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Abstract

To aid the understanding of atmospheric circulation climatology over the

Tibetan Plateau (TP), this study investigated the comprehensive potential vortic-

ity (PV) budget over the TP using model-level reanalysis data. Our findings dem-

onstrate the effects of diabatic heating, friction, gravity wave drag, advection,

and convection in determining circulation over the TP, from the PV budget

perspective. In summer, the diabatic heating-generated positive (negative) PV

tendency facilitates cyclonic (anticyclonic) circulation near the surface (in the

middle troposphere). Low PV in the upper troposphere, pertaining to the Asian

monsoon anticyclone and monsoonal overturning circulation is induced by the

upward transportation of diabatic heating-generated low PV in the middle tropo-

sphere. Horizontal advection further spreads the low PV—that is vertically

inputted from the middle troposphere—to a wide area around the TP in the

upper troposphere. In winter, the diabatic heating-generated positive PV near

the surface is balanced by the sinking motion-carried low PV. In addition, grav-

ity wave drag-generated PV is prominent in the upper troposphere in winter

and can affect the downstream climate through advection. We further revealed

the crucial role of the diurnal cycle in shaping the near-surface cyclonic circula-

tion in summer by regulating the vertical structure of diabatic heating.
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1 | INTRODUCTION

Potential vorticity (PV) has been recognized as the basis for
understanding various aspects of atmospheric dynamics
since it was first proposed (Rossby, 1936; Ertel, 1942). PV
exhibits its usefulness through its conceptual insights, such
as isentropic PV maps and “PV thinking” (Hoskins
et al., 1985). PV also has advantages in formulaic derivation

and theoretical model construction (Charney and Stern,
1962; McIntyre, 2015). In addition, some diagnostic methods
based on PV, such as the PV-based intrusion index
(Cai, 2003; Škerlak et al., 2015), PV budget analysis (Büeler
and Pfahl, 2017; Adames and Ming, 2018; Attinger et al.,
2021), PV inversion (Davis and Emanuel, 1991; Xie
et al., 2020), and PV-framework omega equation (Hoskins
et al., 2003; Wu et al., 2020) are widely used.
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The Tibetan Plateau (TP) has a large-scale topography
and is located in the subtropics. TP topography influences
general atmospheric circulation through mechanical and
thermal forcing (Yeh, 1950; Manabe and Terpstra, 1974;
Wu, 1984; Held and Ting, 1990). Circulation over the TP
has strong seasonality. In summer, the ascending motion is
accompanied by convergent flow and low pressure near the
surface (Yeh, 1950; Yanai and Wu, 2006). In addition, Asian
monsoon anticyclone (or South Asian high), with low PV,
occupies the upper troposphere and lower stratosphere
southwest of the TP (Hoskins and Rodwell, 1995; Garny
and Randel, 2013; Amemiya and Sato, 2020). In winter, a
sinking motion accompanies a divergent flow near the sur-
face. Furthermore, the deflection effect of the TP topogra-
phy on the westerlies is prominent in winter, when the
westerlies are strong (Held and Ting, 1990; Wu et al., 2007).

Investigations using PV dynamics have yielded
insights into the effects of the TP on the surrounding gen-
eral atmospheric circulation. In particular, the mechani-
cally forced circulation anomaly due to TP topography
can be represented by the Rossby wave owing to the
mechanically forced redistribution of PV (Hoskins
et al., 1985; Held and Ting, 1990; Son et al., 2019). The
thermally forced circulation anomaly caused by diabatic
heating was characterized by the monsoonal overturning
circulation (rising from the south TP and sinking to the
Indian Ocean) and Asian monsoon anticyclone (Plumb
and Hou, 1992; Hoskins and Rodwell, 1995). Several
prominent centres of diabatic heating have been observed
in summer, around the Asian summer monsoon region
(Wu and Liu, 2003). The strongest diabatic heating is
located over the Indian Ocean due to the northward
migration of the intertropical convergence zone in sum-
mer (Schneider et al., 2014). The other three centres of
diabatic heating were related to the South Asian
(or Indian) summer monsoon, East Asian summer mon-
soon, and TP heating.

According to Plumb and Hou (1992), diabatic heating
in the subtropics can induce a meridional circulation cell
(angular momentum-conserving type) when the absolute
vorticity vanishes at the upper boundary of the heating.
The rising branch of the monsoonal overturning circula-
tion in the Asian summer monsoon region extends further
north (up to the TP) than the intertropical convergence
zone. Therefore, the diabatic heating of the Asian summer
monsoon and TP is crucial for the observed monsoonal
overturning circulation because it generates the upper-
level absolute vorticity minimum of the Asian monsoon
anticyclone. The upper-level absolute vorticity minimum
corresponds to a low PV (Hoskins, 1991). Studies have
demonstrated that diabatic heating over the TP leads to
the northward extension of the South and East Asian sum-
mer monsoons and facilitates the upper-level low PV

(Wu et al., 2012, 2016). Regarding the zonal location, the
Asian monsoon anticyclone is located west of the total dia-
batic heating over the Asian summer monsoon regions.
The zonal location is anchored by the phase relation
between the temperature and vertical gradient of diabatic
heating, under thermal wind approximation, and a rela-
tion that meridional advection of planetary vorticity is bal-
anced by vorticity generation owing to the vertical
gradient of diabatic heating, as a simplification of PV ten-
dency equation (Wu et al., 2015a). In addition to climatol-
ogy, the temporal variability of the Asian monsoon
anticyclone has been explained by eddy shedding of the
low PV (Hsu and Plumb, 2000; Rupp and Haynes, 2021).

