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ABSTRACT

The balanced atmospheric response to a squall line 描 a mo 吋ng heat
曲urce is computed. Specifical 旬" we consider the permanent modifications 個

the large-scale balanced flow (geostrophy) rather than 曲etr 可ansient gravity.
inertia wave motion. The potential vorticity anomaly, horizontal and vertical
wind shears in terms of a dimensionle 國 parameter α個d swept-through dis--
tance of the squall line are presented. The physical meanings of the parameter
α are discussed. Observational ca 甜s from mid-latitude, subtropi 四 and trop..
ics are given in terms of the squall line speed and α . This classification is based
on the balanced atmospheric r,甜ponse that the squall line induced. Namely,
we emphasi 盟 the concept of potential vorticity and balanced dynamics to
classify the squall lines. The α-c classification will provide a measure of 曲e
squall line force in dynamic models. The computed balanced solutions give
a reference base to monitor the geostrophic adjustment p 間的國es. Moreover,
the α -c observations enable us to interpret the model r 目ult related to di ι
ferent observational squall lines. The invertibility computations from squall
lines during Taiwan Area Mesoscale EXperiment (TAMEX) are shown. The
implication of the results and future research are discussed.

1. INTRODUCTION

前Ie semigeostrophic 可 stem is a filtered set 'Of equations provid 旭.g remarkably 缸curate
descriptions of'many phenomena which lie beyond descripti'On by 血.equ 祖i-g ωstrophic eq 聞-
tions. Traditionally. the phenomena studied include surf 前 e 缸1d upper tropo 叩heric fro 拙 ,

je 扭扭d 田eluding' bar 田 l 恆 ic way 間 . The 缸'st exploi 扭曲n of the 臨mig ∞strophic system
W 扭曲e two-dimensional f扭扭扭genesis s 扭曲間。f Hosk 旭 s (1971) and Ho 血扭S 個d Bre 血ler-
個n (1972). Imposing a horizontal deformation field to fOI 扭曲e frontogenesis 扭扭曲 study
made by Ho 出血 (1972). 由e 揖mige 由缸ophic 可stem is able to genera 扭扭 finite temperature
gradient at the surface in less 曲曲 12 hours. 四由 is ow 恤g 個 the feedback of geostrophic rel-
ative vorticity (9 and 血e ag ∞甜呻hic 甜cond 呵 circulation 扭曲e 臨別 geos 肋,phic 可臨風
which is mi 扭扭g 扭曲e quasigeos 缸'Ophic system. By combining the g∞,strophic momen 個血
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approximation 但li 且sen, 1948) 血d 血.e g, 曲曲ophic c∞rdina 蛤世祖sform 甜on (Yud 妞 . 1955).
a comprehensive semi-geo 甜ophic 曲曲可詛 three dimensions was worked out by Hoskins
(1975) and Ho 立ins and Dra. 且ici (1977). La 侮r frontogenesis studies by H 。此旭 s (1976).
Hoskins and West (1979) and Ho 血ins and Heddey (1981) involved the forcing from a 缸,

veloping baroclinic wave with Eady waves and uniform po 記ntial vorticity flows. A study of
血e energy cascade predicted by 血e semigeostrophic 也開可 of frontogenesis c扭扭 found 旭
Andrews and Hoskins (1978).

In these mid-latitude baroclinic wave 個d 宜'ontogenesis studies wi 也 semig 叩S 缸'ophic
可 stem, 也e poten 且 al vo 叫ci 可且eld is of central attention. The potential vortici 可 previausly
h 揖 been 凶ed 揖 a passive 缸缸缸, far example. 個缸ace 血e en 虹ainment of s 缸'atospheric 剖z
詛 to 血,e troposphe 扭扭曲 iel 帥 . 1968). 四珊 , only the ∞臨 ervation property 'Of R'Ossby-Ertel
potential vortici 可 h 閏 been emphasized. The more recent view has added dynamics to it-
血e concep ω 'Of balance dynamics, invertibility and transform 吋 horizontal c∞Irdinares. It
provides the simplest way 扭曲agoo 峙。r predict balanced dyna 血ics 也rough 曲e use of the
Rossby-Ertel pot 叩 tial vorticity on i品ntropic or en 甘opy surf 缸 es. τbe 缸臼:pt 扭曲 'Of the
modem view is in large part due to 血e discussion 'Of Ho 出ns et al. (1985). wha point out
血at "PV 崗位旭車:" C組 lead 岫扭的臨ed insight inta such phenamena 扭曲e farmation of cut-
off cyclanes 祖d bl 個king anticyclones. Ro 晶by wave propagati 凹, 祖db 缸囚liniclbar'Otropic
instability.

