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Abstract
tive vorticity vector (CVV) is readdressed after Gao et al., and is applied to the study of the development and movement of mesoscale
rainstorms in the Jiang-Huai valley of China by using high-resolution simulation data with PSU/NCAR MMS5 briefly. The results show

By the vector product of absolute vorticity vectors and equivalent potential temperature gradients, a new vector, convec-

that the CVV, especially its vertical component which is closely related to interactions between vertical secondary circulations and horizon-
tal equivalent potential temperature gradients, may be a good tracer and diagnostic tool in the study of mesoscale rainstorms in the Jiang-
Huai valley of China. And the main physical processes responsible for the variations of the vertical component of the CVV are discussed
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briefly based on its tendency equation proposed in this article.

Keywords: convective vorticity vector, mesoscale rainstorms, tendency equations.

Potential vorticity (PV) as an exact material in-
variant in a frictionless, stratified and rotating flow
was first noticed by Rossby[l], and was defined as
((& - V8)/ p) in the dry atmosphere by Ertel!?!.

The PV has three important properties: the conserva-

(24 the invertibility in a balanced system[S] and

[3.4]

tion
the impermeability of PV substance . These prdp—
erties are fundamental to our understanding of atmo-
spheric dynamics and thermodynamics'®’ .

In moist atmosphere, the potential temperature
is replaced by the equivalent potential temperature in
the definition of PV, which is referred to as the moist
potential vorticity (MPV). MPYV has similar proper-
ties to PV"'8). PV/MPV, whose variations repre-
sent synthetically the dynamic and thermodynamic
changes of atmosphere, has been a very important

tool in the diagnoses of atmosphere! 7718

While there are some limitations associated with
the nature of PV/MPV in some kinds of practical ap-
plications. Gao et al. (197 found that the MPV cannot
be applied to the analysis of the two-dimensional
(2D) equatorial dynamics and thermodynamics. Here
another limitation is addressed. A Meiyu front is ob-

served in the Jiang-Huai valley of China every sum-
mer. - The cyclones propagate along the steady front
producing heavy rainfalls. In the vicinity of the
front, the significant slopes of moist isentropic surface
(equiscalar surface of equivalent potential tempera-
ture) set favorable environmental conditions for the
genesis and development of cyclones!” 16—18,20]
Large MPVs occur in association with large vertical
gradients of equivalent potential temperature in the
upper and lower troposphere and large cyclonic verti-
cal vorticities developing near the front, whereas rela-
tively large horizontal gradients of equivalent potential
temperature appear in mid-troposphere with relatively
small vertical ones. And the vertical ones even be-
come zero when the moist isentropic surface becomes
upright ( moist neutral stratification as addressed in
Ref.[20]). Since the horizontal component of MPV
is much less than the vertical counterpart’, little
MPV changes are observed, which may make the

analysis a little difficult.

Gao et al. ") realized that the MPV vanishes as
a 2D flow approaching to the equator, which indicates
that the MPV cannot be applied to the analysis of the
2D dynamics and thermodynamics in tropics. To
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solve the problem, a convective vorticity vector

CVV = Cax—pvw% is defined as the vector product
of absolute vorticity vectors and equivalent potential
temperature gradients. They showed that the vertical
component of the CVV is closely related to 2D tropi-
cal convections. They also studied the CVV and moist
vorticity vector(MVV)[?!] by using three-dimensional
(3D) cloud-resolving simulation data in the tropical
region'’, which confirmed their results of 2D study.
The analysis shows that the linear correlation coeffi-
cients between cloud hydrometeors and vertical com-
ponents of convective and moist vorticity vectors are
not only significantly larger than those between cloud
hydrometeors and corresponding horizontal compo-
nents, but also larger than that between cloud hy-
drometeors and the MPV in tropics.

