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z o n a l  a n d  . spuared  v er t ic a l  w a v e n u t n h e r s  i k \ n r \  for  a n  i so th e r t i i a l  a t 
m o s p h e r e  w i t h  h u o v a n c v  f r e p t i e n e y  o f  O.OhSO s ‘ ' ( i n d i c a t e d  hy  in a 
d o t - d a s h e d  litie).  a c o u s t i c  ( i i to f f  f r e i j u e n c y  o f  9.01!),s s B i n d i i  a t e d  h \  
f  in a d a s h e d  l ine! ,  a n d  i \  3 19 tu s ‘ R e ^ i u i s  o f  m-  • 9 refer 
t o  \ e r t i c a l l \ -  a n d  h o t i z o n t a l l y - p r o p a e a t i t m  w . u e s  i i .e .. i n te r t i a l  w a r e s ,. 
w h e r e a s  n r  ■ u refers to  p i i re lv  In u iz o i i ta lR  -pti ' pa i ta t  i tm w a r e -  i , 
e x t e r t i a l  waves I 1 he d o t t e d  l ine i n d i c a t e  t h e  d i s p e r s i o n  r e l a t i o n s h i p

for La i i i h  waves ,  connec t inu ;  t h e  p o in t  iA' -  O.fii- -  91 t o  t h e  poit i t

(A' — 'v..;7/- -  91. I . \ d p a t e d  f ro m  la c o h s o t i  19991................................. 2' '
2 .1  D i a e r a m  of  d i s t i t n  t p e r t u r h a t i o t i  fields a s  a f u n c t i o n  o f  lieii;lit for t h e  

o t ie -d im e i i s io t i a l  h v d r o s t a t i c  a d j u s t m e n t  p r o h l e i n  w i t h  i n s t a n t a t i e o i i s  
a n d  h o r i z o n t a l l v - u t i i f o r m  h e a t i t i y  s o i i o e ;  l a l  p r e s s u r e  i / / 1. ili, d e u s i t r  
I / / )  a t id  \ e i t i c a l  d i s p l a c e m e n t  («7'). ( o  t e t i i p e r a t u r e  ( /  ' i .  a n d  (d)  po te t i -  
t ial t e m p e r a t  tire • t)'i h a s h e d  l ines  i n d i c a t e  t h e  in i t i a l  h v d i o s t a t  n a l l ' . - 
i m h a l a i i c e d  " t a t e  Sol id l ines d ep ic t  t h e  final s t e a d r  - s t a t e  so lu t i o n
I . \ d a p t e d  f io t i i  Ba t i i io i i  l ' » ' ) l  I, . ,   .11

2 <) 1 l ine or oliU loll , ,f r he pci  t lit l iat loll \ cl t n ,il iiioi ioii at  t he  t o p  / ,,
h o t t o i n  I z -a i .  a n d  m i d d l e  | z 9i  o f  t h e  h e a t e d  l a v e r  for  t h e  otie- 
d i tn c t i s io t ia l  h r d t o s t a t i c  a d j u s t m e n t  [ i rohlet i i  w i th  i n s t . i n t a i i c o u s  a n d  
h o r i z o i i t a l l r - u m t o r n i  h e a t m e  soiiK e. ( . A d a p t e d  f ro m  B a n u o i i  I 991 i .  32

2 .7  D i s p e r s i o n  r e l a t i o n s h i p  for t h r e e - d i m e n s i o n a l  m i x e d  a c o u s t i c - y i a v i t v
w aves  m  a n  i s o t h e r m a l  a t m o s p h e r e .  D a s h e d  ' s o l i d l  ( o t i t o i i r s  a r e  iso- 
p l e t h s  of  t h e  sc a le d  f reipn' i i cy o f  osc i l l a i  ion  for a c o u s t i c  ( i n t e r n a l  g r a v 
i ty ) waves ,  w h e r e  t h e  .scaling f a c t o r  is t h e  h u o v a n c v  f re i fUencv  .V. I he  
o r d i n a t e  ( ah.sci .ssa) refers t o  t h e  si a l e d  v e r t i c a l  I  h o r i z o n t a l )  waveii i im-  
her .  w h e r e  / / ,  is t h e  scale h e ig h t  for a n  i s o t h e r m a l  , 9 n i o s p h e r e  I 'vpical  
h o r i z o n t a l  a n d  ver t ica l  w a v e l e n g t h s  a r e  i n d i c a t e d  on  t h e  to[i  a n d  r ight  
s i d es  of t h e  d i a g r a m ,  resfiei i iv e lv  .Vrrows show  d i r e t  ti<ui o f  g r o u p  
v e lo c i t i e s .  ( .A d ap te d  f rom  B a n n o n  1995)   31

2 8 X'ertical cross section of the s teady-s ta te  pressure pe r tu rha t io t i  field for
the three-dimensional  hydrosta t ic  a d ju s tm e n t  prohlem with in s tan ta 
neous hea t ing soiiri es of dis t inct aspect  ra t ios  in an infinite isothermal  
a tmosphere .  Response for a hea t ing  source with (a) high aspect  ratio.
(h)  low a s p e c t  ra t io .  P o s i t i v e  ( n e g a t i v e )  p r e s s u r e  p e r t u r h a t i o n s  in d i 
c a t e d  hy so l id  ( d a s h e d )  l ines.  E a c h  field is n o r m a l i z e d  hy  i t s  m a x i m u m  
a m p l i t u d e .  X’e r t i c a l  ( h o r i z o n t a l )  d i s t a n c e  sc a l e d  hy t h e  s c a le  he ight  
id ' .111 i s o t h e r m a l  a t m o s p h e r e  / / ,  ( R o s s h y  r a d i u s  o f  d e f o r m a t  ion Lf^\. 
( . A d a p t e d  f rom Ch ag i io t i  a n d  Ba nt i o t i  2991 1........................................................... 3fj
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2 9 \ t ' r t i c a l  str iK tiir»' | x z - p l a n c I  o f  p o r t i i r l j a t i o i i  c n o r ^ y  t iolds  III niiii . i f -  
t o r  <1 I o r a l i / t ‘(l h oa t i i i^  sourri> o f  hi i ;h asp<‘ct  r a t i o  a n d  l a s t i n g  20 iiiiii 
is pos i t io iK 'd  in th o  i c n t o r  o f  t ho d o m a i n  in a ful ly c o m p r o s s i h l o  two-  
d i in t ' n s io n a l  inososcah* n i o d c l .  (a )  I’o r t u r h a t i o n  i n t o r n a l  onor try ( c o n 
t o u r  itn r c m c n t  o f  12 I m  '  * i; ( h i  p e r t u r h a t i o t i  t o t a l  e n e r g y  I c o n t o u r  in- 
crcuict i t  ot 20  I 111 * y T o p  a n d  h o t t o i u  h o u n d a r i c s  a t e  r iy id  ( A d a p t e d
f ro tn . \ icl iol l> a n d  P ie lk e  199 la  l ...................................................................................... Ill

2 10 X u n i e r i i a l  s o l u t i o n  (in <t x / - p l a n e i  at 1 hi for a  t w o - d i i n e n s i o n a l  m i u u - 
la t ioi i  o |  a n  i d e a l i / e d  s e a  h r e e / e  c i r c u l a t i o n  in a c o i n p r e s s i h h '  tnexis i  a le  
m o d e l  1 he h e a t i n ^  >o uice  is p r o c r i h e d  .it t h e  i e n t r a i  20  id -p , , iu t  
in t h e  lir.'t ! e \ ,1 , i h o \ e  s u r f a c e ,  . iiid l,t>i.' for 1 hr  i ,i i l l o i i / o n t . i l  i n . i »  
tliix Mi .n to ii r  iin le n ie n t  o f  t i l l  1 in '  ■> ' d o  pe i t  ui h a t  ion [ac '^Mue 
(I o i i to ii r  i n c r e m e n t  of  10 1 " a , l o p  Iu ' i i n d . i i \  i> , pen  foi -.oiind v . , o , -
( A d a p t e d  f r o m  N n h o l l s a i i d  P i e l k e  199 Ih i  11

2 11 S k e t c h e s  ot i d e a l i / e d  c o r n e c t i v e  f lows co i i t in ed  witl i i t i  t o p  <itid h o t t o i n
r i " id  h o u n d a r i e s ;  t a )  ful ly  d e v e l o p e d  c i r c u l a t i o n  cell; i h i  i n i t i a l  s p n  itic- 
t . i t ioi i  o f  .ill a r t  i licial w i n d  field t h a t  d o e s  not  \.it isfy rn.iss co ii sei  v.it nui  
( i n i t i a l  h o r i / o n t a l  ve lo c i ty  in ' i n u  e l i m i n a t e d ) ,  a n d  ic) a weaket iecl  o , r
"d e s t r o v e d  I  cot ivec t i ve  cell .  S e e  te x t  for  d e t a i l s .............................................. II

2 12 I d e a l i / e d  h o u i n h ' d  v e r t ic a l  m o t i o n  i u p i l r t i f t s  a n d  d o w n d r a f t s i ,  w i t h  d i s 
t inc t  ,i.>p.’ct i . t t io> I ,i ! hie h a . 'p ec t  r . i t io,  iou a p p e r t  r a t i o  17

0 I S( h e m. i t  ic i e | , r e s r n t a t K m  <d t \  pi,  al  h o o k  a n d  h o w  ei h o e s  ( s o h d  l i nes  i
a n d  reyiui i s ,i.s>oci.iied w i t h  s t i o n y  >t r a i e h t - l i n e  w i n d s  a t  I he s u r f a c e  
I  h a t c h e d  a r e a s  I  I  P r o m  F u j i t a  1 9 7 ' d  72

.'5 2 ( ’o t icep tu . i l  m o d e l  for t h e  life cyc le  o f  .i t y p i c a l  h ow  echo .  Siau,, .  A t.ill
echo .  B .a id  ('  h ow  echo .  1) .Hid K: c o m m a  echo ,  ( F r o m  F u j i t a  1979) 72

d o l yp i c a l  r a d a r  ei ho  d is t  r ih i i t  io ns  o b s e r v e d  in w.vrm s e a s o n  h o w  echo-  
t v p e  M(  'Ss. as  cla.ssified hv  P D S o  ( a t  t v p e  1 c o i n e c t i v e  s v s t e u i .  (h i  
t ' .p e  II. ( (  I t v p e  111 p i t  t Vpe I \ ‘ C o n t o u r  l ines a re  low level  reflect  IVltV 
c o n t o u r s  111 ( IBZ.  1 he fo u r  d i a e r a t i i s  s h o w n  a r e  no t  in t h e  s a m e  sp a t  ml 
sca le  ( see t e x t  for d e t a i l s )  i . \ ( l a | ) t e , |  f r o m  P l ) s 7 i .................................  71

1 I S( h' ln.tt ii d e p i c t i o n  of  s i i t l . i cc  s\  no p i  i c - sca le  f e a t u r e s  . i s s o c i a t c d  w i th
th e  o i tU Ie l l C f  ot  1 ,1 ) p r o g r e s s i v e  d e r e c h o  i W.il 111 se a s o n  p a t  t e r n  I. .Hid 
(1)1 ser ial  d e r e c h o  ( d v n a m i c  p a t t e r n )  1 he ha tc l ie i l  . u e a s  re fe r  to  t h e  
s e c t o r s  a f f e c t e d  hy s t ro ip ;  s t r a i g h t - l i n e  w i n d s  a t  t h e  s u r f a c e  (d e r e c h o s )
Frot it  a n d  s ( |ua l l  l ine s y m b o l s  a r e  c o n v e n t i o n a l .  .A dap te d  f r o m  I l f s ? .  77

d .ô  C o t i c e p t u a l  m o d e l  o f  a l i n e a r  M C S  w i t h  t r a i l in i t  s t r a t i f o r m  p t e c i p i t a t i o n  
v ie wed iti a  v e r t i c a l  c ro ss  s e c t i o n  o r i e t i l e d  p e r p e n d i c u l a r  t o  t h e  l ine of 
co n v e c t i v e  cel ls .  M e d i u m  a n d  d a r k  s h a d i n g s  d e n o t e  a r e a s  a s s o c i a t e d  
w i t h  i n t e r m e d i a t e  a n d  s t r o n g  r a d a r  re f l ec t iv i ty ,  r e s p e c t i v e ly .  H eav y  
so l i d  I Light  s c a l l o p e d )  l ine  r e p r e s e n t s  t h e  h o u n d a r i e s  o f  t h e  s t o r m  as 
i n d i c a t e d  f r o m  r a d a r  r e f le c t i v i t y  ( d i r e c t  o b s e r v a t i o n ) .  S t o r m  m o t i o n  is 
t o w a r d  th e  r igh t  o f  the  f igure  ( . \ d a p t e d  f r o m  Hou/ .e  et .d 1 9 s 'o  7'i



3.0 S c lu ' r n a t ic  r e p r é s e n t â t  ion e f  t h e  i i p s h e a r - t i l t e d  c o n v e c t i v e  f low in a n  
i d e a l i / e d  h o w  ecl io d u r i n g  i t s  m a t u r e  s t a ^ e  w i t h  a  (a l  deve lopin g ,  HI.I. 
a n d  (III well d e f i n e d  e l e v a t e d  R M .  T h i c k ,  d o n h l e - l i n e d  v e c t o r  r e p r e s e n t s  
t h e  u p d r a f t  ( i i r r e n t ;  thi( k so l id  v e c t o r  d e n o t e s  t h e  Hl  l; t h i n ,  c i r c u l a r  
a r r o w s  indit  a t e  convec t i ve - . scah '  c i r c u l a t i o n s  a s s o c i a t e d  w i t h  h o r i / o n t a l  
v o i t u  i t \  Liei ieiated e i t h e r  h\ t h e  a r n h i e n t  v e r t i c a l  w i n d  s h e a r  o r  hy  th e
c o n \ e c t i \ e  s\  s t e m :  s h a d i n y  d e n o t e s  t h e  siirfai  e c, ,|i|  poo l :  re^ii  uis < ,f 
l i g h t e r  o r  h e a v ie r  r a in f a l l  a r e  i n d i c a t e d  hv t h e  m o r e  s p a r s e l y  o r  d e t i s e h  
p a c k e d  ve r t ic a l  l ines,  r e s p e c t i v e l y :  s c a l l o p e d  l in e  « lenotes t h e  o u t l i n e  of
th e  c l o u d .  ( .A d a p te d  f r o m  W e i s m a n  I'J'J.3)...............................................................  ( d

3 7 Low-e lev a t io i i .  p l a n - p o s i t i o n  i n d i c a t o r  r e f le c t i v i t y  a n a l v s i s  o f  t h e  IP 
li i lv IPS .3 c e n t r a l  M i n n e s o t a  d e r e c h o - p r o d i i c i n e  h o w  e< ho  at  21 1 2  1 I C  

f r o m  M i n n e a p o l i s - S t .  P au l .  M.N ( .MSP)  r a d a r  R e f l e c t i v i t y  c o n t o u r s  
a r e  I.s. 3(1. 11 a n d  Ifi d B Z .  S h a d e d  reyioi i  r e p r e s e n t s  r e f l e c t i v i t y  va lues  
y rea t t  r t h a n  "aI d B Z .  vt( to rs  d e n o t e  t h e  r e a r  in f low n o t c h  1 i .e. .  t h e  PI.I 
' • ( I ' l i  v  ' f o i l e d .  ( I:' u l a r  l in e  indi '  a t c s  | , ,, at i<,11 o f  t h e  m e s , ,s( ,de
cii< I l l at ion .  1 1 l o i n  P i / \ h \  l inks i  i P P l ...................................  t,3

3 . ^  S c i i e i n a i  K ( <f v e r t i c a l  v o i t  i c i t y  y e i i e r a l  l o i i  t h i  o i l  y  h  v,  »i t e \  t i l t  i i m  \ M t h i n  
h o w  e c h o e s  III o i ) .  a s c e n d i n g  m o t i o n  . d o l i y  t h e  l e a d i m t  e,  l y e  o f  t h e  
h o w  e e h o  p U ' h e s  t h e  V o l t e X  l i l i e s  u p  111 t h e  p r e s e n c e  o f  c o n \ c e t  i \ e p - 
g e n e r a t e d  e a s t e r l \  v e r t I I  a l  w i n d  s h e a r ,  r e s u l t i i m  i n  . i n t n  l o i  k w i s e  1 e | , „ k-  
w i s e  i l o t  a t  l o l l  o i l  t h e  n o r t h  1 s o i i t  h  i e n d  o f  t lit' s y s t e m  In  1 1 , , . l o c a l i z e d  
d e s c e n t  111 ,111 e n v i r o n m e n t  w i t h  w e s t e r l y  v e r t i c a l  w i n d  s h e a r  p r o d u c e s  
t h e  s a m e  l i n e - e n d  v e r t i c a l  v o r t i c i t v  p a t t e r n  ( P r o m  W e i s t n a n  a n d  D a v i s
l ' .»PM...........................................................  113

3 P h i e a l i / e d  s k e tc h e s  o f  i i i id- lat  it t ide  sv t iop t  i c - sca l e  s i t u a t i o n s  f a v o r a b le  
l o t  ,1>\, | , , p r i i e l l t  , , f  ' 0 \ e l e  t h u n d e l s t , U t i l s  1 IK I lid ill it, : 1,1 1 t o l l i a d i l  '11-
p e i  t e l l s  I h  I derecho-pro i luci i i i i ,  h o w  ecl ioes  I dviia t i iK pa t  t e r n  I I tun 
lint 's t fe i iote sea level  i s o h a r s  a r tu i i i i l  a lt,w p r e s s u r e  c e n t e r  w i t h  ct, | i |  
ant i  w a r m  f ronts .  B r o a t l  . i r i t tws r e p r e s e n t  | , ,w | e \ f |  |, t [, I . u p p t  r - f  I 
p o l a r  jet (P. l ) .  a n d  u p p e r - l e v e l  s t ih t r t t p i c a l  j e t  (S.l |. i P a n e l  (a )  is .d'tei 
B a r n e s  ant i  . \ e w t t u i  I98G: p a n e l  (h)  is a f t e r  l o h i i s  P.MI.3: l i t i th  p a n e ls
a re  a d a p t e i l  f r o m  . John s  P J P 3 ) ..........................................................................................  (>')

3 .10  T y p i c a l  m i t l - l a t i t t i d e  syno[) t ic  c o i i d i t i t u i s  f a \ t u a l d e  for  t h e  t | e \ e l o p m e n t  
o f  p i t ty ie ss iv e  i l e r e i h o - p r o d u c i n a  littw e c h o e s  ( w a r m  s e a s o n  p a t t e r n ) .
I he  t h i n  a r r o w ,  w i t h  a W \ \ \  - P S P  o r i e i i t a t o i i .  i n d i c a t e s  t h e  m a i n  
d a m a i t e  ax is"  tif t h e  p r t a t r es s iv e  t i erei  In» a s s o c i a t e d  w i t h  t h e  lotii’- l ived 
htiu e, ho  t t u u e c i i v e  s \ s t e i i i  ( p tu i i t  B r e p r e s e n t s  t h e  h e a i n n i n i i  p tu n t  
o f  t h e  Mt  'S. M "  repre. sei i ts  i t s  m i t h p t u n t  a n d  P  i ts  e n d  p o i n t  : the  
B-.M-P p a t h  c a n  h e  a s  lotiK >is 1 fOOkni).  I 'he h r o a d  a r r o w s  indi t  a t e  the  
p t i si t i t t i i iny of  t h e  Ittw-level j e t  s t r e a m  ( L I )  a rn l  t h e  p o l a r  j e t  s t r e a t n  
( P  I I a lof t .  I he  t h i n  sol id  l ines  r e p r e s e n t  t h e  s e a  level i s o h a r s .  w i th  
th e  s u r f a c e  ( p i a s i - s t a t i o n a r y  t h e r m a l  h o i m d a r v  a n d  t h e  m i d - l e \ e |  n d y e  
al.so heinu, i n d i c a t e d  ( . \ d a p t e d  f r o m  Jo h n s  et al  1P90) f C
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I l Diiv^iai i i  -^luAviiiü, th»' n u ' t h n d u l o i f y  ( ' inploytHl t o  s îu i l v  î h r  d y n a m i c
a d j u s t m e n t  m a n  i d c a l i / c d  b o w  cclio,  A Ü-hr s i t i i i d a t n m  o f  a n  i d c a l i / c d  
b u w  cclu) ( c o n t r o l  r u n )  is f o l l o w e d  by a se r ies o f  w i t h d r a w a l  e x p e r i m e n t s  
iti whie l i  s e le c te d  v a r i a b l e s  in t h e  c o n t r o l  r u n  a r e  rese t  to  t h e i r  b a s e  s t a t e  
v a lu es  at l -h r  b a c h  w i t h d r a w a l  e x p e r i m e n t  p r o d m  e a J h r  h ue, a^t"
1 l i e  e v o l u t i o n  o f  t h e  s i m u l a t e d  b o w  e c h o  f r o m  I t o  l i - h r  i \  e x a m i n e d

lot e a c h  i a>e ..................................................................  71
12  Ske w-  r  d i a g r a m  o f  t h e  i d e a l i / e d  t h e r i i i o d y t i a i n i c  so u t id i iu ;  u t i l i / e d  at 

t h e  in i t i a l  t i m e  for  C N  I'FiL ( e n v i r o n m e n t  s o i i n d i n y ) [ h i c k  s o l id  hne> 
a r e  t e m p e r a t u r e  a n d  d e w  [ m in t  t e n i ( ) e r a t u r e  [ )roh les.  [ l e a \ v  d a s h e d  
l ine d e | u e t>  t h e  iiioi>t a i l i a b a t  a l o i i ^  w h ic h  a  s u r f a c e - b a s e d  a i r  [ larcel  
a>i eiiil> \  al l ies >l iown in t h e  to | )  o f  t h e  d i a i i i a t i i  indi i  a t e  d r v  a d i a b a t s
(ill I ' e b i u s t .  W i n d  [irotile is in in s ‘ ..........................................................................  7t>