The 臨migeostrophic equations 旭 terms 'Of
“'potential vortici 可 modeling" inv'Olve two

main mathematical principles. the con 品 rvation 'Of po 胎ntial p 田:udo-densi 可 ( 也e inver 晶。f

potential vortici 可 ) and the principle of invertibili 可﹒ The conservation of pseudo-density
配問 es 扭曲e fundamental prediction equation of the model. The invertibility serves 扭曲e
diagnostics to obtain the balanced wind and mass fields from 血e predicted potential 伊eudo-
density. Along the path of “potential vO 吋 ci 句 modeling", Schubert et at (1989) studied
血e balanced atmospheric respo 阻eoo 血e 叫ualiline in mid-latitude by 曲.e semigeos 缸'ophic
model.

h 血 is paper, we study the atmospheric equilibrium 扭曲甜ophy) respon 血 to squall
lines during Taiw 組 Area Mesoscale E 在pe, 血oent (Kuo and 臼咽 , 1990) wi 血 a model similar
扭曲 at of Schubert et at (1989). We pre 臨別出,e semigeostrophic m αleI wi 血 the entropy
(cpln(9/9o) vertical c ∞rdina 且 Wedi 回U扭曲e 恤etional dependence of semigeostrophic
solutions wi 出 an ideal moving heat source 祖 two dimensions. We re 詛峙中re 胎出e α p 缸缸恥
eter 旭甘吋ueed by Schubert et al. (1989) 個ds 甘ess 血

2. SEMIGEOSTROPHIC THEORY IN THE ENTROPY COORDINATE

2.1 Potential Pseudo-density Equation

We begin wi 血 the f -plane system of equations wi 曲曲e geos 缸'Ophic momentum ap-
proximation 但 Ii 晶晶凡 1948; Hosk 恤 , 1975) and proc 臼d wi 血 an analysis similar to 血的 of
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Schubert et aI. (1989). but rather 也祖 using potential 臨mperature 8 扭曲e vertical α>ordinate.

we use the entropy
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揖 vertical c∞Irdinate. Here p 扭曲.e pre 晶ure 祖dT 也e 曲 solute temperature. which are
related 個 density p by the ideal gas law p = pRT. 祖d 血e subscript 0 denotes a constant
reference value ( ιg吋也at at 也e bottom of the 血吋 el). τ'he 個甘opy c∞rdinate provides
slightly better resolution 扭曲 lower atmosphere and avoids 曲曲曲“on of Exner function
II. which has no direct physical significance.

Assuming the flow 扭曲ctionless. 。叮叮stem becomes

包 n - aMι� - Iv + τ-:;;: 0,
Dt

,,-, {) (2.2)

Vn - a 且fι,': + I u + 一一 :;;: 0,
Dt '"

-, ay
(2.3)

。且([
-

as
一刊 (2.4)

D σ
'
。包 ()v as ,一 + σ ( 一 + 一 + 一 ) = 0,Dt 、 ax ' ay

,
{)s '

-, (2.5)

where

1, {) 且([ a 且4
( 句 , V9) = :(- 一一一� )1\ ay � ax "

師也e compon 凹的 of geostrophic veloci 旬. ( 包 , v) 也e horizontal components of 個凶 veloci 旬,
M = cpT + 州e Montgom 叮 potential. σ = -話也.e PseUI 曲-densi 甲, 叫

(2.6)

D a () a .a一 = 一 +u 一 +V 一 +s�
Dt at' - ax ' - 8y I -

8s
(2.7)

血e 阻個I derivative.
The equation for the isentropic absolute vorticity can be derived from (2.2) 個d (2.3).

It takes the form

D ( . .. � 8u . av.. �.. 8. a一 + (( 一 + :�J - (� 一 + η -=- ) s - 0
Dt

.
�\.8x . 8y' '" 8x '

.,
8y

(2.8a)

or alternately. the potential vorticity form

。。一 ( σq)+ 一 ( uuq -的�τ ( 甘σq-s η) = 0,Ot'- 7.'
,

ax ,-- 7. -'of' ()'tJ
(2.8b)
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where q = (/ σ扭曲e Ro 盟by ﹒面el po 蛤ntial vorticity 阻dwhere 帥∞mponents of 曲
曲曲 dimensianal 油田 lu 但 varticity v'輯關的 given by

。 (X, Y)
-

flvg
I

1 {)( 包 g,Vg)
{=/ 一一一 = - -�- II + 一旦4

。 ( 甜 ,sY
- Ds' 1 D(y, s)

,

η

{}(X, Y) 一些且 1 {)( 包g,Vg)
=1 一一一一一 +00:: 一一一一-

。(s,x) - {}s ' 1 {}(s,x)
,

。 (X,Y) 舟Vg (}Ug, 1 {)( 旬 ,Vg)
(=1 一一一一 = 1 + ""'g 一一 + 一一一一

。 (x,y) - J' flx fly I

1 fl(x,y)
,

(2.9a)

wi 也 X and Y defined 晶

阱
Vg 'Ug )