Although studies have investigated the atmospheric
circulation climatology and temporal variability over the
Asian monsoon regions via PV dynamics, a comprehen-
sive PV budget analysis from the Earth's surface to the
upper atmosphere over the TP is lacking. For example,
numerical simulations have demonstrated the effects of
diabatic heating over the TP, on an upper-level low PV
(Wu et al., 2016; Liu et al., 2017). However, specific pro-
cesses concerning the Lagrangian non-conservative gen-
eration (diabatic heating, friction, and gravity wave drag)
and Lagrangian conservative redistribution (advection
and convection) of the PV have not been addressed. Note
that the Lagrangian conservative redistribution is not
conserved for a specific location in the Eulerian view.
Therefore, all five processes (diabatic heating, friction,
gravity wave drag, advection, and convection) can modify
the local PV in the Eulerian view. By investigating the
three-dimensional PV budget balanced through these
multiple processes, this study aimed at gaining insight
into the formation of circulation climatology over the TP.

The remainder of this paper is organized into three
sections. Details of the data and methods are introduced
in Section 2. The results are presented in Section 3:
Section 3.1 addresses the general characteristics of clima-
tological PV over the TP and its configuration with atmo-
spheric circulation, Section 3.2 elaborates on how the
multiple processes of non-conservative generation and
conservative redistribution determined the balanced PV
budget, and Section 3.3 further addresses the mecha-
nisms of the formation of circulation climatology over
the TP from a PV budget perspective. Conclusions and
discussion are presented in Section 3.2.

2 | DATA AND METHODS

Since a lot of variables were examined in this study, a full
list of the symbols and abbreviations of the variables is
shown in Table 1. The symbols of the variables follow the
APPENDICES in the textbook by Holton (2004).
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TABLE 1 List of symbols and abbreviations, in order of the first appearance in the text

Symbols and
abbreviations Physical meaning Unit

P, PV Potential vorticity, Equation (1) K � kg−1 � m2 � s−1
_θSW Diabatic heating due to shortwave solar radiation K � s−1

_θLW Diabatic heating due to longwave radiation K � s−1

_θSC Diabatic heating due to shallow convection K � s−1

_θDC Diabatic heating due to deep convection K � s−1

_θLC Diabatic heating due to large-scale condensation K � s−1

_θVD Diabatic heating due to vertical diffusion K � s−1

ρ Density kg � m−3

ω Three-dimensional absolute vorticity vector s−1

θ Potential temperature K

= Three-dimensional gradient operator N/A

U = (u, v, w) Three-dimensional wind velocity vector m � s−1

W, PVD PV density, Equation (2) K � m−1 � s−1

Wh A component of PVD relating to the vertical shear of horizontal wind and
horizontal gradient of potential temperature, Equation (2)

K � m−1 � s−1

Wv A component of PVD relating to the vertical component of absolute vorticity
and vertical gradient of potential temperature, Equation (2)

K � m−1 � s−1

f Coriolis parameter, that is, the vertical component of planetary vorticity s−1

ζ Vertical component of relative vorticity s−1

p Pressure Pa

g Magnitude of gravity m � s−2

Vg = (ug, vg) Geostrophic wind vector (� f −1k×=Φ in isobaric coordinates) m � s−1

k Unit vector along the z-axis N/A

Φ Geopotential m2 � s−2

=h Horizontal gradient operator N/A

TEND Local tendency of PVD, Equation (4) K � m−1 � s−2

ADVE Horizontal advective redistribution of PVD, Equation (4) K � m−1 � s−2

CONV Vertical convective redistribution of PVD, Equation (4) K � m−1 � s−2

DIAB Diabatic heating-generated PVD, Equation (4) K � m−1 � s−2

FRIC Friction-generated PVD, Equation (4) K � m−1 � s−2

V = (u, v) Horizontal wind velocity vector m � s−1

ωml Vertical velocity for model-level data that was modified according to the vertical
coordinate transformation rules, Equation (5)

Pa � s−1

ω Vertical velocity in isobaric coordinates Pa � s−1
_θ Material change rate of potential temperature (� dθ

dt), indicating the magnitude
of diabatic heating, Equation (6)

K � s−1

F Frictional force m � s−2
_θh Material change rate of potential temperature relating to horizontal gradient of

potential temperature and horizontal wind, Equation (6)
K � s−1

_θv Material change rate of potential temperature relating to vertical gradient of
potential temperature and vertical motion, Equation (6)

K � s−1

ℏ Vertical coordinate in hybrid sigma-pressure system N/A

(Continues)
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2.1 | Reanalysis data

Pressure-level reanalysis data are too coarse in vertical res-
olution to depict the structure over steep topography and
are missing values in low-level isobaric surfaces (Prein and
Heymsfield, 2020; Wang et al., 2022). Therefore, terrain-
following model-level ERA-interim (ERA-I) reanalysis
data in hybrid sigma-pressure coordinates were used to
obtain seamless information from the Earth's surface to
the upper atmosphere. Owing to the nonlinearity of the
PV, six-hourly data were used to depict the contribution of
the transient eddies (rapidly varying components relative
to the monthly or seasonal mean) to the climatological
mean (Reynolds average). For better illustration, the verti-
cal axis of the cross-section figure was donated by the non-
uniform increments of pressure at the model level relative
to surface pressure, instead of the common pressure coor-
dinate. When the results are shown in figures with a com-
mon pressure coordinate, the vertical structure in the
lower atmosphere over the TP cannot be well presented
because missing values occupied a large vertical extent
over the topography. Consequently, the presentation of
the information over the TP topography is much poorer
than that in the no-topography regions.

Sixty-level, model-level ERA-I reanalysis data from 1979
to 2018 were used. A horizontal gridded output of
2.5� × 2.5� latitude and longitude was used, whereas the
original model used to produce the ERA-I data had an
approximately 0.75� grid (Dee et al., 2011). All results were

obtained from six-hourly data owing to the nonlinearity of
the PV. To obtain seamless information from the Earth's
surface to the upper atmosphere, over the steep topography,
terrain-following model-level data were used instead of
pressure-level data. In addition, the monthly mean diabatic
heating data from the NCEP-2 reanalysis were used to
examine the physical processes. Based on its physical mean-
ing, the NCEP-2 diabatic heating was separated into six
components: solar radiative heating, longwave radiative
heating, shallow convective heating, deep convective heat-
ing, large-scale condensation heating, and vertical diffusive
heating. The NCEP-2 data are in a global T62 Gaussian grid
on 28 vertical sigma levels and are available for the period
1979–2014 (Kanamitsu et al., 2002).

