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A composite ana l ys i s  has been r e c e n t l y  made o f  t h e  boundary l a y e r  

associated w i t h  t h e  squa l l  l i n e  t h a t  moved through t h e  GATE sh ip  a r ray  

on t h e  12 September 1974, (Johnson and N icho l  l s ,  1982). Th is  observa- 

t i o n a l  study has mot iva ted  a  model ing i n v e s t i g a t i o n  o f  t h e  recovery o f  

t h e  squa l l  boundary l a y e r  wake which i s  repo r ted  on here. The zero- 

o rder  model o f  t h e  growth o f  an uns tab le  boundary l a y e r  as mod i f i ed  by 

L i  1  l y  (1968), and the  general  s t r u c t u r e  entra inment  model developed by 

Deardo r f f  (1979) a re  used t o  s imu la te  t h e  wake recovery and t o  make more 

e x p l i c i t  t h e  f a c t o r s  i n f l u e n c i n g  t h e  e v o l u t i o n  o f  t h e  mixed l aye r .  A 

procedure i s  developed f o r  o b t a i n i n g  t h e  f u l l y  t h r e e  dimensional mixed 

l a y e r  s t r u c t u r e  by f o r m u l a t i n g  t h e  model equat ions r e l a t i v e  t o  t h e  

squa l l  system i n  n a t u r a l  coord inates.  

The r e s u l t s  o f  t h i s  s tudy show t h a t  t h e  most impor tan t  c o n t r o l s  on 

i n h i b i t i n g  boundary l a y e r  growth i n  t h e  wake o f  t h i s  squa l l  1  i n e  are a  

s i g n i f i c a n t  downward v e r t i c a l  v e l o c i t y  a t  t h e  t o p  o f  t h e  mixed l a y e r  and 

an associated increase i n  s t a b i l i t y  o f  t h e  o v e r l y i n g  a i r .  The sur face  

buoyancy f l u x  a l s o  has an impor tan t  i n f l u e n c e  on mixed l a y e r  growth and 

t h e  r e s u l t s  i n d i c a t e  t h a t  h o r i z o n t a l  advec t ion  should n o t  be neglected 

i f  mixed l a y e r  s p e c i f i c  humid i ty  and d r y  s t a t i c  energy are  t o  be pre-  

d i c ted .  The asymmetrical s t r u c t u r e  o f  t h e  mixed l a y e r  h e i g h t  i s  w e l l  

s imulated by bo th  models w i t h  l eng thy  recovery t imes occu r r i ng  i n  

regions o f  s i g n i f i c a n t  subsidence and r e l a t i v e l y  smal l  sur face  buoyancy 

f 1  uxes . 
An unusual p r o f i l e  o f  s p e c i f i c  humid i ty  i n  t h e  wake o f  t h e  squa l l  

l i n e  i s  i d e n t i f i e d  and an exp lana t i on  proposed f o r  i t s  occurrence and 



subsequent development. The s p e c i f i c  humid i ty  and d r y  s t a t i c  energy i n  

t h e  mixed l a y e r  seem t o  be p r e d i c t e d  f a i r l y  w e l l .  The model r e s u l t s  

i n d i c a t e  t h a t  d i a b a t i c  hea t i ng  due t o  r a i n f a l l  evaporat ion and r a d i a t i o n  

i s  impor tan t  f o r  s u s t a i n i n g  t h e  coo l  reg ion  w i t h i n  t he  squa l l  wake. 

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  may c o n t r i b u t e ,  i n  a d d i t i o n  t o  a  

b e t t e r  understanding o f  t h e  physics and dynamics o f  t r o p i c a l  squa l l  wake 

recovery, t o  an improved bas is  f o r  t h e  parameter iza t ion  o f  convect ive 

e f f e c t s  i n  l a r g e  sca le  numerical weather p r e d i c t i o n  models. 
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1. INTRODUCTION 

' 3 ,  

, 

modi f y  t h e  boundary 1 ayer,  1  eadi ng t o  subs tan t i  a1 l y  increased f 1 uxes o f  

sens ib le  and l a t e n t  heat  over t h e  t r o p i c a l  oceans. W i t h i n  t h e  t r o p i c a l  

eas tern  A t l a n t i c  reg ion  d u r i n g  GATE (GARP A t l a n t i c  T rop i ca l  Experiment), 

downdraft-modif ied boundary l a y e r s  o r  "wakes" accompanying p r e c i p i t a t i o n  

, o  

I ' 1 ,  . 

1 ,  I 1  , t 

Downdrafts assoc ia ted  w i t h  deep convec t ive  systems s i g n i f i c a n t l y  

systems were found on t h e  average t o  cover about 30% o f  t h e  t o t a l  area 

(Gaynor and Mandics , 1978; Gaynor and Rope1 ewski , 1979). It i s  impor- 

t a n t  t o  understand t h e  e f f e c t s  o f  deep convec t ive  systems on t h e  boun- 

dary l a y e r  so they  might  be parameter ized i n  l a r g e  sca le  models. I f  

modeling o f  these mesoscale systems themselves i s  t o  be attempted, t h e  

proper  t rea tment  o f  t h e  boundary l a y e r  may be an impor tan t  cons ide ra t i on  

s ince i t  cou ld  have a s i g n i f i c a n t  e f f e c t  on t h e  dynamics o f  these 

sys terns. 

Th is  paper r e p o r t s  on a model ing study o f  mixed l a y e r  recovery 

f o l l o w i n g  t h e  passage o f  t h e  squa l l  l i n e  t h a t  moved through t h e  GATE 

a r ray  on the  12 September 1974. Resul ts  o f  t h e  observa t iona l  study have 

a l ready  been repo r ted  by Johnson and N i c h o l l s  (1982) (he rea f te r  r e f e r r e d  

t o  as JN), some o f  which w i l l  be repeated here ( w i t h  some minor m o d i f i -  

ca t i ons )  as we1 1 as some a d d i t i o n a l  observat ions.  JN was mot ivated by 

t h e  work o f  Gamache and Houze (1982) who have obtained, by a rawinsonde 

composit ing procedure, a  remarkably coherent  d e s c r i p t i o n  o f  t h e  th ree  

dimensional s t r u c t u r e  o f  t h i s  squa l l  l i n e .  They se lec ted  a 9-hour 



p e r i o d  d u r i n g  which the  radar  s t r u c t u r e  o f  t h e  squa l l  was approximately 

i n  steady s t a t e  and composited GATE s h i p  a r ray  soundings r e l a t i v e  t o  t he  

center  o f  t he  squa l l  radar  echo. L.i kewise we have used the  same com- 

p o s i t e  procedure b u t  con f ined our  i n v e s t i g a t i o n  t o  t he  boundary l a y e r  

accompanying t h e  squa l l .  

, :.& ; I * ) -The 12 September squa l l  1  i n e  seems t o  be c h a r a c t e r i s t i c  o f  a  p a r t i -  

, c u l a r  type  o f  squa l l  l i n e  t h a t  i s  f a i r l y  commonly found o f f  t h e  coas t  o f  

I,. i ,: ,West A f r i c a  a t  about 15ON, a1 though much more f r e q u e n t l y  over land. I t  

has been shown by Asp1 i den  e t  a l .  (1976) and Payne and McGarry (1977), - -  

t h a t  t h e  development of squa l l  1  ines  over west A f r i c a  i s  r e l a t e d  t o  t h e  

passage o f  l a rge -sca le  wave d is turbances t h a t  occur i n  assoc ia t i on  w i t h  

3 . 2 a 5 ~  t h e  700 mb eas t  A f r i c a n  j e t .  The p r e f e r r e d  l o c a t i o n  f o r  squa l l  devel-  

jbc! gopment i s  i n  advance (1/4 t o  1/8 o f  a  wavelength ahead) o f  t h e  wave 

,! t rough a x i s  a t  700 mb between lo0 and 15ON. The squa l l  l i n e s  t h a t  

I  develop move westward a t  an average speed o f  16 m s - l .  They seem t o  be 

r* rr<.more i n tense  over l and  than over t h e  ocean presumably due t o  s t ronger  

a sur face  hea t i ng  and, i n  f a c t ,  o f t e n  decay r a p i d l y  as they  move over t h e  

coo le r  sea surface. Th i s  type  o f  system i s  q u i t e  s u i t a b l e  f o r  t h e  study 

o f  boundary l a y e r  recovery s ince  i t  o f t e n  has q u i t e  a  l ong  l i f e t i m e .  

, - ,  31Gamache and Houze (1982) have determined t h a t  f o r  about a  9  hour p e r i o d  

I > . ,  . :,: t h e  12 September squa l l  was i n  approx imat ly  i n  steady s t a t e  w i t h  a  

. < - ' ( f a i r l y  symmetrical l i n e  a rc  s t r u c t u r e  ( t he  gus t  f r o n t ) .  To i t s  r e a r  a  

e * f b ~ a ~ s t r o n g l y  suppressed wake occurred f r e e  o f  convec t ive  sca le  clouds. 

.; , -*.:iTurbulence produced by sur face  f r i c t i o n  i s  apparent ly  smal l  w i t h i n  t he  

*+tri; ,?:I \ s q u a l l  wake (except i n  t h e  v i c i n i t y  o f  t h e  gus t  f r o n t ) ;  however, t he  

. :* ) importance o f  shear p roduc t i on  i n  t h e  i n t e r f a c i a l  l a y e r  i s  no t  known 

, . 03- -  w i t h  c e r t a i n t y .  A crude es t imate  i n d i c a t e s  i t  i s  probably  n e g l i g i b l e  i n  



some regions behind t h e  squa l l  1  i ne where w i  rld shear i s  smal l  , b u t  i n  

o the r  regions,  i n  p a r t i c u l a r  c l ose  t o  t h e  squa l l  f r o n t ,  i t  appears t o  be 

s i g n i f i c a n t .  A necessary requirement f o r  t h e  appl i c a b i  1  i t y  o f  t h e  

models used i n  t h i s  study i s  t h a t  buoyant p roduc t i on  dominates. 
- =  I 6 4 

For these squa l l  l i n e s  t h e  feedback o f  t he  suppressed mixed l a y e r  

on t h e  dynamics o f  t h e  system i s  p robab ly  smal l .  The gus t  f r o n t  moves 

a t  a  h igh  speed and t h e  s t rong  convergence a long i t  i s  respons ib le  f o r  

deep convect ion (a l though t h e  i n i t i a t i o n  o f  convect ion o f t e n  occurs 

ahead o f  i t  as noted by Houze, 1977). Convect ive c e l l s  reach t h e i r  

maximum i n t e n s i t y  some 20-40 km behind t h e  gus t  f r o n t ;  a t  t h i s  stage 

they  have developed s t rong  convec t ive  sca le  evapo ra t i ve l y  d r i v e n  down- 

d r a f t s  which ma in ta in  t h e  gus t  f r o n t  and a l s o  c u t  o f f  t h e  low l e v e l  

source o f  convec t i ve l y  uns tab le  a i r .  St rong convec t ive  a c t i v i t y  i s  thus 

i n h i b i t e d  l ead ing  t o  a  f a i r l y  narrow 1  i n e  (- 50 km wide) o f  deep con- 
. '  ) < -  

v e c t i v e  c e l l s  which g i v e  way t o  weaker mesoscale ascent i n  t h e  a n v i l  and 

descgnt beneath t h i s .  A schematic c ross-sec t ion  o f  t h e  squa l l  s t r u c t u r e  
-1 I 

i s  shown i n  F ig.  1 (f rom Z ipser ,  1977). Th i s  s tudy focuses on the  

recovery o f  t h e  mixed l a y e r  behind t h e  reg ion  o f  convec t ive  sca le  down- 

d r a f t s .  The development o f  t h e  mixed l a y e r  i n  t h i s  reg ion  obv ious ly  has 

no e f f e c t  on t h e  behavior  o f  t he  gus t  f r o n t  b u t  i s  impor tan t  i n  de ter -  

m in ing  t h e  t ime sca le  f o r  which s t rong  convect ion i s  i n h i b i t e d  a f t e r  t h e  

passage o f  t h e  squa l l  l i n e .  I n  some systems such as a  comparat ive ly  

slow moving c loud  c l u s t e r  o r  a  t r o p i c a l  storm t h e  development of t h e  

downdraft  mod i f i ed  boundary l a y e r  may have a  s i g n i f i c a n t  feedback on t h e  

dynamics o f  t h e  systems themselves. 

Two models have been used i n  t h i s  s tudy t o  exp lo re  t h e  f a c t o r s  

c o n t r o l l i n g  mixed l a y e r  development f o l l o w i n g  t h e  passage o f  t he  squa l l  



c a t  
0 T .r 
.r c, 
c, 3 
U O C D  
aJ c, 
V) '4- 

aJ 0 
m > 
V) .r V) 
04J w 
L r6 3 
U-r- 

aJ m 
U L > 

.I- 

4J m -  
I0.r E a U 

a, 3 . r  
T O P  
u.- h 
w'4-4J 



l i n e :  a  zero-order  jump model i n  which t h e r e  a re  d i s c o n t i n u i t i e s  i n  t h e  

thermodynamic f i e l d s  a t  t he  t o p  o f  t h e  mixed l a y e r ,  and t h e  general  

s t r u c t u r e  ent ra inment  model ( h e r e a f t e r  r e f e r r e d  t o  as t h e  GSEM), which 

more r e a l i s t i c a l l y  i nc ludes  a  f i n i t e  depth t r a n s i t i o n  l a y e r .  Prev ious 

model ing s tud ies  ( '  mixed l a y e r  recovery f o l l o w i n g  t h e  passage o f  a  

s q u a l l  h  e  by Z ipse r  (1977), and F j t z j a r r a l d  and Garstang 

t h e  zero-order  jump model. Both o f  these had t o  make 

f a i  i , U,, ,,,imates o f  t h e  v e r t i c a l  v e l o c i t y  a t  t h e  t o p  o f  t h e  mixed 

1  r .  i i p s e r ' s  r e s u l t s  showed t h a t  mesoscale s i n k i n g  behind t h e  squa l l  

l i n e  cou ld  account f o r  t h e  sha l low mixed l aye rs .  F i t z j a r r a l d  and 

Garstang ob ta ined  qua1,i t ,$ t i vg  agreement w i t h  t he  observa t ions  o f  mixed 

l a y e r  he igh t ,  temperature and humid i ty ,  b u t  d i d  n o t  use observed t ime  

v a r y i n g  f i e l d s  of  impor tan t  q u a n t i t i e s  such as sur face  f l u x e s ,  lapse 

r a t e s  and h o r i z o n t a l  v e l o c i t y .  ; ,., - '  . , f . , . ,  : ; .  , [ + ~ L J L  . I : ~ C , ~ I . ~ : , ~ ~ + ~ ~  
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2. COMPOSITE DATA AND ANALYSIS PROCEDURES 

, I  b ,  * ;I ' T  ! 
, I .. > L 

; i , r r 4 r  The pr imary  da ta  used i n  t h i s  study are  from t h e  GATE A/B and 

C-scale rawinsonde Crchive ob ta ined from the  World  at; 'Center A, 

Ashev i l l e ,  NC. The observat ions are  from an a r ray  o f  f i f t e e n  ships,  

e leven o f  which are  shown i n  F ig.  2. The f o u r  t h a t  a re  n o t  shown i n  

. , , t h i s  f i g u r e ,  b u t  which are  used t o  some e x t e n t  i n  t h e  subsequent analy- 

ses, complete an ou te r  hexagonal a r ray ,  t h e  A/B-scale a r ray .  A d e t a i l e d  

d iscuss ion  o f  t h e  v e r t i c a l  r e s o l u t i o n  o f  t h e  data i s  g iven  i n  JN. 

Dur ing  t h e  p e r i o d  o f  our  composite ana l ys i s  (0900-1800 GMT, 12 

September 1974), soundings a t  3-hour ly  i n t e r v a l s  were obta ined from most 

o f  t he  15 ships. Hour ly  p o s i t i o n s  o f  t h e  l ead ing  edge o f  t h e  squa l l  

radar  echo ( taken from t h e  paper o f  Gamache and Houze (1982)) a re  shown 

i n  F ig.  2 f o r  t h e  p e r i o d  0900 t o  2100 GMT. Dur ing t h i s  t ime t h e  squa l l  

l i n e  moved southwestward across t h e  reg ion  a t  an average speed of  13.5 m 
I 

s .  Est imated center  p o s i t i o n s  o f  t h e  squa l l  l i n e  a t  each hour are 

i n d i c a t e d  by crosses. The reader  i s  r e f e r r e d  t o  Gamache and Houze 

(1982) f o r  d e t a i  1  s  regard ing  t h e  composite ana l ys i s  and composi t i ng 

procedures. 

Two components o f  t h e  squa l l  radar  echo have been i d e n t i f i e d  by 

Gamache and Houze us ing  ship-based weather radars:  (1) t h e  squa l l  l i n e  

i t s e l f  and (2) t h e  pos t - squa l l  a n v i l  reg ion.  The former feature r e f e r s  

t o  t h e  cumulonimbus convect ion on t h e  l ead ing  edge o f  t h e  squa l l  system. 



/ SQUALL LINE ISOCHRONES 
PORYV 0 1  

Fig.  2. Isochrone ana l ys i s  o f  l e a d i n g  edge o f  squa l l  l i n e  f o r  t h e  
p e r i o d  0900-2100 GMT 12 September 1974 ( r e d r a f t e d  from 
Gamache and Houze, 1982). Crosses mark t h e  center  p o s i t i o n  

t h e  s q u a l l .  Ship p o s i t i o n s  a re  ind ica ted .  " '  ' ' 

* 
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I 
The squa l l  l i n e  has a  movement t h a t  i s  a t  t imes cha rac te r i zed  by d i s -  

c r e t e  propagat ion t h a t  takes t h e  form o f  new growth o f  convect ive c e l l s  

o u t  i n  advance o f  o l d  ones, w h i l e  o l d  ones t o  t h e  r e a r  weaken (Houze, 

1977). The pos t - squa l l  a n v i l  r eg ion  r e f e r s  t o  t h e  nea r l y  cont inuous 

s t r a t i f o r m  c loud system o f  mesoscale (- 200 km) dimension t r a "  'ng the  

squa l l  l i n e  (Houze, 1977; Z ipser ,  1977a). The average boundaries o f  
- - 

these squa l l  components wi 11 be out1 i ned i n  shbkequ;nt f i g u r e s .  

Mixed l a y e r  depths have been determined f o r  s h i p  soundings t h a t  

show an approx imate ly  wel l -mixed s t r u c t u r e  i n  d r y  s t a t i c  energy s(5 

c  T+gz). Both p r o f i l e s  of  s  and s p e c i f i c  humid i ty  q were used t o  e s t i -  
P 

mate s u b j e c t i v e l y  t h e  depth o f  t h e  mixed l a y e r  by l o c a t i n g  p o s i t i o n s  o f  

abrup t  changes 9 n 1  apse r a t e s  (e. g. , Esbensen, 1975). 
1 

' The v e r t i c a l  v e l o c i t y  a t  t he  t o p  o f  t h e  mixed l a y e r  has an impor- 

t a n t  i n f l u e n c e  on i t s  growth. Ho r i zon ta l  wind v e l o c i t i e s  measured by 

rawinsonde are  n o t  very accurate very  c lose  t o  t h e  sea sur face  (see 

d iscuss ion  i n  JN). We have chosen t o  determine t h e  v e r t i c a l  v e l o c i t y  a t  

970 mb us ing  t h e  divergence f i e l d s  a t  t h i s  l e v e l  and a t  t h e  sur face,  as 

a  reasonable compromise between having f a i r l y  accurate wind da ta  and 

be ing  c lose  t o  t h e  mixed l a y e r  he igh t .  The v e r t i c a l  v e l o c i t y  a t  t h e  top  

o f  t h e  mixed l a y e r  i s  then  obta ined by i n t e r p o l a t i n g  between t h e  sur face 

and 970 mb. The v e r t i c a l  v e l o c i t y  f i e l d  a t  970 mb has been determined 

from t h e  c o n t i n u i t y  equat ion. Hence 

~ ( 9 7 0  mb) = wSfC - S V -1dp z <V Ap H H 
'i. t ' PSfc , I ' 6" '. , i l  

where t h e  angled brackets  r e f e r  t o  t h e  average between psfc  and 970 mb. 

