TAQ, Vol.5, No.2, 121-136, June 1994

Convection and Mei-Yu Front

HAN-RU CHo! and GEORGE T. J. CHEN?

{Manuscript received 10 January 1994, in final form 18 May 1994)

ABSTRACT

The genesis of Mei-Yu fronts is studied by assuming the fronts are char-
acterized by a line of low-level potential vorticity (PV) anomaly. It is proposed
that the frontogenetic process is initiated by the CISK mechanism through
the interactions between the PV anomaly and the convection induced by Ek-
man layer pumping. The scale contraction produced by the convergence flow
of the convection provides the basic frontogenetic forcing. In addition, the
cross-frontal horizontal scale of the front contracts at a rate faster than what
can be expected from a linear theory, due to the presence of a nonlinear feed-
back process. The process is due to the fact that the effect of condensation
on PV is proportional to the value of absolute vorticity. These processes are
illustrated using both a linear analysis and a nonlinear munerical model.

(Key words: Potential vorticity, Mei-Yu frontogenesis, Scale contraction,
Nonlinear process, Cumulus heating)

1. INTRODUCTION

Mei-Yu fronts occur in the subtropical Asia in the transition period between the dry
northeast and moist southwest monsoons. They form in the region between a migratory
high to the north and the subtropical Pacific high to the south. Unlike the fronts associated
with midlatitude cyclones observed in North America or Europe, they move only slowly
southeastward during the early stage of their lifetimes, and appear as a quasi-stationary front
at the later stage.

There have been many studies of Mei-Yu fronts (Chen, 1977, 1983, 1988, 1990, and
1991; Chen and Jou, 1988; Chen and Tsay, 1978). A special- field project TAMEX was
conducted in 1987 (Kuo and Chen, 1990) to study their mesoscale features (e.g. Trier, et
al, 1990). The properties of Mei-Yu fronts appear to vary during different periods of the
season, and even from sector to sector along the fronts., Chen and Chang (1980) noted that
the eastern and central sections of Mei-Yu fronts near Japan and over the East China Sea
resemble the well known midlatitude baroclinic fronts, whereas the western section over
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southern China resembles semitropical disturbances with an equivalent warm core structure,
a weak horizontal temperature gradient, and a strong horizontal wind shear in the low levels,
all evidences of the presence of a low-level potential vorticity (PV) maximum.

The precipitation along Mei-Yu fronts in Southern China and Taiwan is mostly produced
by deep convective clouds. From 25 cases of Mei-Yu fronts occurred over southern China
during 1981-85, Chen and Jou (1988) concluded that the amount of convection is independent
of the presence or absence of any appreciable baroclinicity. The only factor which has a strong
influence is the moisture content of the low level air slightly to the south of the fronts. If
moderately strong southwesterly flow carries warm and moist air into the region from the Bay
of Bengal, convective activities tend to be very strong. On the other hand, if the subtropical
Pacific high induces southeasterly to southwesterly flow carrying air into the region from the
Pacific, only average to weak convection can be expected.

The independence of the strength of convection on the presence or absence of large
scale forcing such as appreciable cross front temperature contrast poses a rather interesting
question: What are the processes responsible for the frontal characteristics over the southern
and western portions of Mei-Yu front? How are the convective activities along Mei-Yu
fronts maintained, other than an abundant moisture supply? We shall attempt to address
these questions in this paper. Two positive feedback processes are proposed as responsible
for the frontal characteristics of Mei-Yu fronts over south China, the first being the classical
linear CISK process, and the second a nonlinear process.

The possible presence of a low-level PV anomaly has several effects on the development
of the front. First, the large wind shear across the anomaly can induce convergent flow by
boundary layer processes. This is the classical CISK mechanism which tends to induce
convection, the heating from which further enhances low-level potential vorticity anomaly.
It is a positive feedback loop which can initiate the Mei-Yu frontal development and the
associated precipitation.