2.2 | Potential vorticity

We examined the Ertel PV (Ertel, 1942) rather than the
quasi-geostrophic PV (Charney and Stern, 1962) because
Ertel PV is more accurate. Hereafter, PV refers to the
Ertel PV, which is expressed as

P=
ω �=θ
ρ

ð1Þ

where the three-dimensional absolute vorticity
ω=2Ω+=×U , and the three-dimensional gradient oper-
ator r� ∂x , ∂y, ∂z

� �
. Density-weighted PV is referred to

TABLE 1 (Continued)

Symbols and
abbreviations Physical meaning Unit

W Reynolds average of PVD: Obtained by calculating W at each time step using
six-hourly data, followed by averaging to monthly mean

K � m−1 � s−1

eW Slowly varying component of PVD: Directly calculated using monthly mean p,
T, and V

K � m−1 � s−1

W* Rapidly varying component of PVD (�W− eW ) that represents the contribution
of transient eddy to Reynolds average

K � m−1 � s−1

eω Slowly varying component of ω: Directly calculated using monthly mean V
and p

s−1

eθ Slowly varying component of θ: Directly calculated using monthly mean T and p K

_θv Reynolds average of _θv K � s−1

b_θvhh Climatological diurnal cycle of _θv four times daily
(hh� 0000, 0600, 1200, and 1800 UTC): Directly calculated using Reynolds
average of p, T, V , and ω at hh

K � s−1

_θv
hh Reynolds average of _θv four times daily K � s−1

[A] Vertical integral of arbitrary variable A (� −
R p2
p1

A
ρgdp), where p1 and p2 indicate

the pressure at the bottom and top boundaries, respectively
N/A

ps Surface pressure Pa

2034 XIE ET AL.
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as PV density (PVD, Schneider et al., 2003; Wu
et al., 2020),

W=ρP=ω �=θ’ − ∂zv∂xθ+ ∂zu∂yθ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Wh

+ f +ζð Þ∂zθ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Wv

ð2Þ

An alternative term for PV density is PV substance used
by Haynes and McIntyre (1990). ∂xw and ∂yw were
neglected because of their minimal magnitudes. Since we
examined the density-weighted PV budget (Section 2.3),
we presented the results of PVD instead of PV through-
out this study (Schneider et al., 2003; Egger et al., 2015).
Wh is the component of PVD that is related to the hori-
zontal potential temperature gradient and horizontal vor-
ticity, whereas Wv is the component of PVD that is
related to the static stability and vertical vorticity. In
practice, PVD is widely approximated as Wv because Wh

is generally much smaller than Wv. However, as elabo-
rated in Section 3.1, Wh was not neglected in this study to
achieve the best precision.

Hydrostatic approximation (∂zp=−ρg) was used to
calculate the vertical gradient referring to z, via a vertical
gradient referring to p, using model-level data. Under the
geostrophic and hydrostatic approximations in isobaric
coordinates, Wh can be expressed as follows:

Whju=ug
v=vg

=− ∂zvg∂xθ+ ∂zug∂yθ=−gf −1θ−1j=hθj2 ð3Þ

where operator j j indicates the norm of the vector.
Therefore, Wh is negative under the geostrophic and
hydrostatic approximations (Wu and Liu, 1997).

2.3 | PV budget

The PV budget was determined using the PV tendency
equation. To view the material change or transport of
arbitrary physical variables as Eulerian, conventionally,
the PV tendency equation is weighted with density. The
PV tendency equation can be formulated for model-level
data as follows (Haynes and McIntyre, 1987; Schneider
et al., 2003; Egger et al., 2015):

∂ tW|ffl{zffl}
TEND

=−=h � WVð Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
ADVE

− ∂p � Wωmlð Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
CONV

+= � _θω
� �

|fflfflfflffl{zfflfflfflffl}
DIAB

+ = � θ �=×Fð Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
FRIC

ð4Þ

ωml=ω− ∂ tp−u∂xp−v∂yp ð5Þ

_θ= ∂ tθ+V �=hθ|fflfflffl{zfflfflffl}
_θh

+ωml∂pθ|fflfflffl{zfflfflffl}
_θv

ð6Þ

The left-hand term indicates the local tendency of PV
(TEND), while the four right-hand terms indicate
the PV tendency induced by advection (ADVE),
convection (CONV), diabatic heating (DIAB), and fric-
tion (FRIC), respectively. Vertical velocity ωml was
derived from the vertical coordinate transformation
rules (Sheng et al., 2021; Xie et al., 2022). _θ is the material
change rate of potential temperature, which indicates the
diabatic heating of the atmosphere. Equations (4) to (6)
are more universal than their forms in isobaric coordinates,
as ωml degenerates to ω when ∂ tp, ∂xp, and ∂yp vanish.
The deductions are as follows: (i) _θ= ∂ tθ+V �=hθ+ _ℏ ∂ℏθ
for hybrid sigma-pressure coordinates x, y, ℏ, tð Þ;
(ii) the original vertical velocity provided in the
model-level data is ω= _p= ∂ tp+V �=hp+ _ℏ ∂ℏp; (iii)
_ℏ= ω− ∂ tp−V �=hpð Þ=∂ℏp; and (iv) introducing _ℏ into
_θ= ∂ tθ+V �=hθ+ _ℏ ∂ℏθ, we obtain Equations (5) and (6).
The deductions for Equation (4) are similar. _θh is the
component of diabatic heating that is related to the hori-
zontal gradient of potential temperature and horizontal
wind, whereas _θv is the component of diabatic heating
that is related to static stability and vertical motion
(Rodwell and Hoskins, 1996).