It can be shown from t h e  composite ana l ys i s  o f  t h e  pressure f i e l d  i n  JN 

I' 



t h a t  i t  i s  a  good approx imat ion t o  l e t  uSfC be zero. Wind vec tors  were 

p l o t t e d  a t  t h e  sur face  and a t  970 mb and a  s u b j e c t i v e  s t reaml ine  and 

i s o t a c h  ana l ys i s  c a r r i e d  ou t .  Divergences were c a l c u l a t e d  a t  these 

l e v e l s  us ing  a  60 km g r i d ,  and then averaged so as t o  o b t a i n  ~ ( 9 7 0  mb). 

Surface sens ib le  and l a t e n t  heat  f l u x e s  So and LEO, r e s p e c t i v e l y ,  

have been determined us ing  sh ip  boom data from t h e  G i l l i s ,  Da l las ,  

Researcher and Oceanographer and t h e  b u l k  aerodynamic r e l a t i o n s h i p s  

where p i s  t h e  mean dens i t y ,  C s p e c i f i c  heat,  Ch t h e  b u l k  t r a n s f e r  
P  

c o e f f i c i e n t  f o r  sens ib le  heat ,  Ce t h e  b u l k  t r a n s f e r  c o e f f i c i e n t  f o r  
- 

water vapor, Eo t h e  sur face  evaporat ion,  and UI0 the  mean wind speed a t  

10 m. The subsc r i p t s  o  and 10 r e f e r  t o  values a t  t h e  ocean sur face and 

10 m r e s p e c t i v e l y ,  and overbar t o  a  t ime average (10 minute means are  

used i n  our  analyses).  The recommended values f o r  Ch and Ce f o r  bo th  

und is tu rbed and d i s tu rbed  cond i t i ons  a re  1.6 + 0.5 x and 1.4 k 0.4 

x l o m 3 ,  r e s p e c t i v e l y  (U.S. GATE Workshop, 1977). A c o r r e c t i o n  term t h a t  

r e f l e c t s  t h e  dependence o f  C on s p e c i f i c  humid i ty  has been added t o  
P  

( ) i n  some recen t  s tud ies  (e. g. , Reink ing and Barnes, 1981) based on 

an ana l ys i s  by Brook (1978). More r e c e n t l y ,  however, Frank and Emmitt 

(1981) and Businger (1982) have argued t h a t  Brook 's  c o r r e c t i o n  i s  i n  

e r r o r  and, t he re fo re ,  we have neglected it. The sur face  buoyancy f l u x  

i s  fo rmula ted  i n  terms o f  t h e  v i r t u a l  s t a t i c  energy 



From t h i s  equat ion i t  can be shown (e.g. Arakawa and Schubert, 1974) 

t h a t  is. . .  t he  sur face f l u x  o f  v i r t u a l  s t a t i c  energy FSV = ( ~ ' 5 ; ) ~  i s  g iven  by 



3. COMPOSITE RESULTS 

3. a  Mixed Layer Depth -. 
.. 
1 

A sub jec t i ve  ana l ys i s  o f  t h e  mixed l a y e r  depths f o r  t h e  composite 

squa l l  i s  shown i n  F ig .  3. I t  can be seen the re  as an ex tens ive  area 

behind t h e  squa l l  l i n e  where t h e  mixed l a y e r  i s  very shal low. There i s  

a  s i g n i f i c a n t  asymmetry i n  t he  mixed l a y e r  s t r u c t u r e  about a  c e n t e r l i n e  

perpend icu la r  t o  t h e  squa l l  l i n e .  Another no t i ceab le  f ea tu re  o f  t h e  

composite miExed l a y e r  a ~ a l y s i s  i s  reg ion  o f  shal low mixed l a y e r s  i n  
1; 'I. %. 1 

@' 

advance o f  approx imate ly  'perpendi c u l  ;r t o  t h e  squa l l .  Th i s  f ea tu re  i s  

most l i k e l y  associated w i t h  a  l i n e  o f  cumulonimbus convect ion t h a t  

e x i s t e d  preceding t h e  squa l l  (Z ipser ,  1977a,b; Gamache and Houze, 1982). 

3. b Wind F i e l d s  * *-- . 
LL 

The sur face  and 970 mb f l o w  f i e l d s  a re  shown i n  F igs.  4 and 5. 

They d i f f e r  s l i g h t l y  f rom JN s ince  some a t t e n t i o n  t h e r e  was g i ven  t o  

soundings a t  2100 i n  reg ions  of sparse data, a l though t h e  squa l l  system -.".-- 
was o n l y  reasonably approximated by steady s t a t e  between 0900-1800. 

These are  f e l t  t o  be u n r e l i a b l e  and have been neglected here. The 

sur face ana l ys i s  shows (1) a  conf luence 1  i n e  perpend icu la r  t o  and i n  

advance o f  t he  squa l l  1  ine,  (2) a  convergence 1  i n e  c o i n c i d e n t  w i t h  t h e  

l ead ing  edge . ,o f -  t h e  squa l l  and (3) a  s t r o n g  d i f f l u e n c e  center  beneath 
, . 84 

t h e  mesoscal.'e7 anv i  1  cloud. The v e r t i c a l  v e l o c i t y  f i e l d  a t  970 mb (375 

m) i s  shown i n  F ig.  6. I t  shows a r e g i o n  o f  s t rong  mesoscale subsidence 

behind t h e  squa l l  l i n e ,  o f f s e t  somewhat from t h e  sur face d i f f l u e n c e  

I 



Fig.  3. Composite mixed l a y e r  depth (m) ( r e d r a f t e d  from Johnson and 
N i c h o l l s ,  1982). Actual  depths a t  sounding p o s i t i o n s  are 

i 4. ,n - i nd i ca ted ;  VS denotes a  very s t a b l e  lapse r a t e  i n  t h e  lowest  
severa l  100 m a t  i n d i c a t e d  sounding p o s i t i o n .  Scal loped curve 

, 4 ' encloses est imated area o f  very s t a b l e  boundary l aye r .  Dark 
and l i g h t  shaded reg ions  denote s q u a l l - l i n e  (convect ive echo) - . and anv i  1  s t r a t i  form echo) regions,  respec t i ve l y .  B L I S  obser- 
va t ions  are  from tethersonde i ns t rumen ta t i on  aboard t h e  Da l las .  

c ,.y I f  , - ,  , , 



Composi te  Surf ace F low --. - . . 

J ,. 

F ig .  4. 

. . 

Composite su r f ace  s t r eam l i ne  f l ow .  Dashed l i n e s  a re  i so tachs  

(m s-'). . 8 ,  .. 

- . . . - - - -  - 



Fig. 5. Composite f l o w  a t  970 hPa (- 375 m). Dashed l i n e s  a re  
i so tachs .  

I 



-' !I 
V e r t i c a l  v e l o c i t y  f i e l d  a t  970 mb (a s - l ) ,  determined by 
averaging t h e  sur face and 970 mb divergences. , , ,,,; :, 4 / I  in ,C ' 1 7 J  V > a .  .* . - 



I 
cen ter  due t o  t h e  inc rease i n  wind speed t h a t  occurs towards t h e  squa l l  

I I 
f r o n t .  Well behind t h e  squa l l  l i n e  weak upward v e r t i c a l  'mot ion i s  

diagnosed. Since t h e  v e r t i c a l  mot ion a t  t he  t o p  o f  t h e  mixed l a y e r  

t u r n s  o u t  t o  be an ext remely impor tan t  f a c t o r  i n  determin ing i t s  growth, 

and t h e  v e r t i c a l  v e l o c i t y  a t  a  p a r t i c u l a r  he igh t  w i l l  be obta ined us ing  

divergences a t  two d i s c r e t e  l e v e l s  ( t h e  sur face  and 970 mb), i t  should 

be asked how accurate t h i s  procedure i s .  What i s  no t i ceab le  from the  

s t reaml ine  analyses i s  t h a t  t he  970 mb d i f f l u e n c e  center  i s  s i g n i f i -  

c a n t l y  d isp laced from t h a t  a t  t h e  sur face  by about 100 km. The ac tua l  

v e r t i c a l  v e l o c i t y  a t  an in te rmed ia te  he igh t ,  say 990 mb depends on t h e  

mean divergence between the  surface (1010 mb) and 990 mb, and consider-  

ab le  e r r o r  may be i n c u r r e d  i n t e r p o l a t i n g  from 970 mb due t o  t he  s ig -  

n i f i c a n t  v a r i a t i o n  i n  t h e  wind f i e l d  w i t h  h e i g h t  (moreover, t h e  v e r t i c a l  

I 
v e l o c i t y  f i e l d  determined a t  970 mb i s  i n  e r r o r  due t o  es t ima t i ng  t h e  

mean divergence by t h e  average between t h e  sur face  and 970 mb d i v e r -  

gences). I n  f a c t ,  t h e  sur face  s t reaml ine  ana l ys i s  cou ld  be as s i m i l a r  

t o  t h e  wind f i e l d  a t  very  low l e v e l s  (> 990 mb) as i s  t h e  970 mb stream- 

l i n e  ana lys is .  To g e t  some f e e l  f o r  t h i s  t h e  v e r t i c a l  v e l o c i t y  a t  970 

mb computed from t h e  sur face  divergence f i e l d  on l y ,  i n  o the r  words 

a l l o w i n g  f o r  no v a r i a t i o n  o f  wind w i t h  he igh t ,  i s  shown i n  F ig.  7. 

I n t e r p o l a t i n g  t o  low l e v e l s  (> 990 mb) w i t h  t h i s  v e r t i c a l  mot ion f i e l d  

may be as good as us ing  t h e  former. There are  e v i d e n t l y  some d i f f e r -  

ences between these two f i e l d s ;  i n  p a r t i c u l a r ,  t h e  maximum v e r t i c a l  

v e l o c i t y  computed us ing  t h e  sur face  divergence on ly ,  i s  s t rongbr .  Since 

f o r  modeling purposes we need t h e  v e r t i c a l  v e l o c i t y  between 1000 mb and 

about 950 mb, i t  seems reasonable t o  i n t e r p o l a t e  from t h e  v e r t i c a l  

v e l o c i t y  a t  970 mb c a l c u l a t e d  us ing  t h e  average divergence between the  

sur face  and t h i s  l e v e l ,  b u t  t h e  degree o f  approx imat ion should be noted. 



Fig.  7. V e r t i c a l  v e l o c i t y  f i e l d  a t  970 mb (m ,-I), determined u>,ing 
t h e  sur face  divergences. ( 1  

i . ; * '  k i  - 1 1 1  . , 



3.c Surface Temperature and S p e c i f i c  Humidi ty  F i e l d s  

Accompanying t h e  passage o f  t he  squa l l  i s  a  sudden drop i n  t he  

temperature o f  - 4 O C  w i t h  t h e  c o o l e s t  sur face  a i r  - 50 km behind t h e  

l ead ing  edge o f  t h e  squa l l  (F ig .  8) .  As discussed by Houze (1977) and 

Z ipser  (1977a), i t  takes a  cons iderab le  l e n g t h  o f  t ime - 6-8 h  (cor res-  

ponding t o  - 300-400 km) f o r  t h e  sur face  a i r  t o  wa-- t o  p re-squa l l  

cond i t i ons .  The sur face  s p e c i f i c  humid i ty  depression i s  c ayed how- 

ever,  and does n o t  reach a  minimum u n t i l  - 3-4 h  (150-200 km) a f t e r  t h e  

squa l l  passage (F ig.  9). The maximum depression o f  s p e c i f i c  humid i ty  a t  

t h e  sur face  below ambient values i s  - 3-4 g  kg-'. 

The l a g  i n  t h e  sur face  d r y i n g  ( reduc t i on  i n  s p e c i f i c  humid i ty )  

behind t h e  squa l l  l i n e  has been discussed by Z ipser  (1977a) and 

F i t z j a r r a l d  and Garstang (1981b). The l a t t e r  authors a t t r i b u t e  t h e  

d r y i n g  and i t s  co inc idence w i t h  t h e  p e r i o d  o f  sur face  warming t o  t h e  

occurrence of r a p i d  deepening o f  t h e  mixed l a y e r  and entrainment o f  

d r i e r  a i r  from above. The model ing study w i l l  enable t h i s  ques t ion  t o  

be addressed. 

3. d  Surface Fluxes 

I 
The s t rong  winds immediately behind the  l ead ing  edge of t h e  squa l l  

1  i n e  produce a  sudden increase i n  t h e  instantaneous f l u x e s  o f  sens ib le  

and l a t e n t  heat. The composite ana l ys i s  o f  sur face  l a t e n t  heat  f l u x  i s  

shown i n  F ig.  10. The enhancement o f  t h e  l a t e n t  heat  f l u x  over t h e  

m a j o r i t y  o f  the  wake area can l a r g e l y  be a t t r i b u t e d  t o  s i g n i f i c a n t  

sur face d r y i n g  (Fig. 9). 
f3f I - 

The v i r t u a l  s t a t i c  energy f l u x  i s  shown i n  F ig.  11. It i s  p r i -  

mari  l y  t h e  sur face coo l  i ng by convec t ive  downdrafts t h a t  con t r i bu tes  t o  



I Composite Surface 

Fig.  8. Composite sur face  temperature a t  s h i p  deck o r  - 10 m l e v e l  
(OC). ( r e d r a f t e d  from Johnson and N icho l  1  s, 1982) 
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I . 
F ig .  9. Composite su r f ace  s p e c i f i c  hum id i t y  ( g  kg"). (red, 

f rom Johnson and N i c h o l l s ,  1982) 
f t e d  



Composite Surface 
Latent Heat Flux ( W  m-'1 

I 
! F ig .  10. Composite sur face  l a t e n t  hea t  f l u x  ( W  m-') ( r e d r a f t e d  from 

Johnson and N i c h o l l s ,  1982). Hou r l y  p o s i t i o n s  o f  G i l l i s  (G), 
Meteor (M),  D a l l a s  (D), Researcher (R ) ,  and Oceanographer (0) 
a r e  i n d i c a t e d  by dots .  

C 



Fig.  11. Composite su r f ace  v i r t u a l  s t a t i c  energy f l u x  (W m-*).  



enhanced v i r t u a l  s t a t i c  energy f l u x  over most o f  t h e  a n v i l  reg ion.  

Maximum values o f  bo th  v i r t u a l  s t a t i c  energy and l a t e n t  heat  f l u x e s  

occur on t h e  south eas t  s i de  o f  t h e  squa l l  system and a  r e l a t i v e  minimum 

occurs near t he  cen te r  o f  maximum sur face  divergence where winds are 

very 1  i g h t .  

3. e  Lapse Rates Above the T r a n s i t i o n  Layer 

Above t h e  mixed l a y e r  t o p  t h e r e  e x i s t s  a  t r a n s i t i o n  l a y e r  ( o r  

i n t e r f a c i a l  l a y e r )  about 100 m t h i c k  which normal ly  has a  very  s t a b l e  

lapse r a t e  of d r y  s t a t i c  energy. The growth and thermodynamic s t r u c t u r e  

o f  an e n t r a i n i n g  mixed l a y e r  i s  h i g h l y  s e n s i t i v e  t o  t h e  type  o f  a i r  

above t h e  t r a n s i t i o n  l aye r .  Hence spec ia l  a t t e n t i o n  i s  be ing  g iven  t o  

t h e  development o f  t h e  d r y  s t a t i c  energy and s p e c i f i c  humid i ty  p r o f i l e s .  

Some p r o f i l e s  o f  d r y  s t a t i c  energy and s p e c i f i c  humid i ty  found behind 

t h e  squa l l  l i n e  a re  shown i n  F igs.  12 t o  16. The sh ips  Oceanographer, 

Researcher, Da l l as  and Meteor a re  denoted by O,R,D, and M r e s p e c t i v e l y ,  
I 1 and t h e  t ime o f  t h e  sounding (GMT) i s  g iven  i n  parenthesis .  F igs.  12 

land 13 a l l  show a  mixed l a y e r  s t r u c t u r e  except f o r  t h e  O(1513) sounding 

i 
'wh i ch  was taken c lose  t o  t h e  squa l l  f r o n t  ( j u s t  ou ts ide  the  convec t ive  

1 r eg ion)  ; apparent ly  i n  t h i s  reg ion  mixed 1  ayers, i f  they  e x i s t  a t  a1 1  

have depths smal le r  than t h a t  reso l vab le  by t h e  sounding data (< 50 m). ,., 
I Figs. 14 and 1 5  show p r o f i l e s  o f  s p e c i f i c  humid i ty ;  no te  t h a t  most o f  

! t h e s e  p r o f i l e s  have an unusual s t r u c t u r e ,  w i t h  a  minimum i n  s p e c i f i c  

humid i ty  occu r r i ng  some d is tance above t h e  sur face  capped by a  r e l a t i v e  

maxima. F ig.  16 shows two soundings taken about 3 h r s  l a t e r  than t h e  

p e r i o d  du r i ng  which t h e  squa l l  system cou ld  be considered t o  be i n  a  

steady s ta te ;  again an unusual s p e c i f i c  humid i ty  p r o f i l e  i s  observed. 
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F ig .  14. P r o f i l e s  o f  s p e c i f i c  hum id i t y  f o r  t h e  same soundings as i n  
F ig .  12. 

I 



5 .  r o f i l e s  o f  s p e c i f i c  hum id i t y  f o r  t h e  same soundings as i n  
, F ig .  - L _  . 13. The p r o f i l e  f o r  Oceanographer, 1804 GMT i s  a l s o  7. 



i - r. I . , , .  
F ig .  16. P r o f i l e s  o f  sp&:fic hum id i t y  and d r y  s t a t i c  energy f o r  two 

soundings taken a f t e r  t h e  t ime  f o r  which t h e  squa l l  system 
cou ld  be considered t o  be i n  steady s ta te .  I 



I t  can be seen from these p r o f i l e s  t h a t  i t  i s  d i f f i c u l t  t o  es t imate  

t r a n s i t i o n  l a y e r  depth b u t  t h a t  i t  appears t o  be about 100 m. 