1'� 1

The 問世叫 ence 'Of (2. 制 and (2.8b) follows easily from the f:叫曲at v{ / ox +8 η /8y+
v( / as = O. The significance 'Of (2 品 ) is discussed by Haynes and McID 可閱 (1987).
wha draw attentian ta the fact that far the primitive equatian 扭曲e 的祖 trapic c∞ifdina 悔 a
flux farm such 曲 (2.8b) leads dir, 目 tly 扭曲曲曲rem 血at even wi 血 diabatic heating and
貴ictianal forces “there can be na net 虹個哥)Ort 'Of Rassby ﹒Ertel potential varticity 缸ra 扭曲y

isentrapic surfaces" and 也叫“potential vo 吋city c祖 neither be created nar destroyed wi 也旭
a layer bounded by twa i揖ntrapic surf 缸es." Fram (2.8b) we c αlClude 血at 血ep 血niti 呵
呵natian result 'Of Haynes and McID 可re al 個 halds when we make 也e geostrophic momentu 血

approximatian wi 血 entrapy 曲 vertical c∞Ird 面臨.
Wec 祖 elimina 扭曲e 扭曲缸opic divergence betwe 曲 (2.5) and (2.8a) t'O 'Ob 姐姐

(2.9b)

σ "',�{} {J .0一一 + 一 ({ 一 + η一 + ( ;Js = 0,
Dt ' ("" ax I

"J {}y
,

... vs
(2.10)

where

σ
rJT'
、

一
一

也
情σ (2.11)

is 也e potential p 田:udo-d 臼lSity, ﹒

Ta gain a deeper understanding 'Of the physical meaning 'Of 血.e potential p 臨ude 卜densi 旬,
cansider a small cylindrical element 'Of fluid spinning cyclanically relative ta 也e ear 血 (Le..
( > I); this fluid is 1?ounded an 血,e battom 個.d top by twa entrapy surfaces. If 也e flow
is adiabatic. we canclude 宜。m (2.1 0) 也at σ ' 旭 can 血W吋 . sa 血at the pseudo-densi 可σ

must decrease as the absolute vartici 可 (d 自扭曲間 . i.e. 也,e p 甜甜叮'e difference between the
bottam and tap isen 缸opic surfaces must decrea 扭曲 ( is r,αluced ω I. One can imagine a
rearrangement process in which ma 血 maves 'Outward 旭 a divergent fashian without crossing
扭曲 the bottom and tap entropy surfaces. leading to a si 血恤扭曲us reduction of σ and

ι Of cour, 曲 . if 血e fluid element were originally spinning anti 叮'CloRically relative to 血e
間也 (i ι ( < I). 也e rearrangement would r,叫曲'em 臨個 move inward while σ and (
巫rout 個且叩,usly increa 晶d. In either ca 晶 we can interpret the potential p 田ud, φdensity σ * 晶
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也.e pseudo-density 也e fluid element wo 幽叫曲eif(werec 岫抖.to I un4er a 恤岫l閥
祖d adiabatic rearr 血gem 曲t pl1 α;e 國 .

Since ( c祖 be expres 臨d in tenns of 'Ug and Vg 祖d he:臨 M 曲ough geos 賀。phic
bal 個ce (2. 旬, 祖.ds 姐回σ C個 be exp 時臨d 旭 tenns of T and h扭曲M 也rough hydr 個tatic
balance (2.4). there exists a 回cond-ord 前 p 缸世al differential 叫uation relat 姐gM 阻d σ

'"

This eq 聞組凹 . along wi 血 i 的 associat 叫 boundary ω吋iti 回過.is us 咽lIy 時ferr 吋岫扭曲e
旭vertibility principle. Thus, we have (2.10) 揖 a predictive eq 聞自,nfOl' σ '" and 血 a扭曲 iated
旭vertibili 可抖nciple from which we diagno 阻 M from a known (1"". As we 曲all 晶e from
也.e simplici 可 of (2.35), σ ' 臨個S 個 be a more conve 甜甜 vari 曲,Ie th 祖 its 旭.verse, 曲S

commonly used po� 個tial v 叫icity. In fi缸 t, Schubert et aL (1991) 血ow 也at σ
'" is a much

bet 臼:r variable 血扭曲.e potential vortici 可 to dyna 血ically define 血e tropop 個臨扭曲e tropics.
The DIDt 扭扭 express 吋祖 physical sp 缸eby 位 ;7), (2.10) involves advection by 血e

阻凶 w�d, in which case 血,e predictive 呵聞自n for (1"" 祖d 也e 旭.ve 甜bility p:血ciple do not
fonn a clos 吋可stem. This is 伽 point at which geostrophic coordin 帥 (X,Y,S,T) =
(x+Vg 汀,Y-Ug 汀 , s, t) ente 叫 . Derivatives in (x, 恥 s, t) sp 缸e 臨時lated to d 剖va 由es
in (X, Y, S, T) space by

a ax a ay a a一 = 一一一一十一一一一 + 一一
'。 t - at ax I. at ay I

aT'
(2.12)

a ax a ay a一竺一 -----ax - ax ax ' ax ay'
(2.13)

a ax a ay a一一一一-一 -
ay - ay a x ' ay 8Y'