Secondly, as can be seen from the potential vorticity equation, the effect of condensa-
tional heating on PV depends on the value of vorticity; the larger the value of vorticity, the
stronger is the effect. ‘A low level PV anomaly means increased vorticity both within and
above the anomaly, and hence an increased effect of condensational heating on low-level po-
tential vorticity, This is a nonlinear enhancement of the CISK process, and the development
of Mei-Yu fronts will be enhanced because of this nonlinear feedback.

This dependence of the effect of condensational heating on background vorticity value
can be understood from two slightly different viewpoints, one from the point of view of
vorticity dynamics, the other from the thermodynamic equation. First, heating induces upward
motion and the associated low-level convergence and upper-level divergence. The effect of
convergence/divergence on the vorticity field is proportional to vorticity itself. Since potential
vorticity can be viewed as vorticity on isentropic surfaces, the effect of heating on the PV
field should therefore be proportional to vorticity.

The second viewpoint was first pointed out by Schubert and Hack (1986). The strength
of ageostrophic flow, while proportional to forcing, is inversely proportional to inertial sta-
bility which is proportional to absolute vorticity. Other factors being equal, larger values of
vorticity means weaker ageostrophic circulation, and therefore, more of the heat released will
be transformed locally into the internal energy of air, and thus enhancing the effect of heating
on potential vorticity. As far as balanced flows are concerned, this second interpretation is
equivalent to the first because the vorticity field and the temperature field are related through
the balance condition.
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From these discussions it seems that Mei-Yu frontal development is the result of two
positive feedback mechanisms related to the low-level PV anomaly. In this sense, Mei-Yu
fronts may be identified as lines of positive low-level PV anomaly. The details of these
processes will be examined further after a brief discussion of the model equations to be used
in this study.

2. MATHEMATICAL MODEL

For the purpose of illustration, the mathematical model used in this study will include
only physical processes we consider to be essential for the Mei-Yu frontogenesis. Therefore
the results obtained from the model will be correct only qualitatively. The assumptions made
include the following: (1) Mei-Yu front is paralle! to the y-axis with a two dimensional
structure in the (x, z) plane; (2) the Boussinesq approximation will be made and the Coriolis
parameter f will be assumed constant; (3) heat and momentum fluxes due to small scale
turbulent eddies are confined to the atmospheric boundary layer the top of which coincides
with the base of cumulus clouds; (4) The effect on the thermodynamic equation of the sensible
heat flux in the boundary layer will be neglected. This approximation is not always supported
by observations as the sensible and latent heat fluxes are generally important in the vicinity
of Mei-Yu fronts, The assumption is made because the effect is not an essential part of the
processes we are going to discuss; (5) the surface layer where very large wind shear exists
‘due to friction at the surface is very shallow so that its depth 6, can be assumed to be zero.
This assumption can usually be justified because é, ~ 0.1 x ; where & is the depth of the
boundary layer, (6) along-front geostrophy is an adequate approximation above the surface
layer. A similar approximation is made, for example, in Thorpe and Nash (1986).

Assumptions (3)-(6) are concemed with our specific treatment of the boundary layet.
Some authors attempted to avoid the difficulty introduced by the boundary layer by assuming
that the bottoms of their models are located at the:top of the boundary layer. Had we made
the same assumption, we would obtain qualitatively the same results as what we are. going
to present here. Because of (6), the geostrophic momentum approximation.can be adopted
and the geostrophic coordinate used:

v
X=z+ 7"’, Z =z
where vy is the y-component of the geostrophic wind, and (X, Z) and (z,2) are the
geostrophic and the physical coordinates, respectively. Following Hoskins and Bretherton

(1972) and Hoskins (1975), the governing equations in the geostrophic coordinates can be
written as:

o9
Toe="3x
Du, _Om,
Tt Tie=3z o
Dé E

Dt~
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where u, is the X component of the ageostrophic wind, ¢ is the geopotential, 7, the y-

component of the turbulent momentum flux in the boundary layer, and E the rate of heating
due to latent heat release in cumulus clouds. In the geostrophic coordinate

