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ABSTRACT

Based on the Lagrangian change equation of vertical vorticity deduced from the equation of three-
dimensional Ertel potential vorticity (PVe), the development and movement of vortex are investigated from
the view of potential vorticity and diabatic heating (PV—Q). It is demonstrated that the asymmetric dis-
tribution in the vortex of the non-uniform diabatic heating in both vertical and horizontal can lead to the
vortex’s development and movement. The theoretical results are used to analyze the development and move-
ment of a Tibetan Plateau (TP) vortex (TPV), which appeared over the TP, then slid down and moved
eastward in late July 2008, resulting in heavy rainfall in Sichuan Province and along the middle and lower
reaches of the Yangtze River. The relative contributions to the vertical vorticity development of the TPV
are decomposed into three parts: the diabatic heating, the change in horizontal component of PV, (defined
as PV3), and the change in static stability 0.. The results show that in most cases, diabatic heating plays
a leading role, followed by the change in PV2, while the change of 0, usually has a negative impact in a
stable atmosphere when the atmosphere becomes more stable, and has a positive contribution when the
atmosphere approaches neutral stratification. The intensification of the TPV from 0600 to 1200 UTC 22
July 2008 is mainly due to the diabatic heating associated with the precipitation on the eastern side of the
TPV when it uplifted on the up-slope of the northeastern edge of the Sichuan basin. The vertical gradient of
diabatic heating makes positive (negative) PV, generation below (above) the maximum of diabatic heating;
the positive PV, generation not only intensifies the low-level vortex but also enhances the vertical extent
of the vortex as it uplifts. The change in PV, due to the horizontal gradient of diabatic heating depends
on the vertical shear of horizontal wind that passes through the center of diabatic heating. The horizontal
gradient of diabatic heating makes positive (negative) PV, generation on the right (left) side of the vertical
shear of horizontal wind. The positive PV, generation on the right side of the vertical shear of horizontal
wind not only intensifies the local vertical vorticity but also affects direction of movement of the TPV. These
diagnostic results are in good agreement with the theoretic results developed from the PV-Q view.
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In a frictionless and adiabatic dry atmosphere,
the Ertel potential vorticity (PV,) is conserved (Ertel,
1942). The application of the Ertel potential vortici-
ty in the diagnosis of atmospheric motion has been
summarized by Hoskins et al. (1985). Based on the
conservation of Ertel potential vorticity, Wu and Liu

(1997) proposed a theory of slantwise vorticity devel-
opment (SVD) to interpret the development of vertical
vorticity of a Lagrangian particle which is sliding down
a slantwise isentropic surface. Many applications of
the SVD theory have obtained reasonable results and
demonstrated the development of vertical vorticity
on the slope of isentropic surface (Cui et al., 2002;
Ma et al., 2002; Chen et al., 2004; Jiang et al., 2004;
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Wang et al., 2007). However, the vertical vorticity de-
velopment depends not only on Cp, but also on static
stability 6, under the conservation of PV,. More im-
portantly, the latent heat release associated with pre-
cipitation plays a significant role in the vertical vor-
ticity development (Shen et al., 1986; Ding and Lu,
1990; Chen et al., 1996). Therefore, to understand
how diabatic heating contributes to the vertical vor-
ticity development from the view of potential vorticity
and diabatic heating (PV—-Q) becomes important, and
is one of the subjects of this study.