1.1 l i m e  e v o l u t i o n  o f  C W T b l .  s i m t i l a t i o n  a t  t h e  f i rs t  m o d e l  level  1/ JOO 
till, ( a l  l -hr .  (Ill  i - l i r .  Ic I G-hr  T h i c k  s o l i d  l in e  d e n o t e s  t h e  -2 K 
p o t e n t  ial t en i [ ) e ra t  u r e  [lert i i r b a t  ioii indii  a t i i m  t h e  t,i Hindai  \ o f  t h r  11 TI 
[)ool; p r e s s u r e  [ l e r t u r b a t i o n  cxui to u rs  a t  c-ach UK) I ’a a r e  i n d i c a t e d  bv 
tliiti Solid ( j io s i t ive  va lu es)  a n d  d a s h e d  ( n e e a t i v e  va lu es )  l ines.  \ e c t o r s  
a re  y i o u i i d - r e l a t i v e  w i n d s .  d o m a i n  t r a n s l a t i o n  o f  22 in s ‘ in t h e  
x-ilire( t ioii IS a p p l i e i i  fit an  1 t o  1-tir.  whi le  a n  a d d i t i o n a l  doi i i . i i t i  ' p r e d  
ot -1 t '7 111 < * in t h e  v - d i r e e t i o i i  i< a[>[>lied fis un  â to  (i-hr si i

I I  T i m e  e v o l u t i o n  o f  ( ’. \  I ' l i l .  s i m u l a t i o n  at  i  2bO() m: (a )  l - h r .  (b i  1-
l i i . > ti-lii (.’o i i t t i u i s  o f  v e r t i c a l  ve loe i tv  [>ert m  l lat loi i  l l i d i e a t r d  at
ea c h  2 111 s ‘ S o l i d  ( d a s h e d )  l in es  a r e  u p d r a f t s  ( d o w n d r a f t s )  \ r i  t o t s  
a r e  > to i I l l - r e la t iv e  w i n d s  \  do i i ia i t i  t ra t i . - la t io t i  o f  22  m  \  ' m  t h e  \ -  
di re i  t ioii  IS app l i e i l  f rotn I to  j - h r .  whi le  a n  a d d i t i o n a l  i lo i i i a in  s p r r d
ot -1 1)7 in > 111 t h e  v-di re i  t n u i  is ap | ) l i e d  f r o m  Ô t o  b - h r  ^I

1 ') A> 111 I-1'/ 1 I. b u t  for r a i n w a t e r  a in l  hai l  i i i ix i tm  r a t io n  i i idn a t r i l  at  I
y ky ' in t r i  \ a b  ' ci ait o i i i -  '•2

1 b H ou  r, ho  ' ey ii ie i i t  a t  t t in a ' /  2bl)l) m  y i o u n d - i f l a t  i \ e  wind
I  v ec to r s ) :  r a i t i w a t e r  a n d  ha i l  tiii.xitiy r a t i o  in y ky ‘ ( s h a d e d ) ;  zona l  
co tnp oi i e i i t  o f  t h e  y r o u n d - r e l a t i v e  w i n d  (c o t i to i i r  l ines)  S o l id  l ine  en- 
c i n  ie.s reyioii  w i t h  u 30  m  s ( b |  /  200  iii: y r o u n d - r e l a t i \ e  w in d
(v e c to r s )  a n d  i ts  z o n a l  co ti i f io i ien t  ( c o n t o u r  l i t i es) .  So l id  c o n t o u r s  i n d i 
c a t e  va lues  of  II y r e a t e r  t h a n  2Ü tn s “ ' .  [ r lo t ted  a t  e a c h  2 m s  ' .  D o t t e d  
l ine  i t i d i c a t e s - 2  K ( l o t e n t i a l  t e n i [ ) e r a t u r e  p e r t u r b a t i o n  r e [ ) r e s e n t i n y  t h e  
b o u n d a r y  of  t h e  c o l d  [mol .  Doi i ia i t i  s h o w n  is: 101 k tn  <  x <  102 km;
170 kill •- \ o  23 1 kill s [
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1.7 \  r r t i c a l  croNs xT tK/ i i  ,it t l - h r  ;u ro.>> y 20') ktii i . ' fy nn ' t i t  .IZi in F i l 
l in '  l . 'h i) .  f r o m  sur f a i  t' t o  z 1Ü km.  .All p a n e l s  c o n t a i n  s t o r i n - r c l a t i v t '  
w in d  v e c t o r s  [ i r e s e n t e d  a t  e v e r y  o t h e r  v e r t i c a l  ^ r i d - p o i n t .  R e f t ' r e n c e  
ho r i / t i f i t a l  w i n d  v e c t o r  o f  10 rn s “ ‘ is i n d i c a t t ' d  on t h e  lower- le f t  c o r n e r  
o( cat h p a n e l  i a l  p o t e n t i a l  t e m p e r a t u r e  [ ) c r tu r l ) a t i o t i  in K: c o n t o u r s  
p l o t t e d  a t  e a c h  1 K; (h)  [ ) ressure  [ l e r t u r h a t i o n  in P a :  c o n t t t u r s  p l o t t e d  
at  cat h Ô0 P a .  icI  r a i n w a t e r  ( sha i lc d)  arnl  ha i l  Isoli i i  c o n t o u r s )  ni i .xinc 
r a t i o  p l o t t e d  a t  eat h I y ku; (ill e tp i iv a le n t  p o t e n t i a l  t e m p e r a t u r e
pres.  nie t i  a t  eat  h 2 K: o n l y  va lu es  hi twet  n 0, d 2 0  a m i  kkl K a r e
' h i ' w n .  w i t h  0, l.'51l\ l i e in y  t h e  first t i u i t o u r  in t h e  t o p  t , f  t h e  t i e i i re
In Ml  an t i  ( l o  pos i t  ive inevra t ive i  p e r t u r h a t i o n s  a r e  ind i t  a te i l  h \  >oliil 
o la . s h e d  I I i i i i t i i u i s  s ' ,

I S . \ s  111 F i y i i i e  I hi, ,  hu t  .it t t i -hr .  in .i t lo.sc-up view for  t h e  two m a i n
htiw e c h o  s e e r i i e n t s  s h o w n  in F ie t i r es  I Ic. -l..',c........................................... SS

I 'J -V.s i n  f i y i i r e  1 7 .  h u t  . i t  t t i - h r .  f o r  i . i i  p r e s s u r e  p e i t i i r h a t i o u  . i i n l  ( h |
e t ( u i \ a l e i i t  p o t e n t i a l  t e m p e r a t u r e ,  . d o n e ,  s e g m e n t  C D  ( \- IfiO k m )  i n  
F i g u r e  1 f t . R e f e r e n t  t' h o r i z o n t a l  w i m l  v e c t o r  ( h t i t t o i n  o f  p a n e l s )  i s  2 0  
111 s  ' s p

I 10 l i m e  e v o l u t i o n  o f  i l o i n . u n  m a x i m u m  u [ ) t l r a f t s  . i i i t l  d o w n d r a f t s  f o r  t h e  ti-
h r  ' i n i u l . i t  l o l l  o f  ,111 i d e a l i / e i l  h i , w  eelnI.  N(  ) K yp 111, i c e  m i l  r t i p h y s n  s:
C . X I R F .  w i t h  it f  mil r o p h v ' i t  s ........................................................................................  !)1

1 I I  l .a i  l\ e \  I , | iit loll ( ,f t In h, ,w e, h' ' ' iiiiiil .it i"ii  w i t h  , iad v. it l e n t  n '• inn i ■ ■
phV' ie, '  p e l  t Ul h a t  loll \  er t  n al t el, u itt ,  tt I  ;itid ' t ,  il 111-1 e | a t  1\ e V, i n d '  .it
/  2t)00 m  tc p l o i l e t l  a t  e a c h  2 m s F w i t h  sol id  O la s h e i l )  l ines  r e p 
resent  m y  u p t l r . i f t s  ( t i o w i n l r a f t s I  O n l y  c o n t o u r s  w i t h i n  - 1 0  m s ‘ < w  
y 10 111 '  ‘ . ire p l o t f e t l  l a ) . ( h ) :  l -hr :  (c ) . ( t l ) :  2 -hr:  ( e l . ( f ) :  l -h r  F i r s t  
I oil 111 111 . \ l  i K 'F .  set I m d  col 1111111 ( ' . \  I R F .  In ( a i - ( d  i t h e  l i o in a in  s ize
s h o w n  is 12S X 12S k i l l ' :  m  ( e ) . ( f )  is 12S x Iti 1 k i i r .............................................  02

1 12 F . ir lv e v o l u t i o n  o f  t h e  h o W  e c h o  si ii i i i lat ioi i  w i t h  a n d  w i t h o u t  p a r a m -  
e te i i z . i t io i i  o f  lee i i i i c io p h v s i c s .  S ur f ace  coltl  poo l ,  [ l e r t u r h a t i o i i  p r e s 
su re .  .Hid y i o u i n l - r e i . i i i v e  w i n d s  iz 2tft) in)  l liick so l i t l  l ine d e n o t e s  
t h e  -2 l \  p o ie i i t  ial t e m p e r a t u r e  p e r t u r h a t i o i i  indit  at  in y  t h e  h o i m d a r v  
of t h e  t i.ltl pool :  p r e s s u r e  I i i i i to ii rs  .it e ach  100 P a  a r e  indi t  a t i  il hy t h i n  
so lid I p o s i t i v e  v a l u e s ) a n d  d a s h e d  ( n e y a t i v e  va lues)  l ines ,  ( a ) . ( h ) :  l - h r :  
ic ). ( i l ) :  2 -hr :  ( e l . ( f ) :  f - h r  F i r s t  c o l u m n :  . \ 0 _ I C F ;  s e c o n d  c o l u m n :
C N  I R l .  In I a ) - ( i l )  1 he  i l o i n a i n  s ize s h o w n  is 128 x 128 k n r :  in ( e ) . |  f  )
is 128 X 10 1 k i l l ' .................................................................................................................................  O f

1 1 f . \ 0 _ l ( ’l-- s i m u l a t i o n  a t  l - h r  (first  row)  a n d  0 - h r  ( s e c o n d  r o w ) ,  (a ) ,  (c) 
s u r f a c e  col t l  p o o l  a n d  o u t f l o w :  v e c to r s  a r e  y r o u n d - r e l a t i v e  w in d s ,  t h i c k  
solit l  l ine  r e p r e s e n t s  -2 K p o t e n t i a l  t e m p e r a t u r e  p e r t u r b a t i o n  i m l i c a t i n y  
t h e  h o u i i i l a r v  o f  t h e  ctiltl p o o l ,  thi l l  sol id  ( t l ashe t l )  c o n t o u r s  iiitlii a t e  
[ losi t ive  (n e y a t i v t ' )  p r e s s u r e  p e r t u r h a t i o n s  p l o t t e d  a t  e a c h  UK) P a .  ( h ) .
((I) s t o r m - r e l a t i v e  wiiu l s  ( v e c t o r s )  a m i  v e r t i c a l  v e lo c i t y  c o n t o u r e d  a t  2 
m  s ‘ i n t e r v a l s ,  a l  he iyh t  z 2tKK) m St, l id ( t l a she t l i  l in es  , u f  up t l r . i f t s  
(dovv i i i l r a f t s ) .................................................................................................................................  PL,



j . l  Buw f r l u )  s i i u u h i t i u i i  in \ V \ ' K L .  Irirst n n v :  3 -hr :  s e c o n d  row: (i-hr.
( , i ' . | c  I  snr fa i  (' c o ld  p o o l  a n d  out f l o w :  v e c t o r s  a r e  ■y round-re la t ive  wind s ,  
th i c k  s o l id  l ine r e p r e s e n t s  -2 K p o t e n t i a l  t e m p e r a t u r e  p e r t u r b a t i o n  in 
dii at inty t h e  b o i i t i d a r y  of  t h e  c o ld  pool ,  t h i t i  so l id  ( i h i s h e d )  c o n t o u r s  
i n d i c a t e  p o s i t i v e  ( n e g a t i v e )  p r e s s u r e  p e r t u r b a t i o n s  p l o t t e d  a t  e a c h  100 
Pa .  I t o .1(1) s t o r m - r e l a t i v e  w i n d s  ( ve c to rs  I a n d  m a t y n i t u d e  o f  ve r t ica l  
v e lo e i t v  <c o n t o u r e d  a t  2 m  s ' in te rv a l s )  a t  heiiyht z 2 0 0 0  m .  Sol id 
I d a s h e d  I l ines a r e  u p d r a f t s  ( d o w n d r a f t s  I. D o m a i n  t r a n s l a t i o n  is as  in
C . \  I 'Hl .  I Purs I i. I 11..........................................................................................................  OS

■' 2 . \ s  in Fnyiiri '  1 1. b u t  tm •■.xpfiiinent ( \  \  KI.  loo
c.'i I ' inie e v o l u t i o n ,  f r o m  l -h r  t o  l - l i r  I  a t  l O - m i n  i n c r e m e n t s  |. o f  sv s te n i -  

a v t ' i a u f d  p i d f i l o  Ilf \ e r t i c a l  m o i r i e n t u i n  ( lux i . ' c ' a ' )  in n r ’ s (a)  C X -  
1 K b .  (1)1 \ \  \  Kb .  (c l  I \  \  Kb.  b h e  averaiyimy is a p p l i e d  for  t h e  reg ion

e n c l o s e d  b v  a  r e c t a i i . i y l e  i n  Fi i y .  b i b ............................................................................  I i l l
*j. I .As in Fiiyure 1 :b b u t  for v e r t i c a l  h e a t  t lux {w'fl'] in m  s ' K ..........................102
').Ô \ e r t i c a l  cros.N-scctKms in t h e  x / - | ) l a n r  a lomy v 20Ô k tn  ( s a m e  y-

I o o r d i n a t e  uf  ^eiyment  Al i  in Fej,. I l a l  fo r  t h e  ' ' t o i i i i - r e l a t i v e  w ind  
h e ld  ac ro>s  t h e  ^ii>t f ron t  1 he  don ia i t i  >how n i> jx  krn x i s  ktn Fi rs t  
I "lu i i i t i  r I oo oo- li i  [."-t.iii  t itiii' (bi wit  hi It .iw.il (■xpcninci i t  '  I : "fc- 
I 'in 1 I I ill 111 111 t I o 1 o b l n  , t lilt 11 I " l i i inn  t I P )( lo-ht  ,t i ' o t i i  
t o  I'.X I K b :  I d  Oil  I t o  W \  F b :  a n d  i y ) - i i l .  to  I \  \  F b .  \  e c t o r s  re p re se n t  
t h e  \ / - (  o t n p i m r i i t  o f  t h e  s \ ^ t e i n - r e l a t i v e  w i n d  in in s a n d  c o n t o u r s  
ttidii a t e  n i a y i n t u d e  o f  t h e  ver t i c a l  ve loc i ty  in in s ‘ (c o i i to u re i l  a t  2 in 
s ‘ in cr e ine i i t s .  w i t h  t h e  ze ro  l ine  beinjy s u p p r e s s e d ) So l id  ( d a s h e d I
l ines  i n d i c a t e  u p d r a f t s  ( d o w n d r a f t s ) ............................................................................  It) I

Ô 0 As in Fity. l .ô .  b u t  o n lv  for \ \  \  F b .  a t  ( a )  t l :0 0 :0 S -h r .  (b )  t
I III) 2 l - h r .  ( l i t  1:00: l O - h r .................................................................................................  lOO

') 7 F v o l u t n m  of  t h e  s i n i u l a t e d  yiist f ront  for t h e  sec t o r  i n d i c a t e d  b \  a
re c tatny le  in Fiiy I lb  ( a ' - ( c  i ( ’X I 'Kb: arnl  ( ' l l - l f t  I ’\  \ ' F b  F i r s t  c o b
u t n n  1 2 0  1)1) hr .  s e c o n d  c o l u m n  I l o o t )  h r :  t h i r d  ( o l i i in n  ÔDO ()() 
h r  D a s h e d  l ines t referr i iny to  n e y a t i \ c  v a l u e s )  a r e  c o n t o u r s  o f  p o t e n 
t ial  t e m p e r a t u r e  p c i t u r b a t n m .  p l o t t e d  at  -2 l \  i n c r e m e n t s .  I 'he lirst 
I oi i toi i i  f ro m  rnyht t o  left is t h e  -2 K line,  i n d i c a t i m y  t h e  l e a d i n g  ed<y,i 
o f  t h e  . idvaiK iiib ( o l d  poo l .  \ ’c( t o r s  a r e  ^y io u n d - r c la ) iv e  w i n d s  in m  s '
. w i t h  a  r e f e r en ce  v e c t o r  of  10 in s '  ‘ i n d i c a t e d  oti t h e  lo wer  left  c o r n e r  
o f  e a c h  pan e l .  X o t e  t h a t  s o l u t i o n  f r o m  I  \  \  F b  d e v i a t e s  s i iyni ficant lv
f r o m  C’.X T K l  ' 107

') S S o l u t i o n  a t  l - h r  for  C X d ' K b  a lo i i ^  s a m e  v e r t i c i d  c r o s s  s e c t i o n  s h o w n  
III Fiyy. Ô 5. F i r s t  t h r e e  t e r m s  o n  t h e  r i )y h t -h a i id -s id e  o f  t h e  p r e s s u r e  
(■(juatiou I F( |  ’> 'c ‘ o i l  t e r m  I p ' b ' ■ c o n t o u r e d  at  1(1 0 P a  s ' in-

tei  \ a l s .  ' l o  tel in 11 r  A*//'. 11 ' i i toui i  i| al  0 2 P.i s ■ m te iA .d s .  i :

t e r m  111: - / ) (  I ' ,  coi i toi i re i l  a t  2Û.0 P a  s ' ' i n t e r \ a l s .  Z e r o  l ines a re
s u p p r e s s e d .............................................................................................................................. I l l

Ô 1) I d e a l i z e d  s k e tc h  o f  t h e  U pU a id  braiK h of  a  c o l iV e c t i \e  i e l l .................... 112
Û II) Id e td i z e d  s k e tc h  o f  t h e  pres s t i re  p e r t u r b a t i o n  i n d u c e d  s h o r t l y  a f t e r  th e

e l i m i n a t i o n  of  t h e  u p d n d t  in Fifyure Ô.9. ( P r o x y  for  e x p e r i m e n t  \ \  \  F b ) .  112



1 11 C r o s s - s m  t i u n s  in tin* x /-plarn* a c r o s s  tin* ,mist I r o n t  (sann* d o m a i n  as  in
Fig .  Ô. j i .  for (a i  i ) t*rt i i r l)at ion p rc s snn*  t F a ) :  ( ’N T H L :  (b)  p e r t u r b a t i o n  
p r e s s u r e  , F a l  U ’\ ’KL. b o t h  a t  t b t ib t)6 hr;  (c) h o r i z o n t a l  d i v e r g e n c e  
I l b  ' s ‘ ): \ \ \ ' K F .  at  t l:bb:()() h r .  In (a )  a n d  (b)  t h e  l ields a re  
c o n t o u r e d  a t  Ô0 P a  in te rv a ls :  in IcI tin* c o n t o u r  i n t e r v a l  is 2 1 0  's 
In al l  t innres .  s o l i d  i d a s h e d ) l i n e s  i n d i c a t e  p o s i t i v e  I n e ^ a t i v e )  va lues ,  
w i t h  z e r o  l ines b e i n ^  .■'iippressed. \ l l  p a i n  Is ."how s t o i r i i - r e l a t i \ e  w in d s  
in 111 s ' I  ve c to r s  !. w i t h  a  r e f e r e n c e  vei t o r  o f  10 m  s ‘ i n d i c a t e d  on  t h e
lo w e r  left c o r n e r  o f  e a c h  p a n e l ..........................................................................................  II.'}

') 12 I d e a l i z e d  "ke tch  o f  t h e  p r e s s u r e  p e r t u r b a t i o n  i n d i n  e d  s h o r t l y  a f t e r  tin* 
e l i n i i n a t i o n  o f  t h e  h o r i z o n t a l  m o t i o n  in F i g u r e  Ô.9. ( P r o . w  for  e.xperi-
t i ient  I \  \ ’F L 1 ......................................................................................................................... 1 IG

'  Id . \ s  in F i g u r e  1 11. b u t  w i th  (b )  referri t iu,  t o  I \ ' \ ' F F .  a n d  (c) i n d i c a t i n g
t h e  i n i t i a l  v, it  it a l  d iv ,  rye nc e  ( (chc,  J :  I l O ’s ' I fo r  L \  \  F L  117

'  11 X’e r t i c a l  c ross  " c c t i o n s  of  p r e s s u r e  y r a d i e n t  a c c r j e r a t i o n  ( P (  IX i in m
- a t  t l O O H S -h r :  I a | - | c ) C W T H L .  ( . P - ( f l  XX’X’F F :  (%b l i t  I X X FI .