D_o_ .0 0

Dt o8t ‘90X 0z

4 here is the X component of the geostrophic wind. Equivalently, the prognostic equations
for § and v, can also be written in terms of the potential temperature and the geostrophic
potential vorticity defined as ¢ = ((08/0Z) where ( is the Z component of the absolute
geostrophic vorticity:

0

D& Dgq _C3E+ o8 9%r,

Dt 7’ Dt "8Z 0Z08z0X
Here one further approximation will be made that (7) the generation of potential vorticity due
to turbulent friction above the surface layer is small and can be neglected in comparison with
the generation due to latent heating. This assumption can be justified so long the vertical
wind shear in the bouridary layer take place mostly within the surface layer. A justification
“of this can be found in Appendix The extent to which the atmospheric flow is influenced by

the boundary-layer PV is an interesting problem in its own right and is beyond the scope of
this investigation. With this approximation, the equations become

Dé Dgq OF
5 =B =5 (2)
_ Dt Dt 0Z
From the definition of potential vorticity, an equation can be derived relating the distri~
bution of potential temperature to the distribution of potential vorticity:

1 0%8 g ,fby 08
Z351 37 55) = (3)
f?oX 87" gq 0Z

provided that the values of @ at the boundaries are given. Because of the existence of the

geostrophic balance, v and 6 is not independent. The transverse circulation implied by the
equations in (1) is given by

f262¢+ g 6( O g Ou, 30_96E+f827,, (@)
827 " F8, 0x \1ox’~ “9,0X 0X 8, 0x '’ oz2

where ) is the stream function in the physical space (x, z) plane, while the circulation

equation is written in the geostrophic space (X, Z). The vertical velocity is thus given by

w= —(0%/0z) = —(¢/f)(O¥/OX). uy will be assumed to be zero in this analysis.
(4) then implies that the stream function can be decomposed into two components:

¢=¢h+7/)e

)=2
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with the first component associated with the heating due to latent heat release

9? ¢h g 0 , O g OF
2 =2
%77 * fgax9ax) = Ts, 0% ()
and the second component associated with eddy viscosity
Pp. g 0 O
2 e €
Fzr Y 9x9ax) = fa

We will not attempt to solve this equation by specifying the vertical structure of the eddy
momentum flux. Instead it will suffice to assume that at the top of the boundary layer the
viscosity-induced vertical velocity is given according to the Ekman layer theory (Holton,1992):

w} = k() = (K/2f)/%¢; (6)

where K is the coefficient of eddy viscosity and k. = (K/2f)'/2. (. is the relative
vorticity and the asterisks denote values evaluated at the top of the boundary layer. The
model used in our analysis consists of equations (2)-(6).

3. LINEAR ANALYSIS

CISK analyses are often made for tropical systems. For midlatitude systems, CISK is
usually discussed in baroclinically unstable systems. A linear CISK analysis is made here
to demonstrate that CISK may be responsible for the initiation of Mei-Yu frontogenesis. To
illustrate the independence of the formation of Mei-Yu front on background baroclinity, we
will assume that the background state of the analysis is homogeneous in X with a constant
vertical gradient in 6:

_ _ - 08

The atmosphere is assumed stationary at the initial time except a small perturbation propor-
tional to

eatesz

We will examine the properties of &, how it depends on the wavenumber & and other
background parameters. In the followmg a buoyancy frequency N will be used wihich is
defined as

9 qo
N2=2Z22
00_ f
The governing equations for the perturbatio'n quantities can be obtained by linearizing
(2) through (6):
oq’' OE'
= =7 (Ta)
¢ 0Z
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Foe YV 3% =75, 9% (7¢)

with the vertical velocnty at the top of the boundary layer induced by eddy viscosity given
by

(70)

.w: — kec’*r: (K/zf)l/?,cl*

The primed variables denote deviatins from the Background state. A simple parameterization
will be used to represent cumulus heating:

E = ew*h(Z) (8a)

where h(Z) gives the vertical distribution of heating A piecewise. linear profile will be used

2 Z Z < Z
hZ)=3 3% S - (8)
{ %——H_ZZP Z> 2z,

h(Z) is normalized in the sense that the vertical integration of k(Z) from the lower to the
upper domain boundary gives unity.