The Tibetan Plateau (TP) vortex (TPV) is a shal-
low low-level cyclonic system near 500 hPa over the TP
and in the lower troposphere over the plain areas. The
TPV is common in boreal summer. In general, it orig-
inates over the central-western TP, moves eastward,
and dies out over the eastern TP. Its horizontal and
vertical scales are typically about 500 and 2—-3 km, re-
spectively. Sometimes, the TPV moves eastward out
of the TP, and often results in severe weather over
eastern China, especially over the Sichuan basin (Ye
and Gao, 1979; Tao and Ding, 1981; Qiao and Zhang,
1994; Li, 2002). Previous studies have depicted that
the formation of the TPV is due to surface sensible
heating, topography, static stability, friction of bound-
ary layer, and large-scale circulation of the midlati-
tude trough or cyclone (Tao, 1980; Group of Tibetan
Plateau Low Value System, 1978; Zhang et al., 1988;
Ding, 1993, 2005; Chen et al., 1996). It is generally
believed that the development of the TPV is closely
related to the diabatic heating especially the condensa-
tion heat release (Shen et al., 1986; Ding and Lu, 1990;
Chen et al., 1996). The movement of the TPV de-
pends on the difference of divergence between 200 and
500 hPa (Liu and Fu, 1985) and the steering flow of
the southwesterly jet at 300 hPa (Qiao, 1987; Sun and
Chen, 1988). But how does the three-dimensional het-
erogeneous distribution of the diabatic heating affect
the development and movement of the TPV? What
is the relationship between diabatic heating and cir-
culation configuration during the development of the
TPV? These are still unclear and need to be investi-
gated. An attempt to understand these questions by
employing the theory of vertical vorticity development
is another subject of this study.
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This paper is organized as follows. In Section 2,
a brief description of a TPV case in July 2008 and its
background circulation are given. The Lagrangian ap-
proach of the vertical vorticity development in terms
of the three-dimensional diabatic heating, atmospheric
circulation, and thermal structure is investigated from
the view of potential vorticity and diabatic heating
(PV—Q) in Section 3. Their relative contributions to
the vertical vorticity development of the changes in
PV,, the horizontal component of Ertel potential vor-
ticity (PV2), and the static stablility 6,, especially the
influence of non-uniform structure of diabatic heating
in vertical and horizontal directions on the intensifi-
cation of vertical vorticity and the movement of the
vortex, are demonstrated by employing the theory to
the TPV case in Section 4. Finally, conclusions and

discussion are summarized in Section 5.
2. Description of the TPV in July 2008

The data used in this study are the ERA-Interim
reanalysis data with a horizontal resolution of 0.75°
(Dee et al., 2011) and the TRMM 3B42 precipitation
data with a 3-h interval and a 0.25° horizontal resolu-
tion (Huffman et al., 2007). The ERA-Interim reanal-
ysis data have 60 hybrid levels in the vertical with the
top level at 0.1 hPa, and 4 times per day at 0000, 0600,
1200, and 1800 UTC since 1979. All the computations
in this study are performed at the model level with
vertical coordinates transformed so that the vertical
and horizontal components of vorticity and gradient
are strictly perpendicular and aclinic, respectively. In
addition, the results are interpolated onto the isobaric

or isentropic surfaces for easy plotting of the figures.

2.1 Track of the TPV and associated precipi-
tation

In late July 2008, a TPV formed over the west-
ern TP (figure omitted) and moved eastward over
the eastern TP on 20 July 2008 (Fig. 1). Then, it
moved out of the TP after 1800 UCT 20 July 2008
and shifted southward suddenly at 1200 UTC 21 July
2008. Finally, it moved east-northeastward from 22
July 2008 and died out over the Yellow Sea on 23 July
2008. The track of the TPV and the horizontal pat-

tern of associated 6-h accumulated precipitation are
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shown in Fig. 1, and the time series of the central max-
imum vertical relative vorticity of the TPV and the
3°x3° area average of every 6-h precipitation around
the center of the TPV are shown in Fig. 2. As the
TPV moved eastward from 1800 UTC 20 July 2008
onward, it generated heavy rainfall over the eastern
China to its east, especially over the Sichuan basin,
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Hubei, Anhui, Henan, and Shandong provinces. As
shown in Fig. 2, the central vertical relative vorticity
intensified at 1800 UTC 20 July 2008 when the TPV
just started to move down the TP. On 21 July 2008,
the TPV was located at the Sichuan basin, the vertical
relative vorticity decreased, but the precipitation over
the center and east of the Sichuan basin increased
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Fig. 1. Track of the TPV from 0000 UTC 20 to 1800 UTC 23 July 2008 and the associated 6-h precipitation. Shading
represents the TRMM 3B42 precipitation (mm (6 h) ') and blue curve with solid circle indicates the track of the TPV.
The thick gray solid curve indicates the 3000-m contour of the terrain height, and the label dd_hh denotes hh UTC dd