F i r s t  c o l u m n ,  z o n a l  P ( I  X ( . \ P F l .X i ;  set o i id  c o l u m n :  m e r i d i o n a l  PCl.X 
iX I ’d . X ) :  t h i r d  c o l u m n  v e r t i c a l  PCIA (X’PCl.X). F o r  ( . 'N 'TRL t h e  c o n 
t o u r  i n t e r v a l  is I) i)2') m s w h i l e  for XX X FI .  a n d  I X X’F F  it is 0.2 m 
" '  S o l id  oi.t. ' ln' t 1 ' l i i if" i i n i i c a t c  p o s i t i v e  ' in -y a t i v c I  ’. a l l ies ,  w i t h  t h e  
Zfi'o l ine  be i im " i i p p rc " " c d  S t o r i i i - r e l a t i \ f  w i n d  \ i  ( t o r s  for  ( ' N  THI. 
a i e  al."' I " h ow n in o i l .  wit h  a re fe ren t  t* -vector o f  l b  rn . "  ' unl i t  a te t l  m 
t h e  lower-le ft  i c t t i e r  o f  th e  p a n e l  1 he  xz- ' lo i i i a i t i  " h o w n  I" t h e  "a n t e  
as  in Fi'.;s 1 I 1 a i n l  '> bd 1 1

", 1 ", ( i t , s s  s e c t i o n s  of  \ e i t i t  al a t f e l e r a t  it,n t lue  to  b u t , v a n c v  i l irst c o lu t i i n l .
a tn l  d u e  tt, v e r tu  a l  p r e s s u r e  e r a t l i e i i t  and  bu i , \  a n t  v I set i ,ml  c t i l u m n i  in 
m s a t  t l :bb :b S-h r :  I  a 1.11,1 XX'X F F .  a iu l  ( c ) . i t l )  I X X F L .  P m , y a m  v 
tiehl  is cont ( , i i red  a t  I).I)", rn s - i n t e rv a ls :  l iehi  is ct ,nt t , i i ret l  at
b 2 1 1 1  S  ■ I i i t e ia a l s  St, | | t l  I th i she t l )  l ines iiitln a t e  j,t, .sitive I n e g a t i v e )  
valiii*s, w i t h  t h e  z e i ' ,  l ine l,i*ityy su[)[)res.setl. I’h e  t i t , m a i n  s l u ,w n  is t h e
sanit* a s  m  F i^ s  3 11 a m i  3.1 }..........................................................................................  121

3 IG .As in  F i y s  3 I ' a . c .  b u t  for C . \  T H F ................................................................................  12d
3 17 ler iu.s  t,f t h e  pr t ,u,m,st ic p r e s s u r e  e t p i a t i t t n  ( F t p  3 . 3 1 a t  t Fbb:bb-

h r  ( r e s t a r t  titm*) ft,r: ( a ) - ( c )  XX’X’F F ;  a m i .  ( t l ) - | ; f )  FX ’X’E F .  (a) . ( t l ) :  
t e r m  1 (v e r t ic a l  ai lve t  t i i ,n i,f b a s e - s t a t e  p r e s s u r e ) ,  t i,ntt)iir<*d a t  Ib .b  
P a s  ‘ in te rva ls ;  i b ) . ( e i :  t e r m  2 ( a t l vec t io i i  t,f p e r t  u r b a t  it,n prt*ssurt*). 
a t  b . 2  P a  s ‘ i n t e r n a l s ,  (t ) . (f ):  t e r m  I II  ( t l iv e r g e iu  t- t e r m ) ,  a t  Ibb .b  
P a  s ‘ i n te r v a ls  (g) :  t e r m  I p l u s  t e r m  III  fo r  I X X F F .  a t  lOb 0 P a  
s ‘ int(*rvals.  St,litl ( t lashe tl I  lim*s represt*nt  pt , si t ivi* ( i iegativt*) va lues .
Zert)  l in e s  a r e  s i ip p re sse tF T lu *  x z - t l t , m a i n  sh t ,w n  is t lit* s a m e  a s  in Figs.
3.11 a m i  3 . I d ...............................................................................................................................  12G
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j . l S  IVrriis o f  t h e  pro j^r ios tk ' [ ) r t ‘ssun> t‘{|iiatinri ( K(j. ô . ô j a t  t l:0():()8-hr for 
\ \ ’\ ' F L  (first row)  l ' \ ' \  EL ( s e c o n d  ro w) .  First e o l n t n n :  term I I vertii al 
a d v e e t io t l  o f  i i a s e - s t a t e  p r e s s u r e  i. <o n t u i i t e d  ;it !l) (( I ' a  > ‘ in t e rva ls ;  
~eei ,nd c o l u m n :  ' er t i i  '2 l a d v t ‘( tiiiti , , f  p e r t i i r L a t i o n  p r e s s u r e ) ,  at  11.2 F a  
'  ' in t e rv a ls ;  t h i r d  c , ' l u m n  t e r m  i l l  ' ( | ivcru,eiiee t e r t n ) ,  at  100 I) P a  
s ‘ i n te r v a ls  Sol id i d a s h e d )  l ines  r e p r e s e n t  [ losi t ive  | ne^at ivaO va lues .
Zero  l ines a r e  s u p p r e s s e d .  I he  x / -< i o tu a in  s h o w n  is t he  s a m e  as  in F i t ’s.
'). 1 1 a n d  o l d ..............................................................................................................................  12s

'» 10 \  e r t i c a l  c r os s  s e c t i o n s  o f  h o r i / o n t a l  ( V / /  • P  ) a tnl  v e r t i c a l  I t)if '(): i c o m 
p o n e n t s  of  ve loe i t v  d i v e r ^ e t n  e ( c o n t o u r s )  in 10 's ' a t  t l ; 0 0 ;0 8 - h r  
h)r; O i l . ( to  C' . \  f H L ;  ( c ) . ( d )  W \  F L ;  ( e l . i f l  I  \  \  F L .  C o n t o u r  i n t e r v a l  
is I 10 ’s “ ' .  Sol id  ( d a s h e d )  l ines i n d i c a t e  p o s i t iv e  ( n e ^ a t i v e |  va lu es ,  
w i t h  zero  l ine  Oeiiiu - u p p r e s s e d  S t o f t i i - r e a l t  1 ve w in d  v ec to r s  a r e  in m 
s ‘ . w i t h  .1 refcreni  e v e c t o r  o f  10 m s ‘ i n d n  a t e , |  on  t h e  lower-lef t  c o r 
n e r  of  ea c h  pa ne l .  I 'he x z - d o t n a i n  s h o w n  is t h e  s a m e  as  in Fi t ’s, d . l l
a n d  Ô I d ..........................................................................................................................................  IdO

Ô.20 W r t i c a l  c ros s  sei t i o n s  o f  t h r e e - d i i n e n s i o t i a l  ve loe i tv  d i v e r g e n c e  ( c o n 
t o u r s )  a t  t 1;00;00 h r  (f irst  c o l u m n )  a n d  t i;00;()S h r  ( secot id  c o l 
u m n  i; Oil.(I)I \'v \  F L .  (( ) . i d ) I  \  \  F L .  C o n t o u r  in t e r v a l  is 0.Ô 10 ‘s '.
So l id  I d a s h e d  I l ines i n d i c a t e  p o s i t i v e  I neu,at ive)  va lues ,  w i t h  zero  l ines 
h e m n  s u p p re ss e i l .  S t o r m - r e l a t i v e  w i n d  v e c to r s  a r e  m  m s  ' .  w i t h  a 
refeii ' tK c v e c t o r  i >1 10 111 s ' indic a t e d  , ,n t h e  lowc r-lef t  corncu I'f eac h
p a n e l  I he \ / -< lo i i i a in  s h o w n  is t h e  -' .line as in Mtis d l l  a n d  d 1 1 112

d 2 1 ’-' t, u in- ie l . i t  IVI u i n d '  vc c t, U '  ' a n d  tna t in i t  inh , ,f rt ic ,d \ c-loi it v ■ i o re 
to i i r s )  at /  20tK) 111 a n d  t l ; 0 0 . 0 0 - h r  for C N  l l lL .  \  e c t o r s  a r e  in in
'  ■ w i t h a l O r i i s  ‘ I d 111 s ■ I r e f e r e n ce  v e c t o r  ir idicatc 'd on  t h e  lower-  
left co i i ie i  of I a i I i 1 ( a n d  c o \  ert  K al n lot ion i> , , uit oil reel at e a c h  2 
I I I '  ' . wit h so l id  o l a s h t  cl ! l ines iiicficat me  u p d r a f t s  i d o w n d r a f t s  v Zetc ' 
l ines  a r e  si ippressec l.  l a )  is j u s t  like F ie .  [, fa, hut  i n d i c a t e s  ( w i t h  rec t -  
a i ie les i  s e c t o r s  where'  ver t  ic a l  c r o ss  sect  n uis a r e  t a k e n ,  l i o  a n d  I c i a r e  
c l o s e - u p  v iews for tfie n o r t h e r n  a n d  ' o i i t h e r n  r"c tai ie | c ' .  res[)ec t ivelv.  
X u m h e r s  la he l  c ross  sec t io n s ,  a n d  l ine  sei^nients  indic a t e  t h e i r  z o n a l
e x t e n t { a l l  e c p i ; d  t o I S km); 11
V 107 k m .  X bi2 t o 1 8 0  km;
V I8 d km, X 1 0 1 t o 182  km;
V 2  11 kin.  X 1 d 2 t o 170 km;
V lOd k i l l .  X 170 t o 191 kin

V 21 0  kin X I d s  to  170 km; ■)
.8 : V 189 k m .  X 102 t o  180 kin; 1
d ; y 129 k m .  x 102 to  180 k m ; 0
t : y I08  k in .  x 181 to  202 km; 8

d 22  X’e r t i c a l  m o t i o n  he ld  (vv) ( c o n t o u r s ;  first c o l u m n )  a n d  v e r t i c a l  c o r n p o -  
net i t  o f  d i v e r e e n c e  {Ow/O:}  ( c o n t o u i s :  s e c o n d  c o l u m n )  a t  t | ;()Ü:()l)-hr 
for  C . \  LR L for  t h e  v e r t i c a l  c r os s  s e c t i o n s  i n d i c a t e d  in F igs .  •d.21b.c.
•Solid (chished)  l ines i n d i c a t e  p o s i t i v e  ( n e g a t i v e )  va lu es ,  w i t h  zero  l ine  
b e i n g  s u p p r e s s e d .  X'c'ctors d e p i c t  t h e  s t o r m - r e l a t i v e  w i n d  field in t h e  
x z - p l a n e .  w i t h  a  10 m  s '  ‘ r e f e re n ce  v e c t o r  i n d i c a t e d  o n  t h e  lower- le f t  
c o r n e r  of  eac h pane l .  T h e  d o m a i n  s ize in al l  [caiiels is bS ktn x 18 k m .  187



'  21 II | t‘al i / ( ' i i  <ki'Ti h iri a \ / - [ ) l a r n “ o f  r Ik' p ro<snro  r r^p i  iti'-o tu an  itiifx o n |  di-
M' i i i f i i c f  tiflij.  a.-' n o v o r n t ’d  t,v là ;  à . à  ( p r o m i o > t n  p r o s s u r c  l a j i i a t i o n i Iti
la  ! t ht '  divori^t ' iKf hirt  irpr is vo r t ica l ly  o r i f i i t o d .  d i s p l a y u i »  a  lii^li  asp t 'c t  
ra t i o .  At ( t trdi i ixly.  t ho pross i in -  n s p u n s f  is a l so  vert  it al ly t a i f i i t o d .  For 
t h is  t a s f  t h f  indut  f d  X P G  A is strorp^t ' r t hai i  t ho 11 irri'Spt m d i i m  \  F(  i . \  
lu I h)  t ho d ivorooru  t‘ fort int^ is t thla îo .  w i t h  oo i i s id or ah lo  hoi  i / o t i t a l  ori- 
o r i t a t i o n  a n d  hav  asp t ' t  t r a t i o .  T h o  p ro s s n ro  rospoi i so  d i s p l a y s  toa turo> 
t h a t  a r t '  aist) h o r i z t m t a l l y  ur iontot l .  i.o.. w i t h  t u n s i t l o r a h l o  h t t r iz tm ta l  
o.xtont .  In th i s  oast ' ,  th o  i ruiut t ' t l  \  P G A  is s t n i n ^ o r  t h a n  X P G A  1 12

ô 2 I \  o r t i t  a l  orttss sot t io ns  for  s t o r i n - r o l a t i v o  wini l  h o h i  ant i  p r o s s n r o  por -
t u r h a t i t » n  (first o o l n i n n ) .  X P G A  (sotaint l  o o l n i n n )  a n d  \ ' P G A  ( t l i i rd  
i i i l i i i n n i  fui WA'KI .  a t  s  - a f to r  ro s t a r t  t inio.  I ho  sot t t , t s  s h o w n  t u r ro -  
s p o n d  t o  th o  sa n i o  o i^h t  vt 'r t i t  al t ros s  sot t i im s  itnlit  a t o d  in Fiy,. Ô.22 
il-'iys, ô .21a . l )  in i i io a to  t h o i r  p o s i t i t a i  in tho  s i i n i i l a to d  M G S ) .  In tho  
f i r s t  f i i l u n i n ,  s t , , r t n - r o l a t i v o  wi iul  vt't t o r s  aro s h o w n  in ni s ' ,  w i t h  a 
roft ' ront I' \ f t  t m  o f  H) ni s ' indit  a to t l  o n  tho  lowor-loft  c o r n o r  n f  tho  
pan o l .  p o i t u r l i a t n « n  p ro s s n ro  is conti i i i roi i  in P a .  a t  âll P a  in< ro in o n ts  
' ' l ’iMiid a n d  t h i r d  c n h i n i n s  d i s p l a \  p r o s s n ro  m a d u n t  ai ooloi a t  n nis in 
I) 2 ni s ■' ooiit nir in t o i a a l s .  In all p .m oi s ,  sol id ( i h i shod)  l inos rofor t u  
[ ) o s i t i \ c  i n o o a t iv o i  \ a h i o s .  w i t h  / o r o  l inos hoinu, s u p p t o s s o d  1 11

( i l  l \ a r l \  ovu ln t  uni  u f  t ho d i t foroi i fo  ho ld  o f  p o r t n r h a t i t n i  p r oss nro  ni  W A F F
With ios | , r (  t lu ( ' . \ I P F  1 1 . 0  . W \  F F  inini i s ( ’. X I H I . i  ai  /  2(m) m
1 ho OUI II o h«n I/, , n t  al  d u i i ia in  is -hi 'wn < a t 1 l ) 1 l u  . < lu  | t i2-l i i .  '
Fo  l - h r .  I d I l . D l - h i .  loi  l:PÛ-hr.  ( f i l. lKi-hr. ly ;  I 1)7 tir. ( l u  l .()S-hr.
Ml I i l2 -hr .  ' 1 1 I iM-hr ( \ n i t u i i r  in to rv a l  is 2(1 l ' a  ni ail pariols .  S u h d  
d a . 'h o d  I hiios ind io. i to  p u s i t n i '  i n o i r a t u f i  v a h i o s ...............................................  1Ü2

(i 2 As in F I o ti I. Iiiit fur ( A A ' F F  iiiinu.s ( ' . \  I P F iô û
( o l  F i r st  Ki -nni i  ovulnt  U'ii u f  p o r t n r h a t i u i i  p ro ss n ro  P.i i a n d  port  ni  Fai  uni 

pot i ' i i t  lal  t o n i p o r a t n r o  ( K )  a t  g r i d - p t n n t  i.\. y. /.i i I lo.O. 20 FO. 0.2)
kill . l a )  W A F F .  (F) l A A ’F F ......................................................................................  I . is

(i. I . \ s  in Fio.(j . . l .  hiit for  p o r t n r h a t i t n i  p r o s s n r o  I P a  I a t u l  /u t ia l  t D i n p o n o n t
uf  t h o  w i n d  (III s ) ..................................................................................................................... lüO

(i ') I l ino sorios  fur tho  l irst  l â -n i i i i  a f to r  r o s t a r t  t i in o  i t  l -h r )  u f  [>ortnr- 
h . i tun i  p r o s s n r o  liii P a )  a t  o r i i l -p o i n t  i.\. y. / )  (1 10.0. 201 .0 .  0 . 2 1 ktn
fur W \  F F .  l A A ' F F  an t i  C’N T I I F .  (a)  0  t u  1-n i in .  ( b )  â tti 10 - in in .  (t )
10 tu  l û - n i i n .  T h o  p o r t n r b a t i t n i  p r o s s n r o  tiold is sa rnpio t l  a t  oa o h  bit; 
t iiiio s t o p  I l s ) ............................................................................................................................  lOI

( i l i  .As ni F i t ; n ro  (i l .  b u t  a t  o r i i l -pt i int  (x.  v, z) ( l  10.0. 20-1.0. 1 . 0 i k m  . 102
0 7 \ o r t i t  al  p iuf i los  uf b i i uv a iu  y frotpiont  v ( t;i\ 'on bv | 'à|  2 11) a n d  aouiis-

tit t n t u f f  frot |nont  y (x i von  by  F tp  2 .10)  fur  th o  b a s o - s t a t o  o n v i r u i in io n t  
nsotl in C ' . XTRF ant i  w i t l u l r a w a l  r n n s  as.sta i a toi l  w i th  th o  t h o r n i u -
d y n a n i i f  pruf i lo d t 'p i c t o d  in Fig.  1.2............................................................................  101

O.S .As in F ig .  0.1.  b u t  ftir n o n t r a l  s i n i n l a t i t n i  ( o u n s t a n t  p t x t  n t i a l  to m-
p o r a t n r o  lO.l Kl  T h o  tiriio sorios a ro  o x t r a t  toil fruiii  t h o  sa t i io  twu 
g r u i - p u i i i t s  a i i a l v / o d  in F'igs. t i . l  ant i  0 ti | i f  . i x. v. zi ( 1 101). 20  FO.
0  2 - 1 ( 0  k m )  I i m o  z o i u  r o t o r s  t u  i h o  i n i t i a l i z a ï u n i  t n i i o  w i t h  a  t h o r n i a l  
b l l l i b j o ..............................................................................................................................................  l l i l
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<i !) As  ill Fiii. G.8. h u t  for  t l io first 2ü-tui t i  o f  iu to u , r a t i ou  o f  a  i ioi i t ral  
s i m u l â t  ion wit  ti h o r i z o n t a l  d o m a i n  e x t e n t  t h a t  is h a l f  o f  t h a t  us ed  in 
s i m u l a t i o n s  ( 'N  I Rl . .  W A ’Kl. a n d  l ' \ ’\ ’FL .  The i^ r id- poi n ts  f n u n  w h ie h  
t h e  t i m e  se r ie s  a r e  e x t r .a e te d  a r e  |x .  y. z) (70 .0.  lOS.O. 0.2-Ô.0) km .
In (d!  I  w h ie h  r e f e r s  t o  t h e  last  5 - m i n  of  t h e  2 0 - m i n  w i n d o w )  oii lv t h e  
t l in e  .solles fol Z 200 m  is >hown.  w i t h  t h e  v e r t i i a l  s ca le  z o o m e d  in for 
.1 2 r . i  i . t imi '  I l in e  Zero r e f e r s  to  t h e  i n i t i a l i z a t i o n  t i m e  w i t h  a  t h e r m a l
h u l ' h l e    107

t' In .As in I lu t; s, Out for t h e  first 20-mi i i  o f  i i i t e i i r a t io n  o f  ,t n e u t r a l  
s i m u l a t i o n  w i t h  h o r i z o n t a l  a m i  \ e r r i c a l  do i i i . u n  e x t e n t s  t h a t  a r e  h.ill 
o f  t h o s e  Use'I 111 s i m u l a t i o n s  CW I 'HL.  WA ’KL a n d  ( \ ’\  KL. I he t;rid- 
p o i i i t s  f r o m  w h i c h  t h e  t i m e  ser ies  a r e  e x t r a c t e d  a r e  t h e  s a m e  as iti 
I-ly t) 0 In o i l  I w h i c h  refers  to  t h e  last  â- i i i in o f  t h e  2 0 -m i i i  w i n d o w )  
o i d v  t h e  t i m e  s e r i e s  for z 200 m  is s h o w n ,  w i t h  t h e  v e r t i c a l  sca le  
Z o o m e d  111 for a  1 La  rai iye.  I 'mie  zero  l e f e i s  t o  t h e  i n i t i a l i z a t i o n  t i m e  
w i t h  a t h e r m a l  t u i h h l e ........................................................................................................... 170

7.1 .'skew- I ' l i a y i a m s  for t h e r m o d y n a m i c  prot i les  w i t h i n  t h e  s i m u l a t e d  how
ec h o  a t  r e s t a r t  t i m e .  L o c a t i o n :  I  x. v i i KiO. 200)  km ;  j u s t  u p s t r e a m
of t h e  m a i n  h o w  et tio seyniei i t  at  1-hr isee L i y . l . i i a i .  i a i  C N  I 'HL.  ih i
I H L  I A 170

7 2 How et ho  s i m u l a t i o n  in e x p e r i m e n t  I ML I \  L i r s t  row: 0-hr :  sec-
oinl  low: 0 - h r  ( a ) . ( c l  s u r f a c e  colil  potil  a in l  o u t f lo w :  v e c t o r s  a r e
y t o u i n l - r e l a t i M '  w i n d s ,  t h i i k  st,lid l ine r e p r e s e n t s  -2 K p o t e n t i a l  t e m 
p é r â t  u r e  per t  111 h. t t  ion i n d i c a t i n y  t h e  f io i i n d a rv  of  t h e  t t ild pot ,I .  t tun 
'o l i ' l  o h t s h e i L  c o n t o u r s  im h c a t e  p o s i t i w  ne ya t  i \ e  ! p r e s s u r e  p e ' i m l . a  
t lol l s p lo t t e i l  a t  e a c h  l o o  Ha. I h ) . i i | i  s t o r m - r e l a t i v e  w i n d s  i v e c t t u s )  a n d  
t i i a y m t i i ' l e  o f  \ e i t i t  al ve loc i ty  (coi i toi i re t l  at eiu h 2 in s A at i ieiyht

Jf'iMi 111 S' ' Ini  ' ' l a s h c ' l  I l ines a r e  up i l r . i f t s  I d o w i i i l r a f t s  I, 177
7 .A S t r u c t u r e  of  t h e  s m i u l a t e i l  ht,w ec h o  a t  0 - h r  a t  he iy h t  z 2t,i)0 in.

zotuiiei l  III l "i  t h e  a r e a  iiitlit a te i l  hv ,i ret t a n y l e  m  Liy i i re  I (c l a ,
( \ | I \ L .  I ' I I I I . I . \  \  ei t " I s  a r e  ' t " i m - i e l a t  n e  vv i i i ' I '  III III '  \ \ | t h
a 10 in s ‘ r e f e r e n t f  M'ctor  i i idicat i ' t l  .It t h e  I n , t t t , m  t,f eat h p a n e l  Sol id  
l ines a r e  n i a y n i t u d e  of z o n a l  co inp tu i e i i t  o f  t h e  w i n d  I s t o r n i - r e l a t i \ ,  i. 
KfiittMired at  e a c h  a in s ‘ O n l y  va lu es  ecjiial to  t,r <ihti\-e 10 m  s ' 
a r e  p i o t t e ' i  S t o r m  n io t io i i  is . t p p i ' i x i i n a t t  tv 20 ni s ' in tin- / , ,n.d 
di ie i  t loll  S h a ' l i n y  i n d i c a t e s  r a i n w a t e r  mix i i iy  r a t i o  in y ky ‘ 170