( F i t z j a r r a l d  and Garstang, (1981a) us ing  an ex tens ive  s e t  o f  GATE boun- 

dary l a y e r  p r o f i l e s  obta ined a  median t r a n s i t i o n  l a y e r  th ickness  o f  100 

L m and a  mean o f  183 m.) 
7 - I 

Fig .  17 shows t h e  composite ana l ys i s  o f  t h e  g rad ien t  o f  t h e  d r y  

s t a t i c  energy (ds/dz) above t h e  t r a n s i t i o n  l a y e r .  There i s  'a s i g n i f i -  

can t  increase i n  s t a b i l i t y  above t h e  t r a n s i t i o n  l a y e r  t h a t  occurs i n  t he  

wake o f  t h e  squa l l  l i n e .  F ig .  18 shows t h e  composite ana l ys i s  of t h e  

g rad ien t  o f  s p e c i f i c  humid i ty  (dq/dz) above t h e  t r a n s i t i o n  1  ayer. The 

sh ip  p o s i t i o n s  and t ime o f  soundings are  i n d i c a t e d  and can be matched t o  
. I  

t h e  p r o f i l e s  o f  F igs.  14 and 15. Th i s  ana l ys i s  i s  somewhat specu la t i ve  

and p a r t l y  based on t h e  f o l l o w i n g  hypo the t i ca l  model o f  t h e  development 

o f  t h e  lapse ra te :  Convect ive downdrafts occur i n  cores o r  c e l l s  and 

r e s u l t  i n  a i r  o r i g i n a l l y  a t  about 3 km o r  above be ing  brought  down t o  

t h e  sur face  (Be t t s ,  1976). I d e a l i z e d  schematic p r o f i l e s  o f  t h e  m o d i f i -  

c a t i o n  o f  t h e  d r y  s t a t i c  energy and s p e c i f i c  humid i ty  from ambient 

values ahead o f  t h e  squa l l  l i n e  t o  va lues j u s t  behind t h e  reg ion  o f  

s t rong  convect ive downdrafts a re  shown i n  F ig .  19, A and B. The d r y  

s t a t i c  energy and s p e c i f i c  humid i ty  p r o f i l e s  i n  B should be compared 

w i t h  t h e  O(1513) sounding (Figs. 12 and 14). J u s t  a f t e r  t h e  squa l l  

passage the  mixed l a y e r  i s  absent o r  extremely smal l .  The fo rmat ion  o f  

t h e  r e l a t i v e  maxima i n  s p e c i f i c  humid i ty  a t  1 km o r  h igher  from the  

sur face  i s  hypothesized t o  occur due t o  d r y  a i r  ( i n  t h e  sense t h a t  q i s  

1  ess) from t h e  convec t ive  downdrafts spreadi ng o u t  beneath moi s t e r  a i  r 

i n  between downdraft  cores. Al though , ~ : ~ . f 7 ~ s , - , ~  r a i n f a l l  % :<, evapora t ion  y i s  l a r g e  i n  

t h e  convect ive downdraft  a i r ,  i t  i s  c o ' n c e i ~ b l e r t h a t  i t  a r r i v e s  a t  t h e  



Composite Stability ds/dz = g + c, dT/dz 
3 . Above Inversion ( m  s - ~ !  .. ~ 8 1 b  

- 2 
F ig .  17. Composite s t a b i l i t y  a top  t h e  mixed l a y e r  i n v e r s i o n  (m s  ) 

mil'f i? I ( r e d r a f t e d  from Johnson and N i c h o l l s ,  1982). Scal loped curve 



Gradient of  Specif ic H u m i J i t y  
a b o v e  Trans i t ion  Layer (gk$'hni3 

Fig.  18. Composite lapse r a t e  o f  s p e c i f i c  hum id i t y  a top  t h e  mixed 
l a y e r  i nve rs ion .  The s h i p  and t ime  o f  some o f  t h e  soundings - - 

i n d i c a t e d  and can be matched w i t h  those o f  F igs.  12 and 



1' 9 is') -> 

F ig .  19. I d e a l i z e d  schematic p r o f i l e s  showing t h e  m o d i f i c a t i o n  o f  d r y  
s t a t i c  energy and s p e c i f i c  hum id i t y  t h a t  occurs w i t h  t he  

?'*, 
? I  

passage o f  t h e  squa l l  system. (A)  Shows thermodynamic s t ruc -  
. ' ' t u r e  o f  a i r  ahead o f  s q u a l l  l i n e .  (B) J u s t  o u t s i d e  t h e  r e g i o n  

: 

' " o f  convec t i ve  sca le  downdrafts (-50-100 km behind l ead ing  edge 
- -  o f  s q u a l l  1  ine) .  (C )  M idd le  o f  s q u a l l  wake (- 100-250 km 

behind l ead ing  edge). (D)  Rear o f  s q u a l l  wake (> 250 km 
behind l ead ing  edge). 

' I 



surface w i t h  a  lower q  than t h e  surrounding a i r  (it cou ld  s t i l l  be 
I 

n e a r l y  sa tu ra ted  due t o  i t s  low temperature).  F ig.  20 shows mo is t  

s t a t i c  energy (h  = c  T  + gz + Lq) p r o f i l e s  f o r  t h ree  soundings ahead o f  
P  

t h e  squa l l  l i n e  and t h r e e  soundings w i t h i n  t h e  squa l l  wake. There i s  a  

considerable decrease i n  t h e  low l e v e l  mo is t  s t a t i c  energy a f t e r  t he  

passage o f  t h e  squa l l  l i n e .  A lso no t i ceab le  i n  t h e  soundings w i t h i n  t h e  

squa l l  wake, i n  p a r t i c u l a r  f o r  R(1902) and Q(1501) i s  a  minimum i n  mo is t  

s t a t i c  energy j u s t  above t h e  sur face  capped by a  r e l a t i v e  maxima, very 

s i m i l a r  t o  t he  s p e c i f i c  humid i ty  p r o f i l e s  (see Fig.  14). These p r o f i l e s  

a re  cons i s ten t  w i t h  t h e  idea  t h a t  a i r  f rom convec t ive  downdraft  cores 

spreads o u t  a t  t h e  sur face beneath a i r  which has n o t  o r i g i n a t e d  from 

such a h igh  l e v e l .  The depth o f  t h i s  convec t i ve l y  produced downdraft  

o u t f l o w  seems t o  be between 500 m t o  1000 m. 

Another poss ib le  f a c t o r  c o n t r i b u t i n g  t o  t h e  unusual s p e c i f i c  humi- 

d i t y  p r o f i l e  cou ld  be r a i n f a l l  evaporat ion underneath the  a n v i l  be ing  a 

s i g n i f i c a n t  f unc t i on  o f  he igh t .  However, t h i s  cou ld  n o t  account f o r  t h e  

shape of t h e  mo is t  s t a t i c  energy p r o f i l e .  (Note t h a t  low l e v e l  mo is t  

s t a t i c  energy can be increased by sens ib le  and l a t e n t  heat  exchanges a t  

t h e  sea-a i r  i n t e r f a c e .  ) R a i n f a l l  evapora t ion  combined w i t h  t h e  e f f e c t  

o f  v e r t i c a l  wind shear cou ld  a l s o  p l a y  a  p a r t .  Gamache and Houze's 

(1982a) 850 mb s t reaml ine  ana l ys i s  shows t h a t  t h e  wind speed r e l a t i v e  t o  
! , < > a  

t h e  squa l l  i s  l e s s  a t  t h i s  l e v e l  than  i t  i s  a t  t h e  surface. I f  we 

fo l lowed an a i r  pa rce l  s t a r t i n g  a t  850 mb compared t o  one a t  t he  sur- 

face, r e l a t i v e  t o  t h e  s q u a l l ,  we would expect i t  t o  descend i n  t h e  

mesoscale downdraft  (see Fig.  6) and s ince  i t  i s  moving slower r e l a t i v e  

t o  t h e  squa l l  l i n e  than a i r  c l o s e r  t o  t h e  sur face,  t o  remain w i t h i n  t h e  
I .  

I r a i n f a l l  r eg ion  f o r  longer  and thus might  inc rease i t s  mo is tu re  conten t  

l 
over t h a  o f  t he  a i r  d i r e c t l y  beneath it. F 



. I . . + . ,  

f ig.  20. Mo is t  s t a t i c  energy p r o f i l e s  f o r  t h r e e  soundings ahead o f  t h e  
squa l l  l i n e  and t h r e e  soundings w i t h i n  t h e  s q u a l l  wake. The 
s h i p  and t ime o f  sounding can be matched t o  those o f  F ig .  18. 



o understand how p r o f i l e  B might  develop as we f o l l o w  t h e  a i r  
iY.t :-, 

pa rce l  r a j e c t o r y ,  i t helps t o  consider  t h e  equat ions t o  be de r i ved  i n  

Chapter 5 f o r  t h e  g rad ien ts  o f  v i r t u a l  s t a t i c  energy and speci f . ic  humi- 

d i t y  i n  t h e  s t a b l e  a i r  above t h e  t r a n s i t i o n  l aye r .  (These equat ions 

were used by Carson, 1973. ) For t h e  case o f  cons tan t  divergence ( w i t h  

he igh t )  
, , . , . . 

where TSv (= dsv/dz) i s  t h e  g r a d i e n t  o f  v i r t u a l  s t a t i c  energ i iahd (= 
9  

dq/dz) i s  t h e  g r a d i e n t  o f  s p e c i f i c  humid i ty  (note t h a t  g rad ien ts  a re  t h e  

negat ive  o f  t h e  lapse ra tes) .  These equat ions i n d i c a t e  t h a t  subsidence 

w i l l  a c t  t o  inc rease t h e  magnitude o f  t h e  g r a d i e n t  and t h a t  t h i s  r a t e  o f  

change i s  p r o p o r t i o n a l  t o  t h e  grad ien t ,  If we were t o  f o l l o w  t h e  t r a -  
. ., . 

j e c t o r y  r e l a t i v e  t o  t h e  squa l l  1  i n e  o f  ae;o1umn o f  a i r  w i t h  p r o f i l e s  B 

some 50-100 km we migh t  q u a l i t a t i v e l y  expect t h e  new p r o f i l e s  t o  l ook  

l i k e  those i n  F ig .  19C. Subsidence has brought  t h e  r e l a t i v e  maxima i n  

t h e  s p e c i f i c  humid i ty  p r o f i l e  c l o s e r  t o  t h e  surfax&' and t h e  mixed l a y e r  

has s t a r t e d  t o  recover.  Furthermore, t h e  mixed l a y e r  i s  growing i n t o  a  

reg ion  having a  s t rong  negat ive  g r a d i e n t  o f  s p e c i f i c  humid i ty .  The 

g rad ien t  o f  v i r t u a l  s t a t i c  energy above t h e  t r a n s i t i o n  l a y e r  i s  a l s o  i n -  

c reas ing  as l ong  as subsidence i s  occu r r i ng  ( a t  l e a s t  as l o n g  as TSv i s  

f a i r l y  constant  w i t h  he igh t ) .  Compare t h e  p r o f i l e s  i n  C t o  those o f  

Researcher (1902) and Quadra (1501) i n  F igs.  12 and 14. If subsidence 

mixed l a y e r  may be expected t o  grow i n t o  a i r  where t h e  

g rad ien t  o f  s p e c i f i c  humid i t y  changes s i g n  and becomes p o s i t i v e ,  see 



- - - -- - - 

I 1 ! 
I 

p r o f i l e s  D. Th is  cou ld  be compared t o  t h e  soundings o f  Meteor (1811) 
1 

and Quadra (1823) (see Figs.  12, 13, 14 and 15). The soundings o f  i 

Da l l as  (1802) and Quadra (1630) (see Figs. 13 and 15) are harder  t o  1 

c l a s s i f y  and cou ld  have s t rong  negat ive  g rad ien ts  o f  s p e c i f i c  humid i t y .  

above t h e  mixed l a y e r  o r  they  cou ld  be p o s i t i v e .  The sounding f o r  

Oceanographer (1804) (see Fig.  15) i s  somewhat anomalous and un for -  

t u n a t e l y ,  d r y  s t a t i c  energy cou ld  n o t  be obta ined f o r  t h i s  sounding. I 
The s p e c i f i c  humid i ty  p r o f i l e  apparent ly  shows a lower mixed l a y e r  

h e i g h t  than  would be expected i n  t h i s  reg ion  and no r e l a t i v e  maxima 

above the  sur face  as do o the r  soundings. The mixed l a y e r  i s  a1 so very 1 
d ry .  F ig .  16 shows t h e  soundings a t  Oceanographer (2115) and Quadra ~ 
(2101). Since by t h i s  t ime t h e  squa l l  1 i n e  was we1 1 i n t o  i t s  decaying 

stage l i t t l e  a t t e n t i o n  has been g iven  t o  them f o r  purposes o f  the-com- 

p o s i t e  ana lys is .  However, they  are  good examples o f  t h e  l a r d e  d i f f e r -  

I ences i n  t h e  g rad ien ts  o f  s p e c i f i c  humid i ty  a t  t h e  t o p  o f  t h e  t r a n s i t i o n ,  

l a y e r  t h a t  can occur. Oceanographer (2115) has a s t r o n g l y  negat ive ~ 
g r a d i e n t  a t  t h e  t o p  o f  t h e  t r a n s i t i o n  l a y e r  (unless t h e  t r a n s i t i o n  l a y e r  ~ 
i s  some 300 metres t h i c k  which i s  very u n l i k e l y ) ,  whereas, Quadra (2101) 

seems t o  have a p o s i t i v e  g rad ien t .  Fu r the r  d iscuss ion  o f  t h e  lapse 

r a t e s  w i l l  be de fe r red  u n t i l  Chapter 5 where a more q u a n t i t a t i v e  analy- 

s i s  w i l l  be attempted. 

3. f L i f t i n g  Condensation Level 

F ig.  21  shows t h e  composite 1 i f t i n g  condensat ion l e v e l .  Comparison I 
w i t h  F ig.  3 shows t h a t  t h e r e  a re  no regions where t h e  mixed l a y e r  he igh t  

exceeds t h e  l i f t i n g  condensat ion l e v e l ,  as expected. J u s t  ahead o f  t h e  I 

squa l l  l i n e  the  l i f t i n g  'cgndensat ion l e v e l  i s  low and o n l y  s l i g h t l y  

h igher  than t h e  mixed l a y e r  depth whereas i n  t h e  wake o f  t h e  system t h e  



Fig. 21. Composite lifting condensation level (m). 



d i  f ference i s 1 arge, 

f o r  t h e  absence o f  

reg ion .  

about 500 metres. Th i s  1 arge 

m i  xed 

f f e rence  accounts 

ayer  i n  t h e  wake sha l low c louds a top  t h e  



4. ZERO-ORDER MODEL OF THE GROWTH OF AN 
, - I . *  

L 

UNSTABLE BOUNDARY LAYER ' 

The composite ana l ys i s  p rov ides  s u i t a b l e  i n fo rma t i on  f o r  under- 

t a k i n g  a d e t a i l e d  model ing study o f  t h e  boundary l aye r .  A s imple model 

o f  t h e  mixed l a y e r  i s  t h e  zero o rde r  model developed by B a l l  (1960) and 

L i l l y  (1968). The ve rs ion  o f  t h e  model used here w i l l  consider  t h e  

e f f e c t s  o f  advect ion,  v a r i a b l e  lapse r a t e  o f  v i r t u a l  s t a t i c  energy and 

s p e c i f i c  humid i ty ,  t he  v e r t i c a l  v e l o c i t y  a t  t h e  t o p  o f  t he  mixed l a y e r ,  

use t h e  diagnosed buoyancy and l a t e n t  heat  f l uxes ,  and a1 low i n c l u s i o n  
I 

o f  r a d i  a t i v e  and evapora t i  ve coo l  i ng. :.i 

To app ly  t h i s  model i t  i s  r e q u i r e d  t h a t  t h e  Movin Obukhov l eng th  i s  

smal l  compared t o  t h e  depth o f  t h e  mixed l a y e r ,  so t h a t  t h e  p roduc t i on  

o f  tu rbu lence by sur face  f r i c t i o n  i s  n e g l i g i b l e  compared t o  t h a t  by 

buoyant convect ion. The Movin Obukhov l e n g t h  i s  g iven  by 

I < P  ' I . &  I I f . '  I ,  J7 

where u, i s  t he  f r i c t i o n  v e l o c i t y ,  s t h e  v i r t u a l  p o t e n t i a l  temperature, v  

K Von Karman's constant ,  and ( w '  s;)~ t h e  sur face  f l u x  o f  v i r t u a l  poten- 

t i a l  temperature. The f r i c t i o n  v e l o c i t i e s  can be formulated i n  terms o f  

a  drag c o e f f i c i e n t  and wind speed, i. e. u, = JcDu2 Taking t h e  f o l l o w -  

i n g  values, cD = 0.0015, u = 5 msml sV = 3x105 J kgm1, K = 0.4, (w's;)~ 
I *  2 



tu rbu lence d r i v e n  by sur face  f r i c t i o n  can be neglected i n  t he  squal l1  

40 

wake . 

I 
I .  

, i I ,  .?i ' i i .  , . .i 8 7 I 

Another impor tan t  cons ide ra t i on  i s  t h e  p roduc t i on  o f  tu rbu lence due 

= 25 m K s - I  we o b t a i n  L  = -24 m. Thus t o  a  reasonable approximation 

t o  wind shear i n  t h e  t r a n s i t i o n  l aye r .  Deardor f f  (1978) est imated us ing  

r e s u l t s  from t h e  study by Moore and Long (1971) t h a t  t h e  shear-dr iven 

entra inment  becomes o f  equal o r  g rea te r  importance than convec t ive ly  

d r i v e n  entra inment  when A; > 6 w, where A; i s  t h e  magnitude of t h e  mean 
#;*!' . ? . I  ,o., :v>%41,{ 

f l o w  d i f f e r e n c e  across t h e  ~ n t e r f a c i a l  l a y e r ,  and w, t h e  convect ive 

% 1 
4 L . l  

sca le  v e l o c i t y  g iven  by 
, I ^  f ( I  

where H i s  t h e  mixed l a y e r  depth. I f  t h e  t r a n s i t i o n  l a y e r  depth i s  

about 100 m and i f  we es t imate  A; f rom wind p r o f i l e s  (no t  shown), t h e  

r a t i o  o f  Au t o  6 w, takes values between 1/12 - 4/5 w i t h  a  mean o f  - 1/2 

w i t h i n  t h e  squa l l  wake. The h igh  value o f  t h i s  r a t i o  f o r  some soundings 
I 

i n d i c a t e s  t h a t  t u r b u l e n t  p roduc t i on  due t o  wind shear c d i ~ l d  b'; S i g n i f i -  

cant .  I t  should be p o i n t e d  o u t  t h a t  u n l i k e  t h e  thermodynamic va r i ab les  

momentum d i d  n o t  appear t o  be we1 1  mixed w i t h i n  t h e  mixed l a y e r  and no 

d i s t i n c t  jump i n  wind speed Au was observed across t h e  t r a n s i t i o n  l aye r .  

As has a l ready  been discussed (p. 8) t h e r e  i s  q u i t e  a  b i t  o f  u n c e r t a i n t y  
I 

i n  t h e  low l e v e l  wind speeds measured by rawinsonde. 

The zero-order  model i s  h i g h l y  i d e a l i z e d  and conciders c .  ,,,,\tinu- 

i t i e s  i n  t h e  thermodynamic f i e l d s .  I d e a l i z e d  p r o f i l e s  o f  mean v i r t u a l  

s t a t i c  energy iv and o f  mean f l u x  w'sb f o r  t he  model a re  shown i n  F ig.  

