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ABSTRACT

Energy budgets were analyzed to study the development of an eastward propagating southwest vortex
(SWYV) associated with heavy rainfall over southern China (11-13 June 2008). The results show that kinetic
energy (KE) generation and advection were the most important KE sources, while friction and sub-grid
processes were the main KE sinks. There was downward conversion from divergent to rotational wind KE
consistent with the downward stretching of SWVs. The Coriolis force was important for the formation
and maintenance of the SWV. Convergence was also an important factor for maintenance, as was vertical
motion during the mature stage of the SWV and the formation stage of a newly formed vortex (vortex
B). The conversion from available potential energy (APE) to KE of divergent wind can lead to strong
convection. Vertical motion influenced APE by dynamical and thermal processes which had opposite effects.
The variation of APE was related to the heavy rainfall and convection; in this case, vertical motion with
direct thermal circulation was the most important way in which APE was released, while latent heat release
and vertical temperature advection were important for APE generation.
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Introduction
tions.

as well as the presence of favorable synoptic circula-
The structure of the SWV differs from extra-

The southwest vortex (SWV) over southwestern
China is a mesoscale vortex with a horizontal scale of
200-600 km, and the main source areas of SWVs are
located at (26°-34°N, 103°-110°E) (Fig. 1). The cy-
clonic circulation of SWVs mainly appears in the lower
troposphere (700 hPa and below). Owing to the com-
plex topography of the Tibetan Plateau and Sichuan
Basin (Fig. 1), the isohypse is sometimes unable to
close. Thus, stream fields are often analyzed in stud-
ies of SWVs (Lu, 1986; Zhao and Fu, 2007; Fu, 2009).
The SWYV is one of the most important heavy rain-
fall systems over eastern parts of China (Tao, 1980;
Lu, 1986; Chen et al., 2003), and occurs frequently
in summer and autumn (Chen and Min, 2000; Chen
et al., 2007). Many previous studies (Lu, 1986; Gao,
1987; Sun and Chen, 1994; Chen and Min, 2000; Chen
et al., 2007; Zhao and Fu, 2007; Fu, 2009) have shown
that the generation of SWVs is related to topographic
effects from the Tibetan Plateau and Sichuan Basin,
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tropical and tropical cyclones (Zhao, 1977; Zhao and
Fu, 2007; Lu, 1986; Chen et al., 1998). There are many
contributions in the literatures to study the statistical
features and main sources of SWVs (Chen and Min,
2000; Chen et al., 2007), their formation and develop-
ment mechanisms (Gao, 1987; Wu and Liu, 1999; Li et
al., 2002; Zhu et al., 2002), as well as numerical sim-
ulation of SWVs and associated heavy rainfall (Chen
and Lorenzo, 1984; Kuo et al., 1988; Wang and Gao,
2003). However, the energy budgets associated with
the development of SWVs has not been analyzed.
Energy budget analysis is a useful tool in process
studies, and has been widely used in studies of cy-
clones. The analysis of kinetic energy (KE) budgets
have been applied to study the effects of divergent
and non-divergent winds on the KE budget of atmo-
spheric circulations and a mid-latitude cyclone (Chen
and Wiin-Nielsen, 1976; Chen et al., 1978), the en-
ergy exchange between meso- and synoptic-scale cir-
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culations (Chen et al., 1990), as well as between the
divergent and rotational components of atmospheric
flows over the tropics and subtropics at 200 hPa (Chen,
1980), and the KE budget of a typhoon (Ding and Liu,
1985a, b). For an isolated system, available potential
energy (APE) is the sole source of KE (Chen and Wiin-
Nielsen, 1976; Ding and Liu, 1985a, b), and serves as
an important energy source for atmospheric circula-
tions in the extratropics (Chen et al., 1978; Ding and
Liu, 1985a, b). APE is transferred to the KE asso-
ciated with divergent winds, which in turn is trans-
ferred into the KE of rotational winds during the de-
velopment of cyclones. Edmon (1978) developed a new
equation for APE. Lorenz (1978) used the APE bud-
get to study the maintenance of a moist circulation.
The APE budget of a typhoon and the relationship be-
tween APE and typhoon heavy rainfall have also been
analyzed (Ding and Liu, 1985a, b; Ding and Chen,
1995). The effects of temperature advection on APE
have been studied during a heavy rainfall event (Zhao
and Fu, 2007).

