the anomalous temperature and geopoten-
tial height fields manifest a clear wave train structure propa-
gating from west to east. The geopotential height of the A-D
section demonstrates an equivalent barotropic structure verti-
cally, with the maximum center of anomaly positioned around
250 hPa. While the temperature field over the TP slightly lags
behind the height field in phase, it exhibits a baroclinic structure
with a westward tilt from bottom to top in the mid- and lower
troposphere due to the powerful diabatic heating (Fang and
Yang 2016). Owing to the baroclinic nature of the atmosphere,
which leads to the development of trough and ridge systems.

And from Fig. 4c, significant anomalous upward motions are ob-
served over the TP. This is conducive to the development of
convection, leading to increased precipitation and the release of
condensation latent heat in the region, thereby intensifying the
summer AHS over the TP. According to the thermal adapta-
tion theory, the positive AHS anomaly over the TP can also
induce the baroclinic structure of a lower-level cyclone and
an upper-level anticyclone. Thus, there exist positive feed-
back between this baroclinic structure and the positive AHS
anomaly over the TP, favoring the enhancement of each
other, and thus strengthening the response of AHS and circu-
lation over the TP to the NAT-like SSTA pattern forcing. In
addition, we can see from Fig. 3b that there are three centers
for the NAT-like SSTA pattern, and it seems that the two
warm SST centers are stronger and larger than the cold SST
in the middle center. We performed a partial regression anal-
ysis to distinguish the effects of the three centers and used
the standard regression coefficients to explain their relative
contributions (not shown). The results show that the cold
SST center has a weak negative contribution to the AHS

(a) AHS_SVD1 (b) SST_SVD152.33% 52.33%

(c) 

AHS_SVD1
SST_SVD1R(SST_SVD1, AHS_SVD1)=0.71

FIG. 3. Heterogeneous correlation patterns of the summer (a) AHS over the TP and (b) NA SST for the SVD1
during 1981–2020. The dotted areas are significant at the 90% confidence level, and the values in the top right are the
percentages of explained variance. (c) Normalized expansion coefficients of the SVD1 for the summer AHS over the
TP (AHS_SVD1, red line) and NA SST (SST_SVD1, blue line).
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anomalies over the TP, while the two warm SST centers have
strong positive contributions.

c. The dynamic mechanism of the wave train

The preceding analysis indicates that the summer NAT-like
SSTA pattern triggers an atmospheric teleconnection wave
train that propagates downstream along the great circle path,
affecting the circulation systems over the TP. In this section,
we analyze the dynamical mechanisms of generation and
maintenance of this wave train, which is of great significance
for understanding its spatial structure. Figure 5 presents the
budget of various terms in the linearized vorticity equation
corresponding to the wave train. The figure shows that the
RWS, ZA, and b_y are the dominant terms in the vorticity
equation. In contrast, the MA and b_x contribute minimally
to the wave train. Specifically, the RWS (Fig. 5a) comprises
alternating centers of positive and negative sources along the
path shown in Fig. 4b, with a distinct negative anomaly center
in the western NA. The distribution of RWS at high latitude
is similar to that of the BBC teleconnection pattern (Xu et al.
2019), corresponding to the analysis about Fig. 2a. We further
decompose the RWS term (Sardeshmukh and Hoskins 1988),
and the comparison shows that the RWS is predominantly con-
tributed by the vorticity stretching term (Fig. 6a), indicating that
the generation of RWS is mainly related to convergence and di-
vergence in the upper troposphere. Meanwhile, the spatial con-
figuration of the ZA is located downstream of the wave train
(Fig. 5b), originating from the downstream zonal advection of
perturbed vorticity by the climatological rotating wind. Addi-
tionally, the ZA (Fig. 5b) and b_y (Fig. 5e) are nearly compen-
satory in their spatial distribution and magnitude, suggesting
that the zonal advection of perturbed vorticity by the climatolog-
ical rotating wind can be offset by the meridional advection of
mean vorticity by the perturbed rotating wind. As for the Res

term (Fig. 5f), which represents dissipation, nonlinear effect,
skew term, and data uncertainty, no further investigation was
conducted. This is due to its smaller magnitude compared to the
RWS and ZA terms, as well as the absence of a systematic spa-
tial structure.