(2.14)

a ax a ay a a一 = 一一一一
+-;
一一;;+ 一 -OS as ax I as ay

, as (2.15)

Inverting (2.13) 組d (2.14) to obt 剖n

(a ay a ay 8
la 主

= ay ax - ax 苟 , (2.16)

( a oX a , ax fJ
�-�-zú 蝕�---
f OY

- ay ax I ax a 盟
, (2.17)

缸.dus 旭.g (2.16) 組d (2.17) 區 (2.15). along wi 血 (2.7), we obtain

a _a 0 .a
C
一 ={ 一 + η一 +( 一 ,as � ax '

-, ay
,

� as
(2.18)

which shows 由 at a I 8S is the derivative along 血e vortici 可 V叫自 and 曲“ (X, Y, S;T)
缸'e what might be called “vonex c∞ rdina 臨 ..
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E 位press 血e geostr'Ophic 祖dhy 曲'Os 叫C 呵叫ans 扭扭 , Y, S, T) 申帥 . it 包 co 血
,

venient 個詛缸。duce 血e Bernaulli function

句

tana
o+

qanus

u
-A-qL

+M=*M (2.19)

Applying (2.1日 . (2.16) 組d (2.17) t'O 血e Bernaulli 恤ctian, it can 扭曲.own that geostraphic
and hydras 扭曲 relatians in (X, Y,S, T) take 伽 farm

。且4 嘲。且4 輛。且'*(l'Ug, IVg, T) = (- 一一一一一一 )H
、

g, ... , - , ay' ax ' as (2.20)

which are identical 扭曲e farm t政en in (x, y, s, t).
The transfarmation relatians (2.12)-(2.15) imply 血at 血e total derivative given by (2.7)

C祖 al 品 be written 描

D {). -'- a . -'. {)
. .。一一 = 一一 +X 一一 +y 一一 + s�,."Dt {)T

I
-- ax . -

8Y
,-

88'
(2.21 )

where X = DXjDt 組d Y = DYjDt. In 血e frictianless aunasphere. it can be easily
shawn 血 at

X= 門 , (2.22)

Y = Vg' (2.23)

Am 吋前 adv 血泊ge 'Of 血e transfarmatian 甜am (x,y, s, t) space ω阱 , Y, S, T) space is
也e change from advectian by ( 包 , v) t'O advectian by (X, Y). which reduces to advectian
by ('Ug, 叮 ) 扭曲e 制.ctianle 血 C帥﹒

With 也.e help 'Of (2.18), 也e patential pseuda-density equation (2.10) c個 be simplified
as

Dσ車也 as一一 + ♂一 = O.
Dt

,-
8S

Using (2.21) we c祖 W自己 (2.34) 姐也e flux farm

(2.34)

。σ * 。一一 + 一一 (X σ *) + 一 (Y 0"*) + 一 (何 *) = 0,
。T

. ax ,-- - � . {)Y'- - �
' as

(2.35)

which 臨凹es 扭曲e fundamental predictive equatian 'Of 血em 叫 el

2.2 Invertibility PI 恤 ciple in Two and Three Dimensians

The invertibility principle relates σ * t'O M 弋 Fram the definitian 'Of σ * 詛 (2.11 ) 組d
血e definition 'Of isentropic vorticity

I
-

8(x, y)
-

1
1 舟" 舟 'Ug \ I 1 8( 包.g, 叮 )

- -一一一 =1- 一 ( vvg
一 v"'g

.L
V\,"'g 且

( - 8(X,Y) - �

1'8X 8Y'
I

P 8(X,Y)'
(2.36)
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we have
。 (x,y,p)

+ σ * = O.a(x,Y, 的
(2.37)

Expressing x and y in terms of � � and 句 , 個d 血.en using 血e 呵uation of sta 能 p = pRT .
geostrophic and hydros 個.tic balanl 間s of ( 2.20). we c 血 write (2.37) 祖

且
一
戶 (
你 p

Xy

pMxs

1.4'"*.!...aXy

Myy - p
pMyS

Mxs \
MyS I + ♂ =0

(pMs)s J
(2.38 α )

E 血e upper boun 也1)' is 祖 en 虹'Opy surface wi 也 entropy Stop and 也,e temperature Ttop is

sp 即組吋 there (e.g. ﹒ T is constant far 個 iso 血.ermal 個p). 也.e upper boun 血可∞ndition for
(2.38a) is simply

。且[*

as =.1 top at S = Stop, (2.38b)

where Stop = cpln(8 叫。0). Likewi 時也e lawer 加und 叮 is 伽世ntropic surf 血e with
potential temp 前ature 8 � 80 and 也e geapotential is 申自Hied 也已閱 (e.g. �bot = 0 for a flat
surface). then M = cpT + �bot at S = O. Written in terms of M弋血is lower boundary
conditian becomes

