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Abstract

The variability of interior atmospheric potential vorticity (PV) is linked
with PV generation at the Earth's surface. The present paper reveals the
features of the surface PV and provides a stepping stone to investigate the
surface PV budget. In this study, the formats of the PV and PV budget
adopting a generalized vertical coordinate were theoretically examined to
facilitate the calculation of the surface PV and its budget. Results show that
the formats of the PV and PV budget equations are independent of the ver-
tical coordinate. While the vertical component of the surface PV dominates
over the platform of the Tibetan Plateau, the horizontal component plays
an important role over the slopes of the Tibetan Plateau, especially the
southern slope owing to the strong in-situ meridional gradient of the poten-
tial temperature. These results indicate that the employment of complete
surface PV not only provides a finer PV structure but also more appropri-
ately reveals its effect on atmospheric circulation. Diagnosis based on
reanalysis and model output demonstrates that the surface PV budget equa-
tion is well balanced both in terms of the climate mean and synoptic pro-
cess, and the surface PV budget in June has a prominent diurnal cycle. The
diabatic heating with a minimum in the early morning and a maximum
from evening to midnight contributes dominantly to this diurnal cycle. It is
further indicated that positive PV generation due to diabatic heating is
essential for the formation, development, and movement of the Tibetan
Plateau vortex.

KEYWORDS
diabatic heating, potential vorticity (PV), surface PV, surface PV budget, Tibetan Plateau

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2020 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.

Int J Climatol. 2021;41:439-455.

wileyonlinelibrary.com/journal/joc 439


https://orcid.org/0000-0003-0920-3237
mailto:gxwu@lasg.iap.ac.cn
mailto:heb@lasg.iap.ac.cn
mailto:lym@lasg.iap.ac.cn
mailto:lym@lasg.iap.ac.cn
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/joc

440 International Journal

RMets

SHENG ET AL.

of Climatology

INTRODUCTION

1 |

Potential vorticity (PV; Rossby, 1940; Ertel, 1942) is a
physical quantity that inherently couples atmospheric
dynamics and thermodynamics. The examination of PV
has clarified a wide range of dynamical phenomena in
the field of planetary fluids, primarily owing to the con-
servation and invertibility properties of PV (e.g., Hoskins
et al., 1985). Many aspects of the role of PV in atmo-
spheric general circulation, such as the connection
between the isentropic PV anomaly and circulation anom-
aly (Hoskins et al., 1985; Hoskins, 1997, 2015), the rela-
tionship between PV and rainstorms (Wu et al., 1995),
and the effects of advective PV flux on the upper tropo-
spheric flow (Liu et al., 2007; Ortega et al., 2018), have
been documented. In these studies (e.g., Hoskins
et al., 1985; Wu et al., 1995; Hoskins, 1997, 2015; Zhao
and Ding, 2009; Luo et al., 2018a, 2018b; Ortega et al.,
2018), the redistribution of atmospheric interior PV and
its weather and climate effects have been of primary
interest.

Meanwhile, the studies of Haynes and MclIntyre
(1987, 1990) and Hoskins (1991) evoked interest in PV at
the Earth's surface. The impermeability theorem of PV
proposed by Haynes and McIntyre (1987, 1990) suggests
that PV can be neither created nor destroyed for a
completely closed isentropic surface. A subdivision of the
atmosphere into the Overworld, Middleworld, and

Underworld (Figure 1) proposed by Hoskins (1991)
showed that there are entirely closed isentropic surfaces
in the Overworld and Middleworld, while the isentropic
surfaces of the Underworld intersect with the Earth's

surface. In terms of the impermeability theorem,
Hoskins (1991) demonstrated that total PV is constant in
the Overworld and Middleworld but changeable in the
Underworld. These studies indicated that the source of
global atmospheric PV lies within the Earth's surface. In
other words, the globally integrated PV in the atmo-
sphere is determined by its generation at the Earth's sur-
face. Further theoretical studies demonstrated that the
variation of PV in the atmospheric interior is closely
related to the surface PV, and the PV generated at the
surface can be transferred into the atmospheric interior
and affects the variation of PV and the associated circula-
tion at a global scale (Held and Schneider, 1999;
Schneider, 2005; Egger et al., 2015). However, the poten-
tial temperature fluctuates at the Earth's surface and
near-surface isentropes may lie above or below the sur-
face, and the investigation of the Earth's surface PV and
its budget has thus been difficult.