22. The capping i n v e r s i o n  t o  t he  mixed l a y e r  i s  represented by Asv. No 



r . I . . g .  77. I d e a l i z e d  p r o f i l e s  o f  mean v i r t u a l  s t a t i c  energy ivy mean 
2 r* 

r I f 1 ux w sv,  mean s p e c i f i c  humid i ty  4 and mean f l u x  f o r  

t he  zero-order jump model. 



clouds e x i s t  a top t h e  mixed l a y e r  as was discussed ea r l i c  . 36). The 

equat ions f o r  t he  growth of t he  mixed l a y e r  he igh t  i nve rs ion  

s t reng th  are obta ined i n  t he  f o l  low ing  manner. The thermodynamic equa- 

t i o n  i s  

where Q represents d i a b a t i c  e f f e c t s  due t o  r a d i a t i o n  and r a i n f a l l  eva-I 

po ra t i on .  Because the re  a re  no c louds,  we can neg lec t  condensation. 

The Boussinesq approx imat ion i s  made and w i t h  Reynolds averaging we 

o b t a i n  

- 

where i s  t h e  h o r i z o n t a l  v e l o c i t y .  

I f  we consider  i n f i n i t e s i m a l  displacements above and below H t o  t he  

ne igh ts  h+ and h- r e s p e c t i v e l y ,  then  i n t e g r a t e  between these l e v e l s ,  we 

o b t a i n  ~ 

where we have represented t h e  r a d i a t i v e  o r  evaporat ive c o o l i n g  term i n  

f l u x  form. Using L e i b n i z ' s  r u l e  and t a k i n g  t h e  l i m i t  as h+ - h- -, 0 we 

o b t a i n  - - , 

5 , .  ,,,, , , .i . , ! :  I: , i 7 . : , { E  1 -; ; , , ; ;:v r !  
: .  . ,  , , . ; i t : -< , d -, <I?: 

, 1, 
1 '  1 
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where GH i s  t h e  mean v e r t i c a l  v e l o c i t y  a t  .- . ti, FsvH t h e  buoyancy f l u x ,  and 

AFR i s  t h e  jump i n  t h e  r a d i a t i v e  o r  evapora t ive  f l u x  a t  H. I n  t h e  case 

o f  r a i n f a l l  evaporat ion we envisage a  f l u x  o f  r a i n  which i s  depleted 
' ' """ 

w i t h i n  t h e  t r a n s i t i o n  l a y e r  by evapora t ion  which causes a  p r o p o r t i o n a l  

amount o f  coo l ing .  O f  course i n  t h i s  model t h e  t r a n s i t i o n  l a y e r  i s  

i n f i n i t e s i m a l ;  however, i n  a p p l i c a t i o n  i t s  depth must be taken i n t o  
1 \i 

account ' 3  est imate  t h e  evaporat ion o f  r a i n .  A t  h+ we have 

where Q+ i s  t h e  d i a b a t i c  hea t i ng  a t  h+. Therefore 
,!', . .I . -,.. . 

where As, = lL ' - i v ( h - )  and i+ i s  t h e  v e r t i c a l  v e l o c i t y  a t  h+. 

I n t e g r a t i r  

, ., 3 

(4. from t h e  sur face  t o  h- we o b t a i n  

. + & {  I , . j . ! ,  

- 
where vm i s  t h e  mean v e l o c i t y ,  averaged through the  depth o f  t h e  mixed 

% I 

l a y e r  and Qm t h e  mean d i a b a t i c  hea t i ng  term. S u b s t i t u t i n g  (4.9) i n t o  

,,!, ;  $ , I . ,  6'';' 
. , 1  

(4.8) we f i n d  ! ,  * W  ..<, , I , ? ' , :  i , ?;,*!!;,.- I T  I-,.: t , {  + # ! , ,  ,r>;,s.:, 



where AQ = Q+ - Q,. Taking t h e  l i m i t  as h+ - h- + 0 

t 
r r f rom (4.6), we f i n d  I 

where i t  has been assumed t h a t  h o r i z o n t a l  v e l o c i t y  i s  indeiendent  o f  

he igh t .  The system o f  equat ions (4.6) and (4.11) i s  i n c n m o l e t ~  s ince 

t h e  buoyancy f l u x  Fs ,, has n o t  been spec i f i ed .  The conv : io c l osu re  
v * :., , *- 

assumption (Bet ts ,  1973; Tennekes, 1973) i s  t o  make it propc i o n a l  t o  

t h e  sur face  buoyancy f l u x ,  i. e. 
8 '- 1.1 I \ .  , 

where k i s  an entra inment  parameter normal ly  considered t o  have a value 

between 0.2 and 0.5. The buoyancy f l u x  a t  t h e  t o p  o f  t h e  mixed l a y e r  i s  

negat ive.  Eq. (4.6) shows t h a t  t h e  growth o f  t h e  mixed l a y e r  occurs by 

entra inment  o f  p o t e n t i a l l y  warmer a i r  f rom above. Work i s  requ i red  t o  

I - 
c a r r y  warmer a i r  downward t o  be mixed i n t o  t h e  boundary l a y e r  and so 

s;+diues q f  ,$?is problem have normal ly  considered t h e  t u r b u l e n t  energy 

equat ion. Fo l low ing  Zeman and Tennekes (1977) we w r i t e  I I 



I 
where e represents t h e  mean t u r b u l e n t  k i n e t i c  energy and E t h e  d i ss ipa -  

t i o n  r a t e  (o the r  n o t a t i o n  conforms t o  t h e  usual convent ions).  Turbu len t  

p roduc t i on  due t o  wind shear across t h e  t r a n s i t i o n  l a y e r  has been neg- 

lec ted .  Neg lec t ing  t h e  term on t h e  LHS o f  (4.13), i. e. , assuming t h e  

tu rbu lence i s  steady, and parameter iz ing  t h e  f l u x  convergence term by 

where ow i s  t h e  r.m.s. tu rbu lence v e l o c i t y  i n  t h e  mixed l a y e r  and H an 

~ p r o p r i  a te  ng th  sca le  ( t h e  c o e f f i c i e n t  cF can be d iscounted f o r  l o s s  

dl.- t o  - - 'pa t ion) ,  we f i n d  
, .. , ,:I .. ' , 

Now I n  convect ive cond i t i ons ,  t h e  tu rbu lence i n t e n s i t y  i s  p r o p o r t i o n a l  

t o  t h e  convect ive sca le  w, de f i ned  by Eq. (4.2). S u b s t i t u t i n g  w, f o r  ow 

( l e t t i n g  c f  absorb t h e  cons tan t  o f  p r o p o r t i o n a l i t y )  we o b t a i n  

L ,  > 
: 1 i ): ! .. ' J 

* 1 

which i s  Eq. (4.10) where k=cF Th is  'expr&k ion  was f i r s t  de r i ved  i n  

t h i s  manner by Tennekes (1973). Z i  1  i ti nkevi  ch (1975) parameter ized t h e  

l o c a l  r a t e  o f  change o f  t u r b u l e n t  k i n e t i c  energy i n  Eq. (4.13); however, 

an ex tens ive  s tudy o f  t h i s  problem by Driedonks (1982) suggests i t  i s  

unnecessary t o  take  i t  i n t o  account. Driedonks recommends a  low value 
. , . 

f o r  k o f  0.2, whereas we have us6d"the s l i g h t l y  h igher  va lue 0.25 i n  

t h i s  study f o l l o w i n g  F i  t z j a r r a l d  and Garstang (1981b). The s e n s i t i v i t y  

o f  model r e s u l t s  t o  t h e  va lue o f  k  w i l l  be examined. 



F r  F - F  
d a q = - q H +  qH qo 

1 d t  I, : #.,. Aq H I ' J  
< 

'i 1 . .I 

where qm i s  t h e  s p e c i f i c  humid i ty  i n  t h e  mixed l a y e r ,  F  and F  t h e  
90 q  H 

f l u x e s  o f  s p e c i f i c  humid i ty  a t  t h e  sur face  and a t  t h e  t o p  o f  t h e  mixed 

l a y e r  respec t i ve l y ,  r t h e  g r a d i e n t  and Aq t h e  jump a t  H. S u b s t i t u t i n g  
q  

(4.6) i n t o  (4.18) we . f i n d  (neg lec t i ng  d i a b a t i c  heat ing)  , , I  . c,~i.' 

anA s u b s t i t u t i n g  t h i s  equat ion  i n t o  (4.19) we o b t a i n  

-- 

I 
-I- - -  

S i m i l a r  equat ions h o l d  f o r  t h e  s p e c i f i c  humid i ty  as f o r  t h e  v i r t u a l  

s t a t i c  energy except t h e  c losu re  assumption i s  no longer  v a l i d .  For 
, . ?  1 

s p e c i f i c  humid i ty  we have (assuming no evaporat ion)  
I 8  

F -F dqm - = qo qH i , ;. > , 

d  t H 9 

, K I I  

Garstang and F i t z j a r r a l d  (1981b) found t h a t  t h e  r a t i o  

- 

. 

i s  n o t  cons tan t  i n  c o n t r a s t  t o  t h e  r a t i o  o f  t h e  f l u x e s  o f  v i r t u a l  s t a t i c  

energy. We can see from Eq. (4.17) t h a t  mixed l a y e r  d r y i n g  requ i res  F  
q  H 

t o  exceed F  ( R  > 1L3:, , . . , 
90 



This  model has a  d i s c o n t i n u i t y  i n  t h e  thermodynamic v a r i a b l e s  a t  

t h e  t o p  o f  t h e  mixed l a y e r ,  so t h a t  t h e  t r a n s i t i o n  l a y e r  i s  i n f i n i t e s i -  

mal. I n  r e a l i t y  t h e  t r a n s i t i o n  l a y e r  has a  f i n i t e  depth o f  about 100 m. 

The he igh t  H when appl i e d  t o  t he  r e a l  atmosphere probably  i s  bes t  re -  

garded - -  t h e  d is tance from t h e  sur face  t o  t h e  middle o f  t h e  t r a n s i t i o n  

l a y e r  r a t h e r  than the  mixed l a y e r  he igh t .  Th is  view seems t o  be t h e  one 
' U  

taken by Carson (1973) and Deardo r f f  (1979). When t h e  mixed l a y e r  

h e i g h t  i s  l a r g e  t h i s  d i s t i n c t i o n  probably  i s  n o t  very important ,  how- 

ever ,  s ince  i n  t h e  squa l l  wake t h e  t r a n s i t i o n  l a y e r  i s  almost as l a r g e  

as t h e  mixed l a y e r  i n  some reg ions ,  i t cou ld  be s i g n i f i c a n t .  Th is  has 

been t h e  main m o t i v a t i o n  f o r  a l s o  us ing  $be G > ~ ~ , w h j ~ - a l l g w s  f p r  a  
I-C, '  i 

r e a l  i s t i c  
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1' 1 5. GENERAL STRUCTURE ENTRAINMENT MODEL 
b ! * . 

4 t + + $ A !  t 1 ; 1 i 1  . .* , , p j  . - < i t  1 %  1 1 ,  

Since Asv and Aq jumps are  observed t o  occur over a  s i g n i f i c a n t  

fi,, .", 8,. 

v e r t i c a l  depth, models have been developed which at tempt  t o  i nc lude  

t h i s ,  no tab l y  B e t t s  (1974), and Deardor f f  (1978). These models a re  by 

necess i ty  more compl icated and the re  have n o t  been very  many comparisons 

o f  these models w i t h  observat ions.  Due t o  t h e  f a c t  t h a t  t h e  t r a n s i t i o n  

The model i s  po r t rayed  i n  F ig .  23. I ns tead  of u t i l i z i n g  \he h e i g h t  

l a y e r  i s  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  depth o f  t h e  mixed l a y e r  f o r  t h e  

1 , ;  7 ~ ? j  case be ing  studied,  Deardorf  f ' s  GSEM has been hsed f o r  campari s o n ' h i  t h  

H where w l s l v  i s  most negat ive,  i t  u t i l i z e s  t h e  buoyancy f l u x  crossover 

t h e  zero-order model. 

h e i g h t  hl where w ' s I v  = ( W ' S ' ~ ) ~  = 0. I n  t h e  t r a n s i t i o n  l a y e r  Iv i s  

1 

w r i t t e n  as 

where f ( ~ ,  t) i s  a  dimensionless shape f a c t o r  de f i ned  i n  t h i s  reg ion  

w i t h  respec t i ve  l i m i t s  0 < f < 1. - ,., 
The Reynolds averaged thermodynamic equat ion (neg lec t i ng  d i a b a t i c  

i l e a t i  ng) 



.- . -. -.. ! , -; 
i 

, ' 3  

,&1 
Fig.  23. I d e a l i z e d  p r o f i l e s  o f  mean v i r t u a l  s t a t i c  energy s;', mean - 

f l u x  w's;, mean spec i f i c  humidity q and mean f l u x  for  

the  GSEM. 

- - - -- .- - 



i s  i n t e g r a t e d  from hl t o  h2 y i e l d i n g  

I"  
upon i nvok ing  L e i b n i z '  s  r u l e  n e g l e c t i n g  any v a r i a t i o n  o f  h o r i z o n t a l  

v e l o c i t y  w i t h  h e i g h t  i n  t h e  l a y e r  b u t  a l l o w i n g  a  l i n e a r  v a r i a t i o n  o f  

w(z) and us ing  t h e  ou te r  boundary c o n d i t i o n  

I 
La te r  t h e  crossover  f l u x  ( W ' S ' , ) ~  w i l l  a l s o  be s e t  equal t o  zero 

( f o r  now it i s  r e t a i n e d  i n  t h e  more general  form so t h a t  t h e  analogous 

equat ions f o r  s p e c i f i c  humid i t y  can be ob ta ined by s imply s u b s t i t u t i n g  q 

f o r  s V )  The q u a n t i t y  Y i n  (5.3) i s  t h e  i n t e g r a l  shape f a c t o r  de f i ned  

From (4.1) t h e  i n t e g r a l  o f  iv i n  (5.3) i s  g i ven  by 

S u b s t i t u t i n g  (5.6) i n t o  (5.3) per fo rming  t h e  d i f f e r e n t i a t i o n  and r e -  

i ,111 r 

. . 
I .  ' 



a r rang ing  terms we f i n d  

I 
I - r I dasv 

i ,  Asvwel = a(w sv) - (1 + a)(w sV)  + YAh 
0 

dAh 
(5.7) 

dY - (1 - Y) Asv (K - AW) + AsvAh , t ,  . 8 1 "  ,!.if 1 

1; where 

and wherd t h e  mixed- 1 ayer  warmi ng-rate equat ion  

ha. hnn? used. 

The equat ion  f o r  dAsv/dt can be shown t o  be 

dasv - 
I v (w S ~ ) ~ - ( W  svI1 t - -  

d t dAh Aw) - 's v ('el + K - (5.12) 
1 s , I # \  , 

Dea rdo r f f  argues t h a t  t h e  term dY/dt i n  (5.7) i s  n e g l i g i b l e  On sub- 

s t i t u t i n g  (5.12) i n t o  (5.7) and making t h i s  approx imat ion,  we o b t a i n  



where 

where 

Invok ing  ( w ' s ' ~ ) ~  = 0, (5.13) becomes i n  dimensionless form 

W e l  dAh - W * = [o ( l -Y )R ;~ - (1 -Y -GY) (~ -Aw) /w , ] / ( l -GY)  

i s  t h e  convec t ive  v e l o c i t y  scale,  and 

, , ( I  ' 6  , . *  q ]  " {  f - * j *  + 

Deardor f f  suggests t h e  f o l  1  owing approx imat i  on f o r  t h e  i n t e g r a l  shape 

f a c t o r  

Y = 0.55 exp (-0.27G). 

He a l s o  hypothesizes t h e  f o l l o w i n g  growth equat ion f o r  Ah I 

where 

'1 + - r " 

Q = (9,-9,) ( l - G Y ) / Y ,  



Q3 = (1 - Y)/(l - GY), 

It should be noted t h a t  i n  Deardo r f f  (1979) t h i s  equat ion was o n l y  

t e s t e d  w i t h  l a b o r a t o r y  experiments f o r  t h e  case o f  no subsidence, i. e. 

f o r  4 = 0. 
I ,  ,' .* \ 1 , \ r -  

l o  o b t a i n  t h e  equat ions f o r  s p e c i f i c  humid i ty  q i s  s u b s t i t u t e d  f o r  

v i n  equat ions (5.11), (5.12), (5.13) and (5.14). In t h e  case o f  

s p e c i f i c  him t h e  f l u x  a t  hl i s  i n  general  not equal t o  zero as i t  
1' 

-- o f  v i r t u a l  s t a t i c  energy. The same i n t e g r a l  shape 

facto wi1 be assumed f o r  t h e  s p e c i f i c  humid i ty  as f o r  t h e  v i r t u a l  

s t a t i c  energy. 

. . .  I , . . .  
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6. NUMERICAL PROCEDURE 

Both models have p r e d i c t i o n  equat ions f o r  H,  sVm, Asv, qm and Aq, 

t h e  equat ions (4.6), (4.9), (4.11) , (4.17) and (4.19) r e s p e c t i v e l y ,  f o r  

'' t h e  zero-order model, and t h e  equat ions (5.8), (5. ll), (5.12) and t h e  

' a p p r o p r i a t e  equat ions f o r  qm and Aq, r e s p e c t i v e l y ,  f o r  t h e  GSEM. These 

I: equat ions can be solved once we have s p e c i f i e d  from observat ions the  
- 

i n i t i a l  values o f  these q u a n t i t i e s  and t h e  f i e l d s  o f  lr, wH, FSvo, rs , 
v  

F and (Here v  i s  t h e  wind v e l o c i t y  r e l a t i v e  t o  t h e  squa l l  l i n e  
90 q' -r 

and i s  necessary t o  o b t a i n  t h e  s u b s t a n t i a l  d e r i v a t i v e  as w i l l  now be 

descr ibed).  

The method used t o  so lve  these equat ions i s  s i m i l a r  t o  t h a t  used by 

Schubert - e t  - a l .  (1979), i n  t h a t  t h e  equat ions are  fo rmula ted  i n  t he  

n a t u r a l  coord ina te  system. However, we a l s o  t r a n s f e r  t o  a  coord ina te  

system moving w i t h  t h e  squa l l  l i n e  which i s  assumed t o  be i n  t h e  steady 

s t a t e  and moving a t  13.5 m s - I  i n  a  f i x e d  d i r e c t i o n .  Re la t i ve  t o  t h e  

squa l l  1 i n e  t h e  a i r  i n  t h e  mixed l a y e r  moves towards t h e  r e a r  o f  t h e  

system (except perhaps r i g h t  a t  t h e  gus t  f r o n t ) .  To determine t h e  

r e l a t i v e  stream1 ines  and iso tachs  t h e  mean v e l o c i t y  i n  t h e  mixed l a y e r  

was est imated by averaging t h e  wind speed between t h e  sur face  and t b  t 
t o p  o f  t h e  mixed l aye r .  The v e l o c i t y  a t  t h e  t o p  o f  t h e  mixed l a y e r  was 

es t imated  by l i n e a r l y  i n t e r p o l a t i n g  ( o r  e x t r a p o l a t i n g )  between t h e  

sur face  and 970 mb us ing  t h e  composite analyses o f  t h e  wind f i e l d s  a t  

these l e v e l s  and o f  t h e  mixed l a y e r  he igh t ,  i. e. f o r  t h e  x-component 



(eastward) o f  v e l o c i t y  

H H vx(H) = ( 1 )  v,(sfc) + - ~ ~ ( 3 7 5  m) 375 m 

and s i m i l a r l y  f o r  t h e  y ( n o r t h e r l y )  component. The average v e l o c i t y  o f  

t h e  squa l l  l i n e  was then subt rac ted  from t h e  mean v e l o c i t y  f i e l d  o f  t he  

mixed l a y e r  t o  o b t a i n  t h e  r e l a t i v e  s t reaml ines  and iso tachs  shown i n  

F ig .  24. (These are  mean mixed l a y e r  s t reaml ines) .  The procedure i s  

then t o  numer ica l l y  i n t e g r a t e  t h e  equat ions a long each s t reaml ine  once 

i n i t i a l  values o f  t h e  v a r i a b l e s  have been spec i f i ed .  