The solution to -the linear eigenvalue probIem can be obtained in a straightforward
manner. First consider. (7c) we note after assuming sinusoidal variation in X it can be
written as

621,/,-;l _ N2j? W = . kg kg
0z*  f? '8,
Decomposing the stream function into a particular and complimentary part
Pk =+ bl
and letting
oy, 9' '
——F
_ ¢P 80 N 2k
one gets

o%y, N2 , Oy .9 " 28(Z — Z,)

Y f? ve="2p = "8 N2k Z,(H — Z,)

where § is the Dirac delta function. %2, is therefore the Green function of the above equation
and is given by
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v = —iL L pz)

6o N2k Nk
where
F(Z)=2{Z,(H — Z,)]” 1[cothT(H VA )+coth— o]t
sinh%Z/Sinh—f\-}—"-Zp Z < Z,
sinh Xk (H — Z)/sinhBK(H ~ Z,) 7 > Z,
Therefore
g ew'™
U= iy O2) (%a)
and
G(Z) = h(Z)— f F(Z) (9%)

To obtain the solution for the perturbation potentlal temperature, we note after combining
(7a) and (7b)
[ 1 92 L1 1 92 ]68' 1 9’E'
f2 8x? " N29z?' ot N2 0Z2
which becomes after substituting (8)

[ lig Nzkzw,_ 1 2ew™
022 ik 0 Zy(H — Zp)
where ¢ is the growth rate. @' is therefore also the Green function of the equation. Using
the boundary condition ' = 0 at Z = 0 and H, one obtains
ew'™ f
c Nk

where F'(Z) is the same as defined earlier. Since no surface heat flux or background baroclin-
icity is assumed in the analysis, the boundary condition used for 8’ appears to be reasonable.
Once the perturbation temperature is determined, one can determine the perturbation vorticity
from the relation

5(Z — 2,)

6 =

L r(z) (10)

' -08 60
- ¢ =(37+¢3z
and (7a):

y 08, zew” 9G(Z) :
¢ = (2l 29 a
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The growth rate o can be determined by noting that at the top of the boundary layer
Z = Z*, the heating induced vertical velocity is given by

gew
6 N2 f

wit = —ikSH(2) = £ 5 S 6(2")

and ther vertical velocity due to Ekman layer pumping

I* — k CI* _ k [ ]-lc-ew’* aG(Z*)

T8z
Since w'(Z*) = w™ =wi +w,
L9 1 F9G(Z)
L=ela, N2G(Z )+ ke [az] s 97
We get after rearranging terms:
k. =2 9G(Z")
= EC—BZ (12)
g0 — (G(Z*)

The growth rate is directly proportional to k. since the Ekman layer pumping is the
controlling mechanism in this analysis. The solid curves in Figure 1 show the growth rate as
functions of wavelength, both in logarithmic scale, for three different values of the background
absolute vorticity. The calculations were made with the following set of parameter values:

f=06x10"4s"1, H =10km, &, = 293K, g—g =3K km™!

Z* = lkm, Z, =5km, K =>5m?s"! € = 58K

7

The three curves labelled 1, 2, and 3 correspond to background vorticity

< 4 5]

¢ = f ) gf 3 gf
respectively. The effect of heating increases with increasing value of background vorticity.
The growth rates are rather fast and are remarkably independent of wavelength for wavelength
smaller than 1000 km; the e-folding time is substantially less than a day in this range of the
spectrum, and is about 0.25 day for curve 2. For wavelength above 1000 km, the growth rates
decrease rapidly. The instability produces therefore mainly mesoscale phenomena and the
effect of the positive feedback mechanism is not diminished if the scale of the phenomenon
decreases with time.
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Fig. 1. Growth rate as function of wavelength with and without the contribution
from thermally induced boundary layer moisture convergence plotted as
solid and dashed curves, respectively. The curves labelled as 1, 2, and
3 corresponds to background absolute vorticity f, (4/3)f and (5/3)f,

_respectively. Values of other parameters are given in the text.

