
1. Introduction
The climatic effects of the Tibetan Plateau (TP) have been intensively studied since the mid-twentieth century. 
Here TP is referred to not only its platform, but also the imbedded major mountain ranges including the Kunlun, 
the Gangdises, and the Himalayas. Traditionally, the thermal effects of the TP are considered to be the main 
driving forces for the generation of a circulation structure over the TP during the boreal summer (Chen & Tren-
berth, 1988; Duan & Wu, 2005; Flohn, 1957; Hoskins & Karoly, 1981; Hsu & Liu, 2003; Liu et al., 2007; Wu 
et al., 1997, 2015; Wu & Zhang, 1998; Ye et al., 1957; Ye & Gao, 1979), while the dynamical effect is also 
recognized as an important forcing in the formation of Asian climate (Bolin, 1950; Charney & Eliassen, 1949; 
Chiang et al., 2015, 2017, 2020; Liu et al., 2007; Queney, 1948; Son et al., 2019, 2020, 2021; Yeh, 1950). Theo-
retical and modeling studies have demonstrated that the relative importance of thermal forcing and mechanical 
forcing is very sensitive to the strength of the basic flow impinging upon the mountain (Held, 1983; Held & 
Ting, 1990; Held et al., 2002). The surface sensible heating is recognized as a crucial process based on which the 
TP surface thermal forcing drives atmospheric circulation, especially the heating on the southern slope of the TP 
(Wu et al., 2007).

The surface sensible heat flux (SSHF) over the TP has been calculated in many studies to identify the thermal 
forcing of the TP and its relationships with other climate systems (Duan et al., 2011, 2013, 2018; Han et al., 2017; 
Liu et al., 2020; Luo & Yanai, 1984; Ma et al., 2006, 2011; Wang et al., 2014; Yanai et al., 1992; Yang et al., 2009; 
Zhang & Wu, 1999; Zhao & Chen, 2000; Zhu et al., 2012; Y. Zhang et al., 2015; H. Zhang et al., 2019). However, 
the relationship between the summer SSHF over the TP and the Asian summer monsoon has been questioned 
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in recent studies (Boos & Kuang, 2010, 2013; Molnar et al., 1993; Rajagopalan & Molnar, 2013). They found 
that the surface heating over the TP only correlates with summer monsoon rainfall in the early (May 20 to June 
15) and late (September 1 to October 15) monsoon seasons and is insignificant during the main monsoon season 
(June 15 to August 31).

Therefore, more studies must be carried out to understand the correlation between the TP thermodynamic status 
and the Asian monsoon system, which is complex, highly nonlinear, and physically coupled. For example, the 
SSHF alone cannot represent the overall surface heating effect of the TP. In terms of seasonal variations in the 
Asian summer monsoon in the subtropical region (25°–40°N; Figure 1 and Figure S2 in Supporting Informa-
tion S1, OSM), the mean precipitation in the monsoon season becomes stronger and two maxima appear (close 
to a longitude of 95° and 120°E, respectively) from mid-April to August over both the South and East Asian land 
(Figure 1a and Figure S2b in Supporting Information S1). The seasonal evolution of the precipitation is accom-
panied by weakened westerly wind south of the TP in early April (Figure 1c) and intensified meridional wind 
over East Asia from May to August. However, the SSHF (Figure 1b) over the Iranian Plateau (IP, ∼45°−70°E) is 
strong (>60 W m −2) from April to August. In the TP region, the SSHF reaches a maximum from April to early 
June and then decreases when the monsoon precipitation increases from June to August. Theoretically, the SSHF 
can be expressed as follows:

SSHF = 𝜌𝜌𝜌𝜌𝑝𝑝𝜌𝜌𝐻𝐻𝑢𝑢 (𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑎𝑎) , (1)

where 𝐴𝐴 𝐴𝐴 is the air density, 𝐴𝐴 𝐴𝐴𝑝𝑝 is the specific heat capacity at constant pressure, 𝐴𝐴 𝐴𝐴𝐻𝐻 is the bulk transfer coefficient 
for heat, 𝐴𝐴 𝐴𝐴 is the full wind speed near the surface, 𝐴𝐴 𝐴𝐴𝑔𝑔 is the ground temperature, and 𝐴𝐴 𝐴𝐴𝑎𝑎 is the air temperature 
near the surface. The variation in the SSHF can be determined based on the product of the wind and land–air 