The discussion above focused on the vorticity budget, and
the subsequent analysis will explore the maintenance mecha-
nism of the wave train from the perspective of energetics.
Figure 7 shows the vertical integration (from 1000 to 100 hPa)
of CK and CP between the wave train and the mean flow. As
seen in Fig. 7a, the CK is primarily concentrated near the exit
region of the NA jet and the Asian jet, indicating the energy
conversion of perturbed kinetic energy between the basic flow
and the wave train in these areas, although the overall inten-
sity is relatively weak. In comparison, the contribution of CP
is greater than that of CK, exhibiting alternating positive and
negative values along the wave train (Fig. 7b), which is consis-
tent with the structure of the wave train shown in Fig. 4b. The
predominance of positive over negative values suggests that
the wave train can effectively extract available potential en-
ergy from the mean flow and is sustained through the process
of baroclinic energy conversion. Therefore, CP plays a major
role in maintaining the wave train, while CK has a relatively
limited effect and mainly serves to fix the position of the wave
train.

d. Impact of the NAT-like SSTA pattern on summer
AHS over the TP

The generation and maintenance mechanisms of the telecon-
nection wave train excited by the summer NAT-like SSTA pat-
tern from the perspective of atmospheric internal dynamics were
discussed in the preceding section. Subsequently, an examination
of the physical processes through which this wave train affects
the summer AHS over the TP will be undertaken. Figure 8

(a) 200hPa V(m s-1) regressed to SST_SVD1 (b) 200hPa H(gpm) & WAF(m2 s-2) regressed to SST_SVD1

(d) 500hPa H(gpm) & Wind(m s-1) regressed to SST_SVD1(c) T(K)&H(gpm)&W(-1*10-2 Pa s-1) regressed to SST_SVD1

A
B C

D
E

FIG. 4. The summer (a) 200-hPa meridional wind (V, m s21; shading); (b) 200-hPa geopotential height (H, gpm;
shading) and WAF (m2 s22; vector); (c) vertical cross section of the temperature (T, K; shading), geopotential height
(H, gpm; contour), and vertical velocity (W, 21 3 1022 Pa s21; vector) along the thick solid lines labeled A, B, C, D,
and E in (b); and (d) 500-hPa geopotential height (H, gpm; shading) and wind (m s21; vector) anomalies regressed to
the SST_SVD1. The dotted areas are significant at the 90% confidence level. Only wind anomalies statistically signifi-
cant at the 0.1 level are plotted.
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displays the anomalous horizontal and vertical spatial patterns of
the summer AHS over the TP and its three components re-
gressed to the SST_SVD1. The Fig. 8a indicates a significant pos-
itive AHS anomaly over the southeastern TP, closely resembling
the spatial distribution of AHS_SVD1 depicted in Fig. 3a. When
the NAT-like SSTA pattern is in the negative phase, the AHS is
abnormally strong across most TP regions. As for the AHS com-
ponents, the spatial distribution of condensation latent heat
closely corresponds to that of the AHS, with a large magnitude
(Fig. 8b). This indicates the predominant influence of condensa-
tion latent heat released by precipitation on the summer AHS
anomaly over the TP. In contrast, the spatial distribution of sen-
sible heat opposes to that of the AHS and condensation latent
heat, with a smaller magnitude but significant over the south-
eastern TP (Fig. 8c). The atmospheric net radiation displays a
negative anomaly across the majority of the TP, exhibiting the

smallest magnitude and generally insignificant variations
throughout the region (Fig. 8d). Furthermore, analysis of the
vertical distributions of the summer AHS and its components
(Fig. 8e) reveals a strong positive anomaly of the summer AHS
below 250 hPa, primarily driven by condensation latent heat.
The condensation latent heat exhibits a positive anomaly
throughout the layer, with significant values concentrated in the
midtroposphere, closely aligning with cloud height distribution
over the TP in summer. Sensible heat displays a notable negative
anomaly primarily in the near-surface layer of the TP, con-
strained by vertical transport limitations. In terms of atmo-
spheric net radiation, a heating effect is observed below 500 hPa
in the near-surface layer due to the absorption of longwave radi-
ation emitted from the surface. While above 500 hPa up to the
tropopause, longwave radiation cooling, primarily influenced by
cloud layers, plays a key role. The heating effect of shortwave

(a) RWS

(c) MA

(e) β_y

(b) ZA

(d) β_x

(f) Res

FIG. 5. The summer vorticity budget of the Rossby wave train at 200-hPa (10211 s22; shading) anomalies regressed
to the SST_SVD1. (a) RWS, (b) transport of perturbed vorticity by the zonal component of the climatological rotating
wind (ZA), (c) transport of perturbed vorticity by the meridional component of the climatological rotating wind
(MA), (d) transport of mean vorticity by the zonal component of the perturbed rotating wind (b_x), (e) transport of
mean vorticity by the meridional component of the perturbed rotating wind (b_y), and (f) Res.