7 1 I t ine e v o l u t i o n ,  f r o m  1-hr tt> 5 - h r  (a t  10-ni in i n c r e m e n t s ). o f  s y s t e m -
aver. tyet  I pi i ' files I ,f vert  it al m o m e n t  uni  flux ( a'u'  I in n r  s “ ‘ ( first n ,w  ). 

a n d  of v e r t i c a l  h e a t  flux {ir'O') in m s  ‘ K (second row). ( a ) .c )  ( ' . \  I'HL.
( i ) ) . ld )  1 l l L i . A  I h e  a v e r a y i n y  is a p p l i e d  for t h e  r ey i on  ei ic loset i  hv a
lec t . i i iy le  III Liy.  L i t , ...........................................................  ......................... 1 s 1

7.5 .As in Liy.  7.1,  h u t  c o m p a r i n y  t h e r m o d y n a m i c  profi les  f r i ,m e x p e r i 
m e n t s  (a )  C’N T R L  a n d  (h )  \ ' . AP ..................................................................................... 1S3

7 0 .As in Liy.  7.2. h u t  for  \  AH...............................................................................................  18-4
.As in L i y . 7 . 1. l , u l  w i t h  ( l ,) .( i l )  r e fe r r i n y  to  e x p e r i m e n t  \ ’.AH......................  180i . t
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■ > i ; \ n l i i t i ( i ! i  ((1 î h f  ^i iu i i h i t fd  i>ust f ron t  ( /  20 0  in)  fur th*“ s n  i , n  i n d i 
c a t e d  tiy a r e c t a n g l e  in Fi.tt;. 4 .4h:  (a ) - ( c )  C'NTRL; (d)-( f ) T H E T A :  a n d .  
' t t ' - i j i  \ ’ \ P  F i rs t  cu lu rnn:  l :2 0-hr :  s e c o n d  c o l u m n :  1 :10-lir:  t h i r d  col- 
n n i n ;  '>:t)0-tir. D a s h e d  l ines ( r e f e r r i n g  t o  n e g a t i v e  va lu es)  a r e  c o n t o u r s  
of p o t e t i t i a l  t e m p e r a t u r e  p e r t u r h a t i o t i .  p l o t t e d  a t  -2 K im r e i n e t i t s .  I 'he 
first ( o n t o u r  f rotn riirht ti, left is t h e  -2 K l ine .  indi(  a t inu,  t h e  leadi tnt  
e d ” e of t h e  advat ic i t i t t  co l d  pool .  \ e c t o r s  a r e  t t r o i m d - r e l a t i v e  w i n d s  in 
in < ' . w i t h  a re f e r en ce  v e c to r  o f  10 m  s ' i n d i c a t e i l  o n  t h e  lower  left 
c o r n e r  of  em h pat iel .  . \  l ine seu;ment  a l o n ^  x 170.0 k tn  is i n d i c a t e d  
in al l  p a n e l s  as  a re f e r enc e  to c o m p a r e  t h e  e a s t w a r d  prosr ress io i i  o f  t h e

f ront  I runi  Outh  e x p e r i m e n t s  1 s s
’ 0 . \ s  in I m 7 s. Out for t h e  p e r t u r O a t t o n  p r e s s u r e  field.  C o n t o u r  i t i t erval

is Ü0 I ’a ........................................................................................................................................ I'.tti
O' I ni l '  '■■rii'> of  f v a p o i a t  ioii r a t e  o f  r a i t i w a t e r  '•F.r' a v e r a g e d  f o r  t h e  fir.-'t 

î w o  HI ' 'del  le' .fl> w i t h i n  t h e  do tn a i t i  e n c l o s e d  t*y a  l>o.\ in F i y .  I. 10 for 
.-•iinul.itIons ( ' N F H L .  I I I F  l . \  a n d  \  . \D.  I tiit>: 10 ‘i;  ̂ s ' i.ii
t i m e  e v o l u t i o n  in t h e  first lO- t tnn  a f t e r  r e s t a r t  t u n e ,  w i t h  h'r s a m p l e d  
.it o \ t  i \  1-inin.  Ill i l o  F r  Is in d ic . i t e d  f r o m  F I D  t o  Ô.DD-hi. s a m p l e d  .it 
e \ e r \  lO-ni in l ' i2

11 I i t n e  e \ i ) l i i t i o n .  f r o m  l - h r  t o  ' , - h t  t a t  i D - i n i n  i n c r e t n e n t s l .  o f  s v s t e n i -  
a r e r a y e d  p r o f i l e s  o f  p e r t i i r O a t t o i i  w a t e r  v a p o r  t n i x i t i y  r a t i o  i i n  y  k y  ' c  
M l  ( W I K I . .  0 1 I I I F I . \ .  I c I  \ . \ | *  I h e  . i v e r a y i t i y  i s a p | ) l i e d  f o r  t h e
n - y i . u i  f i l l  l o s f d  0\ .1 l e i  t . i n y l e  i n  I l y .  1 . 1 0 ...............................................................  I'.tO

12 l i m e  scr ies of m e a n  su r f a c e  [ l e r t i i r l i a t i o u  p o t e n t i a l  t e n i p e r a t n r e  e r ro r  
fo r  u i t h d r . i w . i l  e x p e r i m e t i t s  m W e \  y a t id t  et  al .  (1000) .  T i m e  zero 
rctei .s  I,, r e s i a r t  t i m e  t A d a p t e d  f rotn W’e v y a n d t  et  al. 1 0 0 0 ) ....................  107

0 1  \ e r t i c a l  ctds.s  s e c t i o n s  ( x / - p l a i i e ) .  f r o m  s u r f a c e  t o  z 1 2  k m .  o f  e p u i v a -  
l e r i t  p i  it e i i t  l a l  t e n i p e r a t  u t f  (d,  ; s o l i d  l i n e s )  a n d  s t o r m - r e l a t i v e  w i n d  f i e l d  
I \ e e t o l s  I .It d l s t l t i c t  t i m e s  i t  1 1 1 ) .  l - l D . l t l d  O l D - h t )  f o r  e x p e r i t n e l i t s  
( W I K I .  I f i rs t  C o l u m n  i a m i  I I I F  1 \  ( s e i o i i d  c o l u m n ) .  ( I n l y  t h e  .1 20  
K  t h i n  s i d i d  l i n e  i . m d  1 11  K i t h i c k  s,  , | i d  l i n e  I i s e n t  r o p e s  a r e  p l o t t e d  
. \ t  1 1 1) . m d  1 i D - h r  i . i - d )  t h e  \ e r t i c a l  < r o s s  s e c t i o n  i s  a l o n y  y  2 l ) â  
k m .  w h i l e  .It 1 ÔO- hr  ( e - f )  it i s  . i l o t i y  v  1 0 7  k t n  ( f o l l o w i n y  t h e  y r a d i i a l  
S o u t h w a r d  d i s p l a c e m e n t  o f  t h e  a p e x  o f  t h e  m a i n  K o w  e c h o  s e g m e n t  i n  
( W  I HI.  I 1 l i e  h o r i z o t i t . i l  e x t e n t  o f  t h e  d o i n . i i i i  s h o w t i  i s  M)  k t n  h. 't iy.  
f r o m  X 121) k t n  t o  x  2 U 0  k m  D o t n a i n  t r a t i s l a t i o t i  i s  e a s t w a r d  a t  2 2 . 0
in  s ■.................................................................................................................................................  100

1 ! \ e r t i i a l  c ro ss  s e c t i o n s  f r o m  s u r f a c e  to  z 10 k in  (a l o n g  y  20Ô kin)  
of a c c e i e i a t i o i i  d u e  to  Oiloyaiicv (g iv en  hv  F tp  â . S ) .  c o n t o u r e d  a t  (1.00 
I I I  s - m t e i u a l s .  (a)  s o l u t i o n  f r o m  CW TKL s i m u l a t i o n  a t  t l o.'i-hr 
( r e f m e i i c e  for  c o m p a r i s o n  ): I h)-( y  i first lO - m in  e v o l u t i o n  in e x p e r i m e n t  
I I I F .  I . \ .  w i t h  so l i i t to ns  s h o w n  .it 2-tni t i  i t i t e i \ als.  So l id  ( d a s h e d  I  lines 

i n d i c . i t e  p o s i t iv e  ( n e g a t i v e )  va lues ,  w i t h  ze ro  l in es  h e i n g  s u p p r e s s e d  
Fi le  h o r i z o n t a l  e x t e n t  o f  t h e  d o m a i n  s h o w n  is SO k in  long ,  a n d  is th e  

s a m e  .IS in f i g  7 11. D o m a i n  t r a i i s l . i t io n  is e a . s tw a rd  .it 2 2 .0  m s '  2o2

.xxu



7.1') As :n Fii;. 7.11.  h u t  for  t l iu a c c r l c r i i t i o i i  i i i d u cu d  hv di . st inct  t r n u s  
co inpos i i i i ;  t h e  h u o v a n c \ '  livid inivci i  h \  F( | .  Ô.S) for  ( ’. \ T R L  .sii i iulatioii  
at 1 t i ’)-lii I a I i l a i i u a l  h u o \ a i u  \ :  (l>i pi t t u r h a t i o u  prv.s.siirv h i i o v a i u v ;
!i i p f i t  i i r h a t i o r i  w a t i  r  v a p o r  i i i i . x i i i ^  r a t i o  t v r r n ;  ( d )  i o u d v n s a t v  l o a d i t i ^  

t r r r i i  III  ' a i  t h v  i <i t i t o i i r  i t i t r r v a l  i s  ( l U â  r i i  s  w l i i l v  i n  ( h i . ( c l . i d )  a  

( M i l _ ’ ’) i n  '  '  I ' u i t o i i r  i i i t r i \ a i  i '  u s i  d  I h c  d o r i i a i t i  , > l i o \ v i i  i.s t h o > a n i c
a.'  Ill F m  7  11  21)1

7 It) As i n  Fi|i,. 7 11. hu t  for p c r t u r l . ) a t io n  p r e s s u r e  ( r o n t o i i r s ;  P a )  a n d
- ' loii i i-M’lai i\i- '.'.Uni-' ' \ ) i  ( ' ' I "  III '  I ’ I'-' .-'Uri'  held Cl u l t i 'uri ' i j  at
')D P a  in t e rv a ls ,  w i t h  so l id  ( d a s h e d I  l ines i t idieat i riK p o s i t i v e  ( n e g a t i v e )
\ a lu i  s. a n d  / i T o  l ines  ht inii s u p p r e s s e d  A r e a s  w i t h  d o w n d r a f t s  e ipial  
to  oi s t i o t i c e r  t h a n  -1 ni s ' a r e  s h a d e d  ( s in i ; le  c o lo r  s h a d i n g | . . 21 Iti

7 17 .Vs 111 Fie 7  i 1 Put  for: c l o u d  w a t e r  i q c l  a n d  c lo u d  ice (t)i) nii.xinti 
r a t i o s  ( so l id  l ines ) ;  c o n d e n s a t e  loadinu;  t e r m  o f  t h e  a c c e l e r a t i o n  d u e  
to  h i i o v a n c v  I - </;, ) '1 -  d a s h e d  l ine  I. a n d  t l o w n d r a f t  a r e a s
Isin.ele s h . id i im )  t ) i i l \  t h e  0.1 e ke ■ n i ixi t i e  r a t i o  l ine is i n d i c a t e d  
lot (|< a n d  )|i. w i t h  t h e  lowe r  ( i tp | i e r l  c o n t o u r  referri t i i t  t o  (|c (pi l .  I he  
i l a sh e d  l ine eiit los)‘s a r e a s  w i t h  c o i u i e i i s a t e  h)adit iK t e r m  e ip ia l  to  or  less 
i l iati  -11.1)2') tn s -. .Areas w i t h  i j o w t i d r a f t s  e tp ia l  to  or  s t r o n g e r  t h a n  -1 
I l l s  • a t ) ' s h a d ) ' d  I siiil; 1)'c) )lor sha i j i t i e  ). ( a l - i f ) l i t s t  lO-ttiitt I 'Volutioti  
III ) 'Xpeiuiu ' i i t  I ' l l F  r.V. w i t h  so lu t i o t i s  ' h o w t i  a t  2-ttiiti i t i t e t \ a l s  210

7 I s  1 I HI )' li)'hi iti t h e  x / - p l a t i e  o f  t in '  h u o \ a n i v  pt essii t) '  a rad i i ' t i t  acceh ' f -  
at iot i  )P) i ’( i  \ l  iiidiK I'll h\- a liotiD)e)'n) 'oiis a n d  p o s i t i v e l v  h i i o \ a n t  a i r  
p. in ) I ' " t  !a\ )'t' I ol litiit)'  i l i t i i i ' t isiotis F i n e s  o f  BlHl .V a r e  sin )wn as 
s t t ) ' aml i i i ) ' s  Fills li)'hl Is o h ta i i D 'd  a t i a l \ t n  a l l \  f ro tn i'dp 2 7 P l u s  a n d  
iiiiiiu- ' i io i s  in d i i . i t ) '  tli)' ' | e n  of  fill' h i i i a a i n  ;. f o o m e  : h s o f  2 7 '  
Vdpat i 'd  ftotii VV.ikitiioto 1 2(Hil ! ( o t m i t i a l l v  f ro tn  l l o u / e  If)!).F A'uti r 

a n d  l l o i i / c  pi' i ' ,1, Not ) '  oi ir  Fie 2 la is ha s t 'd  mi t in '  l i en t ) '  a h o \ ) ‘ l 212 
. 10 V e t t n a l  at ( t'h'i at  loti till)' to  hin i\ a t i t a  .mi l  \ i t t  n al p r t s s u t t '  eraii i i ' t i t  

' ' l a she i l  lull 's) at 1:02-h r  for s i m u l â t  iotis ( a I  ( 'N 1 H F .  a n d  I  h i  I I I F  FA.
I ‘ i n t o u i f i l  . 0  ( I d !  i n '  '  i n t i ' i \ . d s  ( ) n l \  i i ee . i t  i \  t' \ a l i n ' s  , i r e  s h o w n  
.Vt ias w i t h  i lo w tn l r a f t s  t 'a l l ai  to  ot s t t D t i e i r  t h a n  -1 m s a r t '  sh .nh ' t l
! s i i i ' e h ' s h a t l i n e  I D o m a i n  s h o w n  i s  s a m e  a s  i n  F i e .  7  i j ................................ 2 1 I

7  2 0  V i ' i t i c a l  I t o s s  s t ' i  t i o t i s  a l o t i K  y  2 0 Ô  k m  o f  ( a )  [ ~ O B ; ü . r \  ( < 1 1 ) '  s  • )  
c o t i t o u t t ' i l  a t  0 . 0 0  ) s  i t i t e r v a l s .  a n d  ( h )  a i c e l e r a t i o t i  d u e  t o  h u o y a n t  y  
( e i v i ' t i  h v  E ( | .  Ô S ) .  ( D t i t o i i r e d  a t  O. Oô  tn  s  '  i t i l t  t v a i s ,  f o r  ) ' X | i e r i t t i e n t  
I H F  r.A l ( ) - t i i i t i  a f t e r  r e s t a r t  t u n e .  D a s h e i l  { T h i n  s o l i d )  l i n e s  r e p r e s t  tit 

i n ' e . i t i v i '  i j ) o s i i i \ i ' i  v . i l u t ' s  I n  . 11. / t ' l o  l i n t s  a r e  p l o t t i i l  . i s  t h i c k  s o j j d  
c o t i t o u r s .  w h i l e  111 ( h )  / t ' f o  l i n t ' s  a r e  s u p p r e s s e d .  I ' h e  c r o s s  s e c t i o n  
s h o w n  c o M ' t s  o i i l v  t h e  l o w t  r w e s t e r n  p o r t i o n  o f  t h e  d o m a i n  i n  F i g .
7 11 l l io t i i  till '  siirfai I' t o  /  0 . 0  k m .  a m i  1 2 0  k m  -f x y 171) k tn)  In
h o t h  pai i t ' l s.  . iti ' . is w i t h  i l o w n w a r t i  m o t i o n  s t r o t i e c r  t h a n  o r  etj i ial  to  - 1
III s  ‘ a r e  s h a d t ' d  ( s i n g l e  s h a d i n e ) ...................................................................................  2 1 5

7 21 .As in F ig .  7 I F h u t  for  t h e  / m i a l  co i i i [ )oi ien t  o f  t h e  s t o i t n - r e l a t i v e  flow 
ill 111 s ■ ( c o n t o u r s ) ,  f r o m  t 1:0(1 t o  l :2( )-hr  in e x p e r i m e n t  T H F ’F.A.
( ) n l v  c o n t o u r s  f o r  11 - 1 2  t n  s  ‘ ( d a s h e i l  l i n e )  a n d  8  tti s  ‘ ( s o l i d  l i t i e l
a r e  s h o w n .  V't t t o t s  a r e  s t o t t i i - r e l a t i v e  w i n d s  i n  tti s  ‘ . a n d  s h a d i n g
i i i d i c a t i ' S  a t  I a s  w i t h  d o w t i d t a f t s  s t i o t i g i ' f  t h a n  - I tn  s ' ....................  2 1 7
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r 22 F u> t  2( l -tnin « o f  x c r t i c a l  t i iotiori  field a t  /  1.8 k m  in e x 
p e r i m e n t  I I I  F I A .  > t a ! t i t i "  a t  t F()2-hi  So l id  I d a s h e d  ) l ines d e n o t e  
U[)draf t s  i d o w n d r a f t s i  c o n t o u r e d  a t  O.â m  s ‘ in t e r v a l s ,  w i t h  zero  l ines 
hei i ie >u|)[)tes. ' ,rd ( ) td \  vert i i  al m o t i o n s  h e tw ee t i  z  I tti s ' a r e  p l o t 
te d  In al l  p a n e l s ,  l i^ h t  s h a d i t i e  i n d i c a t e s  a r e a s  w i t h  ha il  m i x i n g  r a t i o  
me , i t .  I t h a n  1 Lt kc . a i i . i a n  F- W  oii .  n t e d  litie s e g m e n t  a l o n g  y 2 0 '  
k m  i l l u s t r a t e s  t h e  l o c a t io t i  o f  v e r t i c a l  i n  ess s e c t i o n s  s t u d i e d  in p r e v i o u s  
p lo t s  r i i . '  h o r i z o n t a l  d o t n a i n  s h o w n  is t h e  s a m e  as  in F ig  l.G. a n d
t r a n s l a t e s  e a s t w a r d  a t  22 iti s ‘ .....................................................................................  220

' 2 ’) A '  m Fig  7 1 I Out for  th .  v e r t i c a l  m o t i o n  field a t  t I : i s - h r  ( )nly 
I ' itit I '111' for  -I III s ■ o fa s f i ed  line-'i a n d  tc I m s ‘ i s, , | id l ines i
a r e  p l o t t e d  \ e c t o r s  a r e  s t o r m - r e l a t i v e  w i n d s  in m  s ' .................................   . 2 2 2
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Abstract

While the large-scale a tmosphere is g o \ e m e d  by relatively simple dynamic balance 
relations that descnbe  the mutual adjustment  between the mass and wind fields {e.g.. 
hydrostatic and geostrophic balances),  no simple relation is known to govern How 
adjustments on the convective scale. To gain better insight into this issue, a set o f  
identical-twin numerical experiments are pert 'ormed in the present work . \  control 
s imulation o t ' an  ideal i/ed long-lived bow echo, which serves as "truth", is compared 
against to recasts in which selected variables in the control run are reset to their 
undisturbed base state values during the mature stage ot ' the  convect ive system The goal 
is to understand how , and at what  rates, the unperturbed meteorological fields adjust to 
the variable that is withdrawn impulsively (and vice versa).

Our results indicate that w ithdraw al o f  the perturbat ion horizontal w ind field has a major 
impact on storm morphology, while elimination o f  the vertical motion has virtuallv no 
impact. This behavior  can be explained by the response o f  the pressure field to 
incomplete specit’ication of  the three-dimensional  divergence, associated with which is 
the creation o f  high-ampli tude mixed acoustic-grav ity waves. A strong squall line, 
sharing manv o f  the characteristics o f  bow echoes, results from the simulation in w hich 
perturbation potential temperature is withheld, with the water vapor  and condensate  tields 
regenerating the mam themial structure o f  the conv ectiv e system through diabatic ellects. 
Withdrawal o f  perturbation water  vapor mixing ratio leads to a stomi system whose 
evolution deviates signitlcantly t'rom the control simulation, owing  to a delay in the 
restoration o f  the thermal field and to substantial modification in rates o f  latent heating 
and cooling.

These results suggest that if a choice exists regarding which variables can be specified in 
a stormscale model in the presence o f  a mature convect ive system (particularly, squall 
lines and bow echoes),  the horizontal wind, water vapor  and condensate  species should 
be given the highest prionty. On the other  hand, inlbnnat ion contained m the pressure, 
temperature and v ertical motion fields tend to be redundant.