In addition to the flat surface of the Earth, elevated
mountains penetrate isentropic surfaces in the lower tro-
posphere and generate extra internal boundaries of these
surfaces as shown in Figure 1, thereby producing addi-
tional PV sources for the atmosphere. Aebischer and
Schér (1996), Schar et al. (2003), and Flamant et al. (2004)
studied PV around the Alps through observation and
numerical simulation and found that the Alps are a
source of PV anomalies in the lower troposphere and
generate a wake structure with numerous elongated fila-
ments of anomalous PV (i.e., PV banners) that affects
downstream windstorms. The gigantic Tibetan Plateau
(TP), as the highest and broadest plateau in the world,
intensively intersects with many isentropic surfaces in

FIGURE 1
of isentropic surfaces and the threefold
world. Solid and dashed black lines

respectively indicate isentropic surfaces

Schematic distributions

and the atmospheric tropopause. The
blue circle represents the Earth while
the brown triangle represents the

TP. The North and South Poles are
respectively denoted NP and SP
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the lower troposphere (Wu et al., 2007, 2018). According
to the impermeability theorem, the TP generates a great
deal of PV that can be transported into the atmospheric
interior (Hoskins, 1991; Ren et al., 2014; Yu et al., 2019;
Ma et al., 2019). Given the huge global weather and cli-
mate effects of the TP (e.g., Flohn, 1957; Ye et al., 1957;
Ye and Gao, 1979; Yanai et al., 1992; Wu et al., 2012; Xu
et al., 2015; Ren et al., 2019), the associated surface PV
and surface PV generation of the TP need to be further
explored.

One of the great challenges in studying the surface
PV over the TP is that the traditional PV and PV budget
are calculated in a pressure or an isentropic coordinate
system. As documented above, because the higher pres-
sure level or lower isentropic level is under the mountain
surface, there is no data across the wide terrain. Thus, it
is almost impossible to calculate the surface PV and sur-
face PV budget directly in the pressure or isentropic
coordinate system. The method of interpolating the pres-
sure coordinate system to the terrain-following n coordi-
nate system is widely adopted, but introduces a high
interpolation error (Li et al., 2017). Cao and Xu (2011)
derived the PV formula in the terrain-following n coordi-
nate system, but many reanalysis model datasets are
archived in the hybrid 6-p coordinate system. Although
the second Modern-Era Retrospective Analysis for
Research and Applications (MERRA?2) reanalysis dataset
provides PV in the hybrid o—p coordinate system, the PV
product neglects the horizontal component of PV, which
could be important in regions with topographic relief. It
remains difficult to accurately calculate the PV and PV
budget at the Earth's surface, particularly in mountain-
ous areas.

The present paper aims at improving the under-
standing of the surface PV and providing a stepping
stone to investigate the surface PV budget. To this end,
we developed an algorithm that calculates the surface
PV and surface PV budget and examined the character-
istics of surface PV and its budget in the TP area. The
remainder of the paper is organized as follows. Section 2
presents the data and model used in the study. Section 3
introduces algorithms for the calculation of surface PV
and its budget. Section 4 analyses the spatial and tem-
poral distributions of the surface PV. Additionally, the
vertical and horizontal components of PV in the TP
area in reanalysis and model output are compared.
Characteristics of the surface PV budget, particularly
the diurnal cycle, are investigated in Section 5. The
effects of such a diurnal cycle on the formation and
development of a Tibetan Plateau vortex (TPV) are briefly
presented. Finally, a summary and discussion are pro-
vided in Section 6.

of Climatology

DATA AND MODEL

2 |

21 | Data
We used monthly mean data on the hybrid c—p model
level obtained from MERRA2 for the period 1980-2014
(Rienecker et al., 2011; Lucchesi, 2012). We employed the
air temperature, zonal and meridional wind speeds, and
pressure in calculating the surface PV for each month.
Climate mean values calculated over June, July, and
August (JJA) and over December, January, and February
(DJF) were respectively used to represent the boreal sum-
mer and winter conditions. The horizontal resolution of all
MERRA?2 data was 0.625° x 0.5° (longitude X latitude).
Three-hourly data of the MERRA2 hybrid 6—p model
level, including the air temperature, zonal and meridio-
nal wind speeds, vertical velocity, and pressure, for the
period 2010-2017 were adopted to analyse the climate
mean surface PV budget in June. Data for 27 to June
29, 2016 (universal time) were also used to analyse the
surface PV budget during a TPV process.

2.2 | Model

The model adopted in this study was the Flexible Global
Ocean-Atmosphere-Land System (FGOALS-f2) climate
model of the Chinese Academy of Sciences, which was
developed at the Institute of Atmospheric Physics/State
Key Laboratory of Numerical Modeling for Atmospheric
Sciences and Geophysical Fluid Dynamics (Bao et al.,
2018). The atmospheric component of FGOALS-f2 is
FAMIL2. The FAMIL2 adopts a three-dimensional
finite-volume dynamical core (Lin, 2004) over cubed-
sphere grids (Putman and Lin, 2007) with six tiles over
the globe, which approximates a horizontal resolution
of 1° x 1°. The hybrid o—p coordinates have 32 layers,
with the model top being at 2.16 hPa. A detailed physical
configuration of the model was presented by He et al.
(2019, 2020).

Two AGCM experiments based on FAMIL2 were con-
ducted. The first experiment was an AMIP standard
experiment conducted to characterize the climate mean
surface PV. Monthly mean data of the FAMIL2 hybrid -
p model level were generated for the period 1979-2014.
The period 1980-2014 was selected to ensure consistency
with the time range of the MERRA2 data.