In this paper, the KE and APE budgets are cal-
culated to study the mechanisms associated with the
development of an eastward-propagating SWV over
southern China during 11-13 June 2008 and its re-
lationship with heavy rainfall. The data and method-
ology are discussed in the next section. The evolution
of the SWV and its associated heavy rainfall are ana-
lyzed in section 3, and the budget analysis is presented
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in section 4. A summary and conclusions are given in
section 5.

2. Data and methodology

Final analysis data (four times daily) with a hori-
zontal resolution of 1°x1° from the NCEP (National
Centers for Environmental Prediction) were used to
calculate the energy budget. Conventional surface and
sounding observations, intensified observations from
SCHeREX (South China Heavy Rainfall Experiment)
and hourly TBB (temperature of black body) data
from Satellite Fengyun (FY)-2C with a resolution of
0.1°x0.1° were also used to investigate the evolution

of heavy rainfall and the SWV.
2.1 KF budget

KE associated with both rotational and divergent
winds are important (Lu, 1986; Zhao and Fu, 2007;
Fu, 2009) in SWVs. The KE budget equation used in
the present study was sourced from Chen et al. (1978):
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where the subscript “h” stand for horizontal. Integrat-
ing Eq. (1) in an air column leads to the KE equation
used by Dimego and Bosart (1982) and Ding and Liu
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Fig. 1. The orography of the Tibetan Plateau (height above 1000 m is
shaded). The thick dashed line is the east boundary line (103°E) of the
Tibetan Plateau, and the dashed rectangle represents the SWV source

area.
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In Egs. (1) and (2), d/dt represents Lagrange vari-
ation, and k stands for horizontal kinetic energy per
unit mass. K is the volume integral (integrated in an
air column containing the vortex) of k, 4 the stream
function, and x the potential function, which in this
study were calculated using the successive relaxation
method, J( ) the Jacobi operator, g the gravity ac-
celeration rate, C the horizontal velocity vector of re-
search object, ¢ the geopotential, F' the friction force
per unit mass, S the area of horizontal integral, [ the
boundary line of area S, v,, the velocity component
along the normal direction of the boundary line, py
the pressure at the lowest level of the air column, D(k)
the residual term, and p, the pressure at the highest

level of the air column. ( ) = £ [, ( )dS represents

=
the area integral and ( ) = % J; ( )dl stands for the

curvilinear integral.
In Eq. (2), OB stands for the KE Lagrange vari-

ation, NFC is the KE advection by rotational wind,

SFC is the advection caused by system movement,
DFC is the KE advection by divergent wind, VFC
is the vertical advection associated with vertical mo-
tion, NG is the KE generation caused by rotational
wind, DG is the KE generation by divergent wind,

H _ 2 |Vhw|2 2 aX
(K Ky) = [VuxVitbt VESVix - Vbt =5 Vix +od (4,5 ) -

Sp Spl

Equation (6) is the conversion between divergent wind
KE and rotational wind KE, which is defined as SP.
SP contains four terms: Spl represents the following
vorticity term; Sp2 is the relative vorticity term; and
Sp3 and Sp4 are the divergence and vertical motion
terms, respectively. For the Northern Hemisphere, the
Coriolis parameter f > 0, and the vorticity of cyclones
is positive, which means V23 > 0. When the angle
between Vi and Vyx is less than 90°, it is given
that Sp1>0, Sp2>0, which means divergent wind KE
is converted to rotational wind KE, which is favorable
for the development of a cyclone. When Vv is per-
pendicular to Vy Y, there is no conversion via Spl and
Sp2. Sp3 shows that the convergence causes conver-
sion of KE from the divergent wind to the rotational