The frictional term is estimated as a residual, accord-
ing to Equation (4), because no reliable method is valid
for calculating friction from the reanalysis data. Conse-
quently, the frictional term inherently includes the grav-
ity wave drag effect (Koshyk and McFarlane, 1996). The
great density of vertical levels near the surface over the
topography could numerically cause an artificially stron-
ger vertical gradient of variables (e.g., ∂zθ and ∂z _θ) than
the flat surface. To avoid this problem, the two boundary
model levels were adjusted while calculating the vertical
gradient, using finite difference. This adjustment ensured
that the pressure interval in calculating the vertical gradi-
ent in each grid was the closest to the global mean pres-
sure interval for each vertical level.

2.4 | Transient eddy, frequency filtering,
and climatological diurnal cycle

The contribution of the high-frequency (higher than
monthly) transient eddy to the climatological mean value
of the nonlinear variable was quantified in three ways:
transient eddy decomposition, frequency filtering, and
climatological diurnal cycle. Following the Reynolds
averaging scheme (e.g., Section 3.3.1.2 in Holton (2004)),
the transient eddy decomposition of the PVD is:

XIE ET AL. 2035
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W=ω �=θ= eW+W�

eW= eω �=eθ
W�=W− eW

8><
>: ð7Þ

where W indicates the Reynolds average of W and eW
indicates the slowly varying (low-frequency) component
of W, calculated using the Reynolds average of p, T, V,
and ω (Table 1). The contributions of the high-frequency
transient eddy to the Reynolds average of the PV budget
terms (Equation (4)) and diabatic heating (Equation (6))
were calculated in the same manner.

Frequency filtering is based on Lanczos filtering
(Duchon, 1979), which is used to quantify the contri-
butions of transient eddies in the three frequency
bands to the monthly mean _θv. The procedures were
as follows: (i) p, T, V, and ω were filtered into
three frequency bands: ultrahigh (1/4–2 days), synoptic
(2–12 days), and low (12–30 days); (ii) three components

of _θv were calculated using variables after filtering, as
follows:

(8)

where indicates that the component of ωml∂pθ is
calculated using p, T, V, and ω in the frequency band
from f1 to f2.

The climatological diurnal cycle (b_θvhh) represents the
contribution of the Reynolds average of variables (phh,

T
hh
, V

hh
, and ωhh) to the Reynolds average of _θv four

times daily ( _θv
hh
), as follows:

b_θvhh=dωml
hhd∂pθhh

_θv
hh
=ωml∂pθ

hh

8<
: , hh� 0000, 0600, 1200, and 1800 UTC ð9Þ

Climatology of PVD (10–6 k·m–1·s–1) & streamline

(a) JJA, surface (b) DJF, surface

(c) JJA, 154 hPa (d) DJF, 154 hPa

FIGURE 1 Climatological mean (1979–2017) PVD (shading) and streamline (black) at the earth surface (lowest model level, No. 60)

in (a) JJA and (b) DJF. (c, d) same as (a, b) but at the 28th model level (marked by the red arrow in Figure 2), with a global annual mean

pressure of 154 hPa (Figure S1). The red and blue dashed lines indicate the trough and ridge lines of the high and low PVD, respectively.

The red contour indicates 1.5 km elevation [Colour figure can be viewed at wileyonlinelibrary.com]
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In addition to the climatological diurnal cycle b_θvhh, _θvhh
includes the contribution of additional transient eddies.

2.5 | Radiosonde data over the TP

Radiosonde observations, obtained during the Third
Tibetan Plateau Atmospheric Experiment (Zhao et al.,
2017), were used to verify the climatological diurnal cycle
of the vertical profile of the potential temperature over
the TP. Observations were made at five sites during the
summer of 2014. Three variables (temperature, pressure,
and altitude) from the radiosonde measurements were
used to calculate the vertical gradient of the potential
temperature.

3 | RESULTS

3.1 | Climatology of PV over the TP

Planetary vorticity (f, Equation (2)) constrained the back-
ground of the increasing PVD with latitude (Figure 1).
The near-surface PVD over land was larger than that over
the ocean (Figure 1a, b). Because the atmospheric circu-
lation over the ocean was generally stronger than that
over land, the land-sea differences in near-surface PVD
must be dominated by thermodynamic factors, that is,
static stability ∂zθ. Static stability was also responsible for
the stronger near-surface PVD over land in winter than
in summer because the low near-surface potential tem-
perature due to the cold land surface in winter enhanced
∂zθ and Wv (a component of PVD due to the static stabil-
ity and vertical vorticity, Equation (2)).

In the upper troposphere, a low PVD ridge over the TP
was prominent in summer (Figure 1c), which corresponds
to the Asian monsoon anticyclone (Hoskins, 1991). This
low PVD ridge has been suggested to be influenced by
diabatic heating of the TP (Wu et al., 2015a, 2016; Liu
et al., 2017). In contrast, a study by Boos and Kuang (2010)
suggested a limited influence of TP heating. However,
problems in experimental design and theoretical interpre-
tation indicate that Boos and Kuang (2010) likely underes-
timated the influence of TP heating: first, the experiment
design of Boos and Kuang (2010) factored the influence of
the TP heating below 600 hPa into the mechanical influ-
ence of the TP (Wu et al., 2012); second, the upper-
troposphere temperature maximum coinciding with
the low PVD ridge is determined by the large-scale zonal
distribution of vertical gradient of diabatic heating
(Wu et al., 2015a), rather than the local vertical coupling
in the statistical-equilibrium theory as suggested by Boos
and Kuang (2010). In winter, a high PVD trough around

140� E was associated with the East Asian deep trough
and a low PVD ridge around 145� E in the south was asso-
ciated with a subtropical high (Figure 1d). The 28th model
level was chosen to represent the upper troposphere
because it has a global annual mean pressure of 154 hPa
(Figure S1), which is close to the target pressure level of
150 hPa. The conclusions were not influenced when
selecting other adjacent model levels (not shown).