Figure 1. Climatological (1979–2019) annual cycle (25°–40°N mean) of the (a) precipitation (mm day −1) from the Global 
Precipitation Climatology Project, (b) surface sensible heating flux (W m −2) at an elevation above 500 m, (c) near-surface 
zonal wind (m s −1), and (d) meridional wind (m s −1) from the ERA5 reanalysis.
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temperature differences. During prevailing monsoon periods, both the westerly (Figure 1c) and meridional winds 
over the TP are weak, whereas strong precipitation cools the surface and leads to a decrease in the land–air 
temperature difference. This explains the negative correlation between the SSHF and monsoon precipitation in 
midsummer, as identified by Rajagopalan and Molnar (2013) and Zhang et al. (2019).

Although it remains unclear if the SSHF and Asian monsoon correlate during the boreal summer, the vertical 
diffusion heating over the TP was separated from other physical processes in a series of numerical experiments 
(He, 2017; He et al., 2015, 2019; Wu et al., 2012). The results of these experiments revealed that the TP surface 
sensible heating, especially the heating over the southern TP, indeed drives the generation of low-level circulation 
and surface air pumping over the TP. It remains unclear how this type of TP surface forcing in reanalysis datasets 
can be depicted to determine the role of TP surface thermodynamic forcing in Asian monsoon dynamics. In this 
study, we propose a new index, which can be used to determine the TP surface thermodynamic forcing based 
on the potential vorticity (PV) framework. The paper is structured as follows: The datasets and methods used in 
this study are introduced in Section 2. The features of the surface PV (SPV), both globally and in the TP region, 
are described in Section 3. The constructed TP thermodynamic forcing index and its correlation with the Asian 
monsoon system are presented in Section 4. The conclusions and discussion are provided in Section 5.

2. Data Sets and Method
2.1. Data Sets

The ECMWF Reanalysis v5 (ERA5) data sets from the European Center for Medium-Range Weather Forecasts 
(ECMWF; Hersbach et al., 2020) were used to determine the multilevel air temperature, specific humidity, and 
wind field. The observed precipitation data were adopted from the Global Precipitation Climatology Project 
(GPCP) monthly mean data set (Adler et al., 2003). The study period was 1979–2019.

2.2. Method

The PV is a variable, which was proposed in the 1940s (Ertel, 1942; Rossby, 1940) and has been widely used for 
the analysis of synoptic events and climate change on isentropic surfaces (Aebischer & Schar, 1998; Haynes & 
McIntyre, 1987, 1990; Hoskins, 1991; Hoskins et al., 1985; Thorpe, 1985). In general, the three-dimensional PV 
can be expressed as:

𝑃𝑃𝑃𝑃 = 𝛼𝛼 ⃖⃖⃗𝜉𝜉𝑎𝑎 ⋅ ∇3𝜃𝜃𝜃 (2)

where 𝐴𝐴 𝐴𝐴 is specific volume, 𝐴𝐴 ⃖⃖⃗𝜉𝜉𝑎𝑎 is three-dimensional absolute vorticity, and 𝐴𝐴 𝐴𝐴 is potential temperature. The PV 
of adiabatic and frictionless motions is conservative. Therefore, the changes in the PV can be used to identify 
processes related to diabatic heating and friction in a unified framework.

On Earth’s surface, the application of traditional isentropic coordinates is not suitable because isentropic surfaces 
intersect with the surfaces of large mountainous areas. Therefore, a terrain-following coordinate model was 
adopted for the derivation of the SPV over orographic regions. We introduced the hydrostatic balance and 𝐴𝐴 𝐴𝐴 
coordinates:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= −𝜌𝜌𝜌𝜌 (3)

and

𝜎𝜎 =

𝑝𝑝

𝑝𝑝𝑝𝑝
, (4)

into Equation 2. In a recent study (Sheng et al., 2021), each term in the three-dimensional PV was analyzed for 
different time scales. At seasonal mean time scales the vertical component product was identified to be the domi-
nant term, whereas the horizontal component product was relatively small (see Figure S3 in Supporting Infor-
mation S1). Therefore, for simplicity, we used the vertical component product of the PV in the terrain-following 
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coordinate model to estimate the TP surface thermodynamic forcing. The vertical PV product in the 𝐴𝐴 𝐴𝐴 coordinate 
system can be simplified as follows:

PV𝜎𝜎 = −
𝑔𝑔

𝑝𝑝𝑝𝑝
(𝑓𝑓 + 𝜁𝜁𝜎𝜎)

𝜕𝜕𝜕𝜕

𝜕𝜕𝜎𝜎
, (5)

where 𝐴𝐴 𝐴𝐴𝜎𝜎 denotes the relative vorticity in the 𝐴𝐴 𝐴𝐴 coordinate system. On Earth’s surface, Equation 5 can be expressed 
as:

PV𝜎𝜎1 = −
𝑔𝑔

𝑝𝑝𝑝𝑝

(

𝑓𝑓 + 𝜁𝜁𝜎𝜎1

) 𝜃𝜃𝑝𝑝 − 𝜃𝜃𝑎𝑎

1 − 𝜎𝜎1

, (6)

where 𝐴𝐴 𝐴𝐴1 denotes the first 𝐴𝐴 𝐴𝐴 level above the Earth’s surface, which is the bottom level of the atmospheric model; 𝐴𝐴 𝐴𝐴𝜎𝜎
1

 
is the relative vorticity at the 𝐴𝐴 𝐴𝐴1 level; 𝐴𝐴 𝐴𝐴𝑠𝑠 is the potential temperature at the Earth’s surface; and 𝐴𝐴 𝐴𝐴𝑎𝑎 is the air poten-
tial temperature at the 𝐴𝐴 𝐴𝐴1 level. The distribution and variability of 𝐴𝐴 PV𝜎𝜎

1

 are mainly determined by the orographic 
effect (𝐴𝐴

1

𝑝𝑝𝑝𝑝
 ), surrounding circulation (𝐴𝐴 𝐴𝐴𝜎𝜎

1

 ), and vertical difference in the potential temperature (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ), which is 
related to the vertical sensible heat flux. Therefore, the comparison of Equations 6 and 1 reveals that the vertical 
PV product is more suitable for the estimation of the surface forcing effect over the TP and adjacent regions than 
the SSHF. Because 𝐴𝐴 𝐴𝐴 is generally larger than 𝐴𝐴 𝐴𝐴 , the sign of 𝐴𝐴 𝐴𝐴𝐴𝐴𝜎𝜎

1

 is determined by the land–air potential temper-
ature difference (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ) in the same hemisphere. In this study, we defined a new variable based on the SPV:

PV
∗
𝜎𝜎1

= −PV𝜎𝜎1 = −

[

−
𝑔𝑔

𝑝𝑝𝑝𝑝

(

𝑓𝑓 + 𝜁𝜁𝜎𝜎1

) 𝜃𝜃𝑝𝑝 − 𝜃𝜃𝑎𝑎

1 − 𝜎𝜎1

]

. (7)

Thus, 𝐴𝐴 PV
∗
𝜎𝜎1

 is positive/negative when the land–air potential temperature difference (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ) is positive/negative, 
which is related to the positive/negative heating gained from the Earth’s surface.

3. SPV Distribution in Reanalysis Data Sets
The seasonal and interannual variations in the SPV were analyzed. As noted in Section 2.2, the orographic eleva-
tion in terms of the surface pressure (𝐴𝐴

1

𝑝𝑝𝑝𝑝
 ), absolute vorticity (𝐴𝐴 𝐴𝐴 + 𝜁𝜁𝜎𝜎

1

 ), and vertical heating element (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ) are the 
three key components that control the variation in distribution of the SPV. To understand the relative importance 
of these factors for the seasonal mean SPV, the global distributions of the SPV and the three components are 
shown in Figure 2. In general, the June, July, and August (JJA) SPV (Figure 2a) show positive values in the North-
ern Hemisphere and negative values in the Southern Hemisphere. The maximum SPV is located over the Tibetan 
and Iranian plateaus (TIPs) in Asia and the Rocky Mountains in North America. In December, January, and 
February (DJF; Figure 2e), the SPV exhibits strong negative values over the TIPs and Rocky Mountains, which 
contrasts the JJA pattern. The SPV shows two strong anomalies over the northwestern Pacific and northwestern 
Atlantic oceans. These findings are consistent with the concept proposed in pioneering studies (Ye et al., 1957; 
Ye & Gao, 1979) based on which the TP is a heat source in the boreal summer and cold source in the boreal winter 
and plays a dominant role in regulating climate change over East Asia. Thus, by analyzing Equation 7, the change 
in the SPV can be considered as a measurement for the change in the TP thermal and dynamic forcing.