The rapid growth rate indicates that meso-3 scale cloud clusters can appear rapidly
after some small initial perturbations. The growth rate, as indicated in (12) depends on the
value of heating parameter which is proportional to the amount of moisture in the boundary
layer. As we will show in the sensitive studies, the growth rate is substantially reduced if
the heating parameter is reduced by half.

The scale dependence of the growth rate can be understood from the sturcture of the
disturbance. Heating by cumulus clouds goes to driving vertical motion against vertical
stability, and to heating the atmosphere and increasing the potential temperature. Since the
present CISK mechanism is proportional to the rate of convergence (and therefore vorticity)
at the low levels, the growth rate is proportional to the first component, and decreases as the
magnitude of the second component increases. Since the effect of this second cornponent is
appreciable only when the scale of the disturbance becomes comparable to or larger than the
Rossby radius of deformation, the growth rate is more or less independent of wavelength for
wavelength less than 1000 km or so.

In our analysis both the frictional induced as well as the thermally induced low-level
moisture convergence is included in calculating cumulus heating. The inclusion of this
thermally induced component is a major departures from Chamey and Eliassen’s original
CISK analysis (Charney and Eliassen, 1964). In Figure 1, the three dashed curves are the
growth rates obtained with this thermal component removed. As can be seen from the figure,
the thermally induced low-level convergence provides a major part of the moisture used in
cumulus heating, even though frictional induced convergence is the controlling factor in the
positive feedback loop. :

Because of the simplicity of the model used to describe a rather complex cumulus
convection process, it is not easy to estimate the value of the heating parameter €. If one
assumes that total heating is equal to the moisture convergence in the boundary layer, then
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_ Lr,,
= C,

where L and C,, are the latent heat of vaporization and the heat capacity at constant pressure,
respectively. r,, is the typical specific humidity in the boundary layer. But in reality total
latent heat release in an air column is influenced by a number of factors, and could be
considerably larger than the amount indicated by boundary layer moisture convergence alone.
These factors include surface evaporation which could be quite considerable if strong surface

winds are present, and moisture convergence above the cloud base level. Craig and Cho
(1988) suggested that a more appropriate vlaue should be

Lr,

Cp
and the values of 7 estimated from a number of observed polar air stream disturbances range
between 2 and 4. Here we adopt the conservative estimate 7=2. Using this value we have

~_ [50K if rm=10g kg™!
~ 25K if rm =5g kg

We present in Figure 2 the growth rates for the same three cases as before, except the
heating parameter =25 K is used. The growth rates are much smaller than those shown in
Figure 1; the e-folding time for curve 2 is about 2.3 days in the mesoscale. A comparison
between the solid and the dashed curves in this figure shows the contribution due to heating
induced moisture convergence becomes smaller relative to the contribution from triction
induced boundary layer convergence, due to the reduced heating rate.

Because of its linear nature, the present analysis does not include the nonlinear feedback
process discussed in the introduction, except for the simple demonstration that the growth
rate becomes larger with larger background vorticity. “The inclusion of this process requires
a nonlinear model which will be discussed in the next section.

£ ~ 2.5 x 10%r,,

E=n

=)
[
4 ]
I

[
[}

107" -

GROWTH RATE (s

o7 i L 1
10' 10? 103 10*
WAVELENGTH (km)
Fig. 2. Same as in Figure 1, but with a smaller heating parameter =25 K.
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4. NUMERICAL MODEL

A numerical model is used to study the nonlinear feedback mechanism discussed in the
introduction section. The model is similar to those used in Chan and Cho (1989), Cho and
Chan (1991) and Cho (1993); it is a two dimensional finite difference model in the (X, Z)
plane, with central differencing in space and leap frog in time. The model consists of 21 grid
points in the vertical and 253 grid points in the horizontal with*AZ=500 m and AX=25
km. At=5 min is used in the integration. It is based on (2) through (6), equation (5) is used
to determine the vertical velocity for vertical advection and (3) to determine the potential
temperature field. The model is solved in the geostrophic domain and results transformed
back to the physical space (z, 2). ,