The cross-sections (Figure 2) further demonstrated the
three-dimensional configurations between PVD and circu-
lation. The distributions of PVD in the middle and low tro-
posphere over the TP were similar in summer and winter
(Figure 2), whereas the distributions of PVD in the upper
troposphere were seasonally different. Specifically, the
PVD in the middle and low troposphere over the TP plat-
form (approximately 90� E) was lower than that over
the surrounding areas (Figure 2), whereas the low (high)
PVD in the upper troposphere was over the TP in JJA
(DJF) and accompanied by an ascending (sinking) motion.

Cross-section of PVD (10–6 k·m–1·s–1) & circulation
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FIGURE 2 Vertical-latitudinal cross-section (averaged

over 30�–35� N) of the climatological mean PVD and circulation

(u, −ω × 20) in (a) JJA and (b) DJF; u and v are in units of m � s−1
and ω is in units of Pa � s−1. The white contour indicates the
isentrope. The vertical axis indicates the number of model levels,

wherein the red arrow marks the 28th model level. The red dashed

lines mark the location of the TP [Colour figure can be viewed at

wileyonlinelibrary.com]
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The distributions of PVD over the Rocky Mountains
(approximately 110� W) were similar but weaker and
smaller in magnitude and scale (Figure S2).

The lower PVD over the TP platform (approximately
90� E) than that over the surroundings (Figure 2) was
determined by the weaker static stability (Figure S3),
which was set by a high near-surface potential tempera-
ture owing to low pressure. In contrast to the overall
weakened static stability in response to a high potential
temperature anomaly over a flat surface (figure 16a in
Hoskins et al. (1985)), the static stability and PVD over
the periphery of the TP were enhanced (Figure 2). This
indicates a difference between the heating on sloped and
flat surfaces. In addition to numerical simulations
(Wu et al., 2016), the effects of diabatic heating on three-
dimensional circulation and PV configuration over the
TP remain unclear. These problems were unpacked
through a comprehensive PV budget analysis.

The complete form of PVD includes the component
due to the horizontal potential temperature gradient and

horizontal vorticity (Wh) and the component due to the
static stability and vertical vorticity (Wv). However, only Wv

is widely used because Wh is negligible in most cases.
Although Wh is much smaller than the Wv, previous studies
have shown that Wh is crucial for vortex development and
severe weather (Wu and Liu, 1997; Zheng et al., 2013). The
Wh near the surface had a large magnitude around regions
where the horizontal potential temperature gradient was
strong, such as the topography regions (Figures 3a, b and
S4). BecauseWh was negative under the geostrophic approx-
imation (Equation (3)), both geostrophic (negative) and
ageostrophic (positive) motions existed near the surface. In
addition, Wh was higher in the upper troposphere along the
jet stream than that in other regions (Figure 3c, d). The neg-
ative Wh along the jet stream was strongest over the Pacific
Ocean. This negative Wh partly (i.e., in a ratio of 1/4 for
Wh/Wv as shown in Figure S4) contributed to the upper-
tropospheric low PVD downstream TP (approximately
145� E in Figure 2b), which was related to the advective
redistribution of PVD, as elaborated on in the next section.

(a) JJA, surface (b) DJF, surface

(c) JJA, 154 hPa (d) DJF, 154 hPa

Climatology of Wh (10–6 k·m–1·s–1)

Zonal wind velocity (m s-1)

FIGURE 3 Climatological mean Wh (Equation (2)) at the earth surface (lowest model level, No. 60) in (a) JJA and (b) DJF. (c, d) Same

as (a, b) but at the 28th model level, with a global annual mean pressure of 154 hPa. The blue contour indicates the zonal wind velocity. The

red contour indicates 1.5 km elevation [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2 | Balanced PV budget over the TP

The PV budget was examined to understand the PV cli-
matology over the TP. Diabatic heating-generated PVD
tendency within the boundary layer (approximately
within a 50 hPa extent above the surface) was positive

over the TP and Iranian (approximately 50� E) Plateaus
in summer and winter (Figure 4a, b). Owing to the small
magnitude of the frictional term, the near-surface PV
budget balance in summer, was mainly between the posi-
tive diabatic term and negative advective/convective term
(Figure 4a, c, e). In contrast, the frictional term was not

Cross-section of PV budget terms (10–12 k·m–1·s–2)

(a) DIAB, JJA (b) DIAB, DJF

(d) FRIC, DJF(c) FRIC, JJA

(e) ADVE+CONV, JJA (f) ADVE+CONV, DJF

FIGURE 4 Vertical-latitudinal cross-section (averaged over 30�–35� N) of the climatological mean of four PV budget terms

(Equation (4)): (a) diabatic heating-generated PVD (DIAB); (c) friction-generated PVD (FRIC); and (e) sum of horizontal advective (ADVE)

and vertical convective (CONV) redistribution of PVD in JJA. (b, d, f) Same as (a, c, e) but for results in DJF. The black contours indicate the

pressure increments relative to surface pressure, which represents the non-uniform vertical axis. The red dashed lines mark the location of

the TP [Colour figure can be viewed at wileyonlinelibrary.com]
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negligible in winter; therefore, the near-surface PV bud-
get balance was among all three terms (Figure 4b, d, f).

The diabatic heating-generated positive PVD ten-
dency within the boundary layer in summer and winter
(Figure 4a, b) favoured a near-surface high PVD over the
TP (Figure 2). The friction-generated positive PVD ten-
dency in winter (Figure 4d) had a secondary contribution

to the near-surface high PVD over the TP. Consequently,
the higher near-surface PVD in winter than in summer
was caused by stronger PV generation by diabatic heating
and friction in winter (Figure 4a–d).