July 2008, the same for following figures.
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Fig. 2. Time series of the central maximum vertical relative vorticity (dashed line; 1074 sfl) of the TPV and the
3°x3° area average of associated precipitation (solid line; mm (6 h)™!) around the center of the TPV from 0000 UTC
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tremendously. The period from 0000 UTC 20 to 1800
UTC 21 July 2008 is defined as the first stage of
the TPV development, during which it slid downward
from the TP to the Sichuan basin and triggered severe
rainfall over Sichuan Province. The second stage of the
TPV is from 0000 UTC 22 to 1800 UTC 23 July 2008,
during which the TPV moved northeastward and pro-
duced heavy rainfall over Hubei, Anhui, Henan, and
Shandong provinces. In this stage, the vertical vor-
ticity restrengthened at 0600 UTC 22 July 2008, and
then weakened gradually. But the intensification of
precipitation was at 0000 UTC 22 July 2008, ahead of
the intensification of vertical vorticity (Fig. 2). This
phenomenon implies that the vertical vorticity inten-
sification may be due to diabatic heating associated
with the precipitation, which will be discussed further
in Section 4.

2.2 Large-scale circulation associated with the
TPV

Distributions of the 300- and 500-hPa horizontal
wind, geopotential height, and vertical relative vortic-
ity at 0600 and 1800 UTC 20 July 2008 are presented
in Figs. 3a and 3b, respectively. These figures demon-
strate the circulations associated with the TPV be-
fore it moved down off the TP. At 0600 UTC 20 July
2008 (Fig. 3a) at 300 hPa in midlatitudes, a weak
geopotential height ridge was located near 100°E, and
a trough was over northern China. Along the sub-
tropics, westerly prevailed, with a weak trough over
the northeastern TP. At 500 hPa, the trough was near
the TP surface and the circulation pattern was simi-
lar to that at 300 hPa; however, the trough over the
northeastern TP was strong. A strong closed cyclone

1 was embedded

with vorticity of more than 10™% s~
in the trough, which is the TPV under the current
study. At 1800 UTC (Fig. 3b), the general feature of
the circulation did not change much except an east-
ward shifting. Consequently, the eastern portion of
the TPV had slid down the eastern slope of the TP,
while the vorticity center was still over the eastern
TP. Figures 3c and 3d are the same as Figs. 3a and
3b except for 500 and 700 hPa at 0600 and 1200 UTC
22 July 2008, respectively. These present the circu-
lations associated with the vortex during its second
stage. The circulation was featured with high geopo-
tential to the west of 100°E and low geopotential to its
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east. As the TPV moved eastward, the closed cyclone
slid down to the lower troposphere, and evolved to a
developing vortex at 700 hPa and an eastward moving
midlatitude trough at 500 hPa. As described above,
the TPV reintensified at 0600 UTC 22 July 2008 (Fig.
3c), and reached 500 hPa where the closed contour
of 580 dgpm was re-established at 1200 UTC 22 July
2008 (Fig. 3d).

3. PV-Q view on vertical vorticity develop-
ment

By definition, PV, (Ertel, 1942) is expressed as

PVe=a(2Q0+V xV)-Vl=mn, V0, (1)
where 1, = 1,1 + 1nyJ + 0.k is the absolute vorticity
per unit mass, and V = —1 + 2j + 2k: is three-

ox oy 0z

dimensional gradient operator. Define the horizontal
component of PV, as

PV, = nmez + nyey =T 957 (2)

where 1, = 1% + n,J is horizontal vorticity, 8, =
0.1 + 0,5 = V.0 is horizontal gradient of potential

0
temperature, and V4 = 8—1 + B_j is horizontal gra-
x Y

dient operator. Then

_ PV.—PV, PV

= ¢cC_C
0Z 02 D,

s 0. #0, (3)

where

PV, .
Cr="9. =70

The notations used here are as following: 7, =

a((?w @)7 ny = a(e+ ou G_w)’ N, = a(f—i—

(9_y 0z 0z Ox
ov  Ou o0 00 o0
_—— . = — = — = — = 2Q S
oz ay)’ il S ML M cos 9,

and f = 2Qsin ¢. Variable Q = 7.292x107° s~ is the
rotation rate of the earth, ¢ is latitude, 6 is potential
temperature, and « is specific volume.