For t h e  zero-order  model t h e  equat ions i n  n a t u r a l  coord inates 

r e l a t i v e  t o  t h e  squa l l  1  i ne a re  (neg lec t i ng  d i a b a t i c  heat ing) :  

where 



Fig. 24. Relative mixed layer streamlines (solid lines) and isotachs 
(dashed 1 i nes). I 



v  i s  t h e  wind speed r e l a t i v e  t o  t h e  s q u a l l  1  i n e  and x i s  now t h e  d i s -  r 

tance a long  a  s t reaml ine .  The equat ions f o r  H and AS, were so lved  us ing  

t h e  Runge-Kutta f o u r t h - o r d e r  method. The i n t e g r a t i o n s  a r e  performed 

a long  t h e  e leven s t reaml ines  shown i n  F ig .  24 w i t h  t h e  values o f  sur face  

f l uxes ,  v e r t i c a l  v e l o c i t y ,  h o r i z o n t a l  v e l o c i t y  and lapse  r a t e s  be ing  

s p e c i f i e d  from t h e  observed va lues a t  30 km i n t e r v a l s .  The space d i f -  

f e renc ing  used was 1 km; a cub ic  s p l i n e  r o u t i n e  was used t o  i n t e r p o l a t e  

between t h e  30 km increments.  

Fo l l ow ing  Dea rdo r f f  (1978)' t h e  GSEM equat ions a r e  so lved  by f o r -  

ward d i f f e r e n c i n g .  The p r e d i c t i v e  equat ions f o r  3,,, ASv, hl, Ah, qm 

and Aq, w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form i n  n a t u r a l  coord ina tes  r e l a -  

t i v e  t o  t h e  s q u a l l  l i n e  are: 

dAh ' s  0 
ASi+l = + & ,i ax v 

i sV ( W e l  + K - Aw) - - - v i i '  
r 'r hl 

I 
I where 



where 

i i 
Aqi+l = aq i + AX 7 rq i (wel + dAh - AW) i - AX -- Fqo-Fql) 

v r v r h l  



7. RESULTS 

7. a  Resul ts  o f  t h e  Zero-Order and GSEM w i t h  and w i t h o u t  D i a b a t i c  

A prev ious  study o f  t h e  mixed l a y e r  recovery f o l l o w i n g  t h e  passage 

1 ) o f  t h e  12 September squa l l  1  i n e  has been made by F i t z g e r r a l d  and 

Garstang (1981b). The d e t a i  1  ed composite ana l ys i s  descr ibed i n  Chapter 

2 has made p o s s i b l e  a  f a r  more q u a n t i t a t i v e  study, i n  which t h e  f u l l y  

t h r e e  dimensional mixed l a y e r  s t r u c t u r e  can be examined. 

The approach taken here i s  t o  s p e c i f y  t he  sur face  f luxes  from 

I observat ions a1 low ing  no feedback o f  p r e d i c t e d  mixed 1  ayer  temperature 

and s p e c i f i c  humid i t i es  on t h e  f l u x e s  (see Equat ions 2.1, 2.2 and 2.3). 

1 The reason f o r  n o t  us ing  a  f u l l y  i n t e r a c t i v e  model i n  which sea sur face 

f l u x e s  a re  p r e d i c t e d  i s  t h a t  they  would depend on composite f i e l d s  o f  

a1 1  t h e  q u a n t i t i e s  t h a t  go i n t o  t h e  model ( i n  a d d i t i o n  we would need a  

composite ana l ys i s  o f  sea surface temperature) whereas, i t  seems more 

reasonable t o  use l o c a l l y  observed da ta  t o  determine f l uxes .  

I 

I I I The v e r t i c a l  v e l o c i t y  f i e l d  shown i n  F ig.  6 g ives values a t  375 m 

'above t h e  surface. It i s  necessary t o  i n t e r p o l a t e  ( o r  ex t rapo la te )  f rom 

t h i s  he igh t  t o  t h e  / top o f  t h e  mixed l a y e r  and t h e  f o l l o w i n g  formula has 

been used 



Fig.  25 shows t h e  p r o f i l e  o f  v e r t i c a l  v e l o c i t y  g iven  by t h i s  f o r -  

- 1 mula f o r  t h e  case when w(375 m) = -0.03 ms . It g ives  a s i m i l a r  pro- 

f i l e  t o  t h a t  found by Gamache and Houze (1982a) f o r  t h e  a n v i l  downdraft 

below 1 km (see t h e i r  F ig.  13). As p r e v i o u s l y  discussed i n  Chapter 3, a 

l i n e a r  i n t e r p o l a t i o n  below 375 m probably  underestimates s l i g h t l y  the  

magnitude o f  t h e  v e r t i c a l  v e l o c i t y  and Eq. (7.1) i s  l i k e l y  t o  be more 

r e a l i s t i c .  Furthermore t h e  development o f  t h e  d r y  s t a t i c  energy and 

spec.i f i  c humid i ty  p r o f i  1 es w i  11 be 1 ooked a t  i n  more d e t a i  1 , and f o r  

t h i s  a l i n e a r  e x t r a p o l a t i o n  between t h e  sur face  and 375 metres, t o  
I 

he igh ts  s l i g h t l y  above 1 km would g i v e  much l a r g e r  v e r t i c a l  v e l o c i t i e s  

than cou ld  reasonably be expected. 

The i n i t i a l  s t a r t i n g  p o i n t s  f o r  t h e  model i n t e g r a t i o n s  are  shown by 

t h e  crosses i n  F ig.  24 which l i e  j u s t  ou ts ide  t h e  sca l loped reg ion  i n  

F ig.  3, which i s  an es t imate  o f  t h e  e x t e n t  o f  t h e  very coo l ,  s tab le  

boundary l a y e r  f o l l o w i n g  t h e  squa l l  where mixed l a y e r s  a re  extremely 

smal l .  The i n i t i a l  values used f o r  t h e  zero-order  model were H = 150 m, 

ASv = 0.4 J g - I  and Aq = -0.7 g kg'' ( t he  jump i n  d r y  s t a t i c  energy f o r  

t h i s  case i s  AS - 0.52 J g-l) f o r  s t reaml ines  1-9, H(10) = 230 m and 

H(11) = 360 m. I n i t i a l  values o f  v i r t u a l  s t a t i c  energy and s p e c i f i c  

humid i ty  were determined from t h e  composite analyses, F ig.  8 and Fig. 9. 

There i s  some u n c e r t a i n t y  i n  t h e  i n i t i a l  values o f  ASv and Aq t h a t  

should be used; however, r e s u l t s  do n o t  seem t o o  s e n s i t i v e  t o  reasonable 

v a r i a t i o n s  o f  these ,q:antities (e.g., Tennekes, 1973: Johnson, 1981). 

F ig.  26 shows model r e s u l t s  f o r  t h e  mixed l a y e r  depth us ing  the  

zero-order jump model. F a i r l y  good agreement i s  found w i t h  t h e  com- 

p o s i t e  ana l ys i s  shown i n  F ig.  3 a l though mixed l a y e r  recovery i s  s lower 

than observed on t h e  n o r t h  s i d e  o f  t h e  wake. (note t h a t  t he  zero-order 



case 



Fig. 26. Mixed l ayer  depth (m) pred ic ted  by the  zero-order ' j imp hodel 
( s o l i d  l i n e s ) .  Dashed l i n e s  show observed values. 



mixed l a y e r  depth should be regarded as t h e  h e i g h t  o f  t h e  middle o f  t h e  

t r a n s i t i o n  l a y e r ,  about 50 meters g rea te r  than  t h e  ac tua l  mixed l a y e r  

depth). F igs.  27 and 28 show t h e  model r e s u l t s  f o r  t he  mixed l a y e r  

s p e c i f i c  humid i ty ,  and sur face  temperature (note T = s/C a t  t h e  sur-  
P 

face) respc?ct ive ly ,  f o r  t he  case o f  no d i a b a t i c  heat ing.  The p o s i t i o n -  

i n g  o f  t h e  minimum i n  q i s  i n  good agreement w i t h  observat ions a l though 

recovery towards t h e  r e a r  of t h e  system i s  t o o  slow. There i s  a s t rong  

g r a d i e n t  of q on t h e  eas t  s i de  o f  t h e  system, however, observat ions are  

very  spars€, i n  t h i s  reg ion  and no meaningful comparison can be made ( o f  

course t h e  f i e l d  v a r i a b l e s  used i n  t h e  model a re  a l s o  somewhat u n c e r t a i n  

i n  t h i s  p a r t  o f  t h e  squa l l  system). The model p r e d i c t s  r a t e s  o f  sur face  

temperature increases s i g n i f i c a n t l y  h igher  than observat ions i n d i c a t e  on 

t h e  n o r t h  s ide  o f  t h e  wake, a reg ion  where t h e r e  i s  f a i r l y  good sounding 

data. , i 

I 
I It i s  p o s s i b l e  t h a t  r a i n f a l l  evapora t ion  and d i a b a t i c  hea t i ng  i s  
I 

p a r t l y  r e s ~ ~ o n s i  b l  e  f o r  t h e  discrepancy between the  observed and pre-  

d i c t e d  s p e c i f i c  humid i ty  and sur face  temperatures. .The p r e d i c t e d  m. 1. 

depth i s  n o t  so s e n s i t i v e  t o  neg lec t  o f  d i a b a t i c  hea t i ng  ( l a t e r ) .  To 

o b t a i n  an es t imate  o f  t h e  importance o f  r a i n f a l l  evapora t ion  we use t h e  

formula developed by Manton and Cot ton (1977); t h e  r a t e  o f  evaporat ion 

i s  g iven  by 

where G(T,P: = 1 

"'wL' + R*T 
kR,iZ . . eS(T)Dmw 

1 I . > '  4; , ) i .  t , $  : b3 ,- %.I I ) ) ,  < h i  \ '  Q 
I 



Fig.  27. Mixed l a y e r  s p e c i f i c  humid i ty  (g  kgm1) p r e d i c t e d  t~y  t h e  zero- 
o rder  jump model w i t h o u t  evapora t ion  ( s o l i d  l i n e s ] .  Dashed 
l i n e s  show observed values. 
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Fig 

' I I I . b ,  4 *\.'I1 t . -  7 

Mixed layer surface temperature ( O C )  predicted by the zero- 
~ r d e r  jump model without diabatic heating (sol id 1 ines). 

shed l ines  show observed values. 



k  r molecular  d i f f u s i v i t y  o f  heat,  

D E molecular  d i f f u s i v i t y  o f  water vapour, 

R 5 c h a r a c t e r i s t i c  ra ind rop  rad ius ,  ( taken t o  be 0.027 cm) m 

r 2 p /p m ix ing  r a t i o  o f  r a i n ,  r r o  

rrpovT E r a i n f a l l  r a t e ,  

V T  z -21.26/& t h e  te rm ina l  f a l l  v e l o c i t y ,  
r 

rv ss = (1 - - ) subsatura t ion ,  
L r v ~  

p r dens i t y  o f  a i r ,  
0 

p = dens i t y  o f  water ,  
W 

rv = water vapour m ix ing  r a t i o ,  

m = molecular  weight  o f  water,  
W 

e  = sa tu ra ted  vapour pressure. 
S 

As an es t imate  o f  t h e  magnitude o f  r a i n f a l l  evapora.t ion and the  

associated d i a b a t i c  hea t i ng  we use t h i s  formula f o r  t h e  Researcher 

(1902) sounding, assuming a  t r a n s i t i o n  l a y e r  depth o f  100 metres and a  

r a i n f a l l  r a t e  o f  3 mm h r - l .  The r e s u l t s  a re  shown i n  Table 1. 

Table 1 

s u r f  ace 23.0 1010.7 15.0 17.8 1 . 2 3 ~ 1 0 - ~  2 . 2 x 1 0 - ~  0.055 

m i x e d l a y e r  22.2 1000.0 15.0 17.2 1 . 2 2 ~ 1 0 - ~  1 . 8 ~ 1 0 - ~  0.045 
t o p  

t r a n s i t i o n  22.0 989.0 14.2 ' 1 7 . 1  1 . 2 0 ~ 1 0 - ~  2 . 3 ~ 1 0 - ~  0.059 
1 ayer  t o p  



I 

The hea t i ng  r a t e  o f  about -0.05 ~ m - ~  i s  somewhat l a r g e r  than would be 

expected due t o  r a d i a t i o n  ( f o r  comparison a  r a d i a t i o n a l  hea t i ng  r a t e  o f  

-2 K day-' g ives  -0.03 ~ m - ~ ) .  

F ig .  29 shows t h e  r a i n f a l l  r a t e s  from t h e  a n v i l  as composited by 

Gamache and Houze (1982). They ob ta ined an average r a i n f a l l  r a t e  o f  2.7 

mm hr-' over t h e  whole a n v i l  a l though i n  some reg ions  i t  can be seen t o  

be s i g n i f i c a n t l y  l a r g e r .  We use t h e  observed r a i n f a l l  r a t e s  from t h e i r  

ana l ys i s  b u t  f o r  s i m p l i c i t y  h o l d  a l l  o the r  v a r i a b l e s  cons tan t  i n  Eq. 

- 1 (7.2). The f o l l o w i n g  values have been used rv = 15 g  kg , rvs = 17.5 g 

kg-' and T = 22.6OC, which a re  mean values f o r  t h e  Researcher (1902) 

sounding i n  t he  mixed l a y e r  (which i s  i n c i d e n t a l l y  t h e  o n l y  sounding we 
I 

have i n  t h e  reg ion  o f  s i g n i f i c a n t  r a i n f a l l ) .  We s h a l l  o n l y  add a  d i -  

a b a t i c  hea t i ng  and mois tu re  source term t o  t h e  r i g h t  hand s ides  o f  Eqs. 

(6.3) and (6.5), r e s p e c t i v e l y ,  and show l a t e r  i n  s e c t i o n  7.c t h a t  t h i s  

i s  a  good approximation t o  make. A cons tan t  r a d i a t i o n a l  hea t i ng  r a t e  o f  

-2 K day-' (Johnson, 1980) i s  a l s o  i nc luded  i n  t h e  d i a b a t i c  hea t i ng  
I 
I 
term. t h e  i n c l u s i o n  o f  t h e  mois tu re  source and d i a b a t i c  hea t i ng  terms 

r e s u l t s  i n  t h e  s p e c i f i c  humid i ty  and sur face  temperature f i e l d s  shown i n  

F ig.  30 and Fig.  31, respec t i ve l y .  F ig.  30 i s  s i m i l a r  t o  F ig .  27 except 

t h a t  spec I f i c  humid i ty  increases s l i g h t l y  more r a p i d l y  i n  t h e  reg ion  

where evaporat ion i n  t h e  mixed l a y e r  i s  o c c u r r i n g  as would be expected. 
I ' 
However, p r e d i c t e d  s p e c i f i c  humid i t i es  s t i l l  do n o t  inc rease towards the  

r e a r  o f  t h e  squa l l  system as r a p i d l y  as observat ions i n d i c a t e .  Com- 

pa r i son  o f  F ig .  28 and Fig.  3 1  shows t h a t  evapora t ion  i n  t h e  mixed l a y e r  

i s  apparent ly  impor tan t  f o r  s u s t a i n i n g  t h e  coo l  reg ion  i n  t he  wake of 

t h e  squa l l  i ne. A1 though q u a n t i t a t i v e  agreement between t h e  observed 

temperature f i e l d  and p r e d i c t e d  i s  by no means p e r f e c t ,  t h e  r e s u l t s  a re  

encouragi ng. 
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I 
Fig.  30. Mixed l a y e r  speci f ic  humidity (g kgm1) pred ic ted  by the  zero- 
1 )  fl order jump model w i t h  evaporation ( s o l i d  l i n e s ) .  Dashed l i n e s  
yf i f i ~ l ) ,  show observed values. t-dL> P 1 ,  :I - I ~ J  I, # R  $1, 

, ! . 4. a ~r -I I . ' 
I 

I I 
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F ig.  31. Mixed l a y e r  sur face  temperature (OC) p r e d i c t e d  by t h e  zero- 
o rder  jump model w i t h  d i a b a t i c  hea t i ng  ( s o l i d  l i n e s ) .  Dashed 
l i n e s  show observed values. 



Fig .  32 shows p r e d i c t e d  q u a n t i t i e s  a long s t reaml ine  5. The f i n a l  

va lue o f  s p e c i f i c  humid i ty  w i t h  evapora t ion  occur ing  i n  t h e  mixed l a y e r  

I i s  about 0.3 g kg-' l a r g e r  than t h a t  f o r  no evapora t ion  b u t  s t i l l  l e s s  

than observed. The d i f f e r e n c e  i n  s t a t i c  energy i s  q u i t e  l a rge ,  about 

1.5 J CJ-I l ess  when d i a b a t i c  hea t i ng  i s  inc luded and i n  good agreement 

w i t h  observed values. Mixed l a y e r  he igh t  shows a s l i g h t  increase 

i n i t i a l l y  and decreases t o  a minimum i n  t h e  reg ion  o f  maximum downward 

v e r t i c a l  v e l o c i t y ;  mixed l a y e r  he igh ts  t o  t h e  r e a r  o f  t h e  system are  

s l  i g h t l y  underpredicted. The entra inment  r a t e ,  de f i ned  by 
I I< 

i s  l a r g e  a t  t h e  beg inn ing  o f  t h e  i n t e g r a t i o n .  It q u i c k l y  reaches a 

r e l a t i v e  minimum which i s  due t o  t h e  smal l  buoyancy f l u x  associated w i t h  
-- .I 

low wind speeds i n  t h e  center  o f  surface d i f f l u e n c e ;  see F ig .  4. R, t h e  

r a t i o  o f  t h e  mois tu re  f l u x  a t  H t o  t h a t  a t  t h e  sur face  r a p i d l y  increases 

t o  va lues g rea te r  than  one which i s  c o i n c i d e n t  w i t h  d r y i n g  i n  t h e  mixed 

l aye r .  Values o f  Aq and As seem f a i r l y  r e a l i s t i c .  Aq increases t o  

values g rea te r  than  -4 g kg-' which compares favotrably  t o  t h e  sounding 

a t  Q(1823), a l though As i s  somewhat underest imated a t  about 1 .3  J g-l 

- 1 compared t o  about 2 J g . 
A d i f f i c u l t y  has been encountered w i t h  t h e  GSEM. Use o f  t h e  r a t e  

equat ion f o r  Ah as suggested by Deardo r f f  leads t o  much smal le r  t r an -  

s i t i o n  l a y e r  depths (as smal l  as 22 m) than  seem feasable, see Fig.  33. 
I 
I 

(Th is  shows an i n t e g r a t i o n  a long s t reaml ine  4). As noted e a r l i e r ,  

D e a r d o r f f ' s  experiments d i d  n o t  i nc lude  subsidence. Resul ts  obta ined 

s imply by o m i t t i n g  t h e  Aw term i n  Eq. (5.19) a re  a l s o  shown. The t ran -  

I 
s i t i o n  l a y e r  grows from an i n i t i a l  va lue  o f  80 m t o  about 110 m. As i s  
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Fig.  32. Zero-order jump model p r e d i c t e d  va lues f o r  q  , s  , M ,  w , ' > R ,  ~q and AS. Sol i d  1  i nes  a re  f o r  no evapor!tioR o r  d i 8 B a t i c  

. I , ,  

heat ing.  Dashed l i n e s  a r e  when evapora t ion  and d i a b a t i c  
J ,  ' hea t i ng  a re  i nc luded  ( q i  and s i ) .  Do t ted  1  i nes  show observed 

values blob, Smob' Hob). , 1 '  , . a  
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Fig .  33. Comparison o f  t h e  unmodi f ied r a t e  equat ion  f o r  Ah ( s o l i d  
1 i nes)  w i t h  t h e  equat ion  when Aw i s  ommitted (dashed 1 ines) .  



s i g n i f i c a n t l y  d i f f e r e n t ;  however, i t  can be seen t h a t  t h e  mixed l a y e r  

depth i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  v a r i a t i o n  i n  Ah. Subsidence 

probably  can be expected t o  reduce t h e  t r a n s i t i o n  l a y e r  depth b u t  n o t  

n e a r l y  so much as Eq. (5 .19)  p r e d i c t s .  Resul ts  f o r  t h e  GSEM are  shown 

i n  F igs.  34 t o  38 f o r  t h e  case where Ah i s  h e l d  constant  a t  80 m. These 

r e s u l t s  a re  a l l  very  s i m i l a r  t o  these ob ta ined by t h e  zero-order model. 