Two sets of integrations are made: one set with no background baroclinic field, and the
other with a moderate temperature gradient. In the absence of background baroclinic field,
the initial potential vorticity field is given by

g=4q0 + g (13)
with
90
g0 = f?’?_Z (14)

where the vertical potential temperature gradient is assumed uniform at the initial time, and

1-£ 2<2Z
i = Ag; exp[—(X - Yo)? /L2 Z -t 15
o= Agenl-(X ~Yop/mz)x{ "% T5h )
The initial potentiai temperature field is then
8="0+27+0; (16)

f

where ; is determined from (3) with the boundary condition that 8;=0 at Z=0 and H.
Again cumulus heating will be parameterized according to (8) with the piecewise linear
heating profile. The condition is applied that heating is zero when w* is negative.

Figure 3 shows the maxima of vertical velocity over the domain of simulation as func-
tions of time in four different simulations, In the first case (labelled as 1), the value of the
potential vorticity anomaly is Ag;=(1/3)go with L, =100 km, Y5=0, and Z,=3 km. All the
other parameters are the same as in the base case of the linear analysis. In case 2, the mag-
nitude of the initial PV anomaly is reduced to 0.1qq. In case 3 the eddy viscosity coefficient
is reduced by a factor of ten, and case 4 the heating parameter ¢ is reduced by 1/2. Note that
the figure is presented in logarithmic scale, so the rate of increase of the maximum of w is
faster than a simple exponential growth. This increase of growth rate is due to the nonlinear
feedback process discussed earlier. As the vorticity perturbation is increased, so is the effect
of latent heat release. Figure 4 shows the distribution of vertical velocity across the potential
vorticity anomaly from the fourth simulation at model time 24 hr. The updraught region
which represents the position of the front is only about 250 km wide. Results obtained from
the other cases are qualitatively similar.
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Fig. 3. Domain maxima of vertical velocity as functions of time, plotted in loga-
rithmic scale in four separate simulations. In the base case (1) the potential
vorticity perturbation is assumed as (1/3)qg, with L,,=100 km. All other
parameters are the same as in the base case of the linear analysis. The
other cases are (2) Agm=0.1qp; (3) K=0.5 m?s~!; and (4) e=29 K.
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Fig. 4. Distribution of vertical velocity in case (4) at model time 24 hr. Contour
intervals are 0.2 cm s™1.
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If we consider ther slopes of the curves in Figure 3 as the growth rate, then changing
the magnitude of the initial prturbation in ¢ does not have any significant effect on the
growth rate. Both the eddy viscosity coefficient and the heating parameter affect the growth
rate as indicated by (12), but it is far more sensitive to the value of the heating parameter,
as indicated by curves 3 and 4.

In the simulations with a background baroclinic field, again we determine the potential
temperature field from (3), but with the following boundary conditions at Z=0, and H:

00
6=0+ -2 +0,(X) (17)
where
GS(X) = Ad, tanh(X/Ls) (18)

A simulation was made with the following parameter values:

A, = 8K; L, =1500km; Y, =1.032L,; 6o = 289K

All other parameters are the same as those in the case shown in Figure 4. The PV anomaly is
placed initially at the location where the classical front would form if a frontogenetic forcing
is provided at the synoptic scale.

Since there is no large-scale deformation or other type of scale contracting flow imposed
on the simulations, the presence of baroclinicity induces no vertical motion whatsoever in the
absence of cumulus heating, The only difference it makes is in the background vorticity field
associated with the temperature field which, due its effect on the coordinate transformation,
tends to give a somewhat larger vertical velocity near the front in physical space. Thus we
do not expect any effect other than a somewhat larger vertical velocity and vorticity near the
front, especially when one take into consideration the effects of positive feedback of vertical
velocity onto itself through cumulus heating.