\ \ i \



Chapter 1

Introduction

1.1 Numerical simulation and prediction of severe convective 

storms

I he in\ f s t iL ia tHin  n f  t h e  > t n i i ' t u i f  a n d  r v u l i i t n a i  id s e \ , r r  1 1 ,n \ct  11\i- s t m i n ^  is i ini l i-  

va t i 'd  l,\ th e  t a r t  t h a t  t h e n  a.^soi l a t e d  w e a t h '  i' flasfi IIimmIs. d a t n a i n i m  hai l ,  s t i u r i ” 

s u r f a c e  wind s ,  s e v e r e  t i i r h i d e n c e  a n d  t u r n a d n e s  p o s e s  a  t h r e a t  t o  life, p r o p e r t v .  

t h e  ecoi iotnv.  a n d  e \ c n  n a t i o n a l  se e i i r i tw  I 'herefore .  t h e  e o t i t in uo i i s  i tn p ro v e tn e t i t  o f  

i n e s o s c a l e  o p e r a t i o n a l  w e a t l i e r  p r e d i c t i o n  ie spe i  i a i lv  a p p l i e d  to  c o n v e c t i \ e  s \ ->teins! .  

a n d  t h e  a s s e s s m e n t  o f  t h e  f e a s i b i l i t y  o f  n u m e r i c a l  w e a t h e r  f o r e c a s t i n g  a t  t h e  s t o i m -  

s c a l e ' .  a r e  of  b o t h  s c i e n t ihc  i m p o r t a n c e  a n d  j i r a c t i c a l  r e l e v a n c e  to  soi i e ty

H is to r ic a l ly ,  n u m e r i c a l  m o d e l i n g  h a s  p la y e d  a n  i m p o r t a n t  role in im pro vi n j ^  o u r  

k n o w l e d g e  of  t h e  d y n a m i c s  a n d  p h y s i c s  o f  t h u n d e r s t o r m s  a n d  se ve re  w e a t h e r  p h e n o m 

e n a .  In c o n t r a s t  t o  la r ee- . sca le  m e t e o r o l o g y ,  w h e r e  t h e  first a p p l i c a t i o n s  o f  n u m e r i c a l

*K\Pt i  t h e u ^ h  no  u i u v c r s a l l v  l Ufcptcvl  l i c f i mt u j n  fur  ' s fu r rua t u / c  " e x i s t s ,  t h i s  t e r m  is ii>cd t h r u u g h c i i i  t h e  ic.xi 
tor  tirru* a n d  spat»* a!»*s in w h i c h  cunv»*ct i \ e  s t u r r n s  a n d  t h e i r  m a i n  i n n e r  s t r u c t u r e s  c an  b e  e x p i e  iilc r e s u l t e d  b> 
n u m e r i i  al  m o d e l s  a n d  u r  d e t e c t e d  by o b s e r v i n g  s y s t e m s  T h a t  is, f r o m few hundr»-d niet»*rs ( a n d  few m i n u t e s i  t o  
-se-.cfal k i l u m e t c r s  , .o,d .>ev»-fal l i uur s  ' .  c i u  urn p.uvMiig. b. iau a l l ) . t h e  r r i a r u d  a l e l  r i i o u x  ale> ,w> del ink'd b\  ( ) i l an>Ki  

I ' C ' i  o r  a l t e r n a t e , ,  (\ t h e  me s i u '  a n d  m e s o '  s t a l e s  <letineij in I h u m s  a n d  M‘t rn>te in  ' iHVib'  W hen»' ' .»r t h e  l»*rrn 
l u r o f i f p e  m a h  is t i s rd it s bu i : l d  b e  .nter{>reted .k'' i i a’. i n ^  t h e  s a m e  rtuMUing .ts



rnoil t ' ls  wiTt'  c l i i sc ly  i i s soc ia t t -d  w i t h  ()[)t ' ratiotial  p r e d i c t i o n  (c.c;.. C'hariH'v et al .  IfJâlJi. 

t h e  n u m e r i c a l  a p p r o a c h  a t  t h e  s t o r m s c a l e  was  p r i m a r i l y  a p p l i e d  t o  b a s i c  r e s e a r c h  m o 

t i v a t e d  by t h e  n e e d  for  i m p r o v i n g  o n r  umlers ta t id i t i f^  a b o u t  t h e  d y n a m i c  intr icac  ies of  

c u m u l u s  c o n v t ' c t i o n  a n d  t h u n d e r s t o r m s  ( O m i r a  I9C3.  a n d  O c i i r a  1973.  S t e i n e r

[ ‘•73, S c h l e s i m ; e r  1973.  K l e m p  a n d  W'ilhehn.soti  1978.  C l a r k  1979.  a m o i m  o t h e r s ) .

I he  r e l e v a n c e  o f  n u m e r i c a l  s t u d i e s  a t  th i s  s c a le  o f  m o t i o n  is e v i d e n t  if we  l o n s i d e r  

t h a t  t l u i n d e i ' ^ t o r m s  a r e  nu<re l i i ihc u l t  t o  o b s e r v e  t h a n  s v n o p t i c - s c a h '  p a t t e r n s  I he i r  

l o c a h / c d  n a t u r e  a n d  h in h  m t e r m i t i e n c \ .  a n d  t h e  e x i s t e n c e  o f  ve r \  l ine s t r u c t u r e s ,  

m a k e  t h e  p l a n n m y ,  of  a d e t p i a t e  o b s e r \  imt > v^t em s a  di f l icul t  t a s k .  T h e  m a t  h e m a l  n al 

m odel inu ;  o f  c o n v e c t i v e  s t o r m s  iti t h e  I 9 7 0 ' s  a n d  e a r l y  1989 s a l l o w e d  t h e  i n v e s t i g a t i o n  

o f  t h e  m o r p h o l o e v  a n d  d v n a m n  s o f  s t o r m  s t r u c t u r e s  ( such  a s  s trong;  d o w n d r a f t s  a n d  

me.'XK \(  [ones I a n d  t h e i r  r e l a t i o n  w i t h  t h e - , \ n o [ ) t i c  sca le  e n v i r o n m e n t  These  m o d e l s  

l e p r e h e n t e d  t h e  b a i k b o l i c  for t h e  deve |o[ ) i l i en t  o f  t h e  h i s t  t h e o r i e s  t o  e x p l a i n  t h e  

o b s e r v e d  b e h a v i o r  o f  s e v e r e  s t o r m s  (e.u,.. W ' i lhe lm sot i  a n d  K l e m p  l ‘)7S. Hot  u n n o  a t id  

K l e m p  1982.  1983 .  W i l h e l m s o n  a n d  W i c k e r  2 9 9 1 1.

T h e  d e v e l o p m e n t  o f  m o r e  s o | ) h i s t i c a t e d  n u m e r i c a l  t echt i i<|ues  a n d  p h v s i c a l  pa-  

r a m e t e r i / a t i o n s  s u i t a b l e  lo r  i n e s o s c a l e  a n d  s t o r m s i  a le  a p p l i c a t i o n s ,  c o m b i n e d  w i th  

( o i i t i n u o i i s  a i h a i i c e s  in c o m p u t m n  p o w e r ,  led t o  a  r a p i d  e v o l u t i o n  o f  i n e s o s c a le  a n d  

c l o u d  n io i l e l in y  d u r i n g  t h e  l9M) ' s  This r a p id  d e v e l o p m e n t . as  well  as  p r o g r e s s  in 

t e c h n o l o g y  a p p l i e d  t o  o b s e r v i n g  s y s t e m s  (m os t  n o t a b l y ,  t h e  D o p p l e r  w e a t h e r  r a d a r ) ,  

a l l o w e d  a  b e t t e r  u n d e r s t a n d i n g  o f  t h u n d e r s t o r m  d y n a m i c s .  A s  a  n a t u r a l  e v o l u t i o n ,  

t h e  ( h a l l e n g e  propo .se d  for  t h e  199 9 ' s  a n d  b e v o n d  w a s  t h e  t r a n s l a t i o n  o f  s iu h e v o l v 

ing  k n o w l e d g e  i n t o  spec i f ic  a p p l i c a t i o n s  t o w a r d  a  l a r g e  goa l :  o p e r a t i o n a l  s t o r m s c a l e  

w e a t h e r  f o r e c a s t i n g  (Li l ly  1999.  D r o e g e m e i e r  1999.  1997).  In t h i s  n e w  c o t i t e x t .  tiu- 

m e r i c a l  s o l u t i o n s  f r o m  c o n v e c t i v e - s c a l e  m o d e l s  w o u l d  be  u s e d  a s  Ji>ncastnuj tools. 

r a t t i e r  t h a n  s e r v e  a s  i d e a l i z e d  o r  p o s t - e v e n t  s i m u l a t i o n s  of  t h u n d e r s t o r m s .



Li l lv (l'JÎ^O) p u i n t f d  tnit  t h a t  if ( i p tTa t iu t ia l  \vt>atlu*r p nd ic t inn  nii t h e  cur ivrc t ivc  

>iah> is t o  I x r o i n t '  a  rea l i ty ,  m a j o r  e f fort s  s h o u l d  h e  f o c u s e d  in t h e  a r e a s  o f  t h u n 

d e r s t o r m  p r e d i c t a h i l i t y .  n u m e r i c a l  tno de l  d e s i g n ,  s t o r m s c a l e  d a t a  a c q u i s i t i o n ,  a n d  

i r u t i a l i / a t i o n  o f  s t o r m s c a l e  m o d e l s .  .Althout^h siu; r i ihcant  p r o g r e s s  h a s  h e e n  m a d e  m 

t h e s e  a r e a s  m  t h e  last  d e c a d e .  mcludi t iK real  t i m e  n u m e r i c a l  p r e d i c t i o n  o f  c o n \ c e t i v e  

s t o r m s  w i t h  v a r y i n g  dej^rees o f  sophis t ic  a t i o n  (X i ie  e t  a l .  1996.  D r o e g e m e i e r  1997. 

W i c k e r  et al 1997 .  W i lsou  et al.  1998).  .several i ssues  s t i l l  n e e d  t o  he  addres . scd ,

( )tie o f  t h e s e  r e f e r s  t o  t h e  i d e n t i f i c a t i o n  o f  s t o r m s c a l e  p r o c e s s e s  t h a t  a r e  most  

i t i i [ )or tan t  to  t h e  p r e d i c t i o n  o f  c o n v e c t i v e  s v s t e m s .  a t i d  t h e i r  i m p a t  t o n  m o d e l  ini- 

t i a h / a t i o t i .  F o r  e x a m p l e ,  if a  n ive n  v a r i a b l e  o r  s t o r m  f e a t u r e  t h a t  p l a v s  a c ruc ia l  

lol l '  111 th e  m a i n t e n a n c e  o f  t h e  i o n \ e ,  t ive  s v s t e i n  is h a d l y  i n i t i a l i / e d  in a  ' torm.- ' i  .tie 

m o d e l ,  t h e  f o r e c a s t  m a v  lie p o o r  I tins, trhiit ric jit Ids and atnrt < in'hni

intif' i-f in >ti>iiiis iin inii.-'t n i t  nuit'-' Whuh rtuitihh s sfimild /ic niitudirn >1 In : Is 

till ii ifnnnntuin nnit t rit of t n  n/ raritihli nintilltj unporttint to tht spi oifii titioii of tin 

titriiospht rif  Jloir in ii fonviotiro siisti inï  Or tin thtro varuihlt s that nint tun ndun-  

tliint in f innntion  :■ Ilow do i rrors m ti tpn n titinosphi n o  fit Id tijjt ot ot/n r fit Lis. tuiil 

him dm.-' thi.> n . f̂Hiiist tnjiiittii i tin nipabiiitfj to pn d io t  tin t mlulton of  n fonri f-  

t i n  s tonn Y W liiit Jirlds must ht ohstrvtd (or n trn rnl /  with linjlit r un  nnit ijY The 

presen t  research a im s  to gain insight into  these i s su es  by a s sess in g  the 

influence o f  specific a tm ospher ic  fields in the n u m e r ic a l  s im ula t ion  o f  an 

idealized long- lived convective  sys tem.

1.2 The search for a stormscale initial condition

W h i l e  1 he  o p e r a t i o n a l  i n i t i a l i / a t i o n  of  laia>e-scale m o d e l s  in m e t e o r o l o g y  h a s  a  fifty- 

y e a r  h i s t o r y  (e . g . .  D a l e y  I 9 9 I ) .  o n l y  r e c e n t l y  h a v e  i n i t i a l i / a t i o n  [ i r o c e d u r e s  heen



' 'pt 'cifii a l lv  (It 'vt' lopeci for  storti iscalt* riiixii ' ls f S h a p i r n  ct al  I ’̂ O' l).  D r o f u t  ini i r r  i n i T  

S u n  a n d  C 'ruok 2t) l) la ,  W V v g a n d t  2 0 0 2 a . b ) .  Su v a ra l  topic.s u n i ( | u r  t o  t h e  i n i t i a l i / a t i o n  

(if sue h m o d e l s  l iave b e e n  s t u d i e d  d u r i n g  t h e  p a s t  t e n  y e a r s ,  re^ardii i f^ t h e  spt-citi  

c a t i o n  o f  b o t h  e n v i r o n m e n t a l  c o n d i t i o n s  a n d  fields d e s c r i b i n g  th e  i n n e r  s t r u c t u r e  of

(o n v e i  t i v e  >torm>.

M a n v  mvt 's i  m a t  ions  havt '  s o u g h t  to  e v a l u a t e  t h e  se n s i t i c  i t \  of  s i m u l a t e d  t h u n d e r 

s t o r m  e v o l u t i o n  a n d  oi it l a l e d  f e a t u r e s  t o  d i f fe ren t  m e t e o r o l o g i c a l  f ields ie n . Mmu, 

a n d  H o u / i '  19051). C r o o k  1990.  G i l m o r e  a n d  W i c k e r  1998.  P a n d \  a e t  al .  200 0 .  N h C a i i l  

a n d  C o h e n  2002.  a i i i o im  se v e ra l  o t h e r s ' ). Fo r  i n s t a n c e .  C r o o k  (1990)  d i s c u s s e d  t h e  

> en s i t i v i t v  o f  m o is t  c o n v e c t i o n  to  s o m e  t l n ' r m o d y n a m i c  p a r a m e t e r s  in t h e  p l a n e t a r v  

b o u n d a r v  laver in th t '  a b s e n c e  o f  > t n u m  lari;e-scalt> f or c im ;  l i e  s h o w e d  t h a t  coi ivec-  

11\ (' m i i i a t i o i i  I an  b e  \ e r \  x i i ^ t t  i \ f  t o  t e m p e i a t u i e  a n d  ne  n^t u o '  d i t f c ie ie  '  ̂ b, iwr ,  n 

t h e  s u r f a c e  a n d  t h e  wt'll m ix i 'd  b o u n d a r y  l aye r ,  a n d  t h a t  o n c e  a d e e p  c o n v e c t i v e  cell  

IS well  d e v e l o p e d ,  t h e  s t r e i m t h  o f  t h e  s t o r m  is m o s t  s e n s i t i v e  to  th»' b o u n d a r v  laver  

m o is t  u r e  h e ld ,  c o m p a r e d  t o  t h e  t e m p e r a t u r e  field.

t t t h e r  s t u d i e s  h av e  investi>j,ated t iplh itbj t h e  s e n s i t i v i t y  o f  t h i i i n h ' r s t o r n i  s i m u l a 

t i o n s  j i r e d i c t i o n s  t o  t h e  in i t i a l  c o n d i t i o n s  t I C s I  I e m  . W i ' v u a n d t  et al  1U91. F lmor* '  

et al  2lMl2bi 1 his UK h i d e s  t h e  d e t e i  ini l i at  loll o f  IC s  s u i t a b l e  for t lie s to i l i i s i  a le  ie.u, .

1)U( io( (| et  al 2(I(JU. F l i i i o r e  et  al .  2 t)02a) .  a n d  t h e  a n a l y s i s  o f  e r r o r  i ; ro \v th assoi  i- 

a t e d  w i t h  in i t i a l  p e r t u r b a t i o n s  a p p l i e d  to  s p e e i h c  p a r a m e t e r s  a n d  o r  m e t e o r o l o g i c a l  

v a r i a b l e s  in c l o u d  m o d e l s  (e.j^.. Li e t  al .  1995.  P a r k  a n d  D r o e g e m e i e r  29 00) .

P a r k  a n d  D r o e e n n e i e r  (2000)  s t u d i e d  t h e  s e n s i t i v i t y  o f  a  s i m u l a t e d  s u p e r c e l l  t h u n -  

d e i s t o r m  to  e r r o r s  a p p l i e d  to  i n p u t  p a r a m e t e r s ,  e s p e c i a l l y  i i io i s t i i i e  he ld s .  iisi im ' h e  

t a n g e n t  l i n e a r  a p p r o a c h .  M o i s t u r e  p e r t u r b a t i o n s  i n s e r t e d  in t h e  s t o r m  a n d  in t h e  

b a c k g r o u n d  e n v i r o n m e n t  h a d  a  g r e a t  i m p a c t  o n  t h e  s t o r m  f e a t u r e s ,  s u c h  a s  t h e  ti{>-

' I'hrst' stiulifs il(t nut rifft'ssarily ailtlre.vs the riiudel initiahzatiun prubU*rn tliroctly. but thoir results havt* irnpurtant 
irnpln at luns tu it



d r a f t  a n d  ra in f a l l  a m o u n t .  Tlu* p e r t u r b a t i o n s  i n s i d e  t l i e s t o r m  ft;enerally h a d  a  j^rea te r  

i t iHnence  on  t h e  fo r e c a s t  e r r o r  t h a n  t h e  o n e s  a p p l i e d  in t h e  « 'n v i ron ni en t .  T h e  p r e s s u r e  

field wa s  t h e  v a r i a b l e  w i t h  j ; r e a te s t  i m p a c t  on  f o r e c a s t  e r r o r  r i ^ h t  a f t e r  t h e  p e r t u r b a 

t i o n s  w e r e  i n s e r t e d  in t h e  s t o r m ,  b u t  ove ra l l ,  t h e  t e m p e r a t u r e  field ins ide  t h e  s t o r m  

w as  t h e  u n e  w i t h  g r e a t e s t  i r d lu e n c e  ove r  fo r e c a s t  e r r o r s .

f i n a l l y ,  i n v e s t i g a t i o n s  a l so  h a v e  fo c u se d  o n  d a t a  r e t r i e v a l  a n d  a s s u n i l a t i o n  t e d i -  

n i ( |ues  a p p l i t ' d  t u  t h e  c u n v e c t i v e  sca le .  In t h i s  r e s p e c t . Du p[ ) le r  w e a t h e r  r a d a r ,  s m  h as  

t h e  W e a t h e r  S u r v e i l l a n c e  R a d a r - 1 9 8 8  D o p p l e r  ( W S R - 8 8 D ) .  r e p r e s e n t s  t h e  m u s t  {)ow- 

erfitl  o b s e r v i n g  s v s t e n i  a v a i la b le  fur  t l ie r e m o t e  s e n s i n g  of  e u n v e c t i v e  s t o r m s  Wfi i le  

r i i esusca le  s u r f a c e  o b s e r v i n g  n e t w o r k s ,  w in d  pr of i le r ' '  <ind - ' . t tel l i ies  ( an  pii a  ide \ r i  \ 

usefu l  o b s e r v a t i o n s  o f  t h u n d e r s t o r m s  a m i  o r  r e l a t e d  f e a t u r e s .  Do[)ple r  r a d a r s  go a 

s t e p  f u r t h e r  a n d  m o n i t o r  t h e  i n n e r  s t r u c t u r e  o f  s u c h  s y s t e m s  However ,  t l ie  i n f o r 

m a t i o n  p r o v i d e d  bv D o p p l e r  r a d a r s  is l i m i t e d  t o  t h e  re f lec t iv i ty ,  r a d i a l  c o m p o n e n t  of  

t h e  w i n d  w i t h  respe i  t to  t h e  r a d a r  loca t io t i ,  a n d  . s p e c t r u m  w i d t h  ( K l a / u r a  a n d  Ituv 

199.(1

I 'h e re fo re .  t h e  d e v e l o p m e n t  o f  t e c h n i q u e s  t o  r e t r i e v e  t h e  u n o b s e r v e d  f ields,  like 

t h e  c r o s s - b e a t t i  ve loc i ty ,  t e t t i p e r a t u r e  a t id t i i i c r o p h v s i c a l  q u a n t i t i e s ,  is a n  a r e a  t h a t  

h a s  r e c e i v ' d  ttiiich a t t e t i t io t i .  e s p e c i a l l y  iti t h e  las t  d e c a d e  ( T u t t l e  a t id F o o t e  1990. 

S u n  e t  al .  1991.  \ e r l i n d e  a n d  C o t t o n  199.3. L a r o c h e  a n d  Z a w a d / k i  199-1. C r o o k  a n d  

Li i t t le 199 L  S h a p i r o  et  al. 1993a .  Qi ii  a n d  X u  1996.  S u n  a n d  C r o o k  1998.  20 01a .  

G a o  et al .  2001 .  L a / a t  us  et al .  20 01 .  X u  et al .  2 0 01 .  W e y g a i i d t  et  al.  2 0 0 2 a .b .  a n d  

o t h e r s ) .  In g e n e r a l ,  t h e  p e r f o r m a n c e  o f  t h e  r e t r i e v i d  a s s i m i l a t i o n  t e c l m i q u e s  h a s  be en  

t e s t e d  w i t h  b o t h  s i m u l a t e d  a n d  re a l  r a d a r  d a t a ,  w i t h  e m p h a s i s  o n  t h e  o [ ) e r a t io t ia l  

a s p e c t  of t h e  p r o b l e m ,  f h e s e  s t u d i e s  i n d i c a t e  t h a t  t h e  c a p a b i l i t y  t o  e s t i m a t e  r e t r ie v e  

i n f o r m a t i o n  a b o u t  t h e  i n n e r  s t r u c t u r e  o f  c u n v e c t i v e  s y s t e m s  d o e s  ex ist .  How ever .  

Iiiivmg f/ii.s I'apability i /o , s  not rntiui that ice knou' which fields should he hist tstirnattd



(or rt'trifvcdj and initialized in a model to obtain a ijood forecast on the stormscale.  