Sp2

-and RES is the effect of friction and sub-grid pro-

cesses, which can be calculated by the residual, i.e.
RES=0B—(NFC+SFC+DFC+VFC+NG+DG).
Equations (3)-(5) were used by Chen et al. (1978)
and (Ding and Liu, 1985a,b). Since the SWV is a
kind of strong mesoscale vortex, rotational and diver-
gent winds are very important (Lu, 1986; Zhao and
Fu, 2007; Fu, 2009). Here, the KE associated with the
rotational and divergent winds can be written by:

0K,

o = Bu+ H(K, Ky) + Fy (3)
K,

5 = Bx + H(P.Ky) — H(Ky Ky) + B, (4)
P+1I

In Egs. (3)-(5), Ky stands for rotational wind KE,
K, is divergent wind KE, P + I is the total potential
energy, where P is the potential energy and I is inter-
nal energy. By,B,,Bpys are the boundary fluxes, Fy,
Fy, Fr are the friction terms of Eqgs. (3)-(5) respec-
tively, where the subscripts are used to make distinc-
tions among them, and @ p. s is the diabatic heating
term.

Sp3 Sp4

wind. Sp4 can be rewritten as

Oy _ _ (v, v
Wl 5) = w( Vv, Vap)’

where V,;, is the rotational wind vector. In regions
with an ascending motion, if the rotational wind moves
along —VOx/0p, the divergent wind converts to the
rotational wind. While in the regions with a descend-
ing motion, if rotational wind moves along V&x/0p,
the divergent wind converts to the rotational wind. In
Egs. (4) and (5), H(P,K,) = —xV2¢ (CAD) stands
for the conversion between APE and divergent wind
KE. For a cyclone, the geopotential is a concave func-
tion, in which the sign of CAD is determined by the
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sign of the potential function for V2¢ > 0. In regions
with x < 0, APE is converted to divergent wind KE
(this will be elucidated in the following discussions).

2.2 APE budget

Since there is always heavy rainfall associated with
SWVs, there are ascending motions and associated

strong latent heat release, which may impact upon the -

variation of APE. APE is the part of total potential
energy which could be converted to KE and is defined
as
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In Eq. (7), @ stands for diabatic heating, N; the ef-
ficiency factor at surface, Ty surface temperature, and
ps the surface pressure. Al is APE generation from
diabatic heating, A2 is APE variation affected by ver-
tical motion (dynamical process), A3 is APE variation
due to temperature advection (thermal process), A4
is APE generation related with vertical temperature
advection, A5 is APE variation caused by efficiency
factor variation, and A6 is APE variation by surface
effects.

We defined al= N@; a2= Nwa; a3= ¢,N(-V -
VpeT); and ad= ¢, N[-w(dT/dp)]. These four terms
correspond to terms Al-A4 and they are calculated
to investigate the relationship between heavy rainfall
and the SWV. In the present paper, only moisture la-
tent heat release is considered in Q (sensible heat and
radiation heating have also been calculated, however
latent heat is much more than these two terms), and it
was calculated using the Kuo scheme (Kuo, 1974). The
calculation results with the Kuo scheme can approxi-
mately represent the rainfall distribution (not shown),
and can be used to clarify the effects of diabatic heat-
ing on APE variation qualitatively.

3. Evolution of the SWYV and heavy rainfall

At 1800 UTC 16 June 2008, there was strong hor-
izontal cyclonic wind shear at 700 hPa, and six hours
later (0000 UT'C 11 June) a SWV formed in south-
ern Sichuan (Fig. 2). The SWV moved southeastward
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where N represents the efficiency factor, ¢, the specific
heat at constant pressure, o the integral area, ps the
surface pressure, p, the top level pressure, and T the
temperature.