In this study, the CVV and its tendency have
been analyzed based on a simulation of mesoscale rain-
storms in the Jiang-Huai valley of China with PSU/
NCAR MMS5 briefly. The questions to be answered
are: What does the CVV look like in subtropical re-
gion? What is the relation between mesoscale rain-
storms in the Jiang-Huai valley of China and the ver-
tical component of the CVV? That is, is the CVV,
especially its vertical component, useful for the analy-
sis of development and movement of mesoscale rain-
storms in the vicinity of the Meiyu front? We first de-
fine a 3D CVV, and then discuss the physical mean-
ing and distributions of the new vector by a simula-
tion of mesoscale rainstorms in the Jiang-Huai valley
of China with PSU/NCAR MMS5. In Section 2, the
tendency equations of the CVV are derived, and the
physical meaning of the equations is discussed. The
summary is given in Section 3.

1 Convective vorticity vector (CVV)

As defined by Gao et al. "), the CVV is
XV,
where §, = VX V + 28 is the atmospheric absolute

vorticity vector, p the moist air density and 8, the e-
quivalent potential temperature. The CVV can be ex-
panded as

P(: [(C2+f)6ez_(§3+f)gey]i

"l"‘c;|>d

% [(§3 + f)ger - Clﬁez]j

1) See footnote 1) on page 559.

+ 2 [60y ~ (& + ok ()
where §; = g_;v_g_:, 82 = g_:_g—;uand§3 :%
- S¥. £ = 20sin g and = 2005 95 V6, = =

From (2), the three components of the CVV

can be written as
Pa = 5 [+ b = (65 + 10,1 Ga)
P, = %[(cs + 6. — 0.1 (3b)

P = i[clo@ — (G + .l (30

To further illustrate the physical meaning of the
CVYV and to answer the questions proposed above, a
60-h simulation data of mesoscale rainstorms in the
Jiang-Huai valley of China during 22nd—24th June
1999 with PSU/NCAR MMS is used here. The nest-
ed-grid ratic is 1 to 3, with a fine-mesh length of 25
km and a coarse-mesh length of 75 km. The (x, v,
&) dimensions of the coarse and fine meshes are 70 X
61 %23 and 130 X 106 X 23 respectively, and they are
overlaid on a LAMBERT map projection true at 30°N
and 60°N. The 24 §-levels are 0.0, 0.05, 0.1,
0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5,
0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.89,
0.93, 0.96, 0.98, 0.99, 1.0. And the pressure at
the top of the model atmosphere is 70 hPa. The mod-
el is initialized at 0 GMT 22nd June 1999 with data
from the NCEP 2. 5° latitude-longitude global re-anal-
ysis and rawinsonde observations.

By comparing to the observations, the model re-
produces well the development and movement of the
rainstorms and the distribution and orientation of the
torrential rain belts in the vicinity of the Meiyu
Front, and reproduces well the circulations, the evo-
(18,22] Fig. 1 shows the
observational and simulated accumulated rainfalls.
The main rainfalls from 22nd to 23rd lie in Southwest
China, the Jiang-Huai valley of China and the Korean
peninsula in the southwest-northeast direction {Fig. 1
(a), (c¢), (e)). The model simulates well the distri-
bution and orientation of the rain belts in the Jiang-
Huai valley of China and the Korean peninsula, while
it does not give as good simulation for the rainfalls

lution of the Front and so on
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in Southwest China (Fig.1(b), (d), (f)). This may
be due to the complex topography in Southwest Chi-
na, which cannot be very well recognized by the mod-
el. Anyway, according to Refs. [18,22], the simula-
tion of the rainstorms in the Jiang-Huai valley of Chi-

na is good enough and the simulation data could be
used for further analysis (the detailed model features,
model setup and simulation verifications can be found
in Refs. [18,22]). The 3 h-interval coarse domain
output is used in the current study.
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Fig. 1. Observational ((a), {c), (e)) and simulated((b), (d), (f)) rainfalls (Unit: mm). (a) and (b), 24-h accumulated rainfalls of