To l i t ' tfrri i i iH'  t h a t ,  it i.s tax t s s a r y  t o  asst-.s.s w h a t  inc troro lo t^ i i  al  var ia l ) l f> <u t i t a i n  t l i t“ 

tiK'St t r u i ' i a l  i r i lu r i i i a tn n i  (Ifscr ihi i i i ;  t h e  a t i i i o s p h c r i t  fhav w i t h i n  a  <un v r»  t i v r  .s torm,  

whicl i  r f 'pr t ' st ' i i t s t t i r  s p ec i t i c  t o p i c  of  o u r  rcscarcfi

1.3 M otivation and goals

O u r  c x p c r i c u i c  w i t h  l a r y c - s c a l c  [low s h o w s  t h a t  k r iowict l^c o f  t h e  p h y s ic a l  l a w s  yov- 

crniriy, t h e  a t m o s p h e r e ,  a n d  of  a t m o s p h e r i c  b a l a n c e s  (c.ti. .  g e o s t r o p h i c .  h y d r o s t a t i c  I. 

a r e  usefu l  for d e t e r m i n i n g  w h ic h  m e t e o r o l o g i c a l  l ie lds  a r e  m o s t  i m p o r t a n t  in t h e  in i 

t i a l i / a t i o n  o f  n u m e r i c a l  m o d e l s  ( S t n a ^ o r i n s k i  et al  1 9 7 0 .  D a l e y  1 9 8 0 .  1 9 9 1  ) T h i s  is 

b e c a u s e  one state di '<rrthid htj a ijicen variable mat/ ronstniin the hihavmr of  anotht r 

rartahb d 'hi is .  u n d e r  s o m e  c i r c u m s t a n c e s ,  t h e  i n f o r m a t i o n  p r o v i d e d  by a c e r t a i n  v a r i 

a b l e  c a n  b e  r e d u n d a n t  ( )r. i | i i o t i n ^  S m a ^ o r n i s k i  ( 1 9 0 9 )  I f ro m  D a l e y  1 9 8 0 ) :  I i ts t  o f

all.  no t  al l  d a t a  a r e  e ip ia l  in t h e i r  i n f o r m a t i o n - y i e l d i n g  c a p a c i t y  S o m e  a r e  m o r e  e ip ia l  

t h a n  o t h e r s .  I 'h i s  t e l l s  Us t h a t  if t h e r e  is a ch o ic e  as  to  w h a t  c a n  b e  m e a s u r e d ,  t h e n  

o n e  v a r i a b l e  m a y  b e  [U'eferable ov e r  a n o t h e r " ,

( l eostroph ic  a d ju s tm e n t ,  for example,  was the main motivat ion  for Cha rnev  et al 

(1909) to assess the impact  of satelli te-der ived ten ipera t  ure observat ions on the im- 

t ia l i / a t ion  of a global  c irculat ion model  sivon th a t  t e m p e ra tu re  and  presstire (i.e.. 

mass field) can be hydrus ta t ical ly  related. They indicated th a t  the  wind field could 

be inferred from the satel l i te ' -der ived  t e m p e ra tu re  profile (if the  surface pressure is 

known), and  th a t ,  by inser ting t e m p e ra tu re  corrections to the model  at 12h intervals,  

the forecast could be significantly ini[)roved. Th is  is an example  of  how knowleilge 

of  the dynamic  cons tr a in t s  tha t  govern atmospheri c  motion can be used to assess 

the relative im por ta nc e  of  meteorological  fields in the context of  numerical weather



prédiction.

.\itli(Mig[i n o  s i m p l e  d v i i a m i e  b a l a n c e  r e l a t i o n  ex is t s  o n  t h e  s t o r m s c a l e * .  i n v e s t i g a 

t i o n s  of  K eo s t ro p h ic  a d j u s t m e n t  (e.>^. B l u m e i i  1972) .  a n d .  m o r e  r e c e n t l y ,  t h e  r e v i s i t i n g  

o f  t h e  h y d r o s t a t i c  a d j u s t m e n t  p r o b l e m  le .^ . .  B a n n o n  1995) .  s e rv e  a s  a  c o m  e p t u a l  b a 

s i s  for  t h e  e x a m i n a t i o n  of  t h e  m u t u a l  a d j u s t m e n t  o f  a t m o s p h e r i c  v a r i a b l e s  a t  s m a l l e r  

s p a t i a l  scales.

r i i e  g e n e r a l  id e a  in l a r ^ e - s c a l e  s t u d i e s  w h i c h  e x a m i n e  a d j u s t m e n t  m e c h a n i s m s  

u n d e r  b a l a n c e d  d y n a m i c s ,  is t h a t  t h e  s p e c i f i c a t i o n  of  a n  u n b a l a n c e d  I C  l e a d s  to  a  

t r a n s i e n t  respoii.-^e. m a n i f e s t e d  as  prwpaitat imt ,  wave>. a f t e r  w h i c h  t h e  b a l a n c e  r e l a t i o n  

b e i n ' ;  c o n s i d e r e d  le  g e o s t r o p h i c .  h y d r o s t a t i c )  is r e s t o r e d  a n d  a f i n a l  s o l u t i o n  in 

' ' t e a d v - s t a t e  is a t t a i n e d  Kii ;u re 1 1  i n d i c a t e s  t h i s  'general  c o n c e p t ,  v a l i d  for  b o t h  

a n a l y t i c a l  a n d  n u m e r i c a l  a p p r o a c h e s .  By  u n d e r s t a n d i n g ;  h o w  t h e  s y s t e m  e v o lv e s  f rom 

t h e  iriit i a l i m b a l . i i i c e  to  a f inal b a l a n c e d  s t a t e  im | ) l i e s  an u n d e r s t a n d i n g ;  o f  t fie ih/nninn- 

luljnstvu tit jiroff .

Now .  let us  d r a w  o u r  a t t e n t i o n  b a c k  t o  t h e  s i m u l a t i o n  (or  e x p l i c i t  p r e d i c t i o n ) of  

c o n v e c t i v e  s t o r m s .  \ o  b a l a n c e  r e l a t i o n  e x i s t s  t o  def ine  a  s t r i c t l y  ■ u n b a l a n c e d  1C 

or  a  "final  b a l a t n  ed  s o l u t i o n  in s t e a d v  s t a t e "  I 'h e  full c o n s e r v a t i o n  e q u a t i o n s  m u s t  

b e  u s e d  for tf ie e x p l i c i t  n u m e r i c a l  m o d e l i n g  o f  c o n v e c t i v e  s v s t e m s  (e. t ; . .  , \ u e  et  al. 

2 99 9) .  b o  h o w  c a n  we e x a m i n e  d y n a m i c  a d j u s t m e n t  t n e c f i a n is m s  o n  t h e  s to rm .s ca le . '  

I d  a d d r e s s  tfiis i m p o r t a n t  t o p i c ,  we  de f in e  a n  arttjicnil IC  c o n t a i n i n g ,  i n c o m p l e t e  

i n f o r m a t i o n  a b o u t  t h e  in n e r  s t r u c t u r e  o f  a n  i d e a l i / e d  c o n v e c t i v e  s t o r m ,  i.e. .  an IC 

that dot's not satisfi/ orif or inoff  of thf  consrrration tiinations.  I 'his is a c c o m p l i s h e d  

by i m p u l s i v e l y  e l im in a t i n g ;  ( t h e  i n f o r m a t i o n  c o n t a i n e d  in)  c e r t a i n  v a r i a b l e s  o n  t h e

cyclustrophic tlovv. which is a lurrri of hAlanccd (Jyrianius. is mostly restricted to tornadu* vortues i Davies-

.Jolies el al. JDOl I c . To a smaller scale than the one tu be considered here Long-lived niesoscale cofivet tive vortues.

on the other hand, may apiproach the definition uf a fialanct î flow le g . Dams and VVei.sriian l‘*‘M\ f>ut >tich features

do [lot aviount fur the mamletiaiae of the entire < oiivev tive sv stem that generated theîii
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f i i ^ u r r  1 1 S k i ' t (  h  n f  t h e  t y p i c a l  si  ( | i i cr i i  c  o f  e v e n t s  w h c t i  e x a m i n i n g  ( e i t h e r  a n a l y t i c a l l y  o ' '  n i i i n e r i -  
c a l l y t  a t n i o s p h e n c  a i l j u s t r n e n t  p r o c e s s e s  i l r i v e n  b y  b a l a n c e  r e l a t i o n s .  A n  i n i t i a l  c o n d i t i o n  t h a t  d o e s  
n o t  . - a t i s f y  t h e  b a l a n c e  r e l a t i o n  is s p e c i t i c d  T h i s  is f o l l o w e d  b y  a  t r a n s i e n t  s o l u t i o n  i d o r n i r i a t e d  b y  
t h e  p r o p a g a t i o n  o l  h i x h  t r e q u e i i c y  w a v e s ) ,  w h i c h  e v e n t u a l l y  l e a d s  t o  t h e  f i n a l  s o l u t i o n  t h a t  s a t i s f y  
t h e  b a l a n c e  r e l a t i o n



miri ic r ica l  s i m u l a t i o n  o f  a  l o n g - l i v e d  c o n v e c t i v e  s y s t e m * ,  w h i l e  m a i n t a i n i n g  o t h e r  fields 

u n c h a n g e d ,  a n d  r e s t a r t i n g  t h e  s i m u l a t i o n  w i t h  i n c o m p l e t e  d e s c r i p t i o n  o f  t h e  s t a t e  

Ilf t h e  cu t ivec t ive  s t o r m .  Thi.< artijicial IC  will 6c thr s tonnsralr-f quivah nt of the 

iinhdlmn i d IC dt pictt d tn Fuj. I . l .

r i i i s  a p p r o a c h  h a s  b e e n  i n v e s t i g a t e d  b e f o r e  by  W e y g a n d t  e t  al.  ( 1 9 9 9 ) .  w h o  s t u d 

ied t h e  impac r o f  t h e  i tn[ )ul s ive  w i t h d r a w a l  o f  p e r t u r b a t i o n  v a l u e s  o f  s e l e c t e d  va r ia b l e s  

on  t h e  >imiil , i t iut i  o f  ati i d e a l i / e d  s u p e n  ell Iti t h a t  >tudy.  t h e  w i t h d r a w a l  o f  ver t ica l  

m o t i o n ,  for e x a m p l e ,  v i o l a t e d  m a s s  c o n s e r v a t i o n  b e c a u s e  r e g i o n s  of  h o r i / o i i t a l  c o n v e r 

g ence  a n d  d i v e r g e n c e  were  no t  c o m p e n s a t e d  bv  v e r t i c a l  t n o t i o n  I' lius. loca l  v a r i a t i o n s  

in t h e  m a s s  (de i i s i tv )  f ield w e r e  no t  c o n s i s t e n t  w i t h  t h e  k i n e m a t i c  s t r u c t u r e  owi ng  t o  

t h e  i i i cor re t  i >pec i f ica t io n  o f  t h e  t h r e e - d i m e n s i o n a l  d iv erge t ic e .  O u r  r e s e a r c h  follows 

s u n i l a r  . i p p i o a c h  a n d  e x t e n d s  t h e  w o r k  by  W e y g a n d t  et al .  I 1 9 9 9 ) .

I 'he ge i ie ra t io t i  o f  a n  IC t h a t  d o e s  n o t  s a t i s f y  t h e  c o n s e r v â t ioti l a w s  is no t  s u p 

p o s e d  t o  r e ju ese i i t  a r e a l i s t i c  i t i i t i a i i / a t i o i i  o f  a c o i iv e c t i v e - s ca le  m o d e l ,  b u t  r a t h e r  a 

m e t h o d o l o g y  for s t u d y i n g  a n  i n t e n t i o n a l l y - c r e a t e d  t r a n s i e n t  r e s p o n s e  t h r o u g h  an  ap-  

p r o a i  h t h a t  is ( o i i c e p t i ia l l y  a n a l o g o u s  t o  t h a t  u s e d  in la r g e - s c a l e  d y n a m i c  a j u s t n i e n t  

p r o c e s s e s  (F ig .  1.1 j. F i g u r e  1.2 s u n i m a r i / e s  t h i s  a n a l o g y  by  c o m p a r i n g  t h e  s t u d y  o f  

g e o s t r o p h i c  a d j u s t m e n t  u s i n g  a  s h a l l o w  w a t e r  (‘q u a t i o n  m o d e l  a n d  t h e  e x a m i n a t i o n  o f  

a d j u s t m e n t  p to ia  sses in ciuivec t i v e  s t o r m s  u s i n g  a  n o t i - h y d r o s t a t i i  ful ly c o n q i r e s s i b l e  

m o d e l

B(‘c a u s c  t h e  m o d e l  wil l  fo rce  t h e  r e s t o r a t i o n  o f  c o n s e r v a t i o n  laws a f t e r  t h e  e l im-  

in a t i o t i  o f  a g iven  v a r i a b l e  ( t h o u g h  w i t h  s i g n i f i c a n t  e r r o r s  in t i m e  d é r i v â t ivi 's).  one  

s h o u l d  (‘x p e c t  t h e  p e r t u r b e d  a n d  u n p e r t u r b e d  f ields t o  i i t id er go  s o m e  k i n d  o f  a d j u s t 

m e n t .  o r  r t ' sp onse .  u n d e r  t h e  s t r i n g e n t  c o n t r o l  o f  t h e  c o n s e r v a t i o n  laws.  T h i s  is t h e  

m a i n  a s p e c t  to  b e  e x p l o r e d  in t h e  prese t i t  r e s e a r c h .

Mil [ir.u tkf  thi.s riic.iii.s th.tt wi- rt-set oinablfs (lack to the unperturheU ha.se state representing the environment.



Geostrophic Adjustm ent
Dynamic A djustm ent in 

a Convective Storm
Shallow-water 
equation model.

Non-hydrostatic fully 
compressible model.

M .
Initial condition that does not 
satisfy geostrophic balance.

Initial condition that violates one or 
more o f the conservation equations.

M  ■ ~

Start the model. start the model.

M r
Conservation equations are satisfied 

immediately. Accelerations are 
induced early in the simulation 

(transient evolution). High frequency 
inertia gravity waves.

Conservation equations are satisfied 
immediately Accelerations are 
induced early in the simulation 

("transient evolution")
M '

~ M  ■
Final solution is non-steady, and 

satisfies no simple balance relation.
Final solution in steady-state, 

satisfying the geostrophic balance.

I ' i m i r r  1 J  ( ' n t i n  p t i i a l  ( ( i m p a n . M ) »  t i f t w c c i i  a  t u i t i i c r i c a l  s t u d y  o f  f ^ c o s t r o p t i i c  a d j u s t i i i f r i t  u s i n g  a  
d i . i l l i i w - \ \ , a t c i  i ( j u a t i o t i  i i i o d f l  (SU’HM) a i u l  i l i t “ s t u d v  o f  d y t i a i m c  a d j u s t m e n t  p r o c e s s e s  i n  a  n j t i v e c -  

n \ e  ' t o r m  u>iiig a  n o n  l i y d r o s t a t i c  f u l l y  ( o t i i p r e s s i h l e  m o d e l  (N H F CM ) G e o str o p h ic  ad ju stm en t:  
a n  I C  n o t  g e o s i r o p l i i c a l y  t i a l a n c e d  i s  i m p o s e d  i n  t h e  S W E M .  A s  s o o n  a s  t l i e  m o d e l  is s t a r t e d ,  h i g h  
i r e q u e m  > l i e  ! >l a a t i a \  i t y  w a \ e s  a r e  t r i g g e r e d  d u e  t o  t h e  i n i t i a l  i i n h a l a n c e .  a n d  a c c e l e r a t i o n  is p r e s e n t  
.As t h e  w a v e s  p r o p a g a t e  o u t  o f  t h e  d o m a i n  a n d  o r  a r e  d a m p e d ,  a  f i n a l  s o l u t i o n  i n  s t e a d y - s t a t e  is 
o b t a i n e d ,  w h e r e  t h e  g e o s t r o p h i c  b a l a n c e  i s  s a t i s f i e d .  D y n a m ic  a d ju stm en t in a con v ectiv e  
s y s te m : a n  a r t i f i i  l a l  1C v i o l a t i n g  t h e  c o n s e r v a t i o n  e q u a t i o n s  is i m p o s e d  i n  t h e  .N'HFC.M. T h i s  I C  
C o n t a i n s  i i u  u i n p l e t e  i n f o r m a t i o n  a b o u t  t h e  i n n e r  s t r u c t u r e  o f  a  s i m u l a t e d  c o n v e c t i v e  s t o r m  As  t h e  

m o d e l  i s  s t a r t e d ,  s t r o n g  a c c e l e r a t i o n s  l a s  w e l l  a s  t i m e  t e n d e n c i e s  o f  s c a l a r  f i e l d s )  a r e  i n d u c e d  w h i l e  
t h e  c o n s e r \ . i t i o i i  e q u a t i o n s  a r e  s a t i s f i e d ,  a n d  t h e  s i m u l a t e d  f i e l d s  r e s p o n d  t o  t h e  a r t i f i c i a l l y - s p e c i f i e d  
I t  ' I h e  o b j e c t i o -  IS t o  s t u d v  h o w  t i l e  w i t h d r a w a l  o f  i n f o r m a t i o n  a b o u t  t h e  c o n v e c t i v e  s y s t e m  a f f e c t s  
I t s  s i m u l a t o n .  a n d  h o w  d i s t i n c t  m e t e o r o l o g i c a l  f i e l d s  r e s p o n d  t o  e a c h  o t h e r  i n  t h e  e a r l y  s t a g e s  o f  t h e  
n u m e r i c a l  e x p e r i m e n t  N o t e  t h a t  n o  s t e a d y - s t a t e  s o l u t i o n  i s  o b t a i n e d  i n  t h i s  c a s e .

lU



Ti l l '  n u c s t i o i i s  t h a t  a r i s e  a r e .  How do the mas^ and thennodynamic field.-  ̂ rf'.'<poTid 

to thi I lanuuition of  onr or r n o n  of the wind rornponrntsY How does the irtnd field re- 

sporiil to the t lirnuiation of the tfu nnal  structure within the convective systern Y What 

IS the impact o f , hrriinatiny infonnation about moisture field ‘d . I re the withdrawn ran- 

iihli s cistortd to the same ralue they would hare i f no perturbation had bien applitdï  

I f  so. how f a s t  Is this accomplishi d. and what processis control them t I f  not. what 

no chantstns pn e, nt tlo rn from beuoj correctly restored'^ Does wart propai/ation play 

any n h rant i(dt dnruu} tht adjustment prticessY . -Iniony the rariables ht ini; t lnni- 

nattii. which nrit s hart the ymi t t  st impart on the sirnulatetl conrectire storm Ÿ Does 

any ranahh loritiiin o dandant information jtis corisiderttl by Smayorinski 19691. 

siieh that its ! hnunation dots not pose any siynijicant "thnat" to the ynahty of  tht 

sirnnlation

| {\  a i l i ln  >.si[ix, t h e s e  i |u e s t i o n s  we  foi us  o n  t h e  n i e e l ia n i s in s  t h a t  e o n t r o j  t h e  equira- 

i> ut III a  t r a i i s ic n t  e v o l u t i o n  t o w a r d  t h e  f inal  s o h i t i o n  o n  t h e  s t o r m s i  a le  ( e o n e e j i tu a l l y  

> m i i l a i  t o  t h e  s e q n e n e e  i n d i c a t e d  in Fiit;. 1.1).  e x c e p t  t h a t  t h e  " f ina l  s o l u t i o n "  is not 

a l ialai i i  ed on e  In o t h e r  Word. ' ,  t h e  t ran . ' i e i i t  r e g i m e  i o n s i d e r e d  h e r e  tio m o r e  rep- 

ri ' c n t . s  a  .'ti p t o w a r d  t h e  f i i l l f i lment  o f  a s i m p l e  d y n a m i c  r e l a t i o n ,  hu t  r a t h e r  to  a 

i i o i i - s t e a d v  . 'ol i i t iot i  III t h i s  c o n t e x t ,  it is i n i p o r t a t i t  t o  n o t e  t h a t ,  whi l e  t h e  coiiM'r- 

\ a t  ion  e i | u a t i o n s  a r e  s a t i s f i e d  as  s o o n  as  t h e  m o d e l  is s t a r t e d ,  e a r l y  in t h e  s i m u l a t i o n  

t h e  t i m e  t e n d e n c y  t e r m s  in t h e  e q u a t i o n s  wil l  h e  l a r g e r  t h a n  e x p e c t e d  in t h e  real  

a t m o s p h e r e .  I his is t h e  r e g i m e  r e p r e s e n t i n g  d y n a m i c  a d j u s t m e n t  uti  t h e  s t o r m s c a l e .  

a n d  is ronct ptiially t tpiiralent t o  t h e  e a r ly  g e n e r a t i o n  o f  a c c e l e r a t i o n s  in a  s h a l lo w  

w a t e r  e q u a t i o n  m o d e l  s t a r t e d  w i t h  a  g e o s t r o p h i c a l l y  u n h a l a n c e d  1C.

It s h o u l d  he  e m p h a s i z e d  t h a t  n o  i n v e s t i g a t i o n  h a s  s t t i d i e d  e x p l i c i t l y  t h e  p r o h l e r n  of  

d y n a m i c  a d j u s t  meri t  w i t h i n  c o n v e c t i v e  s t o r m s ,  e v e n  t h o u g h  t h i s  is a  s u h j e c t  w i t h  p o 

t e n t i a l  i m p l i c a t i o n s  for  m o d e l  i n i t i a l i z a t i o n  a n d  d a t a  a s s i m i l a t i o n  o n  t h e  s t o r m s c a l e .
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For  (‘.\aiii|)l(>. WVyvîarult  et  al .  ( 1999) a n d  S u n  a n d  C r o o k  ( 2 0 0 1 b ) .  e m p l o y i n g  d i f f e re n t  

n n ' t l i o d o j o g i c s  on  ( h e  s t u d y  o f  n u m e r i c a l l y - s i m u l a t e d  s u p e n  ells,  f o u n d  t h a t  s i m u l a 

t io n s  in wliK ll t h e  h o r i z o n t a l  w i n d  field w i t h i n  t h e  s t o r m  wtis c o m p l e t e l y  e l i m i n a t e d  

lot  n o t  well i n i t i a l i z e d )  r e s u l t e d  in m a j o r  c h a n g e s  in t h e  s t o r m  l ) e h a v io r .  Co n v e r se ly ,  

t h e  e l i m i n a t i o n ,  o r  b a d  i n i t i a l i z a t i o n ,  o f  t h e  v e r t i c a l  m o t i o n  field s t i l l  a l low ed  a  g o o d  

s i m u l â t  ion of t h e  s u p e n  ell. g iv en  t h a t  t h e  h o r i z o n t a l  ve loc i ty  w a s  well r e p r e s e n t e d  

at t h e  in i t i a l  t i m e ,  . \ a s c i m e i i t o  a n d  D r o e g e m e i e r  121)02) f o u n d  s i m i l a r  re s u l t s  for  a 

niiriieiK a l l v -> i i im la te d  b o w  echo ,  a n d  F i e d l e r  (2002)  d i s c u s s e d  s o m e  o f  t h e  c h a r a c t e r 

istic.-. ot t h e  . s im ul a t ed  tlow t h a t  l ead  t o  su c h  b e l u u  ior  ( t o  he  des i  i i b e d  in c h a p t e r

2 )  . \ e \ e r t h e l e s . s .  n o n e  o f  t h e s e  s t u d i e s  fiillv e x p l o r e s  t h e  p h v s ic a l  a n d  d v t ia tn ic a l  

tiiei h a i i i s i n s  d r i \  in g  t h e  a d j u s t t n e n t  pro* ess.