Figure 5 shows the domain maximum of w, Wp,,,, obtained in this simulation in
logarithmic scale as a funciton of time (solid curve). Again due to the effect of nonlinear
feedback, it grows at a rate faster than that of a simple exponential growth. Compare this
with curve 4 in Figure 3, The present case gives a stronger vertical velocity, as explained in
the previous paragraph. Also shown in the figure as the dashed curve is the half width of the
updraught region at the cloud base level, defined as the width of the region with w>0.5W,,, 4+,
one half of the value of the maximum vertical velocity at the cloud base height. As can be
seen from the figure, the half width, and therefore the frontal width, decreases very rapidly
as scale contraction due to the convergence flow of the convection continues, even though
there is no scale contraction forced onto the system at the synoptic scale. This appears to
be the basic mechanism of Mei-Yu frontogenesis. This rapid decrease in horizontal scale is
faster than exponential because the self-accelerating nature of the process.
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Fig. 5. The variations of W, (solid line) and the half width (dashed line) of
updraught at the cloud base level, obtained with a moderate background
baroclinicity. See text for the definition of the half width and other details.

S. CONCLUSIONS

The results presented in this paper suggest that Mei-Yu fronts is characterized by a line
of high values of low-level potential vorticity which is both the cause and the product of
the fronts, and that Mei-Yu frontogenesis is the result of the ageostrophic wind produced by
convection along the front.

A linear CISK analysis was first made to illustrate that a front-like structure can be
produced from an initially weak perturbation without any synoptic scale forcing. The positive
feedback processes responsible for the initial growth is the usual CISK mechanism, that low-
level PV anomaly leads to cumulus convection, and cumulus heating further intensifies the
low-level PV anomaly. We included in this analysis both the friction-induced low-level
convergence as well as the low-level convergence induced by heating, and found the heating
induced moisture convergence can be a major fraction of the total convergence responsible
for the moisture supply to convection. The intensity of the CISK mechanism is substantially
reduced if the heating induced moisture convergence is suppressed.

The linear process, however, is not sufficient by itself to explain the Mei-Yu fronto-
genesis which is essentially a nonlinear process. We suggest such a nonlinear feedback is
provided by the fact that the production of low-level PV by heating is proportional to both
the heating and the low-level horizontal wind shear, which in tumn is proportional to low-level
potential vorticity. A nonlinear numerical model is then used to illustrate the importance of
this process. The results of the model showed that due to this process Mei-Yu fronts both
intensify and contract in horizontal scale at a rate faster than the exponential rate suggested
by the linear CISK theory. ‘
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The numerical model used in this first study is by necessity a very simple one. It is
expected to be qualitatively correct, but not quantitatively accurate. A better model with a
better treatment of the boundary layer processes is needed in future studies.
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Appendix
Comparison of PV Generation
by Convective Heating and by Eddy Viscosity

Assuming the Ekman layer model, the vertical velocity at the top of the boundary layer
due to eddy viscosity is:
* 142
w* = ( ) / ¢t

[4
For total vertical velocity at the top of boundary layer we assume

L *
w = aw,

Depending on the heating parameter €, a value of 4 would be a reasonable estimate in the
mesoscale, Using the heating function given by (8), the rate of PV production due to cumulus
heating is estimated:

BE-
i LKy 2 A-1
The rate of PV generation due to eddy viscosity can be estimated similarly:
0 _
1,398( I,waf? *ﬁ (A—2)

‘ez 85 "z D2

where 3 is the fraction of the wind shear within the boundary layer that actually takes place
above the surface layer; a value 5=0.2 will be used in the estimate, D is the boundary layer
depth. Using the parameter values in the simulations,

88 9%¢ 172,08 .,
< az]/[f 3z 322~ [22 H][:ZI{] / [az] [B'] ~

PV generation due to eddy friction is therefore considerably smaller than that due to cumulus
heating,
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