The mixed l a y e r  depth recovers s l i g h t l y  more s low ly  i n  t h e  case o f  t h e  

GSEM, whereas, s p e c i f i c  humid i ty  increases s l i g h t l y  more r a p i d l y  a f t e r  

i t  has reached a  minimum. 
I 

Some t repada t i on  was f e l t  about us ing  t h e  zero-order model when the  

t r a n s i t i o n  l a y e r  depth was almost as l a r g e  as t h e  mixed l a y e r  he igh t .  

For ins tance i n  t h e  p r e d i c t i v e  equat ions f o r  sm and qm, Eqs. (6.3) and 

(6.5) r e s p e c t i v e l y ,  i t  i s  conceivable t h a t  us ing  H which i s  t h e  he igh t  

t o  t h e  middle o f  t h e  t r a n s i t i o n  l a y e r  cou ld  be a  source o f  e r r o r ;  a l -  

though t h i s  migh t  be o f f s e t  somewhat by t h e  non-zero va lue o f  t h e  v i r -  

t u a l  s t a t i c  energy f 1  ux a t  t h i s  l e v e l  , whereas i n  t h e  case o f  t h e  GSEM 

t h e  mixed l a y e r  h e i g h t  i s  p r e d i c t e d  where v i r t u a l  s t a t i c  energy f l u x  i s  

assumed zero. The f a i r l y  c l ose  agreement between t h e  two models sug- 

gests t h a t  t h i s  i s  n o t  o f  t o o  g r e a t  concern and t h a t  i t  i s  more ex- 

ped ien t  t o  use t h e  s imp ler  zero-order model. Some d i f f e r e n c e s  do e x i s t  

however, and even w i t h  t h e  problems encountered w i t h  t h e  r a t e  equat ion 

f o r  Ah, t h e  GSEM i s  l i k e l y  t o  be more r e l i a b l e  than t h e  zero-order  model 

as l o n g  as t h e  assumption t h a t  mixed l a y e r  tu rbu lence i s  dominated by 

buoyant p roduc t i on  i s  co r rec t .  
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Fig.  34. Mixed l a y e r  depth (m) p r e d i c t e d  by t h e  GSEM ( s o l i d  l i n e s ) .  ? i  4 

Dashed l i n e s  show observed values. 
1 . - -  
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Fig. 35. Mixed l a y e r  spec i f i c  humidity (g kg-') pred ic ted  by the GsEM' 
without evaporation ( s o l i d  l i n e s ) .  Dashed l i n e s  show observed 
val  ues. 



Fig.  36. Mixed l a y e r  surface temperature (OC) predic ted  by the  GSEM 
: without  d i a b a t i c  heat ing (sol  i d  1  ines) .  Dashed 1  ines show ' ' ' 

1 observed values. . , I  ( I  
1 * I " . , ?  - 



specific Hkmidity ( 3 hg-') 
(wid, E v a p o r a h o r )  

1 ,  - i 
Fig.  37. Mixed l a y e r  s p e c i f i c  humid i ty  (g kg ) p r e d i c t e d  by t h e  GSEM 

w i t h  evaporat ion ( s o l i d  l i n e s ) .  Dashed l i n e s  show observed 
va l  ues. 



Fig.  38. Mixed l a y e r  sur face temperature (OC) pred ic ted  by the  GSEM 
w i t h  d i a b a t i c  heat ing  ( s o l i d  l i n e s ) .  Dashed l i n e s  show 

4 1 observed values. 



7. b  S e n s i t i v i t y  Tests 

F igs.  39 t o  43 g i v e  some idea  o f  t h e  s e n s i t i v i t y  o f  H,q and s  t o  

v a r i a t i o n s  i n  w, vr FSv, Ts and r us ing  t h e  zero-order  model (no te  t h e  
9  

r e s u l t s  shown are  f o r  no evaporat ion) .  Since we a re  n o t  cons ider ing  any 

feedback between t h e  p r e d i c t e d  temperatures and s p e c i f i c  humid i t i es  on 

t h e  sur face  f l uxes ,  t h e  model response t o  a  change i n  s p e c i f i e d  f i e l d  

va r i ab les  should o n l y  be regarded as an approx imat ion t o  what would 

happen i n  t h e  r e a l  atmosphere. (For t h e  changes i n  s p e c i f i e d  f i e l d  

va r i ab les  considered here t h i s  feedback i s  a c t u a l l y  f a i r l y  smal l ) .  Fig.  

39 shows t h e  r e s u l t s  ob ta ined a long s t reaml ine  5 f o r  t h e  case where w = 

0.0 and w = -0.02 m s - I  which a re  h e l d  constant ,  a l l  o the r  va r i ab les  

remain ing unal tered.  The growth r a t e s  o f  H  are  q u i t e  d i f f e r e n t  than f o r  

t h e  case when t h e  observed f i e l d  o f  w  i s  used. When w = 0.0, H grows 

r a p i d l y ,  which causes mixed l a y e r  d r y i n g  t o  be almost n e g l i g i b l e  and 

surface temperature inc rease t o  be much reduced (note t h a t  t h e  r a p i d  

growth o f  H  does n o t  imp ly  t h e  entra inment  v e l o c i t y  has been increased 

s ince  w i s  now zero). When w = -0.02 m s-' t h e  f i n a l  mixed l a y e r  depth 

i s  very  low. A1 though t h e  f i n a l  values obta ined f o r  q  and s  a re  t h e  

same as when t h e  observed f i e l d  o f  w  i s  used, v a r i a t i o n s  c l o s e r  t o  t he  

squa l l  l i n e  a re  s i g n i f i c a n t .  

We have i nc luded  advec t ive  e f f e c t s  i n  t h e  equat ions by i n t e g r a t i n g  

a long s t reaml ines  and us ing  t h e  observed wind speeds. To see t h e  e f f e c t  

o f  neg lec t i ng  advec t ion  terms we take  vr t o  be 13.5 m s - I  ( the  speed of 

t h e  squa l l  l i n e ) .  The r e s u l t s  a long s t reaml ine  5 a re  shown i n  F ig.  40. 

St reaml ine 5 runs very  n e a r l y  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  motion o f  t h e  

squa l l  1  ine ,  whereas f o r  some stream1 ines  t h i s  i s  n o t  such a  good ap- 

p rox imat ion  and would have t o  be taken i n t o  cons ide ra t i on  i n  es t ima t i ng  

t h e  e r r o r  of n e g l e c t i n g  advec t ive  terms. F ig.  40 shows t h a t  advec t ion  
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Fig. 39. Sensitivity of mixed layer height H, dry static energy sm 

and specific humidity qm to vertical velocity. Solid lines 
1: I show results for observed values of vertical velocity w,,; 

, #:' / ,  I .  y . 
dashed lines, results for w,, = -0.02 8s-I; dashed dot lines 

'?." I J .  - 1 results for w,, = 0.0 ms . , . a (  4 



Fig .  40. S e n s i t i v i t y  o f  mixed l a y e r  h e i g h t  H, d r y  s t a t i c  energy sm 
1 v 

and s p e c i f i c  hum id i t y  qm t o  t h e  i n c l u s i o n  o f  advec t i ve  terms. 
7 . :  

S o l i d  l i n e s  show r e s u l t s  w i t h  advec t i ve  terms; dashed l i n e s ,  
r e s u l t s  w i t h o u t  advec t i ve  terms. 



has very  l i t t l e  e f f e c t  on t h e  mixed l a y e r  he igh t ,  however, i t  does have 

a  no t i ceab le  e f f e c t  on t h e  s p e c i f i c  humid i ty  and d r y  s t a t i c  energy. 

Neg lec t ing  advec t ion  changes s p e c i f i c  humid i ty  by as much as 0.4 g  kg-' 

and d r y  s t a t i c  energy by as much as 0.8 J g-l. I t  i s  concluded t h a t  

e r r o r s  due t o  u n c e r t a i n t l y  i n  observed wind speeds a re  probably  smal l ,  

b u t  t h a t  advec t ion  terms should be i nc luded  i f  accurate values o f  spe- 

c i f i c  humid i ty  and d r y  s t a t i c  energy are  t o  be pred ic ted .  

As can be seen i n  F ig .  4 1  t h e  d i f f e r e n c e s  between having constant  

buoyancy f l u x e s  (15 ~ m - '  and 30 wmm2) and us ing  t h e  ac tua l  f l u x e s  a re  

la rge .  When t h e  buoyancy f l u x  i s  30 W m-Z q u i t e  a  r a p i d  growth o f  H 

occurs. Very s t r o n g  mixed l a y e r  d r y i n g  i s  p r e d i c t e d  which must be due 

t o  a  l a r g e  entra inment  r a t e  a t  t h e  t o p  o f  t h e  mixed l aye r .  Conversely 

f o r  t h e  case when t h e  buoyancy f l u x  i s  h e l d  a t  15 W m-', mixed l a y e r  

growth i s  s lower and t h e  entra inment  r a t e  i s  l e s s  l ead ing  t o  reduced 

dry ing .  Dry s t a t i c  energy inc rease i s  s u b s t a n t i a l l y  reduced when t h e  

buoyancy f l u x  i s  smal l .  

F ig .  42 shows t h e  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  TS. For t he  case 

when Ts i s  h e l d  cons tan t  a t  6 J kg-' m - I  (which i s  cons iderab ly  l e s s  

than t h e  observed g r a d i e n t  o f  d r y  s t a t i c  energy i n  t h e  wake o f  t he  

squa l l  1  i ne )  r a p i d  growth of t h e  mixed l a y e r  and s t rong  d r y i n g  occurs. 

Dry s t a t i c  energy increase i s  n o t  as f a s t  as when t h e  observed grad ien ts  

a re  used s ince  t h e  mixed l a y e r  depth i s  l a r g e r .  When TS i s  h e l d  a t  14 J 

kg-' m - I  t h e  g rea te r  s t a b i l i t y  leads t o  lower mixed l a y e r  he igh ts  and 

thus  h igher  temperatures, whereas sur face  d r y i n g  i s  less .  

V a r i a t i o n s  o f  t h e  g r a d i e n t  o f  s p e c i f i c  humid i ty  have a  smal l  e f f e c t  

on t h e  mixed l a y e r  depth as can be seen i n  F ig .  43 where Ta i s  h e l d  a t  
I 

-3 g  kgw1 km'l and -12 g kg-' km-l. Corresponding t o  these smal l  
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Fig. 41. Sensi t ivi ty  of mixed layer height H ,  dry s t a t i c  energy sm 

and specific humidity qm to  virtual s t a t i c  energy flux. Solid 

.r: , * i  . . l ines  show resul ts  for  observed values of virtual s t a t i c  

energy flux FSV; dashed 1 ines,  resul ts  for  FSV = 15 ~ m - ~ ;  
- 2 dashed dot l ines  resul ts  for  FSv = 30 Wm . 



Fig.  42. S e n s i t i v i t y  o f  mixed l a y e r  h e i g h t  H, d r y  s t a t i c " e n e r g y  sm " 
!,'A . ' and s p e c i f i c  hum id i t y  qm t o  t h e  g r a d i e n t  o f  d r y  s t a t i c  energy. 

*': Sol i d  1  i nes  show r e s u l t s  f o r  observed va lues o f  t h e  g r a d i e n t  
of d r y  s t a t i c  energy TS; dashed l i n e s ,  r e s u l t s  f o r  Ts = 

6 J kg-' mml; dashed d o t  l i n e s  r e s u l t s  f o r  Ts = 14 J kg -1 



D i s t a n c e  (km) 

Fig.  43. S e n s i t i v i t y  o f  mixed l a y e r  h e i g h t  H, d r y  s t a t i c  energy sm 
(1  

, 4 . 4  
and s p e c i f i c  humid i t y  qm t o  t h e  g r a d i e n t  o f  s p e c i f i c  humid i ty .  

. . S o l i d  l i n e s  show r e s u l t s  f o r  observed values o f  t h e  g rad ien t  

o f  s p e c i f i c  humid i ty  = -12 g  kgm1 kg-'; dashed d o t  l i n e s  
I 1 

ST. I r e s u l t s  f o r  r = - 3  g  :g-l km-'. L 

4 



changes i n  H o n l y  s l i g h t  d i f f e r e n c e s  i n  d r y  s t a t i c  energy a re  observed. 

However, t h e  p r e d i c t e d  mixed 1 ayer  s p e c i f i c  humid i ty  i s  very s e n s i t i v e  

t o  changes i n  t h e  lapse r a t e .  

When feedback o f  p r e d i c t e d  temperatures and s p e c i f i c  humid i t i es  on 

sur face  f l u x e s  a re  considered i n  a f u l l y  i n t e r a c t i v e  model (where t h e  

approximation o f  cons tan t  sea sur face  temperature was made) t h e  r e s u l t s  

o f  t h e  s e n s i t i v i t y  t e s t s  remain q u a l i t a t i v e l y  t he  same (no t  shown). 

What emerges from these s e n s i t i v i t y  t e s t s  i s  t h a t  choosing constant  

values f o r  these f i e l d  v a r i a b l e s  can l ead  t o  l a r g e  d i f fe rences  i n  p re-  
!\ - ' A  

d i c t e d  values o f  H, q and s, and t h a t  t he  t ime v a r i a t i o n  o f  these quan- 

t i t i e s  ( r e l a t i v e  t o  t h e  ground) needs t o  be considered. F i t z j a r r a l d  and 

Garstang (1981) f o r  ins tance chose cons tan t  values f o r  t h e  lapse r a t e s  

o f  v i r t u a l  s t a t i c  energy, s p e c i f i c  humid i ty ,  and sur face  f luxes,  d i d  n o t  

i n c l u d e  h o r i z o n t a l  advec t ive  terms a%d,,bid, 00% ,bay,e ,a$ re1  i a b l e  a ver -  
.3 . I 

t i c a l  f i e l d  as was used here. Another impor tan t  p o i n t  i s  t h a t  f o r  t he  

purpose o f  t h e  s e n s i t i v i t y  t e s t  we have chosen l a r g e  v a r i a t i o n s  (more o r  

l e s s  extreme values) and h e l d  them constant ,  f a r  l a r g e r  v a r i a t i o n s  than 

can be expected due t o  e r r o r s  i n  t h e  observat ions.  Probably reasonable 

est imates o f  t h e  e r r o r s  i n  t h e  i n p u t  va~ iab le .9  p t  any p o i n t  a re  w(k0.005 

kg-' km-I). A1 though e r r o r s  a r e  cumulat ive,  reasonable agreement be- 

tween p r e d i c t e d  mixed l a y e r  depth and observed cou ld  be expected as long  

as r e s u l t s  a re  n o t  t o o  s e n s i t i v e  t o  t h e  i n i t i a l  cond i t i ons  and t h e  

entrainment parameter k. , Th i s  cgn~1,us ion  would,  a1 so >ex tend p red i c -  
I .  - 1 , \ *  

t i o n  o f  t h e  d r y  s t a t i c  energy except t h i s  i s  apparent ly  s t r o n g l y  depen- 

dent  on r a i n f a l l  evaporat ion.  Made1 r e s u l t s  f o r  mixed l a y e r  s p e c i f i c  

humid i ty  a re  very s e n s i t i v e  t o  lapse r a t e s  o f  s p e c i f i c  humid i ty  which 



has tu rned o u t  t o  be one o f  t h e  hardest  observa t iona l  q u a n t i t i e s  t o  

Ct a'. i. ' . r 6 C  

a'drurate ly  determine ( it i s  a l s o  very s e n s i t i v e  t o  t h e  lapse r a t e  o f  d r y  

s t a t i c  energy; however, t h e  range o f  v a r i a t i o n  f o r  t h i s  q u a n t i t y  i s  n o t  

so large) .  

, + We now consider  t h e  s e n s i t i v i t y  t o  t h e  i n i t i a l  cond i t i ons ,  t h e  

entra inment  parameter, and F 
qo. Fqo i s  known t o  about t h e  same accuracy 

as FSv and o n l y  has an e f f e c t  on t h e ' " s ~ e c i f i c  humid i ty .  F ig.  44(a) 

shows r e s u l t s  ob ta ined choosing i n i t i a l  values of H = 100 m and 200 m 

,L Y o < -  ' ! I 4  . 
compared t o  t h e  o r i g i n a l  choice o f  150 m. It can be seen t h e  mixed 

l a y e r  depth q u i c k l y  ad jus t s  so t h a t  a f t e r  o n l y  50 km d i f f e r e n c e s  become 

very smal l .  The e f f e c t  on t h e  s p e c i f i c  humid i ty  and d r y  s t a t i c  energy 

are  more no t iceab le .  F ig .  44(b) shows t h e  r e s u l t s  o f  us ing  i n i t i a l  

values o f  ASv o f  0.2 and 0.6 J ~ - '  r a t h e r  than 0.4 J~" .  The d i f ferences 
1 ' 3 %  

obta ined f o r  a1 1 p r e d i c t e d  q u a n t i t i e s  a re  v i  r t u i l  l y  n e g l i g i b l e .  The 

s e n s i t i v i t y  o f  s p e c i f i c  humid i ty  t o  t h e  i n i t i a l  choice o f  Aq (no t  shown) 

i s  f a i r l y  smal l .  The e f f e c t  o f  changing t h e  i n i t i a l  va lue o f  s  o r  q i s  

LBO s h i f t  t h e  p r e d i c t e d  curves f o r  these q u a n t i t i e s  w i t h o u t  changing 

t h e i r  shape. F ig .  45 shows r e s u l t s  obta ined f o r  choosing values f o r  t h e  

entra inment  parameter o f  0.2 andc 0.3, co&per$d t o  t h e  o r i g i n a l  choice o f  

0.25. Pred ic ted  q u a n t i t i e s  a re  q u i t e  i n s e n s i t i v e  t o  t h i s  parameter. 

.L+.*  It can be concluded t h a t  t h e  s e n s i t i v i t y  t o  t h e  i n i t i a l  cond i t i ons  

and t h e  va lue o f  t h e  entra inment  parameter i s  f a i r l y  smal l ,  and t h a t  t o  

o b t a i n  accurate r e s u l t s  us ing  t h i s  type  o f  model (assuming o f  course t h e  

model assumptions a re  r e a h t i a b l e  f o r  t h i s  study) i t  i s  j u s t  as impor tan t  

i f  n o t  more so t o  know w i t h  some conf idence t h e  f i e l d s  o f  v e r t i c a l  

v e l o c i t y ,  h o r i z o n t a l  v e l o c i t y ,  sur face  f l u x e s  and lapse ra tes .  