Edmon (1978) derived an APE budget equation, in
which the terms of the equation have similar orders of
magnitude:
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and then turned northeastward at 1200 UTC 12 June,
before dying out at 700 hPa at 0000 UTC 13 June.
While the SWV was still maintained at 850 hPa (not
shown), it completely dissipated six hours later. At
0000 UTC 13 June, a new vortex, named “vortex B”,
formed to the northeast of the SWV (Fig. 2). Based
on the vorticity and streamline, the SWYV life cycle
can be divided into three stages: the formation stage
(from 1800 UTC 10 to 0000 UTC 11 June 2008), the
maintenance stage (including the mature stage, from
0600 UTC 11 to 1200 UTC 12 June 2008), and the dis-
sipating stage (including the formation stage of vortex
B, from 1800 UTC 12 to 0000 UTC 13 June 2008).
Key areas (KA) of the SWV are shown in Fig. 2, and
the evolution of the SWV is specified in Table 1.

The SWV lasted for about 54 hours, with a maxi-
mum horizontal scale of about 600 km (meso-a scale).
The maximum hourly precipitation amount was about
90 mm, and the maximum total precipitation amount
was above 250 mm over the northeast of Guangxi. At
1800 UTC 10 June (six hours before the formation of
the SWV), there was strong convection in the south-
ern part of Sichuan (Fig. 3). The convection was
caused by horizontal wind shear, while the latent heat
release was favorable for the formation of the SWV.
During the lifetime of the SWV, the convective clouds
moved along with the SWV with the TBB center be-
low —72°C. It is found that intense convection often
occurs in the central, southern and eastern parts of the
SWYV and most of the heavy rainfall episodes occurred
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during the period 0000 UTC to 1200 UTC 12 June
(Fig. 3).

4. Analysis of KE and APE

4.1 KF budget results

4.1.1  Integrated KE budget of SWV

As shown in Table 1, the vertical structures of the
SWYV evolved differently. Thus, we conducted vertical
integrations in different levels at different times (Fig.
4). The term OB had three periods of positive and
two periods of negative values during the lifetime of
the SWV. Favorable for the formation of the SWV,
KE in KAs increased beforehand. KE decreased at
0000 UTC 11 June when the SWV was formed. This
was associated with a sudden decrease of VFC; that
is, vertical motion transported KE out of the SWV
levels, and the SWV developed slowly in the incipient
maintenance stage. Term OB reached a maximum at
0000 UTC 12 June, and at the same time the terms
SFC and VFC also reached a peak. The KE decreased
rapidly, while the term SFC became negative. KE of
the KA increased again at 0000 UTC 13 June when
vortex B formed.

From the term NFC (rotational wind KE advec-
tion), it mainly had non-positive effects on the growth
of KE, except for at 0000 UTC 12 and 0000 UTC 13
June. The NFC reached a maximum when vortex B
formed. The term DFC (divergent wind KE advec-

Table 1. Evolution characteristics of the SWV.
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tion) had slight positive effects on KE, which was fa-
vorable for the increase of KE. The term SFC had a
positive effect on the increase of SWV KE. When the
SWV moved southeastward, it remained positive (ex-
cept for at 1260 UTC 11 June), and when the SWV
moved northeastward, it changed to negative. From
the distribution of KE (not shown), it was found that
the KE of the SWV increased when the SWV moved
from weak wind KE areas to strong wind KE areas,
and vice versa. This indicates that the KE distribu-
tion of the background circulation was very important
to the development of the SWV.

From the aforementioned analyses, the total effect
of horizontal advection, NFC+ DFC+ SFC, was very
important when the SWV was near the mature stage
and vortex B formed. The term VFC (vertical KE
advection) was unfavorable for incipient development
of the SWV, but was favorable for maintenance of the
SWYV during the maintenance and dissipating periods.
However, it was not favorable for the formation of vor-
tex B. The term NFC+DFC+SFC+VFC can be seen
as the effect of background circulation (friction and
turbulence effects were neglected), and the total effect
of the above four terms is shown in Fig. 4. The back-
ground circulation had negative effects on the increase
in SWV KE during the incipient development stage,
and played the most important role in maintaining
SWV KE during the SWV mature stage. However, the
background was slightly unfavorable for maintenance
of the SWV in the SWV dissipating stage, while it was