(a) Vorticity stretching (b) Vorticity advection

FIG. 6. The summer (a) vorticity stretching term and (b) vorticity advection term of the RWS (10211 s22; shading) anomalies regressed to
the SST_SVD1.
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radiation caused by clouds and aerosols is comparatively
weaker. Following the offsetting of these opposing influen-
ces, the atmospheric net radiation indicates a heating effect
below 400 hPa and a cooling effect above 400 hPa, resulting
in insignificant changes after vertical integration of the en-
tire layer (Fig. 8d).

Furthermore, an analysis is conducted on the factors linked to
the three components of the AHS. Initially, for the condensation
latent heat, the anomalous spatial patterns of the 500-hPa verti-
cal velocity (W), total cloud cover (TCC), vertically integrated
water vapor flux (Qflux) and water vapor divergence (Qflux_
div), and precipitation (Pre) over the TP regressed against
SST_SVD1 are illustrated in Figs. 9a–d, with peak values
consistently situated in the southeastern TP. When the NAT-
like SSTA is in the negative phase, anomalous upward motions
appear over the southeastern TP (in agreement with prior profile
analyses), promoting convective development and leading to an
increase in total cloud cover. Simultaneously, a convergence zone
of water vapor forms over the southeastern TP, transporting
more water vapor from the tropical ocean to this region, favoring
precipitation and thereby enhancing the condensation latent heat.
Second, regarding the sensible heat, previous research has shown
that its anomalous variations predominantly depend on the
ground-air temperature difference (Ts 2 Ta, where Ts is the
ground temperature and Ta is the air temperature) and the 10-m

wind speed (10 m V) (Yang et al. 2009). Figures 9e and 9f depict
the anomalous spatial patterns of Ts 2 Ta and 10 m V over the
TP regressed against SST_SVD1. The comparison reveals that
the negative sensible heat anomaly (Fig. 8b) is predominantly
caused by the negative Ts 2 Ta anomaly (Fig. 9e), with both
anomalies exhibiting a similar spatial distribution, particularly
peaking over the southeastern TP. The increased precipitation
over the southeastern TP leads to decreased Ts, subsequently re-
ducing Ts 2 Ta. Conversely, in the western and northern TP,
sparse vegetation and exposed surfaces allow solar radiation to
reach the ground directly, coupled with reduced precipitation,
rapidly increasing Ts thereby enlarging Ts 2 Ta. However, the
10-m V shows an opposite variation to sensible heat, displaying a
positive anomaly across most of the TP, with the peak values cen-
tered over the southwestern TP (Fig. 9f), partly offsetting the
negative contribution of Ts 2 Ta to sensible heat. Subse-
quently, with regard to atmospheric net radiation, Figs. 9g–l
illustrate the regression fields of net longwave flux, net shortwave
flux, and associated radiation components against SST_SVD1.
The increase in total cloud cover over the southeastern TP re-
sults in greater absorption of shortwave flux by the atmosphere,
hence boosting the net shortwave flux (Fig. 9h). Concurrently,
more shortwave flux is reflected back to space (Fig. 9i), re-
ducing the solar radiation reaching the surface (Fig. 9j). More-
over, in combination with the cooling impact of precipitation on

(a) AHS (b) LH

(c) SH (d) RC

(e)

FIG. 8. The summer (a) AHS, (b) LH, (c) SH, (d) RC (W m22; shading), and (e) diabatic heating profiles (K day21; line) anomalies
over the TP regressed to the SST_SVD1. The red, orange, green, blue, yellow, and purple lines represent the AHS, SH, LH, RC, net
shortwave radiative (sw), and net longwave radiative (lw), respectively. The dotted areas are significant at the 90% confidence level.

(a) CK (b) CP

FIG. 7. The summer vertically integrated (a) CK and (b) CP (Wm22; shading) anomalies regressed to the SST_SVD1.
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the surface, Ts diminishes, emitting less longwave flux upward
from the surface (Fig. 9k). Additionally, the abundant total
cloud cover over the southeastern TP results in a dense atmo-
sphere with low cloud-top temperatures, further reducing the
outgoing longwave flux at the top of the atmosphere (Fig. 9l).
From a perspective on net balance, the entire atmospheric col-
umn exhibits a cooling effect (Fig. 9g). The offsetting of the cool-
ing of net longwave flux and the heating of net shortwave flux,
both in terms of spatial distribution and magnitude, results in a
relatively minor fluctuation in overall atmospheric net radiation,
aligning with the analysis presented in Fig. 8d.