June 22nd, 1999 (contours: 10, 25, S0, 75, 100 mm); (c) and (d), 24-h accumulated rainfalls of June 23rd, 1999( contours: 10, 285,
50, 75, 100 mm); (e) and (f), 48-h accumulated rainfalls from 22nd to 23rd June, 1999 (contours: 10, 25, 50, 100, 125 mm).
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By a primary analysis with the mesoscale simula-
tion data and according to our own results’, Eq.(3)

could be rewritten as

_lou
Pd’ = p azﬁez (48.)
_low
P = p azﬁez (4b)
1 iov du
Pa =~ 1, [azefy + azee,] (4c)

where the second part of P,; and the first part of P,
and the horizontal gradients of vertical velocity in Eq.
(3) are relatively small and omitted from the equa-
tions. From Eq. (4) we can know that P.;/P,, are
closely related to interactions between zonal/merid-
ional vertical secondary circulations and convective
stabilities respectively, and P,sis closely related to in-
teractions between vertical secondary circulations and
horizontal equivalent potential temperature gradients.
Since Gao et al. found that the vertical component of
the CVV is closely related with clouds”, hereafter
only the vertical component will be analyzed. And the
horizontal components of the CVV will be discussed
in other studies.

Eq. (4c) can be further divided into two parts,

__ 1oy __1ou
P = p azﬁey and P,3 = 0 826”’ and each

part shows the interaction between the vertical (zonal
or meridional) secondary circulation and the corre-
sponding equivalent potential temperature gradient ly-
ing in the same 2D plane. Since the secondary circula-
tions are directly associated with the vertical motion
which is a direct cloud producer, and the horizontal
gradients of equivalent potential temperature repre-
sent the horizontal baroclinity, the thermodynamic
aspect related to convections®, Eq. (4c) actually can
be used to study interactions between the dynamics
and thermodynamics of the mesoscale rainstorms.
Since the mesoscale rainstorms in the vicinity of the
Jiang-Huai valley of China are always closely associat-
ed with large horizontal equivalent potential tempera-
ture gradients (the Meiyu front zone), and the
stronger the rainstorms are, the more violent the in-
teraction between the rainstorms and the front will
bel18:221, P,3 will get robust with the development of
the rainstorms and should be a good indicator for the
development and movement of the mesoscale systems.

1) See footnote 1) on page 559.
2) See footnote 1) on page 559.
3) See footnote 1) on page 559.

Fig. 2 shows the distributions of the simulated
vertical component of the CVV (vertically averaged
between 850 hPa and 500 hPa) at 45 h and 51 h into
the integration. P.; is closely related to the develop-
ment and movement of the mesoscale rainstorms and
the relevant cloud systems. The distributions of P,;
match the variations of rainstorm-related vertical mo-
tions (Fig.2(c), (d)) and sums of cloud water and
rain water ( whose variations represent the develop-
ment of clouds) (Fig.2(a), (b)) very well. Since P,;
represents the covariance between vertical secondary
circulations and horizontal gradients of equivalent po-
tential temperature, and since vertical secondary cir-
culations are closely associated with the vertical mo-
tion which is a direct cloud and weather system pro-
ducer and horizontal equivalent potential temperature
gradients are directly associated with the thermody-
namics related to the mesoscale systems and clouds,
the good relations between the vertical components of
the CVV and the development and movement of the
mesoscale rainstorms are easy to be understood. Ac-
cording to Eq. (4c), P.; has two parts, P,3; and
P.3,. Fig.3 shows the distributions of the two sepa-

rate parts of P,3 at 45 h and 51 h into the integration.
It is obvious that both are closely related to the co-
variance between vertical wind shears (Fig. 3(c¢)—
(f)) and horizontal baroclinity (Fig. 3(a), (b)),
which can also be recognized from Eq. (4¢). Along
the Meiyu front, there are apparent horizontal equiv-
alent potential temperature gradients (Fig. 3 (a),
(b)), and vertical vorticities are apt to develop near
the front!'®), while P,; is not always distinct along
the front (Fig.3(a), (b)). Significant variations of
the vertical component of the CVV and its two parts
are mainly observed in the vicinity of the mesoscale
distortions (Fig.3(a), (b)) related to the develop-
ment of the rainstorms in the field of equivalent po-
tential temperature. There are apparent couplings be-
tween strong horizontal (zonal and meridional) baro-
clinity (horizontal gradients of equivalent potential
temperature, Fig.3(a), (b)) and vertical secondary
circulations ( vertical wind shears, Fig.3(c)—({f))
near the mesoscale distortions, which mainly con-
tribute to the distinct variations of the vertical compo-
nent of the CVV, P., Actually the
mesoscale distortions in the field of equivalent poten-

nearby.