In the second experiment, the generation and early
evolution of a TPV from June 27 to June 29, 2016, were
simulated. The forcing sea surface temperature data used
to drive FAMIL2 were taken from Optimum Interpolation
Sea Surface Temperature version 2 (OISSTv2) (Reynolds
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et al., 2007; Banzon et al., 2016; Li et al., 2019). Because
each term in the PV equation involves a product of two
different variables, and because the reanalysis adopted in
this study only provides data at three-hourly resolution,
the contribution of the transient processes to the total
budget may not be presented properly. To address this
problem, we produced a dataset with high time resolution
of a half hour for the same period by nudging the FAMIL2
to the MERRA2 reanalysis. A nudging method, which
involves the addition of terms to the atmospheric equations
to relax the predicted state variables toward the reanalysis
at 30-min intervals, was adopted to generate a fine-
resolution dataset (Hoke and Anthes, 1976). On the gro-
unds of stability, nudging was performed for January 1 to
June 30, 2016. The atmospheric variables used for nudging
were the surface pressure, surface geopotential height,
three-dimensional atmospheric wind field, and tempera-
ture field. The integration time step was set at 30 min.
Variables, namely the surface wind, temperature, and pres-
sure, were then used to calculate the surface PV and its
budget according to the method introduced in Section 3.

3 | PV,PVBUDGET EQUATION,
AND VERTICAL-COORDINATE
INDEPENDENCE

3.1 | PV and PV budget equation

According to Ertel (1942), the vector form of PV (P) in
the z coordinate system and its budget equation are

P=az‘§az'vzaa (1)

dp

E=az.§ —ag V0 +a; Vo X Fp-V0, (2)

where V, = (%’%’%)’ azzl% is the specific volume, p is

the density, Eaz =V, X V+ f k is the three-dimensional

absolute vorticity vector, I7=(u,v,w) is the three-
dimensional wind vector, @ is the potential temperature,

0=2 is the diabatic heating rate, F; = (Fy,F,) is the fric-
tional force, and the subscript z indicates the z coordinate

system.
3.2 | Vertical-coordinate independence

of PV and the PV budget equation

For large-scale motion, have an order of

ow ow
2| and ‘&_y

u v
% and %

magnitude of 10~ while have an order of

magnitude of 107>, The horizontal change of the vertical
velocity in the horizontal vorticity can therefore be
ignored with high accuracy in the z coordinate system,
and the scalar form of PV in the z coordinate system is

P ov (d0 Ju (00 v Ju\ |00
~od5(a) 5 (5) 1 (3 - (5) Jx

(3)

Introducing a generalized vertical coordinate system
(x, y, e, t) for any variable F, F(x, y, e, t) = F(x, ¥,z (x, ), e,
1), ), where e is a monotonic function of z in the vertical
direction and the vertical axis of the e coordinate system
(with e usually being equal to p, z or ). According to the
chain rule, we have

-2
dx), \ox), dz\ox/,
&) -G %G v
dy), \dy/), dz\dy/,

JF _JFdz
e dzde

Letting a, indicate the specific volume in the e coordi-
nate system, we have 6m=aiéx5y6z=aie5x6y5e; thus,

de
Ae=0tz . (5)

The PV in the e coordinate system (P,) is defined to
have the same form as that in the z coordinate system;
that is, the symbols imitate those in formula (3) and
we have

P, Zaeéjae'vee

N S AN AT P CLA N LA 1
~%\ " de\ax), T ae\ay), / ox), \dy/, de]

(
Letting

ov (00
A—‘a—e@e
du (90
B—a—e@e !

=|re(3), () )5

we then have P, = a,(A + B + C).
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Performing vertical coordinate transformation and
substituting the conversion relationship (4) into expres-
sions for A, B, and C lead to

a2 (20) e (a0) o0
~ de\ox), Jdzde +_z _x
_ou (30 _oudz[ (30\ 70 (7
“ de \dy e_3z8e dy . 9Z\y/,

v Ju\ 100

c- [f+ 5).-(G))%

The underlined terms correspond to horizontal coor-
dinate transformation items. After adding A, B, and C,
the horizontal coordinate transformation items cancel
each other out, and we have the relation

Po=0t,& 4o VoO=a, & -V ,0=P. (7)

Equation (7) indicates that for a generalized mono-
tonic e coordinate system, when Equation (6) holds for
P,, the final result is strictly equal to P. In other words,
PV is independent of the vertical coordinate. From Equa-
tions (5) and (6), we obtain PV in a generalized vertical
coordinate system.

The coordinate transformation is carried out for the
right-hand side of the PV budget (2). The right-hand side
of Equation (2) is transformed strictly using the conver-
sion relationships (4) and (5):

) () ][ (2) e ) Yoo
dz \ox dy), dz\dy/),| [dzde

of Climatology

where it is seen that the right-hand side of the PV budget
equation is also independent of the vertical coordinate.