The impacts of the wave train excited by the NAT-like
SSTA pattern on the summer AHS over the TP, along with
its three components and associated physical variables, were
examined. But how much does this influence contribute to the
interannual variability of the summer AHS over the TP? Fig. 10
illustrates the explained variance (R2) of the NAT-like SSTA
pattern contributed to the summer AHS, 500-hPa vertical veloc-
ity, and 200-hPa meridional wind. In most parts of the southeast-
ern TP region, the explained variance for the summer AHS
(Fig. 10a) and 500-hPa vertical velocity (Fig. 10b) caused by the
NAT-like SSTA pattern can reach 15%. Specifically, the area-
averaged value of the explained variance for the summer AHS
over the TP over the areas that pass the significance test shown
in Fig. 8a (AHS regressed to the SST_SVD1) is approximately
20% (at the 99% confidence level). In addition, the explained
variance for the 200-hPa meridional wind (Fig. 10c) generally ex-
ceeds 25%. Its spatial structure presents a wavy distribution,
with the high-value centers mainly located in the NA, Norwegian
Sea, eastern Europe, central Asia, India, and eastern side of the

TP, consistent with the spatial distribution of the 200-hPa meridi-
onal wind anomaly shown in Fig. 4a. These findings suggest that
the NAT-like SSTA pattern plays a crucial role in affecting the
AHS over the TP by stimulating a teleconnection wave train on
an interannual time scale in summer.

e. Numerical simulations

To further validate the impact of the NAT-like SSTA pat-
tern on the interannual variability of the AHS over the TP in
summer, a series of sensitivity numerical experiments were
carried out utilizing the CAM6 model with SST forcing.
Based on the SST_SVD1 index series obtained from Fig. 3c, a
threshold of 1.0 standard deviation was applied to identify the
positive and negative anomaly years related to the negative
phase of the NAT-like SSTA pattern (positive anomaly years:
1987, 1991, 1998, 2010, 2012; negative anomaly years: 1992,
1994, 2000, 2002, 2013, 2015). The corresponding composite
distributions of SST for these specific years are illustrated in
Figs. 11a and 11b, aligning with the NAT-like SSTA pattern
illustrated in Fig. 3b. For the numerical experiments, we de-
signed two sets of experiments. The control experiment, CAM6_
CTL, employed the climatological monthly SST data from the
original CAM6 model. On the other hand, the sensitivity experi-
ment, CAM6_SST, was based on the climatological monthly
SST data, with the negative phase of the NAT-like SSTA pattern
(depicted in Fig. 11c) obtained by subtracting the SST anomalies
of negative anomaly years from those of positive anomaly years
as the forcing, superimposed on the June–August period,
while the SST values for the remaining months retained the
climatological values. For each experiment, the CAM6 model

(a) 500hPa W (b) TCC (c) Qflux&Qflux_div (d) Pre

(e) Ts-Ta (f) 10m V (g) Net longwave flux (h) Net shortwave flux

(i) TOA upward shortwave flux (j) Surface downward shortwave flux (k) Surface upward longwave flux (l) TOA upward longwave flux

FIG. 9. The summer (a) 500-hPa W (21 3 1022 Pa s21; shading), (b) TCC (%; shading), (c) Qflux (kg m21 s21; shading) and Qflux_div
(kg m22 s21; vector), (d) Pre (mm day21; shading), (e) T_s 2 T_a (K; shading), (f) 10-m V (m s21; shading), (g) net longwave flux
(W m22; shading), (h) net shortwave flux (W m22; shading), (i) upward shortwave flux at the TOA anomalies (W m22; shading),
(j) downward shortwave flux at the surface (W m22; shading), (k) upward longwave flux at the surface (W m22; shading), and (l) up-
ward longwave flux at the TOA (W m22; shading) over the TP regressed to the SST_SVD1. The dotted areas are significant at the
90% confidence level.
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is integrated for 60 years, with the subsequent analysis focus-
ing on the average outcomes of the last 40 years.