The diabatic heating-generated PVD tendency
(Figure 4a, b) was dominated by the vertical gradient of
diabatic heating (f ∂z _θ; Figure 5a, b), whereas the

(a) (c)+(e) (b) (d)+(f)

(d) Low-frequency component, DJF(c) Low-frequency component, JJA

(e) Transient eddy component, JJA (f) Transient eddy component, DJF

Cross-section of ∂zθ (10–8 k·m–1·s–1)&

FIGURE 5 Vertical-latitudinal cross-section (averaged over 30�–35� N) of the vertical gradient of diabatic heating (∂z _θ) in (a) JJA and

(b) DJF. (c, d) and (e, f) Same as (a, b) but for the low-frequency component and high-frequency transient eddy component (Section 2.4),

respectively. The black contours indicate the pressure increments relative to surface pressure, which represents the non-uniform vertical

axis. The red dashed lines mark the location of the TP [Colour figure can be viewed at wileyonlinelibrary.com]
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contributions of the horizontal gradient of diabatic heat-
ing and the relative vorticity ζ are negligible. Therefore,
diabatic heating-generated near-surface positive PVD ten-
dency over the TP was determined by increasing diabatic
heating with height in summer and winter. Nonetheless,
diabatic heating was positive in summer and negative in
winter (Figure 6a, b); that is, TP was a heat source and
sink in summer and winter, respectively (Wu et al., 2007).

The high-frequency transient eddy component con-
tributed more to the diabatic heating-generated positive

PVD tendency within the boundary layer than that of the
low-frequency component (Figure 5c–f), wherein ∂z _θv
was dominant than ∂z _θh (Equation (6); Figure S5).
Importantly, the relative magnitudes of ∂z _θ between
high- and low-frequency components (Figure 5c–f) were
the opposite to that of _θ; namely, the high-frequency
component of diabatic heating was smaller than that of
the low-frequency component (Figure 6). Therefore,
although the high-frequency component of diabatic heat-
ing is smaller in magnitudes than the low-frequency

Cross-section of diabatic heating (10–5 k·s–1)

(a) (c)+(e)

(c) Low-frequency component, JJA 

(e) Transient eddy component, JJA

(b) (d)+(f)

(d) Low-frequency component, DJF 

(f) Transient eddy component, DJF

FIGURE 6 Same as Figure 5 but for diabatic heating, _θ [Colour figure can be viewed at wileyonlinelibrary.com]
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component, the high-frequency transient eddy compo-
nent of _θv is crucial in shaping ∂z _θ within the boundary
layer.

Frequency filtering demonstrated that the ultrahigh-
frequency component (1/4–2 days; Section 2.4) was domi-
nant for the high-frequency component of _θv within the
boundary layer (Figures 7a, b and S6). Stimulated by the
diurnal cycle-induced boundary layer wind maximum
(Blackadar, 1957), further investigations demonstrated
that the climatological diurnal cycle (Section 2.4;
Figure 7c–f) dominated the negative ultrahigh-frequency
component of _θv (Figures 7a, b and S6) within the bound-
ary layer. _θv=ωml∂pθ<0 includes two cases: case I is

ωml>0 (sinking) and ∂pθ<0 (static stable); case II is
ωml<0 (ascending) and ∂pθ>0 (static unstable). In sum-
mer (Figure 7c, d), case I (0000 UTC) contributed more
to negative _θv than case II (0600 UTC). In winter
(Figure 7e, f), case I (0000, 1200, and 1800 UTC) led to
negative _θv because case II did not appear at 0600 UTC.
The diurnal cycle of the vertical gradient of the potential
temperature in summer was confirmed by the radiosonde
observations shown in Figure S7; namely, strong stable
stratification at 0000 and 1800 UTC, weak stable stratifi-
cation at 1200 UTC, and unstable stratification at 0600
UTC within the low boundary layer. In contrast, because
the ωml and ∂pθ were diurnally less variant above the

M
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s
s
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re
 (

h
P

a
)

(c) JJA, 

0000 UTC

0600 UTC

1200 UTC

1800 UTC

(10–2 Pa·s–1)

Daily mean

mml� (d) JJA, p��
Vertical velocity & static stability averaged over the TP

(e) DJF, ml� (f) DJF, p��

Frequency filtering of     (10–5 k·s–1)

(a) Ultrahigh (1/4–2 days), JJA (b) Ultrahigh (1/4–2 days), DJF

�&v

(10–4 K·Pa–1) (10–2 Pa·s–1) (10–4 K·Pa–1)

FIGURE 7 Vertical-latitudinal cross-section (averaged over 30�–35�N) of the climatological mean of the frequency filtered _θv (ultrahigh 1/4–
2 days, equation (8)) in (a) JJA and (b) DJF. The black contours indicate the pressure increments relative to surface pressure, which

represents the non-uniform vertical axis. The red dashed lines mark the location of the TP. (c) Climatological diurnal cycle (Equation (9)) of

the regional mean (c, e) vertical velocity ωml and (d, f) static stability ∂pθ averaged over the TP (20�–40� N, 60�–110� E, higher than 1.5 km)

at 0000, 0600, 1200, 1800 UTC in (c, d) JJA and (e, f) DJF, respectively. The vertical axis indicates the regional mean pressure. The results for

the other frequency band and the climatological diurnal cycle of _θv and ∂z _θv are shown in Figure S6 [Colour figure can be viewed at

wileyonlinelibrary.com]
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boundary layer (Figure 7c–f), they corresponded to the
low-frequency component; namely positive (heat source)
and negative (heat sink) in summer and winter, respec-
tively. Therefore, in addition to the low-frequency com-
ponent, the climatological diurnal cycle is crucial for the
positive diabatic heating-generated PVD tendency within
the boundary layer via modifying the vertical structure of
diabatic heating.