To evaluate the development of vertical vorticity,

D
taking operator D Eq. (3) leads to

Dn. 2<PVQ—PV2)
Dt Dt 6.
1 DPVy . D6,

1DPV. 1 (5)
92 Dt ez Dt 9Z Dt ’
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Fig. 3. Distributions of wind (vector), geopotential height (contour; dgpm), and vertical relative vorticity (shading;

107% s71) at (a) 300 and 500 hPa at 0600 UTC 20, (b) 300

and 500 hPa at 1800 UTC 20, (c¢) 500 and 700 hPa at 0600

UTC 22, and (d) 500 and 700 hPa at 1200 UTC 22 July 2008. The yellow masks the region underneath the ground

surface, the same for following figures.

D 0
where DL = ot + V - V. It demonstrates that the
change in PV,, PV5, and 6, along a Lagrangian parti-
cle track can influence the individual change in vertical

vorticity of the particle. The second and third terms

on the right hand side of Eq. (5) depend on the atmo-
spheric circulation and thermal configuration, which
can be studied through a PV— view (Hoskins, 1991),
as will be stressed in the second part of this study.
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The first term is determined by static stability 8, and
the change in PV,:

(T) = gm0 70 (6)

Dt 6. Dt ’
Based on the potential vorticity equation (Ertel,
1942; Hoskins et al., 1985)

DPV,

Bi = VQ+ (aV x F)- V6, (7)

Do
where Q = — denotes diabatic heating, and in the
free atmosphere, friction F' can be neglected, then

DY e vQ =122 40, 9.0
e,
where
(22, 082
(P5). =n. v, (90)

represent the contributions to the PV, changes due to
the non-uniformity of diabatic heating in vertical and
horizontal directions, respectively.

(a)
DPV,
o < 0
L A il
\
! Y
vk | i
| A
\
L \77 i
4 PVe
TEE 0
o
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3.1 Impacts on vertical vorticity development
of the vertical non-uniformity of diabatic

heating

In the case of non-uniformity of diabatic heating
in vertical direction, according to Eq. (9a), PV, is
increased (decreased) where the vertical gradient of
diabatic heating is positive (negative) (Wu and Liu,
2000). This is illustrated schematically in Fig. 4a.
In such a circumstance, the vertical gradient of dia-
batic heating makes positive (negative) PV, genera-
tion below (above) the maximum of the diabatic heat-
ing. According to Eq. (6), for a stable stratified at-
mosphere, the low-level positive PV, generation corre-
sponds to an increasing cyclonic circulation which can
strengthen the low-level vortex, and the upper-level
negative PV, generation corresponds to an increasing
anticyclonic circulation which can weaken the upper-
level vortex, making the vortex confined in a lower
vertical extension.

It should be noted that the condensation diabatic
heating in a vortex usually occurs on its eastern side.

This is because across the vortex’s center, the zonal

(b)

X

Fig. 4. Lagrangian PV, generation associated with (a) the vertical profile of diabatic heating @ (thick solid curve),
and (b) the horizontal gradient of diabatic heating @ (shading). Long solid arrow is the vertical shear of horizontal wind
s

(=), long dashed arrow in (a) is the vertical vorticity 7. and in (b) is the horizontal vorticity n,, and short dot arrows

0z
in (a) are the vertical gradient of diabatic heating 86_63 and in (b) are V@, which is the horizontal gradient of diabatic
heating Q.
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advection of vorticity is negligible. Consequently, the

vorticity equation at a steady state can be approxi-

w
mated as fv ~ f R and the vertical velocity becomes
z

0
w fga—v Since on the eastern (western) side of
z
0 0
a vortex, <0 (_v > 0), air rising (sinking) oc-

curs normally on the ezastern (western) side of the vor-
tex. This implies that condensation diabatic heating
usually occurs on the eastern side of a vortex. Con-
sequently, the generation of positive vorticity in the
lower troposphere on the east of a vortex associated
with the vertical non-uniformity of condensation di-
abatic heating will contribute to the eastward move-

ment of the vortex.