Figures 2b and 2f show the vertical heating elements (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ) in JJA and DJF, respectively. Over Asia and North 
America, the distributions of the vertical heating elements (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ) are very similar to the total SPV in both 
seasons. These patterns suggest that the land–air heat exchange is the most important factor enabling large-scale 
mountains to drive atmospheric circulation. This exchange is also the dominant PV source at the surface. The 
absolute vorticity term (𝐴𝐴 𝐴𝐴 + 𝜁𝜁𝜎𝜎

1

 ) in JJA (Figure 2c) and DJF (Figure 2g) is similar. It is almost zonally symmetric 
at the global scale and increases with latitude. The absolute vorticity is negative in the Southern Hemisphere 
and positive in the Northern Hemisphere. This term can intensify the SPV at high latitudes in both hemispheres. 
The topographic elevation term is expressed as the reciprocal of the surface pressure and is shown in Figures 2d 
and 2h for JJA and DJF, respectively. This term has a unique maximum over the TP and is almost twice that of 
other non-elevated areas, which indicates that the orographic elevation term in Equation 7 can intensify the total 
SPV over the TP compared with other regions and that the TP is a PV source.
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The above-mentioned analysis provides a basis for estimating the intensity of the orographic surface forcing by 
quantifying the SPV over the TP region. Below, we further discuss the climatological annual cycle of the SPV 
over the TP region (Figure 3) and compare it with the seasonal evolution of the SSHF and Asian monsoon system 
(Figure 1). The annual cycle of the mean SPV averaged over the 25°–40°N band (Figure 3) indicates that the TP 
(80°−100°E) changes from a negative PV source (cold source) to a positive PV source (heat source) from March 
to April. The SPV gradually intensifies and reaches its maximum from June to early August. Subsequently, it 
decreased from August to October and changed to a negative PV source again during late September, which is 
consistent with the seasonal evolution of the Asian summer monsoon precipitation (Figure 1 and Figure S2 in 
Supporting Information S1) and intensified meridional winds over East Asia from June to August (Figure 1d). 
The positive PV is associated with the bend of isentropic surface in the lower troposphere and leads to cyclonic 
anomaly. It can contribute to the East Asian land precipitation. It’s interesting that the IP is also a strong PV 
source throughout the year, except from November to January. The SPV over the IP also reaches its maximum 
from June to August, but the intensity is weaker than that over the TP. This implies that the TP and IP jointly form 
an important topographic thermodynamic forcing that could affect the variations of the Asian summer monsoon, 
which agrees with the results of previous studies (He et al., 2015; Liu et al., 2017; Wu et al., 2012, 2016, 2017).

Figure 2. Climatological (1979–2019) spatial distribution of the SPV (PVU, 1PVU = 10 −6 K m 2 kg −1 s −1) in (a) JJA and (e) 
December, January, and February (DJF) based on the ERA5 reanalysis. Land–air potential temperature difference (𝐴𝐴 𝐴𝐴𝑠𝑠 − 𝐴𝐴𝑎𝑎 ) 
(k) in (b) June, July, and August (JJA) and (f) DJF. Absolute vorticity (𝐴𝐴 𝐴𝐴 + 𝜁𝜁𝜎𝜎