-, .- 1' 1 t , , I ! + .  !, 3 .  t ' I  

I ,  1 1 1 -  ' ,, 
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Fig. 44. Sens i t i v i t y  of mixed layer height H ,  dry s t a t i c  energy sm 

and spec i f i c  humidity qm t o  ( a )  i n i t i a l  value of H; so l i d  

l i n e s  show r e s u l t s  f o r  observed value H = 150 m ;  dashed l i ne s  
f o r  i n i t i a l  H = 100 m ;  dashed dot  l i ne s  f o r  i n i t i a l  H = 200 m ;  

. . I ?  (b) i n i t i a l  value of the  jump i n  v i r tua l  s t a t i c  energy AsV; 
, 

.I 
so l i d  l i ne s  show r e s u l t s  f o r  observed value As,, = 0.4 J g"; - 

. dashed l i ne s  f o r  i n i t i a l  A s V =  0.2 J g-l; dashed dot l i n e  fo r  
,I ' 9 ,  - 1 a , ,  - -., , ' I '  I <  

i n i t i a l  Asv = 0 . 6  J g . i t  I ;I ! 1 .  
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F i g .  45. S e n s i t i v i t y  o f  mixed l a y e r  h e i g h t  H ,  d r y  s t a t i c  energy sm 
I L and s p e c i f i c  humidi ty  qm t o  t h e  entra inment  parameter k. . + 

> . I 1  1 1 

S o l i d  l i n e s  show r e s u l t s  f o r  k = 0.25, dashed l i n e s  f o r  k = 
0.2 and dash d o t  1 ines  f o r  k = 0.3. 



7.c A More D e t a i l e d  I n v e s t i g a t i o n  o f  t h e  Role o f  R a i n f a l l  Evaporat ion 

and D i a b a t i c  Heat ing ,, ,,- , ,. - , , ,  , -, +,: , '1 

Up t o  now a number o f  d i a b a t i c  hea t i ng  and mois tu re  source terms 

have been neglected i n  t h e  govern ing equat ions. D i a b a t i c  hea t i ng  terms 

were inc luded i n  t h e  zero-order  model , e. g. Eqs. (4.6) and (4.11) , b u t  

have n o t  been u t i l i z e d  i n  t h e  c a l c u l a t i o n s  so f a r .  Since we are  go ing  

t o  consider  t h e  f l u x  divergence o f  heat  and mois tu re  across t h e  t r a n s i -  

t i o n  l aye r ,  i t  seems more app rop r i a te  t o  use t h e  GSEM r a t h e r  than t h e  

zero-order model. The equat ions i n c l u d i n g  d i a b a t i c  hea t i ng  and mois tu re  

source terms are  g iven  i n  Appendix 0.  We s h a l l  neg lec t  d i a b a t i c  hea t i ng  

due t o  r a d i a t i o n  and o n l y  cons ider  t h a t  due t o  r a i n f a l l  evaporat ion.  We 

need t o  determine t h e  magnitude o f  t h e  terms QR2, QRM, E2, Em, FRZ, FR1 

and FE1, where QR i s  t h e  d i a b a t i c  hea t i ng  r a t e ,  E t h e  evaporat ion r a t e ,  

FR t h e  f l u x  o f  heat  and FE t h e  f l u x  o f  r a i n ;  t h e  subsc r i p t s  1, 2 and m 

r e f e r  t o  t he  values o f  these q u a n t i t i e s  a t  hl, hp and, fie .m$an value i n  

t h e  mixed l a y e r ,  r espec t i ve l y .  We note  from Eq. (B3) t h a t  

AFR = - 
L n F ~  . . 

where AFR = FR2 - FR1 and AFE = FE- - FEY Now 

i . I ? ' I I ,  

, , I ,  

where QRmt i s  t h e  mean hea t i ng  r a t e  i n  t h e  t r a n s i t i o n  l aye r .  

' 1  ' r  , , 1 I 
IR . . 

: d l , ,  . 1 , '  t < !ti '  : ! I 8  
{ *  5 .  , ,' I 



We can es t imate  AF us ing  t h e  composite ana l ys i s  o f  r a i n f a l l  R 

r a t e s  and Eq. (7.2) once we have s p e c i f i e d  Ah. Furthermore, we can show 

t h a t  t h e  AQ term i n  Eqs. (B4) and (66) i s  smal l  compared t o  o t h e r  terms. 

From Table 1, we es t imate  i r u 1 7  I l-, ' 

and 
I '1. , ,I 1 8 1  J - 2 

AFR R -QRm,+h = -(-0.059 - 0 .045 )~80  = 4.2 W rn . 

Comparing the  magnitude o f  t h e  terms i n v o l v i n g  AQR and AFR i n  Eq. (B6), 

we f i n d  

".'V 1.0, where we have est imated Y as %. (Deardor f f  

79) shows from observat ions t h a t  Y u s u a l l y  has a va lue somewhat l e s s  
. - ; r  .. 

than f ) .  Compar' t h e  l a s t  two terms" i n  Eq. (84) we f i n d  

, I 
I ,  I 

I 

( " 1 
Ir 

i s  about 0.16 : 0.009, where we have taken FSvo t o  be 25~m-' and hl t o  

be 200 m. Hence i t  seems reasonable t o  neg lec t  AQR. S i m i l a r l y  i n  Eq. 

(87) we can neg lec t  t h e  term i n v o l v i n g  FE. I n  Eq. (B5) we compare the  

terms 

which i s  about 5 x 1 0 - ~  : 0 . 3 0 ~ 1 0 - ~  where we have taken AW = 0.005 msml 

and = 0.00001 m-' showing t h a t  AE can be neglected i n  t h i s  equation. 
9  

Hence, t h e  equat ions a re  mod i f i ed  o n l y  by t h e  terms i n v o l v i n g  AFR and 



AFE which are estimated using the Researcher (1902) sounding. A l l  

var iables i n  Eq. (7.2) are he ld  constant except the r a i n f a l l  ra te .  This 

sounding was taken s l i g h t l y  a f t e r  the t ime f o r  which the squal l  system 

was considered t o  be i n  the steady s ta te ,  however, i t  i s  the on ly  one 

s i tua ted  i n  the region where s i g n i f i c a n t  r a i n f a l l  occurred. 

Results obtained when these terms are included are shown i n  Fig. 46 

f o r  streamline 5. Also shown are the r esu l t s  obtained when AFR and AFE 

are omit ted bu t  QRm and Em are s t i l l  inc luded i n  Eqs. (B9) and (BlO), 

which can be compared t o  the case when a l l  d iabat ic -heat ing and moisture 

source terms are neglected. The e f f e c t  on the mixed layer  he ight  i s  

f a i r l y  small. The r a t e  o f  increase o f  dry s t a t i c  energy i s  s l i g h t l y  

reduced when the term invo lv ing  AFR i s  inc luded since the mixed layer  

height  i s  somewhat la rger  i n  the f i r s t  p a r t  o f  the  in teg ra t ion .  The 

inc lus ion  o f  AFR and AFE s l i g h t l y  increases the mixed l aye r  spec i f i c  

humidity. The invers ion s t rength  AS i s  not iceably increased, whereas, 

Aq i s  v i r t u a l l y  unaffected. The conclusion t h a t  can be drawn i s  t h a t  

the  main e f f ec t  of i nc lud ing  d iaba t i c  heat ing i s  i n  reducing the r a t e  o f  
,b" 

increase of mixed layer  dry  s t a t i c  energy (by pe rm i t t i ng  evaporat ive 

cool ing) and t h a t  t h i s  i s  mostly due t o  the i nc l us i on  o f  the QRm term i n  

Eq. (6.7) (which gives Eq. (69)). The add i t i on  o f  d i aba t i c  heat ing and 

moisture source terms produces s l i g h t l y  h igher values o f  mixed layer  

spec i f i c  humidity. 

7.d Development o f  Spec i f i c  Humidity and Dry S t a t i c  Energy P r o f i l e s  
, I t .  . I I :  1 I 

As described i n  chapter 3 the spec i f i c  humidity p r o f i l e  has an 

unusual s t ruc ture ,  the devel opment o f  which has important donsequences 

f o r  the  lapse !ate a t  the  top o f  the t r a n s i t i o n  layer.  The moisture 
-1 

. A  6 

budget 'ebuation' i n  the s tab le  a i r  addve the t r a n s i t i o n  layer;' neglect ing 
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Fig. 46. E f f e c t  o f  i n c l u s i o n  o f  d i a b a t i c  heat ing terms on mixed laye r  
he ight  H, d ry  s t a t i c  energy s, s p e c i f i c  humidi ty  q ,  A s  and 

5ri A q .  S o l i d  l i n e s  show r e s u l t s  w i thout  d i a b a t i c  heat ing and 

moisture source terms; dashed 1 ines  are r e s u l t s  when d iaba t i c  
29-4119~,4 - l j  heat ing and moisture source terms are inc luded b u t  AFR and 

, , . AFE neglected; dash-dot 1 i nes r e s u l t s  when AFR and AFE are 
. a l so  included; dot ted l i n e s  show observed values (see t e x t  

a , * (  .)  f o r  de ta i  1 s). 



sources and s inks  i s  
! 3 '  

, - - . ,  
,;. ; a > ! ; .  , 8 . - 

where 

I f  we demand - v and r t o  be cons tan t  w i t h  he igh t ,  then  d i f f e r e n t i a t i n g  
q 

Eq. (7.6) w i t h  respec t  t o  z we o b t a i n  '- f,! ., >q ' ; ' ,,1:1 I " 1  I \r 

6, 
D j f f e r e n t i a t i n g  again w i t h  respec t  t o  z we f i n d  v e r t i c a l  v e l o c i t y  has t o  

be a l i n e a r  f u n c t i o n  o f  he igh t ,  and Eq. (7.7) becomes 

t 
I - -  

.I 9 f l '  

Unfo r tuna te l y  t h e  cond i t i ons  under which t h i s  equat ion was de r i ved  are  

h i g h l y  r e s t r i c t i v e ;  t h e  wind f i e l d  analyses a t  t h e  sur face  and a t  970 

mb, and t h e  s p e c i f i c  humid i ty  p r o f i l e s  c l e a r l y  show t h a t  n e i t h e r  v  o r  r 
N 9 

are  w e l l  approximated by be ing  h e l d  cons tan t  w i t h  respec t  t o  z. The 

stream1 i n e  ana l ys i s  a t  850 mb by Gamache and Houze (1981a) show the re  i s  

considerable wind shear between t h e  sur face and t h i s  l e v e l .  Eq. (7.8) 

i s  thus o n l y  o f  q u a l i t a t i v e  importance i n  t h a t  we would expect t h e  

e f f e c t  o f  subsidence would be t o  tend t o  inc rease t h e  g r a d i e n t  a t  t h e  
' f i t 1 1  " . , C . '  .t 

t o p  o f  t h e  t r a n s i t i o n  l a y e r  as l o n g  as t h e  g r a d i e n t  was approx imate ly  

constant  w i t h  he igh t .  I n  t h e  case o f  t h e  d r y  s t a t i c  energy p r o f i l e s  

t h i s  c o n d i t i o n  i s  f a i r l y  w e l l  met and would seem t o  account f o r  t h e  
[j.:" :\ I 

increase i n  s t a b i l i t y  o f  t h e  a i r  w i t h i n  t h e  wake o f  t h e  squa l l  system. 

However. t h e  problem o f  de termin ing  t h e  thermodynamic s t r u c t u r e  o f  t h e  



a i r  above t h e  mixed l a y e r  i s  a  compl icated one, and t o  so lve  i t  p r o p e r l y  

we would need t o  t r a c e  the  t r a j e c t o r i e s  o f  a i r  pa rce l s  from t h e  reg ion  

o f  convec t ive  sca le  downdrafts t o  w e l l  behind t h e  l i n e .  The st reaml ines 

are  n o t  constant  w i t h  h e i g h t  and so t h e  a i r  i n  a  column a t  any p o i n t  

behind the  squa l l  l i n e  cou ld  have o r i g i n a t e d  from very  d i f f e r e n t  re -  

gions. Furthermore, t he  e f f e c t  of r a i n f a l l  evaporat ion and d i a b a t i c  

;.' hea t i ng  cou ld  be s i g n i f i c a n t .  

It i s  f a i r l y  s imple t o  determine t h e  e f f e c t  o f  subsidence on a  

lapse r a t e  which i s  a  f u n c t i o n  o f  h e i g h t  as long  as we s t i l l  consider  

h o r i z o n t a l  v e l o c i t y  t o  be independent o f  he igh t .  I n  t h i s  case as we 

f o l l o w  t h e  motion, t h e  change i n  lapse r a t e  o f  s p e c i f i c  humid i ty  a t  a  

p a r t i c u l a r  l e v e l  i s  due t o  v e r t i c a l  advec t ion  o f  moisture. The v e r t i c a l  

displacement o f  a  pa rce l  a long a  s t reaml ine  can be determined from 

! ,, 

, J L .  J 
, ,  1 1  ,' 

If t h e  incompressib le c o n t i n u i t y  equat ion  i s  approximately s a t i s f i e d  

then t h e  v e r t i c a l  v e l o c i t y  i s  r e q u i r e d  t o  be cons tan t  w i t h  he igh t .  

Forward d i f f e r e n c i n g  Eq. (7.9), and l i n e a r l y  e x t r a p o l a t i n g  from 375 m t o  

o b t a i n  t h e  v e r t i c a l  v e l o c i t y  f i e l d  g ives  t h e  r e s u l t s  shown i n  F ig.  47 

where t h e  i n i t i a l  p r o f i l e  used was based on t h e  Researcher (1902) 

sounding. The i n t e g r a t i o n  was s t a r t e d  50 km a long stream1 i n e  5  t o  

approx imate ly  correspond t o  t h e  p o s i t i o n  o f  t h e  Researcher (1902) sound- 

ing .  It can be seen t h a t  t h e  r e l a t i v e  maxima i n  s p e c i f i c  humid i ty  

approaches t h e  sur face cons iderab ly  f a s t e r  than  observat ions i n d i c a t e .  

The lowest  h e i g h t  t h e  r e l a t i v e  maxima reaches i s  about 330 m some 250 km 

along s t reaml ine  5. 

.., , , ', L,- s *  , - r ; '  ,,',.{, ,,!)f]f*,,. -.., ' : ! j . 4 :  . , " t  



Fig.  47. The e f f e c t  o f  subsidence ( l i n e a r  w i t h  he igh t )  on p r o f i l e s  o f  
s p e c i f i c  hum id i t y  and d r y  s t a t i c  energy. Resu l ts  a re  shown 

, ,, f o r  i n t e g r a t i o n s  a long  s t ream l i ne  5. The i n i t i a l  p r o f i l e s  
( s o l i d  l i n e s )  a r e  50 km a long  s t ream l i ne  5; t h e  dashed l i n e s  
show r e s u l t s  a t  100 km; t h e  d o t t e d  l i n e s  a t  150 km. 



The discrepancy cou ld  be due t o  t h e  f a c t  t h a t  t he  v e r t i c a l  v e l o c i t y  

i s  n o t  l i n e a r  w i t h  he igh t  b u t  i s  p robab ly  more l i k e  t h a t  shown i n  F ig.  

25. It i s  p o s s i b l e  t o  i nc lude  a  non l i nea r  v a r i a t i o n  o f  w  w i t h  he igh t  by 

l e t t i n g  vr be a  f u n c t i o n  o f  he igh t .  To make t h e  ana l ys i s  t r a c t a b l e  

though we s t i l l  have t o  make t h e  s t reaml ines  independent o f  he igh t ;  

o therwise we would have t o  t r a c e  t r a j e c t o r i e s  from many d i f f e r e n t  re -  

gions, a  fo rmidab le  task ,  and we do n o t  r e a l  l y  have a  good enough data 

s e t  t o  at tempt  t h i s .  The incompressib le c o n t i n u i t y  equat ion w r i t t e n  i n  

na tu ra l  coord ina tes  r e l a t i v e  t o  t h e  squa l l  l i n e ,  i s  

If ae/an i s  n o t  a  f u n c t i o n  o f  z,  then  t h e  s o l u t i o n  t o  t h i s  equat ion i s  

a e aw ae a e 
vr(x,z) = - exp(-(I % dx)-JCZ exp ((I % dx)]dx + Cexp(-(I dx) 

where C i s  a  constant .  aw/az(x,z) was approximated by an a n a l y t i c a l  

f u n c t i o n  and ae/an(x) by a  l i n e a r  f u n c t i o n  o f  x. Having bo th  t h e  f i e l d s  

of vr(x,z) and w(x,z) then  t h e  v e r t i c a l  displacement o f  an a i r  parce l  

w i t h  d is tance a long a  s t reaml ine  can be determined. The . r e s u l t s  (no t  

shown) a re  t h a t  t h e  r e l a t i v e  maximum i s  brought  towards t h e  sur face 

s l i g h t l y  f a s t e r  than  t h a t  us ing  t h e  prev ious  method. Th is  i s  probably  

n o t  t o o  s u r p r i s i n g ;  subsidence migh t  be l e s s  i n  t h i s  case than i t  was 

f o r  t h e  prev ious  one, however vr i s  a l s o  l e s s  a t  h igher  l e v e l s  so an a i r  

parce l  remains w i t h i n  t h e  mesoscale downdraft  r eg ion  f o r  longer .  

The poor agreement w i t h  observat ions suggests e i t h e r  t h e  v e r t i -  

c a l  v e l o c i t y  f i e l d  be ing  used i s  s i g n i f i c a n t l y  i n  e r r o r  o r  t h a t  t h e  



approx imat ion t h a t  s t reaml ines  a r e  independent o f  h e i g h t  i s  n o t  a good 

one. We do have evidence t h a t  t h e  l a t t e r  approx imat ion i s  n o t  a good 

one s ince  t h e r e  i s  s i g n i f i c a n t  v e r t i c a l  wjnAd shear. 



8. SUMMARY AND DISCUSSION 

I n  t h i s  s tudy a procedure has been developed f o r  o b t a i n i n g  the  

f u l l y  t h r e e  dimensional mixed l a y e r  s t r u c t u r e  i n  t h e  boundary l a y e r  wake 

of a  GATE t r o p i c a l  s q u a l l  l i n e  by fo rmu la t i ng  t h e  model equat ions r e l a -  

t i v e  t o  t h e  squa l l  system i n  n a t u r a l  coord inates.  The r e s u l t s  o f  t h e  

modeling s tudy are  i n  f a i r l y  good agreement w i t h  observat ions.  