The impacts of the TP on PV in the middle and upper
troposphere in summer were distinct because prominent sig-
natures in the three PV budget terms in summer appeared
only over the TP (Figures 4a and S8). The three PV budget
terms in the middle and upper troposphere in winter over
the TP were also the strongest relative to those over the
Rocky Mountains (Figure S8). The mid-tropospheric diabatic

heating-generated PVD tendency over the TP was negative
in summer and was mainly balanced by the advective/
convective redistribution term (Figure 4a, e), wherein con-
vective redistribution was dominant (Figure S9). The balance
in the middle and upper troposphere in winter was between
the frictional term and the advective/convective term
(Figure 4d, f), wherein advective redistribution was domi-
nant (Figure S9). In addition, gravity wave drag may domi-
nate the frictional term (Koshyk and McFarlane, 1996)
because it is strong in the middle and upper troposphere
where friction is weak.

Diabatic heating-generated negative PVD tendency in
the middle troposphere (Figure 4a), favouring a low PVD
over the TP in summer (Figure 2a). The low PVD in the
upper troposphere over the Pacific in winter (approximately

(a) JJA (b) DJF

Diabatic heating over the TP
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(10–5 K·s–1) (10–5 K·s–1)

FIGURE 8 Climatology of the

regional mean diabatic heating averaged

over the TP (20�–40�N, 60�–110�E,
higher than 1.5 km) in (a) JJA and

(b) DJF based on NCEP-2 data. The

vertical axis indicates the regional mean

pressure. The six physical components

are solar ( _θSW ) and longwave ( _θLW )

radiative, shallow ( _θSC) and deep ( _θDC)

convective, large-scale condensation

( _θLC), and vertical diffusive ( _θVD) heating

[Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Regional mean of the

vertical integral values of PV budget

terms (equation (4)), PVD, relative

vorticity ρζ, and static stability ∂zθ, over

the TP for three vertical ranges: Below

500, 300–500, and 100–300 hPa. ζ is
weighted by density, whereas PVD and

PV budget terms are already in density-

weighted form. Vertical integral is

calculated according to formula

A½ �=−
R p2
p1

A
ρgdp (Table 1), where p1 = ps,

500, 300, and p2 = 500, 300, 100. The

bracketed numbers in the PVD column

indicate values after removing the zonal

mean. Note that the finite difference

and vertical integration induce that the

PV budgets are not strictly closed

Vertical integral of PV budget terms (10−10 K s−2)

JJA DJF

DIAB FRIC CONV ADVE DIAB FRIC CONV ADVE

500–ps 3.8 18.5 −27.3 3.0 37.2 11.9 −33.2 −17.6

300–500 −18.5 7.0 13.0 −1.7 −10.6 7.1 −3.1 6.2

100–300 0 −1.2 −11.2 10.3 32.1 3.8 −40.2 5.7

Vertical integral of PVD (10−3 K s−1), ρζ (10−2 kg s−1 m−2), and ∂zθ (K)

JJA DJF

PVD ρζ ∂zθ PVD ρζ ∂zθ

500–ps 0.6 (0) 0.3 8 0.6 (0.1) 0 9

300–500 1.2 (0.2) −0.9 17 0.8 (0) 0.9 12

100–300 2.9 (−1.2) −3.7 46 7.9 (1.4) 3.1 83
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145� E in Figures 1d, 2b, and 3d) was favoured by advective
redistribution (Figures 4f and S9) of the friction-generated
negative PVD tendency over the eastern TP (Figure 4d).
Therefore, PV generation over the TP is crucial for down-
stream circulation in the Pacific Ocean in winter. In addi-
tion, diabatic heating-generated negative PVD tendency in
the middle troposphere in summer over the TP (Figure 4a)
was induced by decreasing positive diabatic heating with
height (Figures 5a and 6a), which was dominated by the
low-frequency component (Figure 6c), in contrast to the
case within the boundary layer.

3.3 | PV budget view of the circulation
climatology over the TP

The physical processes contributing to total diabatic heat-
ing include solar and longwave radiation, shallow and deep

convection, large-scale condensation, and vertical diffusion
(Figure 8). Among these, longwave cooling, deep convec-
tion, and large-scale condensation had diabatic heating
profiles that increased with height within the boundary
layer, thereby leading to a positive vertical gradient of dia-
batic heating. In contrast, vertical diffusion (i.e., sensible
heating) generated positive diabatic heating that decreased
with height in summer, leading to a negative vertical gradi-
ent of diabatic heating, while vertical diffusive heating was
negative and had a weak positive gradient in winter. Con-
sequently, because of the opposite effects of sensible heat-
ing in diabatic PV generation in summer and winter, the
diabatic heating-generated positive PVD tendency was
stronger in winter than in summer.

In addition, the two cases of the diurnal cycle were
related to these physical processes. Specifically, warming
due to the sinking motion in case I balanced the long-
wave cooling, whereas the convection of case II

(a) JJA, PV budget terms (b) DJF, PV budget terms
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FIGURE 9 Climatology of the four

regional mean PV budget terms

(Equation (4)), averaged over the TP

(20�–40� N, 60�–110� E, higher than
1.5 km), in (a) JJA and (b) DJF. (c, d)

Same as (a, b) but for PVD, the anomaly

of PVD after removing zonal mean,

relative vorticity ζ, and static stability

∂zθ. The vertical axis indicates the

regional mean pressure [Colour figure

can be viewed at

wileyonlinelibrary.com]
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transported the near-surface heat induced by strong solar
heating upward during the daytime. The magnitudes of
the diabatic heating-generated PVD tendency associated
with the climatological diurnal cycle were also stronger
in winter than in summer (Figures 7 and S6). Therefore,
the opposite sensible heating (i.e., heating source and
sink in summer and winter, respectively) and different
magnitudes of contribution from the climatological diur-
nal cycle jointly induced a stronger diabatic heating-
generated PVD tendency in winter than in summer.