Progress in Natural Science

Vol.17 No.5 2007 www. tandf. co. uk/journals 563

tial temperature (Fig. 3 (a), (b)) and other fields
(figures omitted) show the apparent interactions be-
tween the rainstorms and the Meiyu Front!!8:22],

the robust vertical components of the CVV near the
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Simulated sums of cloud water and rain water mixing ratio ((a) and (b), contours, unit: 10 > kg-kg '), vertical velocity ((c)

and (d), contours, unit; cm) and vertical components of the CVV (shadings, unit: 10 8 m?K+-kg ™ 's™!) at 45 h ((a) and (c)), and 51
h{(b) and (d)) into the integration, respectively (vertically averaged between 850 hPa and 500 hPa).

2 CVYV tendency equation

To further explore the physical processes respon-
sible for the variations of the CVV, the tendency e-
quations of the CVV are derived.

From the derivations in the appendix, the ten-
dency equations of the three components of the CVV
are

P .

ddtﬂ = CPy + CPp + CPp3 + CPyy (5a)
dP
_&tﬁ = CPy; + CPyp + CPy + CPy  (5b)

dP.

ds =CP31+CP32+CP33+CP34

(5¢)
For brevity, here only (5¢) will be selected to il-

lustrate briefly the physical meaning of the tendency

equation of the vertical component of the CVV.

The first term on the right-hand side of (5¢)
(CP3,) depicts the impact of the individual variation
of moist air mass density caused by mass forcing from

moisture phase changes!!7" 1%

and divergence on the
CVV. For example, when the CVV component P,; is
positive at the former moment, the mass sink of

moist air (caused by heavy rains), Q, > 0 (referring

?1994-2018 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Fig. 3. Simulated P,; (shadings in (a) and (b), unit: 10 ¥ m?*K kg™ 's™!), P.3;(shadings in (c) and (d), unit: 10 *m?K kg™ 's™ "),

P,3(shadings in (e) and (), unit; 10 ¥ m*K+kg~!'s™!), equivalent potential temperature (contours'in (a) and (b), unit: K), vertical

shears of meridional wind (contours in {c¢) and (d), unit: 10 >s™!) and vertical shears of zonal wind (contours in (e) and (f), unit;
107¥s™ 1) at 45 h ((a), (c) and (e)), and 51 h ((b), (d) and (f)) into the integration, respectively (vertically averaged between 850
hPa and 500 hPa).

?1994-2018 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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to the appendix), will lead to positive variations of
the vertical component of the CVV since moist air
mass density is always positive, and vice versa. The
second term ( CP3;) depicts the influence of the inter-
action between atmospheric horizontal equivalent po-
tential temperature gradients (horizontal baroclinity)
and individual variations of atmospheric horizontal
vorticity components {vertical secondary circulations
or vertical wind shears are the main contributors to
the horizontal vorticity components and the horizontal
shears of the vertical wind are relatively small and
omitted) on the CVV. In the vicinity of the Meiyu
Front where 6,, < 0, if the horizontal vorticity com-
ponent ¢, has positive ( negative) individual varia-
tions, that is, the meridional vertical secondary circu-
dv

oz
tions, P.3 will decrease (increase) accordingly. Since

lation has negative ( positive) individual varia-

the vertical secondary circulations are closely related
to the vertical motions of the rainstorms, P will e-
volve with the vertical motions of the rainstorms,
that is, the development of the rainstorms near the
slantwise isentropic surface. The third term, CPjs,
depicts the impact of the interaction between horizon-
tal vorticity components and individual variations of
baroclinity caused by the horizontal distribution of at-
mospheric heating and the advection of equivalent po-
tential temperatures by the shear of 3D wind vector
on the CVV. That is, the covariance between vertical
secondary circulations and the varying horizontal
baroclinity or the frontogenesis/{rontolysis of the
Meiyu Front nearby will leads to the variation of P.;.
The last term, CPs,4, represents the influence of the
combination of B effect and the zonal equivalent po-
tential temperature gradients on the CVV. In fact,
this term has same physical meaning as the second
term, which describes the contribution of the interac-
tion between the individual variation of atmospheric
horizontal vorticities { vertical secondary circulation,
the dynamic aspect related to the development of the
rainstorms) and horizontal gradients of equivalent po-
tential temperature (the thermodynamic aspect relat-
ed to the development of the rainstorms). Actually
the individual variation of the vertical component of
the CVV depicts the interaction between dynamic and
thermodynamic aspect related to the development of
the rainstorms in the vicinity of the Meiyu Front, so
P, and its tendency eguation could be used to trace

the development and movement of the rainstorms in

1) See footnote 1) on page 559.