Figure 12 presents the difference fields of summer 200-hPa
meridional wind, 500-hPa vertical velocity over the TP, the
temperature, geopotential height, and vertical velocity pro-
files, as well as the summer AHS over the TP between the
CAM6_SST experiment and the CAM6_CTL experiment, re-
spectively. The model reproduces the influence of the NAT-
like SSTA pattern on the interannual variability of the

summer AHS over the TP. The results illustrate a wave train
propagating from the NA across the Eurasian continent and
reaching the southeastern TP (Fig. 12a), consistent with the
spatial distribution of the 200-hPa meridional wind anomaly
shown in Fig. 4a. Concurrently, the temperature and geopo-
tential height fields also clearly present the propagation of the
wave train (Fig. 12c), and anomalous ascending motion occurs
over the TP (Fig. 12b), corresponding to the positive summer
AHS anomaly (Fig. 12d). In summary, both observational

(b) 500hPa W

(c) 200hPa V

(a) AHS

FIG. 10. The explained variance of the SST_SVD1 contributed to the summer (a) AHS, (b) 500-hPa vertical velocity (W),
and (c) 200-hPa meridional wind (V) (%).

(a) (b) (c) 

FIG. 11. The composite distributions of the summer NA SST during the (a) positive anomaly years (SST_SVD1 index greater than 1.0
standard deviation), (b) negative anomaly years (SST_SVD1 index less than 21.0 standard deviation), and (c) the differences between
(a) and (b) (8C; color). The dotted areas are significant at the 90% confidence level.
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data analysis and the CAM6 sensitivity experiment results in-
dicate that the summer NAT-like SSAT pattern could trigger
the teleconnection wave train across the Eurasian continent,
affecting the summer AHS over the TP.

4. Conclusions and discussion

The TP, due to its distinctive topography and high altitude,
acts as a powerful AHS in summer, exerting influence on both
regional and global atmospheric circulation and climate. The
studies available on the anomalous causes of the summer
AHS over the TP mostly focus on low-latitude tropical re-
gions, while the research on the forcing signals in mid- and
high latitudes is still relatively scarce. Previous studies have
shown that NA SSTA, serving as an upstream signal in mid-
and high latitudes, can affect the TP thermal conditions by
stimulating atmospheric teleconnection wave trains. How-
ever, current research on the impact of NA SSTA on the
AHS over the TP is mostly concentrated on the winter and
spring seasons. The influence of NA SSTA on the summer
AHS over the TP and its underlying mechanisms and contri-
butions remains inadequately understood. This study explores
the interannual variability of the summer AHS over the TP
and its relationship with concurrent NA SSTA.

The findings of the SVD analysis indicate that the NAT-
like SSTA pattern significantly contributes to the interannual
variability of the summer AHS over the TP. Examination of the
associated circulation field reveals that the NAT-like SSTA pat-
tern can trigger a teleconnection wave train, propagating from

west to east along a great circle path, reaching the southeastern
TP and inducing anomalous circulation over the TP. Subse-
quently, an analysis of the generation and maintenance mecha-
nisms of this wave train is conducted. The budget analysis of the
linearized vorticity equation shows a significant RWS in the
western NA, and the vorticity stretching term caused by anoma-
lous convergence and divergence plays a major role in RWS.
Moreover, the zonal perturbed vorticity advection by the clima-
tological rotating wind can be compensated by the meridional
mean vorticity advection by the perturbed rotating wind, indicat-
ing that this wave train is a quasi-stationary Rossby wave.
Energy balance analysis demonstrates that the contribution of
the CP outweighs that of CK, suggesting that the wave train can
extract available potential energy from the basic flow and is sus-
tained through the process of baroclinic energy conversion.

Furthermore, a detailed analysis of the specific impact of
the NAT-like SSTA pattern on the AHS over the TP in sum-
mer is provided. When the NAT-like SSTA pattern is in the
negative phase, a positive AHS anomaly emerges over most
parts of the TP, primarily driven by the latent heat released
by increased precipitation. The explained variance of the
NAT-like SSTA pattern contributed to the summer AHS
over the southeastern TP can reach approximately 20% (at
the 99% confidence level). In terms of the components of the
AHS, there is an anomalous vertical upward motion associ-
ated with the wave train over the southeastern TP, promoting
convection development and increasing total cloud cover. Ad-
ditionally, a convergence belt of water vapor forms over the
southeastern TP transporting more water vapor from the

(a) 200hPa V(m s-1)

(c) T(K)&Z(m)&W(-1*10-2 Pa s-1)

(b) 500hPa W(-1*10-2 Pa s-1)

(d) AHS(W m-2)