( l i \ e t i  the se  p o i n t s ,  the m ain  goal o f  the presen t  research is to closely  

exam ine  the processes  behind the mutual a d ju s tm en t  a m o n g  specific var i 

ables when an impuls ive  perturbation is applied in the three-dimensional  

s tormscale  s im ula t ion  o f  an idealized mesosca le  convective sys tem .

1 h e  S t o r m  s y s t e m  chose t i  is t h e  hdic echo s ( |ua l l  l ine.  Si t i i i lar  t o  s up e rc e l l s ,  b o w  

c( hoe.s o f t e n  d i s p l a y  t h e  r e m a r k a b l e  i h a r a c t e r i s t i c  o f  s u s t a i n i n g  c o h e r e n t  iiiesosi a le  

s t r u c t u r e s  for s e v e r a l  h o u r s ,  e v e n  u n d e r  w eak  m i d - t r o p o s p h e r i c  f o r c in g  s i t u a t i o n s  

( J o h n s  199.J) f his  c h a r a c t e r i s t i c  i n d i c a t e s  t h e  p r o s p e c t  for  c o n s i d e r a b l e  p r e d i c t a b i l -  

itv. a n d  m a k e s  t h e  b o w  e c h o  a n  i n t e r e s t i n g  s y s t e m  t o  b e  s t u d i e d  u n d e r  tfie c o n t e x t  o f  

d v i i a n i i c  a d j u s t m e n t  proces.ses.  B e c a u s e  b o w  e c h o e s  u s u a l l y  d i s p l a y  a  s t r o n g  s u r f a c e  

ou t f lo w  a n d  cold p o o l ,  i n e s o s c a le  c o n v e c t i v e  v o r t i c e s  a n d  a  rear - i t iH ow-j e t  IW’e i s m a i i  

21)01). t h e  s e n s i t i v i t y  o f  t h e  s i m u l a t i o n  o f  t h e s e  f e a t u r e s  t o  d i f fe r e n t  v a r ia b le s  will  b e  

a d d r e s s e d .

( )ne  m a y  view t h e  p r e s e n t  w o r k  as  a  s e n s i t i v i t y  s t u d y  t o  ICs.  as  in a  p r e d i c t a b i l i t y  

i i u i ' s t i g a t i o n .  H o w e v e r ,  ati  i t n p o r t a n t  d i f f e r e n c e  e x i s t s  f r o m  p r e d i c t a b i l i t y  re sea rc h  in

12



th a t  t h e  [C's di ' t in t 'd h e n '  iiit<‘i i t iu na l ly  v i o l a t e  t h e  c o n s e r v a t i o n  e q u a t i o n s .  T h u s ,  o u r  

i n v e s t i g a t i o n  d o e s  no t  r e p r e s e n t  an  exp l ic i t  s t u d y  o f  a t m o s p h e r i c  pred ic  t a h i l i t y  on  t h e  

con v e c t i v e  scale;  r a t h e r ,  it a i m s  at  u n d e r s t a n d i n g  t h e  r e s p o n s e  amon*^ m e t e o r o l o g i c a l  

v a r ia b le s  in ( o n v e c t i v e  storm.- ' .

X e v e r t h e l e s s .  r e s u l t s  f r o m  t h e  p r e s e n t  re se a rc h  wil l  [ ) rovide  a t  l e a s t  f u r t h e r  in s i gh t  

in to  s o m e  r e l e v a n t  i s s u e s  in seve ra l  r e s e a r c h  a r e a s  in c o n v e c t i v e  s c a l e  m e t e o r o l o g y ,  

w hic h  include.-'  p red i i  t a b i l i t y ,  e n s e m b l e  forei a s t i n g  le .g . .  b e t t e r  d y n a m i c  u n d e r s t a n d 

ing of  m e c h a n i s m s  l e a d i n g  t o  e r ro r  g r o w t h  in c o n v e c t i v e  si a l e  m o d e l s ! ,  a n d  m o d e l  

i n i t i a l i / a t l o l l  w i t h  D o p p l e r  r a d a r  d a t a  r e t r ie va l  (e .g. .  w h ic h  r e t r i e v e d  \ a r i a b l e s  a r e  

mo s t  c ru c ia l  f r o m  a n  i n i t i a l i / a t i o n  s t a n d p o i n t ' . ' )  T h e  d e g r e e  o f  g e n e r a l i t v  e x p e c t e d  

h u  iiiir re.-'iilts IS d i s c u s s e d  l a t e r  in t h e  te x t .
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Chapter 2

Theory of Atmospheric Adjustment

All i i i n l i ' i l i i i ' j ,  I't t m a  i i i f t f u i o h a l  \ , iMali l r> i i m i i i . i lh '  r e s p u n i l  in . i r m o s p l i e n i '  

n in d i ' i s  IS ( I i t n  al  to r  a v o i d i n g  [ ( '  i tn l ia iances  t h a t  c a n  (piii k l \  r u i n  a fo re c a s t  ( Daiev  

l i r j l  I I Jrie e x a m p l e  Is t he  ee t ie ra t  ion of  l a m e  a m  p i  it u d e  iner t  i a m i ; o  i ty w a v e s  in p r im-  

it ive e t j u a t i o n  m o d e l s  w h e n  no  in i t i a l  ha la t ice  is i t n p o s e d .  o r  w h e n  t h e  i t i i t i a l i / a t i o n  

p r o c e d u r e  fa i l s  t o  a d e i j i i a t e l v  fi l ter  h i ^ h - t r e ( | u e n c v  waves.

In t h e  p r e s e n t  r e s e a n  h.  t l ie m u t u a l  ot me te (Uoloy , ica l  f ields t o  o n e  a n o t h e r

Is r e f e r r e d  t o  a s  dtjnanm n t . It is not  n e c e ss a ry ,  for euir p u r p o s e s ,  t h a t  t h e

fina l  s t a t e  a c h i e v e d  a f t e r  t h e  a d j u s t m e n t  pnice.ss  is r e a l i z e d  he  s t e a d y  ItV <in 

itstnij dll' rj-prc.s.sion "dynamic adjus tment  in a bnnidt r scns f  yivnn tht lack of 

<irn])lt' btilanct' n ln t ions  on tin' stonnscnlt .

W e  des( r i l i e h e  low a  few a t m o s p h e r i c  a d j u s t m e n t  p r o c e s s e s  .Al t l ioimh u,ei i s t r o p h ic  

a d j u s t m e n t  m a v  h a v e  a  s e c o i i d a r v  i m p a c t  on  m o s t  o f  t h e  p r o c e s s e s  o f  i n t e r e s t  a t  t h e  

S t o r m s c a l e .  i t s  w e l l - k n o w n  i n i p l i i a t i o n  to m o d e l  i n i t i a l i z a t i o n  s e r v e s  as a n  i m p o r t a n t  

c o n c e p t u a l  m o t i v a t i o n  for  t h e  p r e s e n t  re search .  H y d r o s t a t i c  a n d  a c o u s t i c  a d j u s t m e n t s  

a r e  m o r e  p e r t i n e n t  t o  o u r  s tu d v .  a n d  t h u s  will h e  d e s c r i h e d  in d e t a i l .

I t



2.1 Geostrophic adjustment

Cit' (tstroi)l i i( adjii .stiiii ' t i t  is t in '  t i iost u r l l - k i i o w t i  i lvt iar i i ic a d j u s t tiH'tit p r o c u s s  in t h e  

a t t n o s p l i c r r .  a n d  t h e  utic i d m t i f i r d  lonii aui» as l i av inn a  s ig n i f ic a n t  i m p a c t  o n  m o d e l  

i n i t i a l i z a t i o n  I P h i l l i p s  1%().  B l n m e n  IdT ' i i  It c a n  We t ' x a i n i n e d .  for e x a m p l e ,  by 

i i n p o s i n y  a n  u n b a l a m  ed i ; e o p o t e n t i a l  l iemli t  field as a n  1C in a  s i m p l e  s h a l l o w  w a te r  

s v s t e m  o f  e q u a t i o n ^

Siu h a  s y s t e m ,  d i s c u s s e d  in s t a n t a t  d  t e x t  b o o k s  (e . ^ . .  C i l l  19S'2). c o n s i s t s  o f  a 

s h a l l o w  l o i a t i n e  laver  o f  f luid t h a t  is l i o in o e e n e o i i s .  i n c o m p r e s s i b l e  a n d  inv isc id .  It 

Is t h e  m o s t  s i m p l e  s \ s t e m  c a p a b l e  o f  r e p r o d u c m e  t h e  ecr ie r a l  a s p e c t s  o f  h m h -  a n d  

lo \v - t r e q u e t i c \  dv n a i i i i i  s o f  t h e  la r"e -s ,  a le  a t m o s p h è r e  Iti i ts  l i t i e . i r i / ed  f o r m  l a r o i m d  

a  b a s e  s t a t e  at t es t  i . th e  ^ha l low  w a te r  s \  s t e t n  c a n  be w r i t t e n  as:

(h'' . , i)o
-,>r / "  -,u,

• )  • )  \

In i_M i - i 2 di  s t a n d a r d  n o t a t i o n  is used ,  a n d  o  -  ijh a n d  =  (jll  a re .  r e sp e t  livelv.  

t f ie  p e r t u r f i a t i o n  a n d  l»a.se-state e e o p o t e n t l a l .  w h e r e  H is t h e  l u n p e r t u r b e d )  m e a n  

heiy,ht  of t h e  free su r f a i  e a n d  h is t h e  d e v i a t i o n  f r o m  ff

It c a n  lie s h o w n  I Dalev  1991)  t h a t ,  f r o m  t h e  v o r t i c i t y  a n d  d i v e r g e n c e  e tp t a t i o n s  

d e r i v e d  f r o m  i2 i ) - ( 2  di .  t h e  s h a l l o w  w a t e r  s y s t e m  le a d s  t o  a  set o f  l o u p l e d  l inear  

p a r t i a l  d i f fe re t i t i td  e q u a t i o n s  ( P D E s )  wh ich  a d m i t  w a v e - t y p e  s o l u t i o n s  o f  t h e  fo rm  of  

t w o  i n e r t  i a - e r a v i t v  m o d e s  a n d  o n e  Ross  by m o d e .

A n  u t i l r a l a n c e d  1C tn t i n s  s y s t e m  tn ipl ies  t h a t  a n  t m t i a l  g e o p o t e n t t a l  he tg l i t  field is 

n o t  in g e o s t r o p h i c  bt i lat ice w i t h  t h e  w ind  field t h r o u g h  t h e  p r e s s u r e  g r a d i e n t  t e r m  in
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(2 .1) a n d  (2 2) F i m i r n  2 I s h o w s  tht> t i i i ie  é v o l u t i o n  o f  t h e  s o l u t i o n  o h t a i t u - d  f r o m  

a  l i n o a r i / e d  s h . d l o w - w a t o r  t i iodol  w h e n  a n  i n i t i a l l y  u n h a l a m  ix|  u ,e o p o te n t i a l  he igh t  

field is i m p o s e d  i F in  2 l a )  I h e  in i t i a l  w i n d  h e ld  is at  res t  T h e  i m b a l a n c e  t r in -  

y e r s  i n e r t i a - n r a \  Itv waves  t h a t  m o v e  a w a v  f r o m  t h e  i m p o s e d  n<"opotent ia l  field, a n d  

[ l e r t u r b a t i o n s  in b i u h  n e o p o t e n t i a l  a n d  w in d  f ie lds  a r e  n e t i e r a t e d .

.After ti h o u r s  i F in  2 I*'), t h e  i n e r t i a - n i a v i t y  wave s  have  p r o [ ) a n a t e d  o u t  o f  t h e  ilo- 

niairi  a n d  a s t c a d \ - " t a t c  s o l u t i o n  is o b t a i n e d  T h e  final ani [) l i t  u d e  o f  t h e  n e o p o t e n t i a l  

h e in h t  is j u s t  a s m a l l  frat  t i o n  o f  t h e  t h a t  in t h e  I( '. a n d  a  w e a k  w i n d  f ield is m a i n 

t a i n e d  in n e o s t i o p h i c  b a l a n c e  wi t h  t h e  n e o p o t c n t l a l  p e r t u r b a t i o n .  In th i s  ca.\e. m o s t  

I't t h e  a d j u s t  I I I ' nt  wa.s p n f i u i n e d  by t h e  m a s s  field i i n d i c a t e d  by t h e  n<’o{)otent  lal 

he in h t  I .  w hi le  t h e  wii i ' l  f ield was  ot i lv s l in th lv  m o d i f i e d

A ( lis t ini  t b e h a \  loi c a n  lie o b t a i n e d  w i t h  t h e  final s o l u t i o n  b e i n n  c o m p o s e d  o f  a 

w in d  field t h a t  r e s p o n d s  ^t i '  iiinl\ to  t h e  init i a l l \  u n b a l a n c e d  n e o p o t e n t i a l  he in h t  In 

th i s  case ,  iiiiist o f  t h e  a d j u s t m e n t  is p e i f o i i n e d  l a  t h e  w i n d s ,  w h i le  t h e  f ina l  neo[>o- 

te i i t i a l  field m a i n t a i n s  t h e  i n i t i a l  "t m e t  ure  An i m p n i t a n t  p a t a m e t e r  for t h e  ident if i -  

( at loll o f  t h e  field t ha t  t e n d s  to I on t  I ol n' t o p h i i  a d j u s t m e n t  is t h e  Hoss l iy  r a d i u s  

o f  d e f o r m a t i o n  L k . n iven  bv:

I T I )

Lfi d e h n e s  a ( h a r a t  t e r i s t i c  l e n n t h  s c a l e  a t  w h i c h  r o t a t i o n a l  effei t s  ( i .e. .  a s s o c i a t e d  

w i t h  e a r t h  s r o t a t i o n )  l i ec orne  as  i m p o r t a n t  as  b u o y a n c y  e f fec t s  (i .e. .  asso i  i a t e d  w i t h  

n r a v i t y  waxes  I i ( i i l l  1V»S2:' If t h e  d i a r a i  t e r i s t i c  l e n n t h  s c a le  Li,  o f  t h e  i n i t i a l  field 

(a wave)  is s m a l l  c o m p a r e i l  w i t h  La- t h e n  t h e  f inal  s t e a d y - s t a t e  s o l u t i o n  f r o m  an  

u n b a l a n c e d  1( ’ wil l  b e  d e t e r m i n e d  by  t h e  in i t i a l  w i n d  field, w h i c h  is t h e  c a s e  in F i g u r e

2.1. C o n v e r s e l y ,  i f  /./> is l a r g e  c o m p a r e d  w i t h  /./,■. t h e n  t h e  f inal  s t e a d y - s t a t e  s o l u t i o n  

will b e  d e t e r m i n e d  b \  t h e  i n i t i a l  m a s s  field.



I h o u r 2 h o u r s

cm»0 «icMi. * w — NntMK's oi u/i
5 hours

coHiou* mmu L > u — H m t i m i  o  )  v/s

6  h o u r s

CMKMI "lUN*. » « -  acncsiiiii os »/i CONIOU* nicnnc & u — IKMCUMS 0 S w/S

f i g u r e  2  1 G f o s t r o p h i c  a i i j u . s t i i i e i i t  o f  i n i t i a !  g f o p r j t e n t i a !  p e r t u r b a t i o n  ( a ) .  S o i u t i u t i s  a t  1. 2 .  3,  a n d  
G- l i r  a r e  i n d i c a t e d  b y  ( b - i  i C o n t o u r e d  H e l d  i s  g e o p o t e n t i a l ,  a n d  a r r o w s  i n d i c a t e  s p e e d  a n d  d i r e c t i o n  
o f  w u k I H e l d  I . V i t e r  B a r  W e l l  a n d  B r o u d e y .  l ‘J .S>.  a d a p t e d  f r o m  D a l e s  1 9 ' J l )
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Iti m i t l - l a t i t u ( l i ‘s. w I u t c  /  is r e l u t ivclv luri^e ui id.  t h e r e f o r e .  Ln  is r e l u t ivelly siual l .  

t h e  w i n d  f ield t e n d s  to  u d j u s t  to  t h e  m us s  field.  In t h i s  cu.se. it is p o s s ib le  t o  o b t a i n  

a  ^ 0 0 ( 1  < i[ )pro. \ i rna t ion  for t h e  n i i d - l u t i t n d e  a i n d  field f r o m  p r e » n r e  ' yonpo t i  ut i .d 

he ig h t  ) o b s e r v â t  ions  a l o n e  (e .^ . .  P h i l l i p s  19b.'}, H o l t o n  1992) .  T h i s  is a n ice  e x a m p l e  

o f  o n e  vur iu t ) le  c o n s t  r a in im r  t h e  b e h a v i o r  o f  a n o t h e r ,  t h r o i m h  a  d v n a r n i c  re la t i o n .  It 

is. c o n c e p t n a l l v .  t h e  t y p e  of  d y n a m i c  a d j u s t m e n t  [ )rocess  t h a t  we  a l s o  a r e  in te re s t t 'd  

in on  t h e  s t o r r n s c a l e .

' ^ iu m f ic an t  tdf, .ft in f, . rm u la t  imt  in i t i a l  i / a t  ion p r o c e d u r e s  for  l a r y e - s c a l e  a t m o s p h e r i c  

m o d e l s  w a s  s t i m u l a t e d  by t h e  r e l a t i v e l y  s i m p l e  a d j u s t m e n t  (l isci issial  a b o v e .  .Normal 

nio<le i n i t i a l i / a t i o n  (e.it,.. W i l l i a m s o n  a n d  l o m | . ' e r t o n  19.< 1. D a l e v  lf>!U'. for e x a m 

ple.  1,̂  a  m e t h o d  in w h i c h  t h e  , o u i p o n e u t  o f  a y i \ e n  w a v e  .m ip l i t  u d e  a.-'.-oi l a te d  wi t h 

im 1 1 i a - y i a \  It \ wa\e.> i> f i l t e red  f'li uu  t he , r va t io i i s  a n a l v  .>i.> in n o r m a l  m o d i '  > p a c e ' . 

s u c h  t h a t ,  w h e n  p r o j e c t e d  ba c k  t o  t h e  p h y s ic a l  s p ac e ,  t h e  | i r i r n i t i v e  e ( | i i a t io n  model  

Is free f r o m  s p u r i o u s  h i e h - f r e i i u e n c y  waves di i rmy, t h e  e n t i r e  m o d e l  i n t e g ra l  ion. In 

o t h e r  w o r d s ,  t h e  1C is b a l a n c e d

r i i e  c l e a r  i m p l i c a t i o n  of ^eos t  r o p h i c  a d j u s t m e n t  for m o d e l  ini t  i a l i / a f  ion is a  m a j o r  

m o t i v a t i o n  for  ana lo i r o i i s  s t u d i e s  o n  th e  s t o r m s c a l e .  . \ s  d i s c u s s e d  in c h a p t e r  1. we do  

not  e x p e c t  to  f ind  a  s i m p l e  b a l a n c e  m e c h a n i s m  on  t h e  c o n v e c t i v e  sca le .  However ,  if we 

u n d e r s t a n d  how m e t c o i o l o e i c a l  f ie lds  m u t u a l l y  a d j u s t  a t  t h i s  .scale o f  m o t i o n  ( s im i la r  

in c o m  e p t  t o  t h e  m a s s  a n d  w i n d  field a d j u s t m e n t  u n d e r  <j| ,eostrophic b a l a n c e ) ,  we 

c a n  a s s e s s  t h e  r e l a t i v e  i m p o r t a n c e  o f  d i s t i n c t  v a r i a b l e s  a n d  f ie lds  w h e n  ini t ial i / i t iK 

s t o r m s c a l e  m o d e l s ,  a n d  a l so  t h e  ini[)act  o f  as s i m i l a t i ng ,  sp e c i f i c  m ete or o l o i^ i ca l  fields 

f r o m  o b s e r v a t i o n s  w i t h o u t  a d j u s t i n g ,  or  c o n s t r a i n i n g  t h e  r e m a i n i n g ,  m o d e l  var iables .

‘ 1 *• . t h e  «sp.ti e u h e r e  t h e  u h s e r \e U  .in. ilyzeU field Cv dei om pu tsed  itl tu  o t ie  f iu x s fn  r iuu ie  .iml tw o  f.u' t̂ riiovin^ 
i n e r t i i y  w \ i \ e s  t [ ) a l e \  IH'JI '



2.2 Hydrostatic adjustment: an anelastic approach

Altti(j i i i ih ^ ( 'o s t r ( jp h ic  b a l a n c f  p l a y s  a  ru le  in t in '  ( ly i i a n i i c s  o f  sotin- lorat;-livi'tl i i i f sosca lt '  

f e a t u r e s  p r o d u c e d  by  t h u n d e r s t o r i n s  (e.g. .  a n v i l - le v e l  d y n a m i c s :  F i i l to n  et al .  l!)'J4l, 

a t t n o s p l i e r i c  a d j i i s t t n e t i t  p ro ces se s  a.-.soc i a t e d  w i t h  hist  n io v in u  g r a v i t v a n d  m n d  

W . I \ , a r e  t h e  Wlle.i n i o l e  , \ idetlt  l \  r e l a t e d  to t h e  i n t e r i n i t e n t  na t  l ire o f  severe  eolU'ec- 

t ive  s y s t e m s .