Substituting Equations (7)—(9) into Equation (2) gives
the vertical coordinate independence of the PV budget
equation:

Pe — . —
Cii_t:aefae'vee‘*'aeVEXFf'vé‘e' (10)

Furthermore, in a monotonic e coordinate system,
pressure is expressed by p = p(x, y, e, t). We then have

dp__dp.  (dp dp\ | :9p
E—G)—ﬁﬁ‘“(& e+v ay e+98—e (11)

and thus

b2 -G))2 o

Therefore, Equation (10) can also be written in
Eulerian form in a generalized coordinate system as

JdP,
ot

— — ‘ —
:_V'VQPQ + aeéae'Vee'i'aeVex Ff 'Vee, (13)

where V= (u,v,é) and V, = (Hx’&ay’ge)

33 |
layer

PV and PV equation at the surface

The hybrid o-p system is adopted as vertical coordinate
in most current climate models. A surface satisfying the
partial difference thus needs to be constructed. Let the

—
a;VXFy-V,0 :az{

() 202
(e R () A

=(nggXFf V€9
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hybrid 6—p model levels from top to bottom be h = 1,
h =2, ..., h = N. The model level is an isosurface indi-
cated by h, which describes the surface layer and the
space above.

According to the vertical-coordinate independence
introduced in Section 3.2, the PV and PV budget equa-
tions (Equations (6) and (13)) at the hybrid c—-p model
level are obtained by setting e = h:

),

Pr=an& Vil

:ah{ v (89

“on\ox

o
dh

90
dy

&),

v du\ 146
—) -(=) |5 14
RN

Pr_ = = . —
o, ==V VhPrtanEan Vil +anVaxX Fy-Vib,  (15)
where avmaclt, V= (k). h=lo-g-u(F), -

p

p — (2 4 2
&y) h:| o and Vh = (ﬁ’&_y’ﬁ) .

g
We substitute Z_IZ’: —-pg and ahzaz% into Equa-
tions (14) and (15) and obtain

nealiGe), 5 (3),) 1 (3),-(3) )%

dp\ox/), dp\ay/, ox), \dy/),lop,
PV _horizontal PV _vertical

(16)

oPy,

vertical difference variable. The terms on the right-hand
side of Equation (16) are referred to as the PV horizontal
and vertical components. The terms in Equation (17) are
the local term, advection term, heating term, and friction
term. Equations (16) and (17) form a set of equations for
PV and the PV budget in the hybrid o—p coordinate sys-
tem. The surface PV and surface PV budget are obtained
from Equations (16)-(18) at the two bottom model levels.

4 | CLIMATE FEATURES OF
SURFACE PV

The horizontal component of PV is usually small over the
area of a plain, and only the vertical component of PV is
used to represent PV. Figure 2 shows the climate mean
surface PV and its horizontal and vertical components
over the TP in winter and summer. In general, the sur-
face PV increases with latitude, which is mainly due to
the f-effect. In winter, the maximum surface PV centre is
located north of the TP platform (Figure 2a) and the sur-
face PV on the TP is approximately twice that on the east-
ern plain. In comparison, in summer, the surface PV
decreases and its maximum centre shifts to the western
TP (Figure 2b). There is a relatively large centre on the
north-central TP platform, which is larger than that in
western and southern areas. The distribution of the verti-
cal component of the surface PV (Figure 2c,d) is similar
to that of the total surface PV in both winter and summer

- V-VhPh +ah2ah Vi, é+(xhvh XF'VhF)

ot

local advection heating friction

Py,
=—Uu——-v

ox

§
|

o,
dy
v

_v (90
dp \ ox
_JF,

al

Py,
—wp—==

)

ou (a0
ae) OF,
+

ay

(

)

96
dy

+—
h&p
ax)," Ip

where

Here the horizontal difference is carried out at the
hybrid o—p model level, and the pressure is taken as the

79
ap

),

v
+{f+<ax
h

)Ll

du

)G
=),

ox

),

JF
dy

}

0
ap

}

(Figure 2a,b), indicating that the vertical component
dominates the surface PV over the main TP platform.
Although the horizontal component of the surface
PV is relatively small, it cannot be ignored, especially
along the sloping edge of the TP (Figure 2e,f). Figure 2e
shows the horizontal component of the surface PV in
winter. The component is negative for almost all the TP,
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FIGURE 2 Climate mean surface distribution in winter calculated from MERRAZ2 results for (a) the total PV, (c) the vertical PV
component, and (e) the horizontal PV component (units: PVU, 1 PVU = 107° K m? kg™ s7%). (b), (d), (f) are the same as (a), (c), (e),
respectively, but for summer. The blue line denotes the TP topographic boundary of 3,000 m

especially along the Kunlun and Tianshan mountains.
Positive values are found for the Tarim Basin, the
Himalayas, and the southeastern slope of the TP, with
the maximum centre located on the southern slope of the
TP. Figure 2f shows the horizontal component of the sur-
face PV in summer. The horizontal component is charac-
terized as being greater along the edge of the TP than on
the central TP platform. Its maximum centres are located
on the eastern Iranian plateau, the Himalayas, the Kun-
lun Mountains, and the eastern slope of the TP. One of
the most striking features is that the absolute value of the
horizontal component of the surface PV along the edge of
the TP, especially the northern and southern slopes, is
larger than that over the flat areas.