。且[* 1, a 且["" ,') 1 ,aM* ,')

* - c 一一一一 ( 一.� y 一一 ( 一=-- ) <1 -伽p as 2J2 θX I 2 J2' ay at s= o. (2.38c)

Together with appropriate lateral 加,und 呵 conditions. equatians (2.35). (2.20) and (2.38)
farm a clased system far three dimensional invertibility. The camputatianal scheme is 祖 fal-
laws:know 旭g (1*. 曲lve (2.38) for M*; u 晶 (2.20) 阻 campu 旭 ( 門 , Vg); u扭曲e 田 geastraphic
wind winds 扭 (2.35) 阻 prl 吋ict a new σ代

Considering an in 自由.ely long 呵uall line which induces a two-dimensional flow wi 曲
。lay = (Jlay = o. 包 = 包 a(i.e. Ug = 0) and v = Vg (Le. Va = 0). Equ 亂ian (2.35)
也en reduces ta

。σ * 。一:;:;-+ 一 (如 *) = 0
aT ' as (2.39)

個d (2.38) 個

。 82M*, a , aM 鵰。 2 M* ,,",

-'"'

σ
(1"1. - -�;? )一 (p 一一 ) + p( 一;.�C'? + 1"1. 一 = o.8X2 '8s,r 8S I 'naxas' '.J R

(2 心 a)

。且[* -
3 了 = .L top

aM"" 1 ,a 且["" ,')

"" - c 一一一一τ ( 一.: )"1. 口仇。tp
as - 21'£\ ax

at S = Stop, (2o40b)

at S= o. (2 心 c)

Bee 扭曲 the geastrophic flaw does nat advect σ * 扭曲e two-dimensianal ca 暉 . we can naw
曲Ive (2.39) far (1* independent of the solutian of (2.4 的.
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3. ATMOSPHERIC BALANCED RESPONSE TO SQUALL LINES

3.1 Analytical Solution of Potential Pseudo-density

In our calculati 曲曲e 呵ua11 lines will be viewed as a moving heat 即回回 . Thus, a
moving he 甜甜宙間 wi 血 a Gaussian shape 旭 X and a mid-b'op 囚pheric m 血泊urn 祖 two
dimension and propagating at canst 祖t speed c is conside 時d. The source is

(X - CT)2 宵S
品 S [ \��

��' ] ' [ �.�.N� ]
晶

'0
iJtop

(3.1)

for T > 0, where So is 曲em 咿i扭曲 which related ω ahea 峙帥 Qo by So = cpQo/Bo
個d Xo the e-folding half-width of 也.e heat source.

Substituting (3.1) in (2.39) we obtain

的 'T2 主 (u* sinZ) + sinZ �a'7 ( σ
... sinZ) = 0,

。z (3.2)

where Z = 叫 / Stop 祖d T = (cT - X)/Xo). The dimen 咖岫 s parame 間

α Q

-Stop/( π So).
, (3.3)

which is identical to 血e α in 缸oduced by Schubert et al. (1989) within the accuracy of
O((S/Cp)2). To uni 母也C 可m凶 I wi 也 Schub 叮t �t al. (1989), we will use α宜。mnow
own. According 個 (3.2) 血e quantity σ * sinZ is constant along each characteristic curve

d 叫ermined from dT / ( α eT2) = dZ/(sinZ). By integration of 血is 伽叫eristic 呵uation
we can show 血at 血e characteristic through 血e point (X, Z, T) appro 臨hes (扭曲.e far field)
the level

先向恥 2tan-l(e- β叫什 ), (3.4)

where

,0
(3.5)

Let us 甜sume 血 at X →土∞ . u* approaches the constant σo. Since σ * sinZ is cons 個ot
along each characteristic. we can write 血e 即lution of (2.39) 組

的 Zo(X, Z, T)
σ *(X, Z, T) = 內

sinZ
. (3.6 α )

AI 出ough (3.6a) is indeterminate at 血 e top and bottom boundari 間 , u 曲。f VHopital's rule
yields

)Trv
叫

1
刑AFE

SLVSLVrEptEK

。σ一
一

、

..,F

Tzxfi-
-'

σ z= π

z= O.
(3.6b)
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In sum 血紅y, (3.6) along wi 血 the auxiliary relations (3.4) 血d (3.5) give 也e 組alytic 回lution of
(2.39) wi 血也e specified heating (3.1). With 血e known α and C, we 血en have ♂阱 t S� T).
Similar derivation was presented in Schubert et al. (1989).