Stages of the SWV  Time

KA of the SWV

Vertical distribution of the SWV

Formation stage 1800 UTC 10 June

101°-106°E

KA1l: 25°-29°N,

Low level convergence (LLC), high level
divergence (HLD), with strong vertical
motion, no SWV

Maintenance stage

Mature stage

Dissipating stage of
SwWv

Formation stage of
vortex B

0000 UTC 11 June

0600 UTC 11 June

1200 UTC 11 June

1800 UTC 11 June

0000 UTC 12 June

0600 UTC 12 June

1200 UTC 12 June

1800 UTC 12 June

0000 UTC 13 June

KAL: 25°-29°N,
101°-106°E
KA2: 25°-28.5°N,
101°-105.5°E
KA3: 24°-28°N,
101.5°-105.5°E
KA4: 24°-28°N,
102°-106.5°E
KAS5: 23.5°-28°N,
102.5°-109°E
KA6: 22.5°-27.5°N,
103.5°-111°E
KAT: 23°-28°N,
105°-111.5°E
KAS: 23°-29°N,
106°-113°E
KA9: 25°-31°N,
110°-117°E

LLC and HLD with strong vertical motion,
SWYV locates in 550-750 hPa

LLC and HLD with strong vertical motion,
SWYV locates in 550-750 hPa

LLC and HLD, vertical motion became stronger,
SWYV locates in 550-750 hPa

LLC and HLD, vertical motion weakened,
SWYV locates in 550-750 hPa

LLC and HLD became weak, vertical motion
weakend, SWV locates in 550-800 hPa

LLC became strong, HLD and vertical motion
kept weak, SWV locates in 600-850 hPa

LLC and HLD became strong, with intense
vertical motion, SWV locates in 550-900 hPa

LLC, HLD and vertical motion became weak,
SWYV locates in 600-900 hPa

LLC and HLD became strong, with intense
vertical motion, SWV locates at around 850 hPa
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Fig. 2. Streamline at 700 hPa during heavy rainfall in Guangxi. Shading represents
vorticity (107° s™'), terrain above 3000 m is shaded grey, dotted rectangles are key
areas (KAs) of the SWV, and dotted lines represent the direction of movement of the

SWV.

advantageous to the formation of vortex B.

Both NG (rotational wind KE generation) and DG
(divergent wind KE generation) reached their maxima
at 1800 UTC 10 June (six hours before the formation
of the SWV), which was favorable for the formation
of the SWV, and then decreased rapidly. It is worth
noting that the term NG maintained positive effects
on the increase in SWV KE and had large positive
values during the SWV dissipating stage, which was
favorable for the maintenance of the SWV. The term
DG showed positive values, except for at 0600 UTC

and 1800 UTC 12 June. From the total effects of the
terms NG and DG (Fig. 4), it is revealed that NG
and DG played the most important roles in the for-
mation and incipient maintenance stages of the SWV,
and they were the most important KE sources during
the SWV decaying stage. Compared to KE generation
with KE advection, they were nearly as important, al-
though the relative importance was different during
different stages. KE generation was more important
in the SWV incipient maintenance and decay stages
than in the other stages, while KE advection was more
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Fig. 3. The development of TBB (shaded, units: °C) and hourly precipitation amount (solid,
units: mm). Dotted ellipses stand for the SWV, and solid ellipses represent vortex B.

important during the SWV middle maintenance stage
and the formation of vortex B. Form the above anal-
ysis, the SWV was formed through KE generation,
while vortex B was formed through KE advection.
Next, the term TOTAL is defined as TOTAL
=NFC+ DFC+ SFC+ VFC+ NG+DG, which indi-
cates the total effects of KE generation and KE ad-
vection. TOTAL remained positive during the entire
lifetime of the SWV (Fig. 4). The three maximums

occurred six hours before formation of the SWV, six
hours before the SWV mature stage, and six hours be-
fore the formation of vortex B. Comparing TOTAL to
the term RES, the term RES remained negative, ex-
cept for at 1800 UTC 12 June. The implication is that
friction and sub-grid processes were the most impor-
tant SWV KE sinks, varying in an almost trend to the
term TOTAL.
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Fig. 4. Variations in each of the terms of the KE budget in the SWV KAs from 1200 UTC