The corresponding results of FAMIL2 are shown in
Figure 3. The magnitudes of the surface PV and its hori-
zontal and vertical components in the model are larger
than those in the reanalysis (Figure 2). This difference
in magnitude is mainly due to the difference in the verti-
cal resolution of the surface layer between MERRA2
and FAMIL2. The lowest level in MERRAZ2 is approxi-
mately 60 m above the surface of the TP while that in
FAMIL?2 is approximately 30 m above the surface. The
thickness of the surface layer for the calculation of sur-
face PV is approximately 110 m in MERRA2 and 60 m
in FAMIL2. This difference in thickness is amplified in
mountain areas because Ap in Equations (16) and (17) is
proportional to the surface pressure. Consequently, the
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FIGURE 3 Same as Figure 2 but for the results from FAMIL2

magnitude calculated from the FAMIL2 output over the
TP (Figure 3) is approximately double that calculated
from the MERRA2 data (Figure 2). Despite this, the dis-
tributions are similar. In winter, the maximum surface
PV centre is located north of the TP platform (Figure 3a)
owing to the vertical component of PV (Figure 3c). The
positive horizontal component (Figure 3e) is mainly
located on the southern slope of the TP and Tarim
Basin, and the negative horizontal component covers
the TP almost entirely and especially covers the Kunlun
and Tianshan mountains near the northern TP. In sum-
mer, there is a large positive surface PV centre over the
western and eastern TP (Figure 3b). The horizontal com-
ponent is characterized by the absolute value near the
edge of the TP being larger than that on the central TP
platform (Figure 3f). Both the MERRA2 and FAMIL2
results show that the absolute value of the horizontal

component of surface PV over the northern and south-
ern slopes of the TP is larger than that over the flat
areas.

For further investigation of the importance of the hor-
izontal component of surface PV over the steep northern
and southern TP slopes, Figure 4 shows the ratio of the
85°-95°E mean absolute horizontal component of surface
PV to the absolute vertical component. According to
MERRA2, there are two peaks near the southern and
northern slopes of the TP, where the peak value over the
southern slope is much higher than that over the north-
ern slope (Figure 4a). Both in winter and summer
(Figure 4a), the horizontal component is twice the verti-
cal component near the southern slope and approxi-
mately 0.5 times the vertical component near the
northern slope of the TP. The ratio calculated from
FAMIL2 (Figure 4b) is close to that calculated from
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MERRA? (Figure 4a) but the magnitudes are smaller for
FAMIL2 data, which may be attributed to the weaker ter-
rain gradient and coarser horizontal resolution in
FAMIL2. Both the results of the reanalysis and model
simulation show that on the steep slopes and especially
on the southern TP slope, the horizontal component of
the surface PV is comparable to or even far in excess of
the vertical component.

The horizontal component of the surface PV is further
divided into two parts (ie., h1=g§—; (%), and h2=
~g5+(%) ) to explore why it is large on steep terrain. We
found that the horizontal component of the surface PV is
mainly determined by h2, which is the product of the
vertical shear of the zonal wind (Figure 5a-d) and the
meridional gradient of potential temperature (Figure 5e-h)
within the surface layer. In winter, there is a uniform
positive mode of —g‘;—; over the whole TP (Figure 5a,e); in
summer (Figure 5b,f), —gg—; has a dipole pattern that is
positive on the southern TP and negative on the northern
TP, with no specific signals along the steep slopes. How-
ever, there is a strong meridional gradient of potential
temperature on the southern and northern slopes both in
winter (Figure 5c¢,g) and summer (Figure 5d,h), and a
weak meridional gradient of potential temperature
mainly occurs on the central TP and other flat areas. The
results document that the strong meridional gradient of
potential temperature contributes to the formation of the
strong horizontal component of surface PV over the TP
slopes.

In this section, a comparison of the surface PV based
on data at model levels from FAMIL2 and MERRA2 illus-
trates that although the surface PV is dominated by its
vertical component over flat areas, its horizontal compo-
nent is important over the slopes of the TP, especially
over the southern TP slope. The prominent horizontal
component of the surface PV over the slopes of the TP is
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mainly due to the strong in-situ meridional gradient of
potential temperature. We therefore highlight that the
horizontal component of the surface PV should be
included in the analysis. In fact, Wu et al. (1995) docu-
mented the importance of the PV horizontal component.
They showed that when air parcels move along a slant-
wise isentropic surface, changes in the horizontal compo-
nent of PV induce vertical vorticity and stimulate
precipitation. Moreover, there is feedback between the
precipitation and thermal structure of circulation over
the southern TP slope (Wu et al., 2016). The thermal forc-
ing of the TP plays a vital role in the Asian summer mon-
soon (Wu et al., 2007, 2012, 2018). Therefore, to better
understand atmospheric phenomena related to the TP,
such as the Asian summer monsoon, a more accurate
characterization of the vertical and horizontal compo-
nents of the surface PV (Equation (16)) is required.