3.2 Impacts on vertical vorticity development
of the horizontal non-uniformity of diaba-

tic heating

According to Eq. (9b), the horizontal gradient of
diabatic heating may contribute to the development of
the vertical vorticity of a vortex: there is positive (neg-
ative) potentail vorticity generation when the horizon-
tal vorticity m, and the horizontal gradient 6, of dia-
batic heating are in the same (opposite) direction, i.e.,
the potential vorticity generation is maximun (zero)
when two vectors are coincided (orthogonal). As the
horizontal variation of vertical velocity w is several or-
ders less than the vertical shear of horizontal wind V4,

Eq. (9b) is approximated as

(DPVC

i ) =1, V.Q za(k X 88‘25) V,0Q. (10)

This means that the sign of the change of PV, depends
on the disposition between the atmosphere circulation
and diabatic heating. As schematically illustrated in

Fig. 4b, because the vertical shear of horizontal wind

ov

(8—;) corresponds to horizontal vorticity (n,) with
its direction perpendicular to, and pointing to the left
of the shear vector in the Northern Hemisphere, and
because the direction of the horizontal gradient of di-
abatic heating (V;Q) points towards the center of the
diabatic heating, consequently on the right (left) side
of the shear vector, the scalar product of horizontal

vorticity (n,) associated with the vertical shear of hori-

ZHENG Yongjun, WU Guoxiong and LIU Yimin 7

S

=) and the horizontal gradient of di-

zontal wind ( .
abatic heating (VQ), i.e., 1, - V5@, is positive (neg-
ative), and positive (negative) PV, generation is on
the right (left) side of the shear vector. According to
Eq. (6), in a stable stratified atmosphere, positive and
negative vorticities will be generated, respectively, on
the right and left sides of the vertical shear of hori-
zontal wind. In such a circumstance, the horizontal
gradient of diabatic heating can not only strengthen
the vertical vorticity on the right side of the shear
vector and weaken the vertical vorticity on the left
side of the shear vector, but also further influence the
movement of the vortex since the tendency of vertical
vorticity generation is asymmetrically distributed on
the two sides of the shear vector which passes throught
the center of diabatic heating, which is usually on the

eastern side of the vortex.

4. PV-Q view on the development and move-
ment of the TPV

The above study is based on a Lagrangian per-
For application to the TPV in July 2008

based on the ERA-Interim reanalysis with a time span

spective.

of 6 h, we need to conduct a Lagrangian scheme for
the corresponding diagnosis. The Lagrangian change
of any quantity ¢ can be evaluated as:
Dy _ qfr(t) — a(r(t — Ab) )
Dt At '

where r(¢) and (¢t — At) are the arrival position and

departure position of a particle, respectively. The
standard iterative algorithm for backward trajectory
in Semi-Lagrangian transport scheme is not accurate
enough for very large time step. Here, the large time
step is divided into multismall intervals, in each small
interval 07, the departure position r(7—4§7) can be ob-
tained by Taylor series expansion of (7 — §7) about
the arrival position 7(7) following the idea of McGre-
gor (1993):

(=é7)™ D™r (1)
n! Drn

N
r(r=67)=7(1)+ )
+O(s7NTh). (12)

In Cartesian coordinates, r(r) = rcosAcos¢i +
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Dr(r)

rsin A cos ¢ 47 sin ¢k, then the first derivative
required in Eq. (12) is calculated analytically as

Dr(7)
Dr

= [—usin A — v cos Asin ¢ + w cos A cos @i
+[ucos A — vsin Asin ¢ + w sin A cos ¢|j

+[v cos ¢ + wsin ¢|k. (13)