FIG. 12. The difference fields of (a) 200-hPa meridional wind (V, m s21; shading), (b) 500-hPa vertical velocity (W, 21 3 1022 Pa s21;
shading), (c) vertical cross section of temperature (T, K; shading), geopotential height (Z, m; contour), and vertical velocity
(W, 21 3 1022 Pa s21; vector) along the thick solid lines labeled A, B, C, D, and E in Fig. 4b, and (d) AHS (W m22; shading) between
CAM6_SST and CAM6_CTL. The dotted areas are significant at the 90% confidence level.
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tropical oceans to this region, favoring precipitation and con-
sequently enhancing the condensation latent heat. Concur-
rently, the increased precipitation reduces the Ts, diminishing
Ts 2 Ta, which leads to a decrease in sensible heat. The atmo-
spheric net radiation shows an insignificant variation due to
the offsetting effects of the negative net longwave flux anom-
aly and the positive net shortwave flux anomaly. Finally, sen-
sitivity experiments conducted with the CAM6 confirm that
the NAT-like SSTA pattern can stimulate the teleconnection
wave train that propagates downstream, affecting the summer
AHS over the TP.

In this study, the focus was on exploring the connection be-
tween the summer AHS over the TP and concurrent NA
SSTA. However, previous studies have shown that the NAT
SSTA pattern is closely coupled with the NA Oscillation
(NAO), and there is a complex interaction between the two.
On the one hand, the NAO-related atmospheric circulation
anomalies contribute to the NAT SSTA by modulating sur-
face heat fluxes and the upper-ocean current. On the other
hand, the NAT SSTA, in turn, could induce the NAO-related
atmospheric circulation anomalies as a positive feedback
through the wave-mean flow interaction and associated eddy
feedback process (Czaja and Frankignoul 2002; Peng et al.
2003; Pan 2005; Hu and Huang 2006; Chen et al. 2020). The
existing research indicates that the summer NAO can also af-
fect the AHS over the TP by exciting teleconnection wave
trains. When the summer NAO is in positive phase, the pre-
cipitation and AHS over the southeastern TP exhibit negative
anomalies (Wang et al. 2018; Duan and Zhang 2022). There-
fore, exploring the complex impacts of the summer NAO,
NAT SSTA, and their interactions on the AHS over the TP is
also an important aspect of our subsequent research.

In addition, previous studies have shown that the AHS
over the TP is influenced by various ocean–atmosphere forc-
ing signals originating from both mid–high latitudes and tropi-
cal regions. These signals encompass the westerly jet (Fan
et al. 2018; Nan et al. 2024), atmospheric teleconnection wave
trains (Han et al. 2021; Zhang and Duan 2023), ENSO (Wang
and Xu 2018; Hu et al. 2021), and SSTA in the Indian and
Pacific Oceans (Ji et al. 2018; Sun et al. 2021; Liu et al. 2022),
etc. The interactions between NA SSTA and these signals, as
well as their synergistic effects on the summer AHS over the
TP, still require further investigation. On the other hand, as
many scholars have pointed out, the TP plays a bridging role
in the global climate teleconnections (Ma et al. 2022; Liu et al.
2024). For example, the AHS over the TP not only can re-
spond strongly to El Niño events, Yu et al. (2022) found
through observational analysis and numerical experiments
that the dipole mode of surface wind speed or surface sensible
heating could also be a trigger for subsequent winter El Niño
events. The “negative sensible heat baroclinic structure” over
the western TP in spring is modulated by the preceding NAT
SSTA (Yu et al. 2021), and this mode can induce the surface
westerly wind anomalies over the tropical western Pacific in
May through triggering Rossby waves and modulated tropical
atmospheric circulation, favoring the occurrence of subsequent
El Niño events. The summer AHS over the TP, recognized as
an important negative vorticity source in the midlatitude of the

Northern Hemisphere (Liu et al. 2001), may also trigger telecon-
nection wave trains that affect the circulation and climate of
downstream regions through energy propagation and dispersion
effects (Wang et al. 2008; Li et al. 2021; Sun et al. 2021). Conse-
quently, whether the summer AHS over the TP can act as a
bridge and, in turn, affect the NA SSTA is also a vital scientific
question worth exploring. Additionally, given the persistent na-
ture of SSTA across seasons, it is crucial to examine whether the
summer NA SSTA is a continuation of signals from the preced-
ing winter and spring. It is also important to investigate whether
the NA SSTA during winter–spring has a predictive effect on
the summer AHS over the TP, which would enhance seasonal
forecasting accuracy in this region.
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