The asymmetry of t h e  mixed l a y e r  h e i g h t  found i n  a composite 

ana l ys i s  by Johnson and N i c h o l l s  (1983) seems t o  be we1 1 s imulated by 

bo th  models. Mixed l a y e r  growth i s  i n h i b i t e d  by mesoscale subsidence 

and t o  a l e s s e r  e x t e n t  (bu t  s t i l l  s i g n i f i c a n t l y )  by t h e  l a r g e  g rad ien t  

o f  v i r t u a l  s t a t i c  energy, above t h e  t r a n s i t i o n  l aye r .  The very s t a b l e  

lapse r a t e  i n  t h e  wake o f  t h e  squa l l  i s  p robab ly  ma in ly  due t o  t h e  

mesoscale subsidence, a1 though i t  cou ld  be p a r t l y  produced w i t h i n  t h e  

convec t ive  region.  The r a p i d  mixed l a y e r  growth on t h e  south eas t  s i de  

o f  t h e  wake (Johnson and N i c h o l l s ,  1983) can be a t t r i b u t e d  t o  t he  

s t ronger  buoyancy f l u x ,  and weaker subsidence. 

Data show t h a t  downdraft  a i r  w i t h i n  t h e  convec t ive  cores t h a t  

reaches t h e  sur face  i s  d r i e r  ( i n  an abso lu te  sense) than t h e  a i r  pre-  

ceding t h e  s q u a l l  1  ine .  The depth o f  t h i s  downdraft  o u t f l o w  i s  about 

500-1000 m, w i t h i n  which t h e  g r a d i e n t  o f  s p e c i f i c  humid i ty  above t h e  

t r a n s i t i o n  l a y e r  i s  negat ive.  As t h e  mixed l a y e r  s t a r t s  t o  grow i t  

e n t r a i n s  d r i e r  a i r  f rom above, which can l ead  t o  f u r t h e r  reduc t i on  o f  

t h e  s p e c i f i c  humid i ty .  The mesoscale subsidence leads t o  a decrease i r  



the  depth o f  the convective downdraft out f low l aye r  so t h a t  i n  some 

regions the mixed layer  depth exceeds i t  and s t a r t s  t o  grow i n t o  the a i r  

above, which i s  o f  d i f f e r e n t  character  having a l a rge r  moisture content. 

F i t z j a r r a l d  and Garstang (1981b) hypothesized t h a t  mixed layer  
1 - $ '  -3 

dry ing was a r e s u l t  o f  r ap i d  mixed layer  growth as we l l  as o f  subsidence 

as proposed by Zipser (1977). Both o f  these fac to rs  can lead t o  la rge 

entrainment rates.  Obviously the r a t e  o f  d ry ing  w i l l  a lso  depend on the 

d i f fe rence  i n  moisture content  o f  the entra ined a i r  and t h a t  o f  the 

mixed layer  which i s  very sens i t i ve  t o  the gradient  o f  spec i f i c  humidity 

above the t r a n s i t i o n  layer .  The l a rges t  dry ing i n  the  squa l l  wake seems 

t o  occur i n  regions o f  s t rong ly  negative gradients o f  spec i f i c  humidity 

which tend t o  be co inc ident  w i t h  st rong subsidence. F a i r l y  r a p i d  growth 

o f  the  mixed layer  i s  pred ic ted i n  regions where low l eve l  spec i f i c  

humidity i s  increasing, f o r  example t o  the east s ide o f  the squal l  wake 

(Figs. 26 and 27), so a t  l e a s t  f o r  t h i s  system t h i s  would no t  seem t o  be 

the s i g n i f i c a n t  f ac to r  associated w i t h  dry ing.  However, i t  should be 
.! , I . ,  , b  8 

emphasized t h a t  the composite analysis o f  the gradients o f  spec i f i c  

humidity above the t r a n s i t i o n  layer ,  p a r t i c u l a r l y  i n  the region where 

they are apparently very large,  i s  based on f a i r l y  sparse sounding data, 

and so the importance of l a rge  negative gradients o f  spec i f i c  humidity, 

wh i le  suggestive, cannot y e t  be regarded as conclusiv,e. The s i t u a t i o n  
'"f .' ' f t  , ' I t >\tf I 1 kt L~ I * '  , I  ,a , , 

i s  f u r t he r  complicated by the f a c t  t h a t  mixed l aye r  spec i f i c  humidity 

a lso depends on the surface moisture f l u x .  
- ,  ' t , f - .  

Model r e s u l t s  suggest r a i n f a l l  evaporat ion i s  important f o r  sus- 

t a i n i n g  the cool region w i t h i n  the squal l  wake. The e f f e c t  o f  r a i n f a l l  

evaporation can be !ncl uded f a i r l y  accurately , i n  the mod$l by adding a 
7 - J , f f , f \  , \  ;. , ; - 1 '  .! 

s i ng l e  term t o  the system o f  equations. Predicted mixed l aye r  depth (H) 
,.I. I I 

> - - 



. .4 
i s  n o t  s e n s i t i v e  t o  d i a b a t i c  e f f e c t s  i n  t h i s  model s ince  t h e  p r e d i c t i o n  

equat ion f o r  H con ta ins  o n l y  terms i n v o l v i n g  jumps i n  d i a b a t i c  hea t i ng  

across the  i n v e r s i o n  (which are  smal l )  and buoyancy f l u x  i s  determined 

us ing  observed f i e l d s  o f  temperature and s p e c i f i c  humid i ty .  I n  a  f u l l y  

i n t e r a c t i v e  model where sur face  f l u x e s  are  p red i c ted ,  say, us ing  b u l k  

aerodynamic expressions, r a t h e r  than taken as observed, then  d i a b a t i c  

e f f e c t s  might ,  i n  p r i n c i p a l ,  modi fy  t h e  pr \edic t ions o f  t h e  mixed l a y e r  

depth. For instance,  i f  p r e c i p i t a t i o n  evapora t ion  were neglected i n  a  
1.2 , t d  

full; i h t & t i v e  model then  t h e  p r e d i c t e d  mixed l a y e r  temperature would 

be h igher  l ead ing  t o  reduced sur face  f l u x e s  and hence shal lower pre-  

d i c t e d  mixed l a y e r  depths. Fo r tuna te l y ,  however, f o r  t h e  r e a l i s t i c  

r a i n f a l l  evaporat ion est imates used here, t h e  p r e d i c t e d  and observed 

sur face  f l u x e s  have been found t o  be i n  r e l a t i v e l y  good agreement, thus 
F I I F $  r 'd .'!. '. 

j u s t i f y i n g  and making i n t e r n a l l y  c o n s i s t e n t  t h e  approach adopted i n  t h i s  
. . I . *  

, .- . d ,  : .  f ,  . . , . . ,i 

5 ._ l 

study. (I:+'+ . .  - 

- t T 

'' ' I n  p r i n c i p l e  i t  i s  p o s s i b l e  t o  do a  budget s tudy i n  which t h e  

d i a b a t i c  hea t i ng  and r a i n f a l l  evapora t ion  w i t h i n  t h e  mixed l a y e r  can be 

est imated us ing  t h e  observed f i e l d s  o f  mixed l a y e r  h e i g h t  sur face tem- 
Jt : 

pera tu re ,  s p e c i f i c  humid i ty  and sur face  f 1  uxes. Th i s  was attempted b u t  

t h e  r e s u l t s  were very  "noisy".  The evapora t ion  r a t e  even had t h e  wrong 

s i g n  w i t h i n  t h e  squa l l  wake. Th is  i s  n o t  t oo  s u r p r i s i n g  when we con- 

s i d e r  t h a t  t h e  increase i n  model p r e d i c t e d  mixed l a y e r  s p e c i f i c  humid i ty  

when we i nc luded  r a i n f a l l  evaporat ion us ing  Eq. (7.2) was o n l y  0.3 g  

kgm1 (see F ig .  32). Presumably we would have t o  know t h e  s p e c i f i c  

humid i ty  f i e l d  t o  b e t t e r  accuracy than t h i s  t o  separate o u t  t he  increase 

due t o  r a i n f a l l  evaporat ion.  The magnitude o f  t h e  d i a b a t i c  heat ing  

(est imated from Eq. B9) had t h e  r i g h t  s i g n  c lose  t o  t h e  s q u a l l ,  a l though 



i t  was about t w i c e  as l a r g e  as t h a t  p r e d i c t e d  by Eq. (7.2) and t h e  

assumed r a d i a t i o n a l  hea t i ng  r a t e ;  b u t  i t  had t h e  wrong s i g n  (warming 

i ns tead  of coo l i ng )  t o  t h e  r e a r  o f  t h e  squa l l  system. r , %  . #  

A number o f  approximations have been made which make i t  a  somewhat 

t e n t a t i v e  conc lus ion  t h a t  t h e  model i s  c o r r e c t l y  s i m u l a t i n g  t h e  r e a l  

atmosphere. These approximations a re  (1) t h e  assumption o f  steady 

s ta te ;  (2) t h e  neg lec t  o f  shear produced tu rbu lence w i t h i n  t h e  t r a n s i -  

t i o n  l a y e r  and a t  t h e  sea sur face;  (3) t h e  assumption t h a t  t h e  hor izon-  

t a l  v e l o c i t y  i s  cons tan t  w i t h  h e i g h t  up t o  t h e  t o p  o f  t h e  t r a n s i t i o n  

l a y e r ;  (4) t h e  s p e c i f i c a t i o n  o f  t h e  entra inment  parameter k  i n  t h e  case 

o f  t h e  zero-order model o r  t h e  t r a n s i t i o n  l a y e r  depth Ah i n  t h e  case o f  

t h e  GSEM; (5) t h e  de termina t ion  o f  t h e  f i e l d s  o f  v e r t i c a l  wind speed, 

h o r i z o n t a l  v e l o c i t y ,  sea sur face  f l u x e s ,  1  apse r a t e s  and r a i  n f a l  1  r a t e s  ; 

(6) t h e  assumptions made i n  t h e  d i a b a t i c  hea t i ng  computation; (7) t h e  

de termina t ion  o f  t h e  i n i t i a l  values o f  mixed l a y e r  he igh t ,  d r y  s t a t i c  

energy and s p e c i f i c  humid i ty ;  (8) t h e  de termina t ion  o f  t h e  i n i t i a l  

values of t h e  jumps i n  d r y  s t a t i c  energy and s p e c i f i c  humid i ty  across 

t h e  t r a n s i t i o n  l a y e r ;  (9) t h a t  t h e  i d e a l i z e d  model p r o f i l e s  a re  good 

representa t ions  o f  t h e  ac tua l  ones. 

Despi te  t h e  above l i m i t a t i o n s ,  t h i s  model ing s tudy represents a  

cons iderab le  improvement over  p rev ious  works o f  t h i s  kind. Among t h e  

improvements are: b e t t e r  observa t iona l  da ta  t o  compare w i t h  model 

p r e d i c t i o n s ,  model ing o f  t h e  f u l l y  t h r e e  dimensional mixed l a y e r  s t ruc -  

t u r e ,  i n c l u s i o n  o f  advec t ive  terms, t h e  e f f e c t s  o f  d i a b a t i c  hea t i ng  and 

a  f i n i t e  t r a n s i t i o n  l a y e r  depth. The observat ions i n d i c a t e  t h a t  i n  t h e  

s q u a l l  wake t h e  g rad ien ts  atop t h e  mixed l a y e r  o f  d r y  s t a t i c  energy and 



s p e c i f i c  humid i ty  a re  cons iderab ly  l a r g e r  than have been used i n  pre-  

v ious  s tud ies .  The l a r g e  s t a b i l i t y  has a  s i g n i f i c a n t  e f f e c t  on mixed 

l a y e r  growth; t h e  l a r g e  s p e c i f i c  humid i ty  g r a d i e n t  i s  apparent ly  impor- 

t a n t  f o r  mixed l a y e r  d ry ing .  Advect ive terms and d i a b a t i c  e f f e c t s  

should be i nc luded  f o r  accurate p r e d i c t i o n  o f  sur face  temperature. The 

zero-order  model seems t o  work q u i t e  w e l l  g i v i n g  r e s u l t s  t h a t  d i f f e r  

l i t t l e  f rom those o f  t h e  GSEM which has a  f i n i t e  t r a n s i t i o n  l a y e r  depth. 

It i s  hypothesized t h a t  t h e  a i r  reach ing  t h e  sur face  i n  downdraft cores 

i s  d r i e r  ( i n  abso lu te  sense) than t h e  a i r  preceding t h e  squa l l  l i n e  and 

t h a t  t h i s  a i r  spreads o u t  beneath mo is te r  a i r  i n  between downdraft  cores 

l ead ing  t o  t h e  unusual s p e c i f i c  humid i ty  p r o f i l e s  observed i n  most o f  

t h e  squa l l  wake soundings. , + ,  - j I 

6 , & ( ! :  

It i s  hoped t h a t  t h i s  s tudy i n  making more e x p l i c i t  t h e  f a c t o r s  

i n f l u e n c i n g  mixed l a y e r  recovery f o l l o w i n g  t h e  passage o f  a  squa l l  l i n e  

w i l l  l ead  t o  an improved bas i s  f o r  t h e  parameter iza t ion  o f  convect ive 

e f f e c t s  i n  l a r g e  sca le  numerical  weather p r e d i c t i o n  'model s. 

, . J ! ' . .  ' r  1 : , , , t  k\  ,I ; r r + l  ' 0 
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APPENDIX A 

L I S T  OF SYMBOLS 
.' 1 - :  I # a  $ f  9 1  

bu lk  t r ans fe r  c o e f f i c i e n t  f o r  water vapor 

bu l  k  t r ans fe r  c o k f f i c i e n t  f o r  'se'ti'sible heat 

spec i f i c  heat I f (  8 1'- J i  ' ' 1  

molecular d i f f u s i v i t y  o f  water vapor 

f ,  " surface evaporat ion " ' ,' 

f l u x  o f  r a i n  

heat f l u x  I i J 1 %  

f l u x  o f  v i r t u a l  s t a t i c  energy ,,, re, ' 8 

mixed layer  he ight  f o r  zero-order model 
I -1 

Von Karman's constant 

Monin Obukhov length  o r  l a t e n t  heat o f  vapor iza t ion 

d iaba t i c  heat ing 

v e r t i c a l  l y  averaged d iaba t i c  heat ing i n  mixed layer  

r a t i o  o f  s p e c i f i c  humidity f l u x  a t  H t o  t h a t  a t  the 
surface 

cha rac te r i s t i c  ra indrop rad ius  
' j ' "  ., ' 

surface sensib le heat f l u x  
, .,I 

i n t eg ra l  shape f a c t o r  

drag c o e f f i c i e n t  
'., . : .'I, 

f 1  ux convergence c o e f f i c i e n t  
, " i  ' : ,  1 

mean tu rbu l  ent  k i  n e t i c  energy 
'":I I 

saturated vapor pressure 1 * ' .  1 



dimensionless shape f a c t o r  

accpl  e r a t i o n  o f  g r a v i t y  

h e i g h t  o f  mixed l a y e r  f o r  GSEM 

d is tance t o  t o p  o f  t r a n s i t i o n  l a y e r  f o r  GSEM 

incremental  displacements above and below H 

entrainm,e?t parameter 
l r  

molecular  weight  o f  water  

p e r t u r b a t i o n  pressure 

s p e c i f i c  humid i ty :  t o t a l ,  mean, p e r t u r b a t i o n  

mix ing  r a t i o  o f  r a i n  

m ix ing  r a t i o  o f  water  vapor , . ,  h , : '  

d r y  s t a t i c  energy 

v i r t u a l  s t a t i c  energy: t o t a l , .  mean, p e r t u r b a t i o n  

' " ? i . 1  I - 
subsatura t ion  

..* I I .  ..; 
mean wind speed a t  10 m 

, .  > I  

f r i c t i o n  v e l o c i t y  
. , , a ' ,  - 

h o r i z o n t a l  v e l o c i t y  vec to r  
4 ,  

mean h o r i z o n t a l  v e l o c i t y  averaged through 
, l a y e r  , d ' ., ' I SF -J 

v e l o c i t y  r e l a t i v e  t o  squa l l  l i n e  

depth o f  mixed 

, . . , 

t e rm i  na l  fa1  1  ve l  o c i  t y  

v e r t i c a l  v e l o c i t y :  t o t a l  , mean, p e r t u r b a t i o n  

entra inment  v e l o c i t y  

mean v e r t i c a l  v e l o c i t y  a t  H 

convect ive sca le  v e l o c i t y  

g r a d i e n t  o f  s p e c i f i c  humid i ty  above t h e  t r a n s i t i o n  l a y e r  

g rad ien t  o f  d r y  s t a t i c  energy above t h e  t r a n s i t i o n  l a y e r  



gradient of virtual static energy above the transition 

1 aye r 

dissipation rate 

r. m. s. turbulence velocity 

vertical velocity in p-coordinates 

transition layer depth 

jump in specific humidity across transition layer 

ilrmp in virtual static energy across transition layer 
,'. * \ r .  I t  , I  
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APPENDIX B I 

GSEM WITH DIABATIC HEATING ? : , :  

I . I ,  " i l  
i 

Here we wish t o  i nc lude  a l l  terms due t o  r a i n f a l l  evaporat ion and d i a b a t i c  

heat ing.  The thermodynamic equat ion and mois tu re  budget equat ion become 

where FR i s  t h e  heat  f l u x  and FE i s  t h e  f l u x  o f  r a i n .  We note t h a t  i f  

t h e  heat  f l u x  i s  due t o  r a i n f a l l  evapora t ion  t h a t  

i . e .  i f  we have r a i n  f a l l i n g  through a l a y e r  w i t h i n  which evaporat ion i s  

o c c u r r i n g  then aFE/az c 0 so t h a t  accord ing t o  Eq. (83) c o o l i n g  o f  t h e  

l a y e r  i s  t a k i n g  p lace.  

I f  we go through t h e  same steps as i s  i n  Chapter 4 we o b t a i n  t he  

f o l l o w i n g  s e t  o f  equat ions 

d  AS^ = rs + - d n h  - AW) + k s v l - k ~ v o  
('el d t  1 

+ 09, 
v  



rR2 i s  the  hea t i ng  r a t e  a t  h2, 

Q ~ m  i s  t he  mean hea t i ng  r a t e  i n  t h e  mixed l a y e r ;  
' ,  

* - 
- - 

where AE = E2 - E;! - * $  

. 1 '  ;L , ' l . . i . j , + !  L 3 ' I  ~r 

E2 i s  t h e  evaporat ion r a t e  a t  h2, 

Em i s  t h e  mean evaporat ion r a t e  i n  t h e  mixed l a y e r ;  

where AFR = FR2 - F ~ 1 9  

FR2 i s  t h e  heat  f l u x  a t  h2, 

F~l i s  t h e  heat  f l u x  a t  hl. 

- (1-Y-G Y)Aq (g - AW) + YAhAE + - 
q P 

where AFE - - F ~ 2  - F~l' 

FE2 i s  t h e  f l u x  o f  r a i n  a t  h2, 

F~l i s  t h e  f l u x  o f  r a i n  a t  hl; 



We a l s o  need an equat ion  f o r  Ah o r  as we have done here spec i fy  i t  

as a constant .  