D
By taking Dr on Eq. (13) and dropping the higher-
T

D2\ D2¢ D?r ,
D2 D2 and Pk the second deriva-

required in Eq. (12) is approximated as

order terms

D?r(7)
D2

tive

uw vw .
—2—sin A — 2— cos Asin ¢
r r
2

2r(r
DDT(2) = [

cos A

U U
+2—sin Atan ¢ —
r 7 COS @
2

v COos A cos gzﬁ}i + [2% cos A
r r

VW U
—2—sin Asin¢ — 2— cos A tan ¢
r r

u2 2

sin A — v—sin)\cosgb}j
7 COS @ r

2
+ 2wcos¢— U—sinqﬁ}k.
r r

(14)

D D?
) g D7)
T T
analytically, the algorithm Eq. (12) is at a third order

Since the derivatives are obtained

precision and is more accurate than the numerical ite-
rative algorithm. Therefore, Eq. (11) is adopted for
calculating the Lagrangian change of various variables

in the following study.

4.1 Relative contributions to vertical vorticity
development of the changes in PV,, PVs,
and 0.,

By employing Eq. (11) to each term in Eq. (5),
the change in vertical vorticity is calculated for every
time step. Figure 5 shows these relative contributions
when the vortex slides down the TP, i.e., the relative
contributions to the development of vertical vorticity,
respectively, due to the change in PV,, PV, and 6,.
It is demonstrated that the contribution due to the

change of PV, (@ Tte) is analogous to the total

D
change of the vertical vorticity (ﬁ) with the same
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order of magnitudes. The positive center of the con-
1 DPVQ) .
— = is
0., Dt
coincident with the development center of vertical vor-

tribution due to the change in PVy ( —

ticity of TPV, though weaker in magnitude compared
to the diabatic heating impact. On the other hand, the
contribution due to the change of static stability 6, to

the development of vertical vorticity ( — Z—ZDDetZ) is
usually negative and is weaker in magnitudé, i.e., the
vertical vorticity decreases when the static stability
0. increases. In other words, in a stable atmosphere,
when the atmosphere becomes more stable, it is not
favorable for the development of vortex. This differs
from the linear model of the flow over mountain (on
the lee side, the air column is stretched and the static
stability 0, decreases, and then the vertical vorticity
develops). The increasing in 0, is due to the nonlin-
ear effect of the flow around the TP and the diabatic
heating, that is, the decreasing of elevation and noc-
turnal surface cooling weaken low-level heating, and
mid-level condensation latent heating associated with
precipitation increases 6., so the Lagrangian change of
0, increases. The above analysis indicates that the La-
grangian change of PV, associated with diabatic heat-
ing plays a leading role in the development of vertical
vorticity during the severe development of the TPV.
During the second stage of the TPV development,
at 0000 UTC 22 July 2008 (Fig. 6a), the vertical vor-
ticity developed at low level near 700 hPa, and weak-
ened at middle level near 500 hPa. At 0600 UTC (Fig.
6b), the vertical vorticity intensified at both low and
middle levels and the TPV reached above 500 hPa. At
1200 UTC (Fig. 6¢), the development of vertical vor-
ticity near 500 hPa maintained but that at 700 hPa
began to weaken. Afterwards, the vertical vorticity
at both low and middle levels weakened and moved
northeastward gradually (figure omitted). The same
pattern can be seen more clearly from the contribution
due to the change of PV, (second column in Fig. 6).
In addition, it can be seen that the contribution due
to the change of the horizontal component PV of PV,
was also significant near 500 hPa at 0600 UTC (Fig.
6b). As in the first stage, the contribution due to the
change of static stability 6, was negative at 0000 UTC
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20 July 2008 (Fig. 6a). But it can be seen from Figs.
6b and 6¢ that the contribution due to the change of
static stability 6, was positive surrounding the vor-
tex’s center. This means that in such circumstances,
the static stability 8, contributes positively to the de-
velopment of vertical vorticity, i.e., when the static
stability 6, decreases (increases) in a stable (unstable)

atmosphere, the vertical vorticity will develop.
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4.2 Effect of the vertical gradient of diabatic

heating

The above results demonstrate that the change of
PV, plays a leading role in the development of ver-
tical vorticity. The change of PV, is due to friction
and diabatic heating. According to Eq. (9a), in the
free atmosphere, the change of PV, is due to diabatic
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Fig. 5. Relative contributions of the changes in PVe, PVa, and 0, to the development of vertical vorticity 7, on the
330-K isentropic surface at (a) 0600 UTC 20, (b) 1200 UTC 20, (c) 1800 UTC 20, and (d) 0000 UTC 21 July 2008.
3 (kg s 6 h)™') in the first
column is the change of vertical vorticity 7., those in the second, third, and fourth columns are the contributions to the