1

 ; 10 −5 s −1) in (c) JJA and (g) DJF. Orographic 
elevation effect (𝐴𝐴

1

𝑝𝑝𝑝𝑝
 ; 10 −3 hPa −1) in (d) JJA and (h) DJF.
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4. Index for the Measurement of the TP Thermodynamic 
Forcing Based on the SPV
The analysis of seasonal and interannual SPV characteristics in the previous 
section suggests that the SPV can accurately depict the changes in the TP 
thermodynamic forcing. In the terrain-following coordinate, the SPV along 
the TP surface becomes a horizontally integrated SPV along the 𝐴𝐴 𝐴𝐴 surface. 
Thus, the calculation of the total SPV over the TP surface on the 𝐴𝐴 𝐴𝐴 surface 
can be used to determine the integrated intensity of the TP thermodynamic 
forcing. Based on Equation 7, we defined an index for the estimation of the 
total TP surface thermodynamic forcing (TP-SPVI) on a 𝐴𝐴 𝐴𝐴 surface:

𝐼𝐼TP = ∬ PV
∗
𝜎𝜎1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = ∬ −

[

−
𝑔𝑔

𝑝𝑝𝑝𝑝

(

𝑓𝑓 + 𝜁𝜁𝜎𝜎1

) 𝜃𝜃𝑝𝑝 − 𝜃𝜃𝑎𝑎

1 − 𝜎𝜎1

]

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (8)

In this study, the TP region we focus mainly covers the area ranging from 
25° to 40°N and 70°−110°E, with an elevation above 500  m. It includes 
the southern boundary of the Himalayas and many large, interior mountain 
ranges. The evolution of the JJA mean 𝐴𝐴 𝐴𝐴TP from 1979 to 2019 is shown in 
Figure 4a. The JJA 𝐴𝐴 𝐴𝐴TP ranges from ∼39.5 potential vorticity unit (PVU) km 2 
to 55 PVU km 2 and exhibits an interannual variability. The long-term varia-
tion in TP thermal forcing increases from 1979 to 1998 and decreases from 

Figure 3. Climatological (1979–2014) annual cycle of the surface potential 
vorticity (SPV [PVU]) averaged over the (25°–40°N) zone with an elevation 
>500 m. The thick black line denotes the zero line of the SPV.

Figure 4. (a) Bar chart for the TP-SPVI from 1979 to 2019 (PVU km 2). (b) Linear fit between the standardized JJA TP-SPVI 
(horizontal axis) and regional mean (15°–35°N, 85°−135°E) precipitation (vertical axis). The regression coefficient is 0.47 
(identical to the calculated Pearson correlation coefficient). (c) Composite differences in the JJA precipitation (mm day −1) 
and winds (m s −1) at 850 hPa. The red dots are statistically significant at the 99% confidence level based on a Student’s t-test. 
(d) Composite difference of JJA SPV (PVU). The thick black contours denote the topographic heights of 3,000 and 500 m, 
respectively. The red rectangle denotes the area (15°–35°N, 85°−135°E).
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1998 to 2019. Decomposition analysis indicates that the potential tempera-
ture term dominates this variation (Figure S4 in Supporting Information S1).

We further calculated the standard deviation of the 𝐴𝐴 𝐴𝐴TP and defined the strong/
weak years based on the 𝐴𝐴 𝐴𝐴TP above/below the one-time standard deviation of 
the composite analysis. Among the 41 years, 7 years are strong (1995, 1998, 
1999, 2000, 2006, 2012, and 2018) and 6 years are weak (1979, 1980, 1983, 
1986, 1992, and 2019). To understand the corresponding monsoon circula-
tion and precipitation changes associated with the 𝐴𝐴 𝐴𝐴TP intensity, we calculated 
the composites for the strong and weak years, respectively. The differences 
in the wind at 850 hPa and precipitation are shown in Figure 4c together with 
the associated changes in the SPV (Figure 4d). The SPV difference exhibits 
a positive pattern over the TP surface, with a maximum exceeding 4 PVU 
over the northwestern part of the TP (Figure 4d). The associated changes in 
the Asian summer monsoon circulation (Figure 4c) indicate a clear cyclonic 
pattern over the TP, with a positive precipitation difference over the south-
eastern edge of the TP and subtropical western Pacific. A negative precipi-
tation difference can be mainly observed over the western part of India, the 
Indian Ocean, and the southern Indochina Peninsula. This pattern is very 
similar to the monsoon responses to the TP surface heat forcing derived from 
numerical simulations, as shown in Figure 3b of Wu et al. (2012) and Figure 
2b of He et al. (2019). This result further confirms that our definition of the 

𝐴𝐴 𝐴𝐴TP can capture the TP thermal forcing states during the boreal summer and 
the composite results are consistent with those of numerical experiments. 
Figure 4b shows the linear regressions and correlations between the standard-
ized 𝐴𝐴 𝐴𝐴TP and regional mean precipitation averaged over the area (15°–35°N, 
85°−135°E; Figure 4c). The regression coefficient was determined to be 0.47 
(identical to the calculated Pearson correlation coefficient), implying that the 
intensified SPV over the TP can intensify the precipitation over the South 
and East Asian land.