3.2 Importance of α Parameter and Squall Line Speed C

Schubert et al. (1989) inte 中re 能d α扭曲e ratio of the ∞,nv 自 tive overturning ti 血e 個
由e 呵ualiline passage time of an air parcel entering 臨呵uallline. In gene 凶 , α is small 伽
heavily raining, wide, slowly mov 恤S 呵uaIII 旭es while it is 1缸ge for weakly mini 嗯 , narrow,
fast moving 呵ualllines. To interpret α differently, we w 雌α = (Stopc)/( πSoXo) which
is 血e ratio of 阻era 蛤 of area (m 叫 h 阱 � S) sp 帥 sp 血 by 血e moving 呵uall line to
也e time rate of en 官opy change by 血e squall line heat 曲urce. Since the potential vorticity is
血ema 血 inside X and S, α may also be i刮目preted 曲也e 旭ver. 晶。f the potential vorticity
production or reduction ra 胎 for the region 血 at 曲e 呵ua1lline swept 也rough. Thus, 血e 曲。ve
interpretations link potential vonicity anomalylo α . Together wi 血也.e invertibility equation
(2.40), we have 曲e squall line heat 曲宙間晶 a physical 個aIog Of the static elec 甘ic field. The
squall line heat so 叮ce charges the air p 缸'cel 血at flows into it wi 血 potential vorticity.. The
balanced flow induced by 也e potential vorticity anomaly corresponds 扭曲.e el 目圓cal field
詛飽nsi 旬, 也e potential vonici 可 co 叮'esponds to charge density and the Bernoulli function M.
corresponds to the electrical potential. The only difference lies in 也e linear elliptical 個oisson)
equation involved in a static electrical field calculation while the invertibility calculation in
(2.40) is nonlinear.

To substantiate the idea 血 at α is the inverse of 血e potential vo 吋 city production or
reduction rate for the region swept-through by the 呵uallline, we have examined the ex 虹'erne
PV anomaly produced by the heat 回宙間 (3.1) in 也.e semigeostrophic solution. OUr calcula-
tion indicates 血 at 血.e extrl 凹le PV 個omaly value produced by a moving heat source (squall
line) is 姐deed a function of α only. It is not a function of squall line sp 自d C or time. The
maximum q/ f (nonnalized potential vorticity) 晶 a 伽ction of α扭曲 lower atmosphere
and 曲e minimum q / f 晶 a function of α扭曲 upper a恤0 甲here are presen 記d in Figure
1. In ad 晶 tion to a fixed α ,we have found 血at 血,e balanced respon 晶 of the atmosphere

WAX. OF Q/F WIN. OF Q/F

H.O MD

8.1

D.4�

29.6

22.4

o,t�

。 JO
15.J

1.0

0.5 I. 。 I.S 2.0 2.5 J.O J.S
D.DD

D.S 1.0 l 雪 l.D 2.5 J.O J.S

α

Fig. 1. The maximum nonn 也ed q/ f 個 a 伽ction of α扭曲 lower atmo-
sph 甘e and 血.e minimum nonnalized q / f 甜 a 恤,ction of α in the upper
atmosphere.

α
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depends .only on 血.esw 叩I ﹒也raugh distance of the heat 回叮ceo The permanent modifications
個血el 缸'ge-scale bal 扭曲d flow by 曲e 血ov 詛g heat sour 時 depend an 血ePV 阻omaly and 血e
size .of the anomaly region. For exam 阱 , 臨時咖臨 of c;;::: 5mls at hour 10 扭曲曲臨
扭曲e resp 個臨 of c = lOmls at hour S for a 且xed α . Figures 2 副 3 give the m 咽nUID

horizon 個1 wind 血ear 缸ross 血ePV 祖.omaly in 血e upper 祖.d lower atmasphere. Figure 4

F 甜甜個由em 品加.urn vertical wind 且ear (h.olding X fixed) 旭也,e unit of ms-lhPa-l.
The ordinate 扭曲C回 figures 扭曲e swept- 曲rough dist 祖ce .of heat 田mee. Thus 曲e figures
give a quantitative me 盟叮@ 恤 either 也.e balanced wind she 缸曲 a functi 個 of α and cat a
fixed time or 曲e time evalution .of bal 血.ced wind shear ti叮 a fixed α . There is 祖 increa 扭

扭 bo 也 upper and lawer a回0 旬heric horizontal wind 血間扭扭也.e swept-through distance
祖d α d臨時a 血 . On the other h祖d, 也e vertical wind shear inc 扭扭曲曲α d 臨時a 揖sand 血e

swept-thraugh distanceincr, 扭扭s.
Since the balanced respo 臨es 缸

'C
functions of α and swept- 曲rough distance .only, we

C扭曲en'u 血肉呵uall line sp 間d c and Figures 2, 3 祖d4 個 classify 血,e squall lines.
This classi 且 catian is based an the balanced atmaspheric re 旬 an 田 induced by the squall line.
油田 , 由e ∞Dcept of potential vorticity 祖d balanced dynamics are 凶 ed. Table 1 giv 咱也已
α values during the TAMEX 個d 呵ualllines .observed during the January-March period .of
1988. Because all of the 呵ualllines in TAMEX 缸e over the Taiwan Strait, the heating ra 旭
Qo( 由us So) 扭曲ese cases are evaluated bas 吋 on 臨個凶 precipitation and 臨阻ing 血at
the vertical heating profile takes the form .of a half sine wave 臼 in (3.1). This half sine wave
prafile is an idealization for a 可pical cumul 囚 app 缸ent heat 曲目ceo 四Ie tatal precipitation is