12 to 0000 UTC 13 June 2008 (units: J m™

4.1.2 The conversion between rotational and diver-
gent wind KE

The conversion between rotational and divergent
wind KE was calculated using the method shown
in section 2.1 (term SP). The SWV appeared be-
low 450 hPa (Table 1), so only the middle and low-
levels are shown in Fig. 5. The maximum of term
SP moved downward gradually, corresponding to the

s

2 -—1)'

SWYV stretching from the mid to lower troposphere
(Table 1). Term Spl was the most important positive
term before the formation of the SWV. This implies
that the Coriolis force was essential to the formation of
the SWV, as in the formation of extratropical cyclones.
At the same time, the terms Sp2 and Sp3 were slightly
positive, associated with the cyclonic wind shear and
convergence, while the vertical motion term (Sp4) was
negative, which was unfavorable for the formation of
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Fig. 5. Conversion terms of area-averaged rotational and divergent wind KE (solid,
units: 107 Jkg™! s71) in KAs of the SWV. Dotted lines stand for the representative

terrain height in the SWV KAs.

the SWV. When the SWV formed at 0000 UTC 11
June, the convergence intensified and the divergence
term (Sp3) became important, with a maximum at 650
hPa. The term Spl decreased, but was still the most
important term, indicating the Coriolis force was very
important for the incipient maintenance of the SWV.
The term Sp2 remained slightly positive, and vertical
motion (Sp4) was unfavorable for the maintenance of
the SWV.

In the mature stage of the SWV, the strongest vor-
tex level was located approximately at 850 hPa. The

terms Sp3 and Spl were the most important for the
maintenance of the SWV. The vorticity term (Sp2)
" was favorable for the maintenance of the SWV at lower
levels, and the term Sp4 (vertical motion) began to be
favorable to the maintenance of the SWV. At 0600
UTC 12 June, the term SP changed to negative, indi-
cating a weakening of the SWV at 700 hPa (Fig. 2).
In the dissipating stage of the SWV, at 1800 UTC
12 June, the term SP reached a negative maximum at
650 hPa. However, it remained positive with maxi-
mum values at 850 hPa, indicating that the SWV de-
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Fig. 6. The conversion from APE to divergent wind KE at 700 hPa (shaded, units:
1073 J kg™! s7!). Solid lines are streamlines at 700 hPa and terrain above 3000 m is
shaded grey.

cayed first in the middle troposphere (also shown in  was calculated using the method shown in section 2.1
Table 1). The terms Sp1-Sp4 all remained positive at  (term CAD). It is worth noting that the positive cen-
the lower levels, which was favorable for the mainte-  ters of term CAD (in KAs) were consistent with the
nance of the SWV (Fig. 5). When vortex B formed, intense convective activity, indicating that convection
the term Sp3 (associated with convergence) was the is related to the release of APE.
most important term. This demonstrates that advec- There was a strong positive CAD center in the KA
tion by the background circulation was the most im- 16 hours before the formation of the SWV correspond-
portant factor in the formation of vortex B. The ver- ing to the term DG maximum in Fig. 6, which was fa-
tical motion and Coriolis force were also favorable for  vorable for the formation of the SWV. Also, there was
the formation of vortex B. a negative potential function (Fig. 7), & strong upward
) . motion, and severe convergence centers corresponding
4.1.3 The conversion between APE and divergent {4 the CAD center, indicating that the conversion from
wind KE APE to divergent wind KE reinforced the convergence

Since APE is the source of KE, the conversion be- in KAl and upward motion. The averaged conversion
tween APE and KE associated with divergent winds from APE to divergent wind KE in KAs shows that
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3000 m is shaded grey.