the Jiang-Huai valley of China.

Here only the tendency equation for the vertical
component of the CVV (5c¢) is chosen to study the
physical meaning of the CVV tendency equations and
the corresponding responsible physical processes for
the variation of the vertical component briefly. While
even only from the simple discussion about their
meaning, we can also come to a conclusion that the
CVV may be a very useful tool for the study on the
interaction between the vortex itself and its thermo-
dynamic environments or the interaction between dy-
namics and thermodynamics of the rainstorms and
trace the development and movement of the rain-
storms themselves. More detailed discussions on the
physical meaning of the CVV and its tendency equa-
tions will be addressed later.

3 Summary

The three-dimensional expression for convective
vorticity vector, P, = P.i + P.,j + Pk, is provid-
ed in this paper by the vector product of atmospheric
absolute vorticity vector and the gradient of equivalent
potenti‘al temperature, and the brief discussion on the
physical meaning of the CVV shows that the CVV
depictswthg interaction between atmospheric vorticity
and relevapt thermodynamic conditions ( baroclinity
and stability) or the interactions between atmospheric
motions and atmospheric heating distribution, which,
in tropics, depicts the interaction between vorticities

(191 " Based on a simulation of

and convective heating
mesoscale rainstorms in the Jiang-Huai valley of Chi-
na, the vertical component of the CVV, P, and its
variations are analyzed. The distributions of P,;
match the variations of vertical motions and the hy-
drometeors very well. According to Eq. (4c), Along
the Meiyu Front, especially near the mesoscale distor-
tions in the field of equivalent potential temperatures
(caused by the interactions between dynamics and
thermodynamics of the mesoscale rainstorms), there
are apparent couplings between strong horizontal
baroclinity and vertical secondary circulations, which
mainly contribute to the variations of the vertical
component of the CVV. From the precise atmospher-
ic dynamic and thermodynamic equations, the ten-
dency equations of the three components of the CVV
are derived with friction, diabatic heating and source/
sink effects of moisture caused by phase changes, and
the simple discussion about the physical meaning of
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the equations with the third equation (5c¢) as an ex-
ample tells that the individual variation of the CVV is
closely related with the individual variation of moist
air mass density (by divergences and source/sink ef-
fects of moisture), interactions between the individu-
al changes of horizontal vorticities ( vertical secondary
circulations) and horizontal baroclinity ( horizontal
gradients of equivalent potential temperature), inter-
actions between the individual changes of horizontal
baroclinity and horizontal vorticity components and 8
effect.

This paper gives a brief inspection to the CVV,
its tendency equations and its possible application in
the study of mesoscale rainstorms in the Jiang-Huai
valley of China. In future work, the physical mean-
ing of the CVV and its tendency equations will be re-
addressed in a more detailed context and will be ap-
plied to more case studies of mesoscale rainstorms.

Appendix
The derivation of the tendency equations of the CVV

In the local Cartesian coordinates in a tangent-
plane representation, the atmospheric momentum e-
quations can be expressed by