The contour line is pressure in hPa, the vector is horizontal wind, and the shading (10_5

development of vertical vorticity due to the changes of PVe, PVa, and 6., respectively. The black solid circles are the
locations of the TPV, the same for following figures.
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Fig. 6. Asin Fig. 5, but on the 330- and 315-K isentropic surfaces at (a) 0000, (b) 0600, and (c) 1200 UTC 22 July
2008.
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heating. To understand its impact, the total change
in vertical vorticity 7., the change in PV, the dia-
batic heating @, and the effect of the vertical gradient

of diabatic heating (nzg—g) for the second period are
demonstrated in Fig. 7.

At 1800 UTC 21 July 2008, there was no signif-
icant diabatic heating at middle level, the low-level
positive PV, generation made by the vertical gradient
of diabatic heating was weak, so the development of

the low level vortex was weak and the TPV concen-
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trated at low level (figure omitted). Afterwards, when
the TPV arrived at the up-slope of the northeastern
edge of the Sichuan basin, the diabatic heating got
strengthened and uplifted gradually from 0000 to 1200
UTC 22 July 2008 (Fig. 7). Correspondingly, the ver-
tical vorticity in the lower troposphere near the vortex
center was intensified, and the TPV developed verti-
cally above 500 hPa, which is consistent with those
presented in Figs. 3c, 3d, and 6. It clearly shows that

there was positive PV, generation below the maximum
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Fig. 7. Zonal vertical cross-sections across the center of the TPV at (a) 0000, (b) 0600, and (c) 1200 UTC 22 July 2008.
The vertical dashed line denotes the location of the center of TPV. The shadmgs in the first, second, third, and fourth

m® (kg's 6 h)™!

columns are, respectively, the Lagrangian change of vertical vorticity 7. ( ), the Lagrangian

DPVe

Dt
; 1071 PVU (6 h)™'), the diabatic heating Q (K
9Q
0z

1), and the change

change of Ertel potential vorticity PVe ( (6 h)~

of PV, due to the vertical gradient of diabatic heating (1, =<; 107" PVU (6 h)™').
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of diabatic heating to strengthen the low-level vortex
and negative PV, generation above it to weaken the

upper-level vortex.

4.3 Effect of the horizontal gradient of diabatic
heating
It is worthwhile to note that in Fig. 7, there is
A%
° This
implies that other factors, such as the horizontal gradi-

0
distinct differences between and U28—Q~
ent of diabatic heating, also contribute to the develop-
ment of vertical vorticity under certain circumstances.

In different development stages of the TPV, the
distributions of n, - V@, the diabatic heating @), and

the vertical shear of horizontal wind % are shown
z

in Figs. 8 and 9. According to Eq. ?Qb), the posi-

tive PV, generation in association with the intensifi-

DPV,
) = 775 : VSQ’
is mostly located on the right side of the vertical shear

cation of vertical vorticity, i.e.,

of horizontal wind ( across the center of the di-
abatic heating. Althoggh the magnitude of the PV,
generation due to the horizontal gradient of diabatic
heating is commonly one order of magnitude less than
that due to vertical gradient of diabatic heating, some-

times it can reach the same order. Such a case hap-
pened after the vortex slid down the TP at 0600 UTC