APE was converted to divergent wind KE below 500
hPa (Fig. 8). There was a maximum around 750 hPa,
which was the most important energy source for the
formation of the SWV. At 0000 UTC 11 June, the for-
mation stage of the SWV, the positive center of the
term CAD and the corresponding negative potential
function, upward motion, and convergence centers be-
came weaker, but still remained strong in KAl. Fig-
ure 8 shows that the conversion from APE to divergent
wind KE became weak around 700 hPa, but intensified
at, 500 hPa.

In the mature stage of the SWV (Fig. 6), there
were positive centers of the term CAD in the SWV
KAs, corresponding to the convective activity in the
eastern SWV (Fig. 3), and the conversion became
weak at 0600 UTC 12 June. This suggests that the
negative potential function, upward motion, and con-
vergence centers were in accordance with the conver-

sion centers in the SWV KAs, and they all became
weak at 0600 UTC 12 June. The term CAD remained
positive below 550 hPa in the SWV KAs (Fig. 8),
which was favorable for the maintenance of the SWV.
The maximums of the term CAD, as well as SP (Fig.
5), moved from the mid to the lower troposphere, and
conversion at 700 hPa became weak.

In the dissipating stage of the SWV, there was a
positive center of the term CAD to the northeast of
the SWV KA, and the corresponding convergence and
negative potential function became weak. Upward mo-
tion (convection) still remained strong for the mainte-
nance of the SWV (Fig. 5). The termm CAD became
negative around 700 hPa (Fig. 8), corresponding to
the negative SP term (Fig. 5) and indicating that the
SWV decayed at 700 hPa. Meanwhile, the terms SP
and CAD were positive around 850 hPa, which was fa-
vorable for the maintenance of the SWV in the lower
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troposphere (Table 1).

When vortex B formed around 0000 UTC 13 June,
there was a strong conversion from APE to divergent
wind KE in the KA for the development of vortex B,
and the negative potential function, upward motion,
convergence centers (Fig. 7), and convection (Fig. 3)
were enhanced in the KA. The conversion from APE
to divergent wind below 500 hPa with a maximum
around 800 hPa (Fig. 8) may have impacted upon the
maintenance and propagation of vortex B downward

to 850 hPa, six hours later. Comparison between Fig.
5 and Fig. 8 reveals a linear relationship, i.e. the
bigger the CAD term, the stronger the SP term.

4.2 APEF budget

The variation of APE was investigated using Eq.
(7) and the results are shown in Fig. 9. We defined
the term a2+a4 to represent the total effect of ver-
tical motion. Between C1 and C2, the term al was
positive with a maximum around 400 hPa, which col-



NO. 3

FU ET AL.

721

200 1

0000 UTC 11 June

0000 UTC 12 June

40000 UTC 13 June
200

5ool

-15 -12 -9 -6 -3 0 3 8 9 12900—5
100

-12 -9 -6 -3
100

1800 UTC 12

_ 0600 UTC 12 Fene: ool
3001 i
400
500 4

800 4

700 4

900 AN

1
|
i
|
!
|
i
|
a

75 -12 -9 -8B -3 7071z 5 Te s

X4
o 3 & s 2% 72 5 5 3

—_—0— a2

—g—a4

Fig. 9. Area-averaged terms (al, a2, a4, units:

1072 J kg~ ! s7%) of APE budget equation in

the SWV KAs, where C1-C4 stand for representative intersection of lines, and dotted lines

represent terrain height of the SWV KAs.

locates approximately to the maximum latent heat re-
lease center. The terms a2 and a4 were approximately
axisymmetric. Since the magnitude of the term a2 was
larger than that of term ad, the distribution of term
a2-+ad was close to that of a2, and their total effect was
positive above C1, negative between C1 and C2, and
positive below C2. The term a2 was negative between
C3 and C4, corresponding to the upward motion asso-
ciated with the direct thermal circulation. As a result,

the vertical motion with the direct thermal circulation
caused the release of APE. The term a4 was positive
between C3 and C4, due to the horizontal temperature
gradient enhancement (not shown). The terms a2 and
a4 were roughly axisymmetric. Suppose that a2=—ad,;
namely,
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Substituting dp/dz = —g/a (hydrostatic equation,
where p is pressure) into the equation leads to a dry
adiabatic lapse rate equation (d7'/dz = —g/c,). Thus,
if air parcels move with the dry adiabatic lapse rate,
the total effect of vertical motion would be zero.