5 | APPLICATION OF THE
SURFACE PV BUDGET TO TPV
STUDY

A TPV is a specific synoptic system over the TP in boreal
summer, with a typical spatial scale of 400-800 km hori-
zontally and 2-3 km vertically. TPVs not only have an
important effect on precipitation over the main body of
the TP but also are closely related to the rainfall over
southwestern and eastern China (Ye and Gao, 1979; Luo
et al., 1994; Li et al., 2014). As a result, the formation and
evolution of TPVs have received increasing attention. In
general, TPVs form mainly over the central-western pla-
teau in the period from June to August and much less so
in May and September; the occurrence frequency of the
vortices peaks in June; most of the TPVs die out in- situ
while some develop and move eastward and a few move

(b) FAMIL2
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FIGURE 4 Ratio of the 85°-95°E mean absolute horizontal component of the surface PV to the absolute vertical component during
winter (DJF) and summer (JJA). (a) MERRA2 result and (b) FAMIL2 result. Grey lines (28°E, 38°E) indicate the edges of the southern and

85°E—95°E mean |horizontal component of surface PV|

northern TP slopes. ratio= 85°E—95°E mean |vertical component of surface PV|
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off the TP (Qiao and Zhang, 1994; Chen et al., 1996; Li
et al., 2014).

As an example of applying the surface PV budget
equation in practice, we selected a TPV event lasting
from 27 to June 29, 2016 as a case study. The synoptic
analysis of this process at 500 hPa from the PV perspec-
tive was carried out by Ma et al. (2019) using MERRA2
data, which provided a weather background for the

of examining the synoptic process and evaluating
model bias, we mainly focused on the balance of the
PV budget based on Equation (17) and the effect of the
heating term.

The occurrence frequency of TPVs peaks in June
(Li et al., 2014). Figure 6 shows the climate mean diurnal
cycle of the surface PV budget from Lhasa time
(LT) 00:00 to LT 21:00 in June. The time interval is 3 hr.

exploration of the surface PV budget. Instead In the climate mean state, the contributions of the
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FIGURE 5 Climate mean vertical shear of the zonal wind (first two rows, units: 10~

257! m*® kg™") and meridional potential

temperature gradient (last two rows, units: 10™* K m™") calculated from MERRA2 (a-d) and FAMIL2 (e-h) at the surface in boreal winter
and summer. The blue line denotes the TP topographic boundary of 3,000 m
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FIGURE 6 Climate mean (2010-2017) diurnal cycle from LT 00:00 (top row) to LT 21:00 (bottom row) in 3-hour intervals of each term
(units: 107° PVU s™!) in surface PV budget Equation (17) for June: (al)-(a8) local term, (b1)~(b8) advection term, (c1)-(c8) heating term,
and (d1)—(d8) residual term. The blue line denotes the TP topographic boundary of 3,000 m

advection term (Figure 6bl-b8) and residual term
(Figure 6d1-d8) are small and can be neglected. The local
term (Figure 6al-a8) is mainly balanced by the heating
term (Figure 6cl-c8). The local change of surface PV
(Figure 6al-a8) and diabatic heating (Figure 6c1-c8)
show a prominent diurnal cycle with a positive value
from afternoon to midnight (LT 15:00-03:00) and nega-
tive value from early morning to noon (LT 06:00-12:00).
The minimum appears at LT 06:00 over the central-
western TP while the maximum appears from LT 21:00
to LT 03:00, implying that the surface PV generated
mainly from afternoon to midnight is consumed in the

morning. Li et al. (2014) documented that the occurrence
frequency of the TPVs processes a robust diurnal varia-
tion with a maximum from evening to midnight and a
minimum from early morning to noon. Comparing the
results of Li et al. (2014) (see their Figure 2) with the
results of the present study (Figure 6), we infer that
the TPVs preferably form at night when the surface PV is
generated quickly owing to the strong effect of surface
diabatic heating. Additionally, the prominent diurnal
cycle of the surface PV budget over the TP is stronger
than that in the plain area, indicating the TP is an impor-
tant area of surface PV variation.
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The TPV case considered in this study occurred late
at night on June 27, 2016, corresponding to a period of
strong PV generation associated with surface diabatic
heating in the climate mean state. The TPV developed
and moved on the TP on 28 and 29 June and moved off
the TP on 30 June (Ma et al., 2019). To examine the bal-
ance of the surface PV budget equation during the TPV
evolution, the time series of each term in Equation (17)
averaged over the rectangle (20°-45°N, 60°-125°E) was
calculated according to MERRA2 and FAMIL2 output at
the surface. The time covered the formation and evolu-
tion of the TPV from LT 6:00 on 27 June to LT 3:00 on
June 30, 2016. Results are shown in Figure 7. The coeffi-
cient of correlation between the local term on the left side
of Equation (17) and the sum2 (advection plus heating)
term on the right side of Equation (17) exceeds 0.95 for
both MERRA2 (Figure 7a) and FAMIL2 (Figure 7b), sur-
passing the 99% significance level. Consequently, the
residual (local minus sum2) term (Figure 7a,b) is very
small. In MERRA2 (Figure 7a) and FAMIL2 (Figure 7b),
the advection term is smaller than the heating term,
which means the heating term dominates the sum2 term
and local term. Although the magnitudes in FAMIL2
(Figure 7b) are larger than their counterparts in
MERRAZ2 (Figure 7a), as previously mentioned, the diur-
nal cycle of each term is similar in these two datasets,
with the minimum around sunrise and the maximum