calculated from 伽 radar data (臼len and 臼au, 1993). The Xo and c are 阻,bulated fram 由e
OMS satellite pictu 扭曲 well 血 fram radar data. Obs 釘vatianal squall lines fram COPT81
(Raux, 1988), GATE (Hauze. 1977), TAMEX (Chen and Ch 帥 , 1993) and mid-latitude
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Fig, 2. The rn 阻 im 山n harizontal wind shear across the PV 祖amaly 扭曲e upper

atmosphere 個 a functian .of 血e swept-thraugh dist 個.ce .of heat 田urce
(.ordinate) and α (abscissa).
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Fig. 3. The maximum horizontal wind shear across the PV 祖om 叫y 扭曲.e lower

atmosphere 晶 a function of the swept-through distance of heat sour 閱
(ordinate) and α (abscissa).
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[P�m�e�t�e�r X. width lenqth C QD α

(Km) �{l¹�) (Km/fir) (K/hr)

lOP 2 42 280 59.4 10.0 1. 78

SOP 40 270 37.8 10.0 1.20

IOP3B 46 300 34.2 10.0 0.95

lOP 6 30 �2�1eå 30.6 10.0 1.29

lOP 8 25 �2�0eå 28.8 10.0 1.46

IOP13 30 220 18 10.0 0��.�7�6

1988.1.31 12.5 150 74.9 3.4 11. 17

1988.1.31 7.5 100 58.3 3.4 14.50

1988.1. 31 10 75 93.6 3.4 17.45

1988.1. 31 10 100 32.0 3.4 11. 95

1988.3.25 10 140 14.0 3.4 2.62

1988.3.04 15 2日。 13.7 3.4 1. 70

1988.3.04 15 120 8.6 3.4 1.08
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Oklahoma (Schubert et aL 1989 and Hertenstein 祖d Schub 間 . 1991) are given in terms
of squall line 申eed c and α姐 Figure 5. Also included are two cases of the squall lines
ob 田間ed ne 前 northern Taiwan on M 紅油 4. 1988. 官Ie much larger α cases in Table 1 缸e
omitted for plotting cl 缸ity.

τbe case studied by Schubert et al. (1989) 扭曲e 可 pica! Oklahoma squall line of which
α = 2.3. TheTAMEX ca 晶S 前e different 揖 C叫npared to mid-latitude Oklahoma cases 扭

曲at α andc 扭 TAMEX are smaller. This is due to 血e high humidi 旬開lvironment 旭血e
t 岫rex c 臨es 描 compared to the much 世ier mid-latitude Oklahoma cases. The ve 可 hwnid
background probably lea 也 to a stror 單位 precipitation heating fa 峰 ( 血us a smaller α )anda
lack of ∞ld air behind 血e 呵ualiline (也us the slower moving 申自由 . The March 4 呵uall
lines have much larger α血d smaller c 血扭曲e TAMEX c 晶es. T 扭曲 squall I旭es had less
r 剖且由扭曲.e TAMEX c 扭曲.前Ie COPTS1 and GATE c 晶晶曲are similar α value 扭曲e
TAMEX ca 品s and po 阻e 血 at1 晶ter mov 祖g speed. A 四ording to Figures 2. 3 and 4. 也e
TAMEX squall lines tend to produce larger balanced horizon 凶 wind 曲ears 扭曲e upper
atmosphere 曲曲曲.e COPT8t and the GATE 呵:ualllines. On 血eo 血.er hand. 世時 COPT8t
個d the GATE 呵ualllines have twice as much balanced vertical wind she 缸s.

Table 1. 四Ie width. length. propagation speed. heating rate and computed α dur 旭g
TAMEX. Also included are the squall lines obse 凹ed during January-
March period 1988 over 血e ocean near the northern p 副 of Taiwan.
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Fig. 5. Observational squall lines from COPT81 (Ro 間 , 1988), GATE (Houze,
1977), TAMEX (臼len and Ch 凹 , 1993) and mid-latitude Oklahoma (Schu-

hert et aL 1989 個d Hertenstein and Schubert, 1991) 品 a function of

呵uall line 甲 eed c( ms -1) and parameter α .