As the effect of temperature advection was much
smaller than that of diabatic heating from latent
heat release, the term a3 was one order of magni-
tude smaller than that of a2 or ad4,which was mainly
favourable for an increase in APE (not shown).

As shown in Fig. 10, during the lifetime of the
SWYV, there was strong APE generation (terms al and

a4) and release (term a2), and the centers of the three
terms were almost collocated. APE-release zones were
consistent with convective activity (Fig. 3), which in-
dicates that APE release was related to strong upward
motion and heavy rainfall. Upward motion associated
with the direct thermal circulation was very important
for APE release (term a2). Diabatic heating from la-
tent heat release and vertical temperature advection
were important for APE generation.

The conceptual model shown in Fig. 11 describes
the relationships among APE, SWV development, di-
vergent wind KE, rotational wind KE, vertical motion,
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Fig. 11. A conceptual model of the SWV energy conversion.

and diabatic heating. The model envisages that when
total potential energy increases, the conversion from
APE to divergent wind, as well as the conversion of
KE from divergent wind to increased rotational wind,
results in the development of the SWV. Under this
condition, the vertical motion will be enhanced, and if
there is favorable moisture conditions, the latent heat
release will also intensify. As a result, the total poten-
tial energy will increase through diabatic heating (al)
and vertical advection (a4) (Fig. 11). On the con-
trary, when direct thermal circulation occurred during
the lifetime of the SWV, the total potential energy de-
creased, and then the conversion from APE to KE of
divergent wind weakened, resulting in the conversion
of KE from rotational to divergent wind. This leads
to a weak SWV.

5. Summary and conclusions

The budgets of KE and APE of an eastward-
propagating SWV from 11-13 June 2008 with heavy
rainfall over southern China were calculated in order
to study the formation, maintenance and dissipating
mechanism of the SWV, as well as the relationship be-
tween heavy rainfall and the SWV. The main results
were:

(1) KE generation and advection were the most
important KE sources, while friction and sub-grid pro-
cesses were the main KE sinks. Rotational and diver-
gent wind KE generation were the most vital factors
in the formation of the SWV, while the advection as-
sociated with the background circulation dominated
during the middle maintenance stage of the SWV and
the formation of vortex B.

(2) The downward conversion from divergent to ro-
tational wind KE was consistent with the downward
stretching of the SWV. The Coriolis force was very im-
portant in the formation and maintenance of the SWV.

Convergence was instrumental in the maintenance of
the SWV, as well as the formation of vortex B. The
vertical motion was unfavorable for the development
of the SWV during the formation and maintenance
stages, and favorable for the maintenance of the SWV
during the mature and vortex B formation stages.

(3) The conversion from APE to KE of divergent
wind was an essential process for the generation of
KE. Strong convergence resulted in strong conversion,
which led to active convection. The conversion of CAD
remained strong below 500 hPa, with the maximum
moving from the mid to lower troposphere, which was
similar to the term SP. The large magnitude of the
term CAD was associated with the large magnitude of
term SP, indicating that APE was instrumental in the
formation and maintenance of the SWV.

(4) The impacts of the dynamical and thermal pro-
cesses of vertical motion on APE occurred in an oppos-
ing fashion. When the air parcels varied with the dry
adiabatic lapse rate, the total effect would be zero. In
this case, vertical motion with direct thermal circula-
tion was the most vital method of APE release. Latent
heat release and vertical temperature advection were
conducive for an increase in APE, while horizontal
temperature advection influenced APE only slightly.

(5) Based on the above results, a conceptual model
of energy conversion during the life cycle of the SWV
has been proposed. When conversion from APE to
KE of divergent wind and KE from divergent wind to
an increase in rotational wind takes place, favorable
conditions for the development of the SWV occur. If
moisture is abundant, latent heat release will intensify,
causing total potential energy to be enhanced by the
diabatic heating and vertical advection.
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