(a) MERRA2

around sunset, indicating an increase in PV from after-
noon to midnight but a decrease from early morning to
noon. The small residual and the consistency in the PV
budget between MERRA2 and FAMIL2 indicate that the
surface PV budget Equation (17) is well balanced in the
synoptic process.

The coefficients of correlation between the local term
and heating term and between the local term and advec-
tion term during the TPV process are given in Table 1.
The correlation between the local term and heating term
is as high as 0.986 and 0.966 for MERRA2 and FAMIL2,
surpassing the 99% significance level in both datasets.
However, the correlation between the local term and
advection term is weak and does not surpass the

TABLE 1  Coefficient of correlation between the local term
and the sum?2 (heating plus advection) term (second row), heating
term (third row), and advection term (bottom row) for MERRA2
(middle column) and FAMIL2 (rightmost column) during the TPV
process from 27 to June 29, 2016

Correlation (local term) MERRA2 FAMIL2
Sum?2 term 0.997** 0.973**
Heating term 0.986** 0.966™*
Advection term -0.124 0.127

**Surpassing the 99% significance level.

corr(Local,Sum2)=0.997**
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FIGURE 7 Evolution from LT 6:00

on 27 June to LT 3:00 on 30 June 2016
and averaged over the rectangle (20°-
45°N, 60°-125°E) of the local term
(black curve), sum of the advection and
heating terms (red curve, sum2), heating

term (green curve), advection term
(brown curve), and residual term (blue

dashed curve) at the surface based on
Equation (17). (a) MERRA2,
(b) FAMIL2. Units: 107! K m* kg™ s72.

“**” indicates surpassing the 99%

27/06 18 28/06 18 29/06 18
(b) FAMIL2 corr(Local,Sum2)=0.973**
20
10 —
=l /\\\
] Local
10 — Sum2
— Heating
N Advection
] Residual
-20 T T T
27/06

significance level



SHENG ET AL.

International Journal RMetS

significance test. The results show that diabatic heating
plays an important role in the local change of surface PV.

The lowest hybrid o-p levels in MERRA2 and
FAMIL2 have different altitudes. Therefore, for compari-
son of the evolutions of the PV budget in the two model
outputs, each term in Equation (17) calculated from
MERRA2 and FAMIL2 is interpolated to the same pres-
sure level (500 hPa). The results from MERRA2
reanalysis for the period from 27 to June 29, 2016 are
shown in Figure 8. From the top row to the bottom rows
are the local term, sum2 term, advection term, heating
term, and residual term at LT 15:00 while the left, mid-
dle, and right columns are respectively for 27, 28, and
June 29, 2016. The residual term is small except at the
northern edge (Figure 8a5-c5), and the patterns of the
local term (Figure 8al-cl) and sum2 term (Figure 8a2-
c2) are similar during the TPV generation (left column of
Figure 8), development (middle), and movement (right)
stages, indicating a reasonable balance of the PV budget

of Climatology

based on Equation (17), as previously discussed. During
the development stage of the TPV, there is positive PV
generation to the southeast of the TPV centre
(Figure 8bl), which leads to the local PV increase and
southeastward movement of the growing TPV. Moreover,
the positive PV generation (Figure 8b1) is primarily due
to the heating term (Figure 8b4), which means that the
diabatic heating effect has a noticeable effect on the posi-
tive PV generation and the movement of the TPV. How-
ever, the advection term (Figure 8b3) makes the opposite
contribution and tends to cancel part of the diabatic
heating effect (Figure 8b4). During the movement stage,
although the negative advection term (Figure 8c3) is
stronger than that in the development stage (Figure 8b3),
the positive diabatic heating effect (Figure 8c4) is more
powerful than the negative advection effect, resulting in
strong positive PV generation (Figure 8cl) to the south of
the TPV centre. Finally, the TPV further strengthens and
moves off the TP.
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FIGURE 8 Distributions at 500 hPa of (al-c1) the PV local term, (a2-c2) the sum of the advection and heating (sum2) terms, (a3-c3)
the advection term, (a4-c4) the heating term, and (a5-c5) the residual term at local time 15:00 in Lhasa on 27 (al-a5), 28 (b1-b5), and
29 (c1-c5) June 2016. Units: 10~** K m* kg™ s™2 The black dot and circle indicate the TPV
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FIGURE 9 Same as Figure 8 but for the results from FAMIL2