3.3 Invertibility Calculation with TAMEX Squall Lines

Figures ι11 give results of non-dimensionalized q, 也e geostrophic flow and the dis-
turOOd press 帥 at T = 16hr wi 曲曲 c and α of the TAMEX ca 血 s given in Table 1. The
8 is used in the plotting ra 血er 曲曲也.e entropy S. It is interesting 個 no 悔也 at the induced
geostrophic balanced flow covers a region greater 曲曲 the region swept through by the 呵uall
line. Behind the squall line there is a decrea 時旭σ (stabilization) in the lower trop 個phere
個d 祖 increa 扭扭σ (destabilization) 扭曲e upper- troposphere. 四由 is a reflection of 血e

mutual ad1ustment betw 自R 血e wind and m 臨 fiel 曲 . This adjustment happens in such a way
血at q = 'I σ is large 扭曲e lower p 副 and small 扭曲e upper part. 恥 have larger' and
smaller σ for large q and the opposite for small q. Whether 血is upper destabilization will
provide a favorable background for the upper stratiform precipitation 旭 beyond the 品ope of
our semig ∞strophic model. Although the solutions have similar struc 個甜甜 compared 扭曲e
mid�latitude case studied by Schubert et aL (1989), 也e TAMEX c 晶閱 (wi 曲 the exception
of IOn ca 叫 apparently po 扭扭s a much s 甘anger wind 曲ear. It is possible 也 at the 血 large
horizontal wind shears cau 晶 a barotropic type of instability.
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4. CONCLUDING REMARKS

。回 calc 叫atio 凶 are a direct 呻'ptic 甜on of 甜甜車間�phic 坦Nertibili 可 solution of
Schubert et al. (1989) wi 也 TAMEX 也ta. We have preSeril 叫 t扭曲回車曲曲 'ophic m 吋el
in entropy c ∞edinate 個d 也,e bal 個C叫 respons 曲 from 呵,uall lines during Taiw 個 Ar 晶
Mesoscale Experim 阻t (TAMEX). We have discus 品d 也.e physical meaning of po 能Dtial
pseudo 也Dsity 組d α p 缸ame 缸瓦 We have a1 曲 discu 圓圓伽 functional dependence of
也e Schubert et aI. (1989) 曲lution. N amel 耳血e balanced a囚。可heric 阻spon 臨S 個也e
呵ualilines depends only 0且也e potential vortici 可 anomaly 祖danomalysWe.Theporential
vorticity 阻omaly is a function of α only while the anomaly size is related 岫也ere 斟on
swept 曲。ugh by 血e 呵uall line. The potential vorticity 組omaly. horizontal and vertical
wind shears 晶 a function of 血e dimensionle 由 paramerer α and 也e swept-through distance
of 血e squall line are given. Ob 田rvational c 扭曲卸m COPT 缸 . TAMEX. GATE android-
latitude are given in terms of squall line speed c and 血e α par 缸ne 能t 官le TAMEX c酪es
缸e different 晶 compar' 叫個 mid-latitude Oklahoma ca 血S 扭曲at α and c are smaller. The
GATE. COPT81 c扭曲曲誼'e similar ﹒α value 曲也.e TAMEX cases and poss 目s a faster moving

speed. The α -c classifications of the squall lines 紅'eba 品don 也eir can 缸ibutions 個 balanced
atmospheric re 申onses. We emph 甜 i扭曲e ωncept of using potential vo 耐.city 祖.d bal 祖coo
dynamics to cl 祖 sify 曲e 呵uall lines. 四le α and c will provide a measure of the sq 咽11

line force in dynamic models. The computed bal 缸lCed solutions provide a reference base to
monitor the g'∞strophic adjustm 凹 t 'pr, 個甜甜S 旭 primitive equation models. Moreover. 血e
α -c observations help us 旭峙中eet 血em 吋elresult related ω different observational 呵uall
lines. We are cWTently 旬ing to construct 血c α-c clima 個logy of squall lines around Taiw 扭
扭 different sea 晶ns.

There 缸它由veral ways 個 extend the 扭曲缸c::h presentl 吋 here. A natural extension is
血,e semi-geostrophic β pI 個C 血,eo 可晶 propo 臨d by Magn 囚dottir 祖d Schubert (1990). In
addition. 血.e a 個lospheric re 叩onse is ve 可 sensitive 個由e vertical heating profile of 曲e 呵uall
line. The heating profile h 揖 yet 個 be determined from ob 曲 rvations. Also. latent heat from
血,e s回tifonu region has not 扭曲 considered at all 扭曲is s 阻dy. We need to 姐ω中or 臨血is
heating in our definition of α .

Raymond and Jiang (1991) discuss 血e possible relation 血 ip of po 借Dtial vorticity anomaly
and 臨 long-lived storm. To look into 也 is efti 叫 . we need not only good numerical 吋V自由n
schemes. but a1 叩 fast three-dimensional invertibility 田 Ivers. To consider the effect of inter-
自ction of entropy surface with a lower boundary .也e 可nassless"layer approach 晶 proposed
by Hoskins et aI. (1985) needs a1 四 to be ∞nsidered. 四le 臨 pose seriou
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line heating is distributed in a small region. The relevance of the instabilities to 也e 缸個al
weather needs to be investigated. The stability analysis of the balanced wind 曲ear 扭曲e
starting point for fu 個re studies.
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