VOL.27

21 July 2008 (Fig. 8c) and when it was climbing up the
hillside over northern Sichuan basin at 0600 UTC 22
July 2008 (Fig. 9b). It is evident from the figures that
the movement of the vortex was toward the positive
PV, generation on the right side of vertical shear of
horizontal wind at 400 hPa due to the horizontal gra-
dient of diabatic heating in most cases. For example,
the suddenly southward shift of the vortex’s track at
1200 UTC 21 July 2008 (Fig. 8d) was well correlated
with the fact that the positive PV, generation asso-
ciate with the horizontal gradient of diabatic heating
was located to its south. There was an exception at
1200 UTC 22 July 2008 (Fig. 9c) when the vortex had
climbed up the hill and became weaker and stagnant
over it (Fig. 2). Even so, the maximum of n, - V,Q at
that moment was still on the eastern side of the TPV,
leading to the eastward movement of the vortex af-
terwards. The relationship between the movement of
TPV and the positive PV, generation due to the hor-
izontal gradient of diabatic heating was most obvious
at 400 hPa than other levels (figure omitted).

5. Conclusions and discussion

Based on the Lagrangian change equation of ver-

tical vorticity deduced from the equation of three-
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Fig. 8. The Lagrangian change of PV, (first column; 5x1072 PVU (6 h)™') due to the horizontal gradient of diabatic
heating (second column; 5x107" K (6 h)™!) at 400 hPa at (a) 1800 UTC 20, (b) 0000 UTC 21, (c) 0600 UTC 21, and
(d) 1200 UTC 21 July 2008. The vector denotes vertical shear of horizontal wind.
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dimensional PV, the development and movement of
The
theory just developed are employed to diagnose the

vortex are studied from a PV—-Q perspective.

development and movement of a TPV that occurred
in July 2008.

The relative contribution to the development of
vertical vorticity due to the change in Ertel potential
vorticity PV,, the horizontal component PV, and
the static stability 6, are analyzed by employing the
ERA-Interim reanalysis data. It is demonstrated that
in static stable atmosphere, the Lagrangian change of
PV, associated with diabatic heating of condensation
plays a leading role; the change of horizontal compo-
nent PV5 has positive but less significant contribution;
and the change of static stability 6, usually has a nega-
tive effect on the development of vertical vorticity in
a stable atmosphere as the atmosphere becomes more
stable. But surrounding the vortex’s center, the ver-
tical vorticity develops rapidly as the static stability
6. decreases (increases) in the stable (unstable) atmo-
sphere. These indicate that strong stable and strong
unstable conditions are not favorable for the devel-

opment of vortex, while near neutral stratification
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is favorable for the development of vortex, i.e., the
vertical vorticity will develop rapidly when the static
stability 6, approaches zero. The difference between
the effect of the change in €, and the linear model of
the flow over mountain is mainly due to the nonlinear
effect of flow around the TP and diabatic heating.

The role of diabatic heating in the vortex’s devel-
opment and movement is investigated in much detail.
The vertical gradient of the diabatic heating makes
positive PV, generation that strengthens the verti-
cal vorticity below the maximum of diabatic heating,
and makes negative PV, generation that weakens
the vertical vorticity above the maximum of diabatic
heating. It is shown that the re-intensification of the
TPV whose vertical extent reaches above 500 hPa
again during its second stage is mainly due to the re-
strengthening and the vertical uplifting of the diabatic
heating. Because condensation heating usually occurs
on the eastern side of a vortex, the effect of the vertical
non-uniformity heating is to move the vortex eastward
besides to intensify the local vertical vorticity. The
horizontal gradient of diabatic heating makes positive
PV, generation on the right side of the vertical shear
of horizontal wind, and negative PV, generation on
the left side. The positive PV, generation not only
intensifies the vertical vorticity on the right side of
the vertical shear of horizontal wind, but also leads
to the movement of the vortex towards the positive
generation site.

It should be pointed out that though the above
conclusions are demonstrated merely by one case, they
are reliable since they can be explained mathemati-
cally by the theory of Lagrangian change equation
of vertical vorticity, and the relationship between the
horizontal movement and the horizontal gradient of
diabatic heating and its robustness needs more cases
for verification. Also, the formation of TPV, which is
not touched in this paper, is an interesting topic that

is worthy a thorough investigation.
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