The results obtained from FAMIL2 (Figure 9) are
smoother than those obtained from MERRA2 (Figure 8),
which is mainly due to the coarser horizontal resolution
and higher time resolution. Despite this, the distributions
are similar. As expected, the residual term (Figure 9a5-
c5) is small in FAMIL2, and the patterns of the local term
(Figure 9al-cl) and the sum2 term (Figure 9a2-c2) are
similar, implying a good balance of the PV budget Equa-
tion (17). The positive PV generation (Figure 9al—cl) is
dominated by the heating term (Figure 9a4-c4), espe-
cially in the movement stage (Figure 9c1,c4). The advec-
tion term (Figure 9b3-c3) mainly contributes to the in-
situ PV reduction and tends to partly cancel the strong
diabatic heating effect (Figure 9a4-c4). These results
agree with those of MERRA2. The results of FAMIL2 and
MERRAZ2 consistently show that diabatic heating has an
important effect on the development and movement of
the TPV centre associated with positive PV generation.
The results of dynamic analyses here are consistent with
the results of previous statistical studies (e.g., Luo
et al., 1994; Li et al., 2002; Li et al., 2016), which showed

that the occurrence, development, and extinction of the
TPV are closely related to the diabatic heating effect.

The results presented in this section demonstrate that
the surface PV budget Equation (17) is well balanced both
in the climate mean state and synoptic process. The con-
tribution of diabatic heating with a negative peak in early
morning and positive peak from evening to midnight
dominates the diurnal cycle of the surface PV budget. The
case study further shows that diabatic heating has an
essential effect on the development and movement of the
TPV centre associated with positive PV generation.

6 | SUMMARY AND DISCUSSION

6.1 | Summary

The studies of Haynes and Mclntyre (1987, 1990) and
Hoskins (1991) demonstrated that the budget of globally
integrated PV in the atmosphere is determined by the gen-
eration of PV at the Earth's surface. However, because of
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the complexity of terrain, wholly characterizing the fea-
tures and budget of surface PV is a great challenge. The
present study revealed the features of surface PV and pro-
vided a stepping stone to investigate the surface PV bud-
get. An algorithm for evaluating the surface PV and its
budget was derived, and the features and budget of surface
PV based on the MERRA2 model level reanalysis and
FAMIL2 model level data were diagnosed. The main con-
clusions drawn from the results of the study are as follows:

1. Forms of the PV and PV budget equation are indepen-
dent of coordinates; that is, they are identical for all
vertical coordinate systems.

2. The surface PV is dominated by its vertical component
over flat areas in both boreal winter and summer.
However, the horizontal component of the surface PV
is important over the slopes of the TP, being more than
twice the vertical component over the steep southern
slope of the TP. The prominent horizontal component
of the surface PV is mainly attributed to the strong in-
situ meridional gradient of the potential temperature.
On steep terrain, neglecting the horizontal component
of surface PV can lead to large errors in capturing the
surface PV structure and associated dynamic processes.
The results indicate that the complete expression of
PV (Equation (16)) can help reveal the fine-scale struc-
ture and dynamic effect of the surface PV.

3. Surface PV budget analyses showed that the surface
PV budget Equation (17) is well balanced both in the
climate mean state and synoptic process. The surface
PV budget and the diabatic heating are characterized
by a prominent diurnal cycle; the prominent diurnal
cycle signal is stronger over the TP than in plain areas,
indicating that the TP is an important area of surface
PV variation. The contribution of diabatic heating that
has a minimum in the early morning and maximum
from evening to midnight dominates the diurnal cycle
of the surface PV budget. The case study of the TPV
further indicates that diabatic heating has an impor-
tant effect on the development and movement of the
TPV centre associated with positive PV generation.

6.2 | Discussion

To further reveal the important roles of surface PV and
its budget in atmospheric general circulation, several
issues are highlighted below for future study.

The lowest model levels of MERRA2 and FAMIL?2 are at
some distance (approximately 60 m and 30 m, respectively)
from the Earth's surface. It has been demonstrated that the
calculation of the surface PV is sensitive to the vertical reso-
lution of the model near the surface layer. An improved

of Climatology

surface layer presentation in the model is conducive to a
better evaluation of the surface PV. Moreover, the present
study did not explicitly calculate the friction term but
instead incorporated the effects of the friction term into the
residual term. It is noted that the residual term is the result
of the combined effects of transient diffusion and friction,
not just the friction term. Hoskins (1991) noted that there is
a constraint in linking friction to diabatic heating, and this
constraint links “westerlies” and “cooling” as well as “east-
erlies” and “heating” in an average sense. There are ques-
tions concerning the role of friction in the PV budget that
need to be addressed in future work.

The diabatic heating is important to the surface PV
budget both for the climate mean state and synoptic pro-
cess. However, how diabatic heating originates, how it
contributes to the formation of the TPV, and how it inter-
acts with precipitation, especially on the diurnal time-
scale, are still unclear and require further study.

White et al. (2018) and Ren et al. (2019) showed the
different topographic forcing have different impacts on
the atmospheric circulation. Revealing the link between
the surface PV in different regions and atmospheric cir-
culation also requires further study.
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