du . __102p

7 fo = o ox +F, - fw (Ala)
dv __1lop
t+fu_ p8y+Fy (Alb)
dw _ 19p _ r
dt = oz g+F.+fu (Alc)
. 9(Alc)  2(Alb) 2(Ala)
By taking oy or e
a((f;zlc) and 8(5\111)) - a(g;la)’ the vorticity equa-
tions can be
df; _ v dw
d¢ faz & dy * Jz
QEQQ_QE@E)+L(QBQ2_QEQE)
9z dxr S8y Ox p2 Jdy 9z Oz Oy
oF, aF) ( _a_f_ )_
( dy Oz fay a =&
(A2a)
dfy _ Lov (_ dw
it~ o — (Gt ) ™
(ﬁa_w_ﬂa_u + L({2e02 _209p
dx &y 0Oz dy p°\dz 9x or A
oF, OF,) _
+(az " ox =& (A2b)
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46, _ _of ( av)
&~ oy’ (Bl oy |
o (omos_ owe), Ligeor 2o
Ay ox Oz pz or dy Oy ox
oF, OF ) -~ ow _ Bf )
-y _Z_x -— 4 =
( ox dy f oy ayw £
(A2c)

The thermodynamic equation can be written as

Tdo __, dg
Cogoar = La+ (A3)
By replacing potential temperature with equiva-

lent potential temperature in (A3), we get
o o o o,

_ O .9 9 2
where Q = CPTQd' By taking 3z’ By and 32 (A4)
we get

d0e: _ Ou ou Sw 2Q

dr = ozl T og0% T arl=t 5,
(AS5a)

de, Au Ay ow a2Q

ey _ _Su, _ du, _

At = oyl T aylo Tyl T,
(ASb)

d0e. _  Ou v dw 2Q

dt = oz Oex oz Oey O + oz
(A5c)

Following Ref.[8] and Refs.[17,18], the con-
tinuity equations can be expressed by

%4y V-V =0 (A6a)
d
Lrpv-v=-Q,  (ah)
dpe
Ly 0,V VY- (pV) = Q, (A6o)

di
where ps, p,» p. and p, are the densities of dry air,
vapor, cloud water and rain water, respectively; p,.
= p. + p,i Q, is the conversion from vapor to cloud
water and rain water. Air continuity equation is ob-
tained by the addition of (A6a) and (A6b),

dp

CreVV=- (A7)

where p = p, + p, is the density of moist air.

Taking the material derivative to both sides of
(3a), (3b) and (3c), we get

dPy _ Padp 1 d{,
R L

*ﬁ [(§2

)

= 0o g,

6. dé.,
4 (St dti|
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'U( eez_ e )
+

; (A8a)
dP,  Podp 1 d{s d¢,
dt = pode ” [6‘13*9”3]
db,,
+;[(§3+f) —CIQJ
)
4 ﬂ”p“ (A8b)
dP;; _ Padp 1 dg, d¢,
de dt+,0[08y P dzt:l
1 d d6é,,
; [?1?2 (§z+f) :]
3 vl
_% (A8¢)

where 8 = %5

(A8) are the tendency equations of the three
components of the CVV. The first terms on the
right-hand sides of the three equations represent the
impacts of the density variations on the CVV. The
second terms on the right-hand sides denote the con-
tributions of the interactions between the changes of
atmospheric vorticities and the equivalent potential
temperature gradients to the CVV. The third terms
on the right-hand sides are the contributions of the in-
teractions between the changes of the equivalent po-
tential temperature gradients and atmospheric vortici-
ties to the CVV. The fourth terms on the right-hand
sides are § effects.

Finally, (A8) can be expressed by

dP
—dfl = CPy; + CPy, + CPy3 + CPy, (A9a)
dP,;
& - CPj1 + CPyp + CPp3 + CPyy (A9D)
ch3
—;= CP31+CP32+CP33+CP34 (AQC)
where
P,
CPu =—(p V- V+ Q) (A10a)
CPy =;17’ ez — Ocrf3) (A10b)
1

i =L{(5,+ H[22 -2 . vy,

p
5+ n[32-5 o v.ve. ]
(A10¢)
CP., =M6“p—_—y—ﬁ9') (A10d)
CP21 = (AlOe)

CPp = %( erf3 = 0ub1) (A10f)
CPza:%[(§3+f)(—Q v V@)

-4 —Q av - V. )] (A10g)
CPyy = Ep— (A10h)
CPy = P‘3 (A10i)
CPy = % (081 — 0.62) (A10))
CPs; =ﬂ§1(—0‘ V. ve,)

- (§2+f)(a—f3—g—x"-vee)]
(A10k)

ﬁ veex

CP34 = - (A].Ol)
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