Compared with the extensively studied effects of the TP thermodynamic 
forcing during the boreal summer, the effects of the TP thermodynamic forc-
ing during the boreal winter have been rarely studied. To determine whether 
the new index proposed in this study is applicable to the boreal winter, we 
calculated the TP SPV and associated surface temperature and circulation. 

Figure 5a shows the evolution of the DJF mean 𝐴𝐴 𝐴𝐴TP values from 1979 to 2019. Based on the figure, the 𝐴𝐴 𝐴𝐴TP is nega-
tive in winter, suggesting that the TP is a cold source during the boreal winter, which agrees with previous results.

In addition, a composite analysis based on the one-time standard deviation of the 𝐴𝐴 𝐴𝐴TP was carried out to gain 
insights into the associated circulation and thermal structure related to the SPV changes in winter. The strong/
weak years of the TP winter forcing are defined by the individual 𝐴𝐴 𝐴𝐴TP below or above one-time standard deviation. 
Among the 41 years, 7 years are strong (1983, 1992, 1998, 2001, 2007, 2013, and 2019) and 9 years are weak 
(1979, 1984, 1985, 2006, 2008, 2009, 2012, 2017, and 2018). The composite differences in the winter surface 
air temperature and near-surface winds at 10 m are shown in Figure 5b. The cooling of the TP during winter is 
associated with a surface divergence anomaly over the TP, based on which the surface air is advected to both 
the northern and southern TP. The air flow anomaly is accompanied by surface air temperature changes, that is, 
mainly cooling on the TP above 3,000 m, weak cooling over northern India, and warming over mid–high latitudes 
north of the TP. The above-mentioned analysis proves that the new scalar index represents the intensity of the 
surface temperature and wind anomaly over TP during the boreal winter. Finally, we also examined the compos-
ited precipitation associated with the changes in the SPV during the boreal winter (Figure S5 in Supporting 
Information S1). The SPV correlates with precipitation changes over South China land and maritime continents 
over Western Pacific; however, the mechanism requires further studies.

Figure 5. (a) Bar plots for the DJF mean TP-SPVI from 1979 to 2019 (PVU 
km 2). (b) Composite differences in the surface air temperature (°C) and surface 
streamlines for the winds. The dotted region indicates statistical significance at 
the 99% confidence level based on a Student's t-test. The thick black contour 
denotes a topographic height of 3,000 m.
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5. Conclusions and Discussions
The SSHF has been used for a long time to estimate the TP surface heating status. However, the SSHF only 
partially represents the TP surface thermal forcing because the correlation between the SSHF over the TP and 
Asian summer monsoon precipitation is unclear. In this study, we constructed a new variable SPV to measure 
the intensity of the TP thermodynamic forcing based on the PV framework. The SPV is mainly controlled by the 
near-surface vorticity, elevation, and potential temperature differences between the land and surface air associated 
with the SSHF. The annual cycle of the SPV suggests that the TP transitions from a cold source to a heat source, 
primarily in April, reaches its maximum from June to August, and transitions from a heat source to a cold source 
in late September, which is consistent with the development of the Asian monsoon system as well as previous 
results of numerical experiments of the effects of the TP surface heating. The above-mentioned analyses confirm 
that the SPV over the TP is representative of the mountain's thermodynamic as well as dynamic forcing and that 
the potential temperature difference term is dominant in the boreal summer. It can also be a measurement for the 
dynamical effect which may be important in different timescales. Therefore, the SPV can be used as a metric for 
model and climate evaluations to quantitatively estimate the role of the TP in global climate change.

Data Availability Statement
The ERA5 data set is available at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. The 
GPCP precipitation data set is available at http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html.
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