The piecewise vertical integral of the PV budget terms
and dynamic (vorticity) and thermodynamic (static stabil-
ity) circulation factors were further examined (Table 2 and
Figure 9). In summer, diabatic heating-generated positive
PVD stimulates cyclonic circulation development near the
surface over the TP (Table 2 and Figure 9a, c). Ascending
motion transported the diabatic heating- and friction-
generated positive PVD upward to the middle troposphere
so that the balanced PVD in the low troposphere (below
500 hPa) over the TP was close to the zonal mean (Table 2
and Figure 9a, c). In contrast, diabatic heating-generated
negative PVD tendency stimulated anticyclonic circulation
in the middle troposphere (300–500 hPa), wherein this
negative PVD tendency was jointly balanced by the posi-
tive PVD input from the low troposphere, upward trans-
portation of the low PVD to the upper troposphere, and
frictional dissipation (Table 2 and Figure 9a, c). The bal-
ance between the convective and advective redistribution
of PVD was prominent in the upper troposphere (100–
300 hPa) where diabatic heating was weak. Particularly, a
low PVD input from the middle troposphere induced a

low PVD in the upper troposphere over the TP (Table 2
and Figure 9a, c), wherein horizontal advection further
spreads the vertically inputted low PVD to a larger scope,
pertaining to the Asian monsoon anticyclone. The
extended influence of mid-tropospheric diabatic heating
on upper-tropospheric PVD was referred to as over-
shooting by Wu and Liu (2000), who addressed the PV
budget of ideal vertically symmetric convective heating
(Supplementary text).

In winter, diabatic heating generated a positive PVD
near the surface (Figure 9b), like that in summer
(Figure 9a). However, the dynamic processes differ
between summer and winter. Particularly, the near-surface
negative PVD tendency due to convective redistribution
(Figure 9b) was induced by downward low PVD input
through a sinking motion in winter (Figure 2b). The joint
effects of diabatic heating- and friction-generated positive
PVD tendency and negative PVD tendency due to convec-
tive redistribution make the PVD and ζ in the low tropo-
sphere over the TP close to the zonal mean (Table 2 and
Figure 9b, d). For the middle to upper troposphere, the bal-
anced frictional term and advective/convective redistribu-
tion term of the PV budget have a dipole pattern whose
average is meaningless. Therefore, a balanced PV budget
due to gravity wave drag and advective redistribution is
crucial in winter (Figure 4); specifically, gravity wave drag-
generated negative PVD tendency over the eastern TP and
its downstream advection are crucial for circulation in the
Pacific. A PV budget view of the circulation climatology
over the TP during summer and winter is shown schemati-
cally in Figure 10.

FIGURE 10 Schematic PV

budget view of the circulation

climatology over the TP in

(a) summer and (b) winter. The

first four symbols in brown and

turquoise colours at the bottom

indicate the four PV budget

terms (Equation (4)) with

positive and negative values,

respectively. The last three

symbols at the bottom indicate

vertical motion, cyclonic/

anticyclonic circulation, and

isentrope, respectively. The

brown trapezoid and gradient

blue shading indicate the TP

topography and atmosphere

aloft, respectively [Colour figure

can be viewed at

wileyonlinelibrary.com]
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4 | DISCUSSION AND
CONCLUSIONS

Although previous studies partly examined PV over the
TP (Wu et al., 2016), this study provided a more compre-
hensive three-dimensional PV budget for circulation over
the TP, in both summer and winter. Consequently, this
study demonstrated the dynamic mechanisms in the
formation of circulation climatology over the TP from a PV
budget perspective, as schematically shown in Figure 10.
Our results provide new insights into the formation of
near-surface cyclonic circulation, coupled with upper-
tropospheric low PV and anticyclonic circulation, in
summer and the effect of gravity wave drag and its down-
stream influence via advective redistribution of PV in
winter. In particular, the crucial role of the diurnal cycle in
shaping the climatological near-surface cyclonic circulation
in summer was demonstrated. Although previous studies
suggested an obvious diurnal cycle in the PV itself, near
the surface over the TP (Ma et al., 2020; Sheng et al., 2021),
the contribution of the diurnal cycle to the climatological
mean PV budget has not yet been examined. In addition,
PV budget analysis demonstrated the extended influence
of mid-tropospheric diabatic heating on the upper-
tropospheric low PV associated with the Asian monsoon
anticyclone and monsoonal overturning circulation, that is,
overshooting mechanism. Since the diabatic heating over
the TP favoured the northward extension of the South and
East Asian summer monsoons (Wu et al., 2012, 2016), the
contribution of the diabatic heating over the TP to the
Asian monsoon anticyclone, relative to that of monsoonal
diabatic heating, should be further quantified by combin-
ing numerical simulations with PV budget analysis.

Further investigations should verify the effect of gravity
wave drag in winter, such as via numerical simulation
(Koshyk and McFarlane, 1996), because gravity wave drag-
induced PVD was estimated as the residual of the PV budget
in this study. Additionally, revealing the influence of
PV sources present on the Earth's surface on atmospheric
circulation is paramount and challenging (Held and
Schneider, 1999; Plumb and Ferrari, 2005; Schneider, 2005).
The TP topography may be a crucial surface PV source
because the isentropic surface intersects the TP. Therefore,
in addition to local circulation, the PV budget view can also
be used to investigate the dynamics underlying the remote
influences of the TP, especially its surface PV source,
on weather and climate. In particular, previous studies
suggested that the TP influences the climate of upstream
Eurasia and Africa via zonal-vertical circulation cells and
Rossby waves (Lu et al., 2018; Nan et al., 2019; Liu
et al., 2020b) and the climates of the Indian Ocean, down-
stream Asia, Pacific Ocean, North America, and Atlantic
Ocean via Rossby waves and meridional-vertical circulation

cells (Wu et al., 2007; Zhao et al., 2007; Park et al., 2013;
Sun et al., 2019; Yang et al., 2020; You et al., 2020; Liu
et al., 2020a; Lu et al., 2021); tropical cyclones (Baldwin
et al., 2019); and weather, including synoptic temperature
variability in winter around the TP (Lutsko et al., 2019),
Eurasian heatwaves in summer (Wu et al., 2015b), and
downstream severe weather in China (Wu et al., 2020; Ma
et al., 2022)
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