Before'  s n i d v i n g  t h e s e  a d j n s i m t ' t i t  me t  h a n i s m s  f r o m  t h e  w ave  t h e o r v  . - ta nd po i t i t .  

it is iist'fiil t o  i i n d t ' r s t a n d  soint '  s i m p h '  p roc t ' s ses  n ' g a r d i n g  t in '  n 'spon.se of  t in '  a t m o -  

sp ln  rt' t o  a  l o c a l i / t ' d  I n ' a t i n g  (or  i m o y a t i c y )  soiirt  t' s i n k  . fo l l ow ing  t i n '  ap[»roat  h list'd 

by l l o u / t '  (l!)f).’5) a n d  Y i i t e r  a n d  f l o i i / e  i lÜPâb) .  It is s h o w n  b e lo w  t h a t  b i i o sa t ic v  

a n d  p r e s s u r e  t iehls  a d j u s t  t o  each  o t h i ' r  a s  t in '  a t m o s | ) l n ' r t '  t e n d s  to  a t t a i n  h v d r o s t a t i i  

b a l a n c e  ( n o t  a l w a y s  a c h i t 'v e d i .  T h i s  proc i ' s s  h a s  i m p o r t a n t  ap[ ) l ica t io i i  to i l v n a m n  

a t I j n s tnn ' i i t  w i t h i n  convt ' c t iv i '  s v s t e m s

.As in l l o i i / e  ( 199.'T. c o n s i d e r  t in '  m o m e n t  uni  t lu i .serva tioi i  e t | i i a t i o n  i mu t t  ipl ied bv 

t h e  l ) a s e - s t a t e  t le tis i tv /). t h a t  is fiitn t toll tui ly of  h e i g h t  i for a n  a n e l a s t i c .  a m i  i ioi . 'Cid 

a t i i io sp lu ' r t '  111 a i i o i i - r o t a t i n g  r e f e r e n ce  fraiin' :

) = - p i t '  -  V / /  ^  p /^  A 11')  i

In (2 .5) .  s t a n d a r d  n u t a t i o n  is ust' t l (T^ is t h e  thn f -d irn tns ionu l  w i n d l .  a n d  /? is 

t In '  b u o y a n c y  t e r m ,  d e f i n e d  a s  B -  wher t '  / /  is t i n '  pe r t u r b a t i o n  elensi tv N o t t '

t h a t ,  in c o n t r a s t  t o  t h e  s h a l l o w  w a t e r  sy s t t ' i n  d i s c n s s t ' d  [ i rev ious ly .  we  now  rt'ft'r t o  a 

n o i i - h y d r o s t a t i c  sys t t ' tn  ( w i t h  b u o y a n c y  r e p r t ' s e n t i n g  t h e  g r a v i t a t i o n a l  t 'ffi 'cts).

B y  t a k i n g  t h e  t h r e e - d i m e n s i o n a l  d ive rg t ' t i ce  o f  (2 . 5 ) .  a n d  n o t i n g  t h a t  V  ■ J>\’ = 0 

for a n  a n t ' l a s t i c  s y s t e m ,  we  o b t a i n  t h e  fo l l o w in g  d i a g n o s t i c  ( ' (p ia t ion  for p t ' r t u r b a t i o n  

pr t ' s snre :
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V 'V  ^ ^  ipB) -  V ■ ( p Ÿ  V Ÿ )  (_>.6 )

Til t '  first t e r m  on  t l i e  r i ;^ht-liaii( i-si(ft‘ o f  ( i . t i ) .  w h i t l i  is a s s o c i a t e d  w i t l i  (t ie v e r 

t ical  g r a d i e n t  o f  B .  is c a l l e d  t h e  hi ioi jancy .^oun'f' for p r e s s u r e  [ x ' r t i i r h a t i o i i .  T h e  

si 'cotid t e r m ,  a . ssocia t t 'd  w i t h  t h e  t h r e t ' - d i m e n s i o n a l  d i v e r g e n c e  o f  t h e  a d v e c t i o n  field, 

is ca l l t ' d  t h e  (l i jniunic  s o n r c c  (Hoi iz t '  lOO-'f). E t p i a t i o n  ( 2 . t i l  i n d i c a t e s  t h a t  p r e s s u r e  

p e r t n r h a t i o n s  in a  n o n - h v d r o s t a t i c  s v s t e i n  c a n  h e  affet t e d  hy  (i.e. .  r t ' s po t id  t o )  hi iov- 

a t icy  a n d  w in d  f i e ld s ' .  O n e  e x a m p l e  of  t h e  l a t t e r  cas»' is t h e  'ge ne ra t io n  o f  nt 'u,ative 

pi t  .-'siire p e r t  HI h a t  ion.-' u i t h i n  m e s o t  \ t l o t u s  nie.- 'oant it vc loi ies  in .^i ipei tcl l  t h u n d e r 

s t o r m s  (e.g. .  Klem[> 1987) .  H o w e v e r ,  to s t u d y  h v d r o s t a t i c  a d j u s t m e n t ,  it is suffit lent 

to  <t i ialy/e t h e  r e l a t i o n  h t ' t w e e n  t h e  p r e s s u r e  a n d  h u o \ a i u  v f ields,  sui h t h a t  oi i lv t h e  

h i ioya i icv  sourc t '  is r e t a i n e d  Ht ' l ice.  Ci.fj) reduc t- s  to:

I T ' / , '  =: H ' / f i  ' T 7 1

K t p i a t i o n  (2.7)  is a n  el l i [ ) t ic  Pf 9K  ( Poi.sson s e t j i i a t i o n )  for t h e  p r e s s u r e  p e r t i i r h a t i o i i  

field. Re t  al l  t h a t ,  fur  w ave l i ke  t i i s t u r h a n t  i s ( a w a y  frtuii  h t / i i iu la r ies ) .  t h e  l . a p l a t  l an of  

a  g iv en  t p i a n t i t y  is p r o p t t r t i t u i a l  t t ,  t h e  n e g a t i v e  t>f t h e  d e v i a t i o n  o f  th i s  t p i a i i t i t \  wi t h  

r e sp ec t  tt) i ts  iiii 'aii T h u s ,  frtuii  (2 .7)  o n e  wtt iihl  ex p e t  t to  f iml nega t i \ - e  ( p o s i t i v e )

p r e s s u r e  p e r t u r h a t i o n s  w h e r e  >  0 \ ~ \ p B \ <

C’tuis i t l er .  iitiw. a n  i t l eal izet l  p t tsKivefy  h iu iy ant  ai t  part  t'l. a s  tiepit  t et l  in Fimirt -

2.2. O n  t h e  u p p e r  p u r t i u n  o f  t h e  pa rc e l ,  w h e r e  ^ApB ]  < 0.  a [ i t is i t ive p r e s s u r e  

p e r t u r h a t i u n  is int luce i l .  wh i le  o n  i ts  lower p o r t i o n ,  w h e r e  > 0.  a  i i i ' ga t ive

pressi i r i '  p e r t u r h a t i u n  f o r m s ' .  I h e r e f o r e ,  as  t h e  p o s i t i v e l y  h i i o y a n t  a i r  p a r c e l  t e n t l s  t o

"K i j i i . i t iun  { 2 . 6 )  l i f s i r i b f s  j  U i . ig i ios t i r  r i ' l . i tio ii  il* r i v o l  f r u m  d i io r i -h t  il ros l . i l i t  .mil  .mi'I.LSlic s t  stiTii F o r  .1 nun-  
hvilr i).st .i tit  a n d  ful ly  f u n i p r e s s ) b l e  s y s t e m  o f  e i p i a t l o i i s .  t i n s  di.v^’ t ios t ic  r e l a t i o n  . loes  n o t  In Id l i o w e s e r .  b e e a u s e  t h e  
am  l . is tn  s y s t e m  t a n  b e  o . n s i d e r e i l  a  s u b  s y s t e m  " (o r  s p e tu i l  i . ise )  o f  t h e  fully c o m p r e s s i b l e  t s ju a t io i i s .  t h e  p ro c e ss e s  
d e s c r ib e d  in  ( J  ti I a re  ,d so  p r e s e n t  in  s o l u t i o n s  o b t . i i n e d  f r o m  i o m ; i r e s s ib l e  m o d e ls

'* . \c lu .\ l ly .  t h e  n e g a t iv e  v e r t i c a l  v a r i a t i o n  o f  t h e  b a s e - s t a t e  d e n s i ty  in t h e  l o u e r  p o r t i o n  of t h e  ,ii r p . t rce l  in d u c e s  
a  p o s i t iv e  p r e s s u r e  p e r t u r b a t i o n ,  c o m p e t i n g  w i t h  t h e  c o n t r i b u t i o n  f r o m  t h e  p o s i t iv e  vert ic .i l v . i r ia t io n  o f  biiuv.ancy 
In d e s c r ib i n g  F i g u r e  2. we a s s u m e  t h a t  t h e  v e r t i c a l  v a r i a t i o n  o f  b a s e  s t a t e  de ns i ty  is m u c h  less t h . i n  t h e  vert ic .i l
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POSITIVELY 
BUOYANT 
AIR
PARCEL

L

a p B

d 'l

p '  >  0  p '  >  0  p '  >  I» *.

af*
• • • •

» ■*■/ %»...-...,

% p ’ <  (► p ’ <  0  p* <  0 p  < 0  p ’ <  0  p  < 0  .•

F i i ; u r < '  2 ' 2  I d e a l i z e d  s k e t e i i  o f  t h e  p e r t  iii h . i t i o r i  ( i r e s s u r e  h e l d  i i i d u i t d  h v  a  I nn  a  aii< v  M a i n e ,  .us 
d e x T i h e d  b y  K q u . i t l u t i  i 2 . 7  i, D o i i b h  - h c . n l e d  . i r n a u s  i i u l n  . i t e  l . i \ i  t s . .f ^ t n . t i y ,  i \.ii i . i t n a i  , ,f b u i a . . u a  \ 

w i t h  h e i g h t .

r i s e ,  t h e  a t i i u i s p h e r e  r t ' s p o n d s  h v  a e n e r . i t i i i a  ,i v e r t i c a l  p r e t s s i i r e  e i a d i e i i t  a c c e l e r a t i o n  

( \  I ’t i A )  t h a t  I o i i n t e r ac t . - s  t h e  et i ' ect . s  o f  h i i o v a n c v  1 h i> i.s .i i e s p o n . s e  t h a t  w e a k e n s  

I h e  n e t  M' l  t t c . d  . i c c e l e r a t l o l i

W h e t h e r  o r  n o t  t h e  i n d u c e d  p r e s s u r e  h e ld  is c a p a b l e  of  h a m p e r i n g  t h e  v e r t i c a l  

m o t i o n  d e p e n d s  u p o n  t h e  a s p e c t  r a t i o  o f  t h e  h i i o v a n c v  p e r t i i r h a t i o n .  as i n d i c a t e d  in 

F i g u r e  2.3.  T h e  p r e s s u r e  r e s p o n s e  t o  a  h u o v a n t  p a r c e l  o f  h i gh  a s p e t  t r a t i o  ( i .e .  t a l l  

a n d  n a r r o w "  r e g i o n  o f  p o s i t iv e  h u o y a n c v :  F ig.  2 .3 a )  g e n e r a t e s  n o t  o n ly  t h e  \  FTIA 

d e s c r i b e d  in F i g u r e  2.2.  hu t  a l s o  a  s i g n i f i c a n t  horizontal  p r e s s u i e  g r a d i e n t  a c c e l e r a t i o n  

( H F C i A )  t h a t  IS c o n s i s t e n t  w i t h  a  r i s in g  a i r  p a n e l .  In F i g u r e  2 .3 a .  h o i i / o i i t a l  a i r  

m o t i o n  t e n d s  t o  d i v e r g e  ( c o n v e r g e )  a t  t h e  t o p  ( b o t t o m )  o f  t h e  a i r  pa r ce l ,  w h i i h  is a 

m a s s  a d j u s t m e n t  r e q u i r e d  for a  r i s i n g  a i r  p a r c e l .  In t h i s  case ,  t h e  s y s t e m  t e n d s  t o  be

v . i ru i t iun  III buov . incv .  s u c h  t h a t  th e  n e t  e f t e i t  is t h e  f ten e r . i t in n  o f  .i n e ^ . i t i v e  pres,sure p e r t i i r h a t i . u i  j u s t  h e lu w  th e  
lu i iA . in t  a i r  p a rce l
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HPGA H PGA

B > 0

VPGA

HPGA HPGA

p '  0  p '  >  0  p ‘ >  U p ’ >  0  p ’ >  0

B > 0

p '  • 0

L.

VPCA

)■ 0

VPGA

p '  <  It

VPGA

p '  - 0 p -  '  0

P J  .'j- Mi - al i / i - < l  - k i - t i  l i f>  ■) {  t l i c  p r o M i r c  p t  r t u r f i . i t i u i i  li« | i |  i ru l i i t  « <| t i \  ,i l i u n v a i i c v  x i i i r '  i'
w i t h  ' a )  tub’ll .L<pt 11 r a t a l ,  a m i  ( h i  I n w  . k s p f c t i i  r a t i o  l i c .  n i l i i u t t  "  h o r i / m i t a l  I . i m t )  I n  < a , t h f  
r c . - p u n s f  o f  t i l l '  pri ' . -i . ' i i ri '  t i i ' l i i  i> i i o t i - h \  i | r o < t a t n  w i t h  r i ' S[ i f i  t t o  t h r  l i i i o \ a i i c v  > o i i i i i ‘. w h i l r  i n  t o  
p i i ' s > u r i -  IS i n  t i \  i l t o ^ t a t  11 l i a l . i i u r  w i t h  t In '  tni i  a  a n i  \ ' [ l o t i r i o  A r r o w s  i n i i i c a t i '  i l i n c t i o n  o f  p i . ' s>ur>-  

ù l . n i i i ' l i t  ai I I'll r a t  1' Il ls \ l A i A  H I  A I A  \ n  t n a t  io a i / '  t i t . i l  p t  o ^ ' H r r  m  a i l n  n t  ai  i i I» i a t n  ai  i J a s o i i  
o i l  F n t u r t ' s  7  1 a i u l  7  o f  H o t i / i -  , l l t l t . ' l ) ;

M()it-hv(lri).static.

Ill ro i i t ra-s t .  i t ' t h e  l i iKivant p a r c e l  i.s a c t u a l l y  a n  e n t i r e  la ye r  o f  " in f in i t e " I m r i / o n t a l  

i l i rnensiui i  (i .e. .  a  low a s p e c t  r a t i o  p a n t  a k e " o f  a i r ;  F i a .  2,;{[)). t h e n  t h e  p r e s s u r e  re

s p o n s e  will lie h o r i / o n t a l l v  h o i n o a e n e o i i s  a s s u n i i n a  t h a t  t h e  l u i o v a n c v  p e r t u r l i a t i o n  

Is u n i t o r n i .  . \ o  s i a m h r  a n t  I IFG.A ( whir  h w o u l d  lie r e q u i r e d  to r  r i s ing  m o t i o n ,  t roin 

m a s s  c o n s e r v â t ii.ui c o n s i d e r a t i o n s )  is g e n e r a t e d ,  a n d  t h e  p r e s s u r e  r e s p o n s e  t e n d s  to 

h e  in h y d r o s t a t i c  b a l a n c e  wi t h  t h e  b u o y a n c y  p e r t u r b a t i o n .  This is th> jntchanism of 

h^dro.-tiitif adjustrru nt.

N o t e  t h a t  th i s  en t i i i -  d i s c u s s i o n  s i m p l y  s t a t e s  t h e  c o n d i t i o n s  in w h i c h  h y d r o s t a t i c  

b a l a n c e  is \ a l i d .  i e . s i t u a t i o n s  in w h i c h  t h e  flow h a s  a h o r i z o n t a l  | enu. th  sc a l e  m u c h  

g r e a t e r  t h a n  t h e  v t ' r t i c a l  l e n g t h  s c a l e  (e.g. .  H o l t o n  l 'J!)2).



2.3 Hydrostatic adjustment: an acoustic approach

2.3.1 B asic considerations o f  acou stic -grav ity  waves

I h r  ( l i sn i ss io r i  a h u v e  drsc r i t i r s .  in a  r c l a t i v r l v  s i n i p l r  wav.  i iow tin* p r r s s i i r r  rr- 

■spotid.s t o  h u o y a n c v  in t h e  a t n io . s ph c rc .  It h a s  i m p o r t a n t  i m p l i c a t i o n s  for o u r  r e s c a n  h 

b e c a u s e  t h i s  r e s p o n s e  is c o t n t n o n  w i t h i t i  c o t i v e c t i v e  s v s t e m s  (e .^ . .  L a f o r e  a m i  Mon-  

c r ie t f  i'JS!)) a m i .  t h u s ,  wil l  h e  a d d r e s s e d  in o u r  t iu m er i t  al  e x p e r i t n e n t s .  To  u n d e r s t a n d  

s u c h  b a s i c  a d j u s t m e n t  rnec h a n i s m s .  it is sufKcien t  t o  a s s u m e  t h a t  t h e  r e s p o t i s e  o f  t h e  

p r e s s u r e  h e l d  i.s i n s t a t i t a t i e o u s .  T h i s  a s s u t n p t i o n  is in a g r e e m e n t  w i t h  t h e  e t n p l o y m e n t  

o f  t h e  a n e l a s t i c  s y s t e m  o f  e ( |ua t i o r i s .  for  w h i c h  s o u n d  w a v e s  p r o p a g a t e  " i n l i n i t e l v "  fast ,  

l e a d i t i ” t o  i n s t a n t a n e o u s  r e s p o t i s e  in t h e  p r e s s u r e  h e ld

H o w ev er ,  for a  c o m p l e t e  d e s c r i p t i o n  o f  t h e  proces . ses  r e l a t e d  t o  h y d r o s t a t i c  a d j u s t -  

t n e n t , it is u e c e s s a r v  to  t a k e  i t i to  a c c o u n t  w a v e  t h e o r y  in a n  e x p l i c i t  w a y  This is 

h e e a u s e .  in rea l i ty ,  t h e  a d j u s t m e n t  d e s c r i b e d  iti t h e  p r e v i o u s  s e c t i o n  d o e s  not  o c c u r  

in. s tan tancwi i>l \ .  bu t  i-, p c i f o i i n e d  b\  t h e  p r o p a g a t i o n  o f  waves  o v e r  l i t i i ic i n t e i \ a l s  of  

t l ine

. \ o t e  t h a t  w h e n  b i i o v a n c v  e f fec t s  a r e  e x a m i n e d ,  we  s t u d y  p e r t u r b a t i o n s  in d e n s i t y  

on  a t t n o s p l i e r i c  t i iot iot i  ( reca l l  t h a t  [i =  Iti a  s t a b l y  s t r a t i f i e d  a t m o s p h e r e ,

b o t h  soi it id a t i d  K tnv i ty  waves  c u n  b e  t r i g g e r e d  by p e r t u r b a t i o n s  in d e t i s i t y  b e c a u s e ,  

for  ati  idea l  g a s  in a  d r y  a t m o s p h e r e ,  we  h a v e  ( f ro tn  t h e  e i j u a t i o n  o f  s t a t e ;  see .  for 

e x a t n p l e .  E t n a n u e l  199-1):

I - f -  Ï
F o l l o w i n g  f l o o k c  ( 1 9 8 0 .  c o t i s id e r  a n  a i r  p a r c e l  t h a t ,  a t  i ts  i n i t i a l  p o s i t i o n ,  is in 

p r e s s u r e  a n d  t h e r m a l  e q u i l i b r i u m  w i t h  t h e  e t i v i r o n t n e n t  ( i .e. .  t io i n i t i a l  d e n s i t y  p e r 

t u r b a t i o n  a c c o r d i n g  t o  (2 .8 ) ) .  S u p p o s e  t h i s  a i r  p a r c e l  is v e r t i c a l l y  d i s p l a c e d  in a  r a p i d
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m a n n e r ,  s u c h  t h a t  n e i t h e r  p r e s s u r e  n o r  t h e r m a l  e q u i l i b r i u m  is  a t t a i n e ' l  in  t h e  pa rce l  

j u s t  a f t e r  i t s  d i s p l a c e m e n t .  In t h i s  ( ase .  b o t h  t e r m s  o n  t h e  ri j>;ht-haml-- ' i i le o f  12.S i 

c o n t r i b u t e  t o  t h e  d e n s i t y  p e r t u r b a t i o n  . \ s  t h e  r e s t o r a t i o n  o f  p r e s s u r e  e r p i i l i b r i u m  is 

r e a l i z e d ,  s o u n d  w a v e s  p r o p a g a t e ,  ■■communica t ing"  th e  p r e s s u r e  d i s e q u i l i b r i u m  t o  t h e  

s u r r o u n d i n g s '  M o re o v i ' r .  in ti .•>t(ibly d utini.K^pht n-. t h e  t h e r m a l  c o m p o n e n t

i>f t h e  p e r t u r b a t i o n  in d e n s i t v  a l s o  g tm e r a t e s  waves :  i n t e r n a l  g r a v i t y  w av es .  I 'his  is 

bc c a t i sc .  in i t s  n e w  p o s i t i o n ,  t h e  a i r  p a n  ad is d e n s e r  t h a n  i t s  s u r r o u n d i n g s ,  l e a d i n g  to 

a n  o s c i l l a t o r y  r e g i m e

T h e r e f o r e ,  to  fu l ly  e x a m i n e  h y d r o s t a t i c  a d j u s t m e n t  a n d  i t s  i m p l i c a t i o n  t o  t h e  m o d 

e l in g  ot  co iiM'et io i i .  it i> n e c e s s a r y  t o  a n a l v / e  s v s t e m s  t h a t  a l l o w  t h e  p r o p a g a t i o n  of  

b o t h  a c o u s t i c  a n d  i r rav i tv  waves .  I liiis. c o n s i d e r  a  t w o - d i m e n s i o n a l  ( x z - p l a n e i .  adi-  

a b a t i c .  in v is c id  a n d  ful ly c o m p r e s s i b l e  How w h e r e  t h e  e f f ec t s  o f  e a r t h ' s  r o t a t i o n  are  

n e g l e c t e d  I he set  of lim (inzi d e q u a t i o n s  re l e v a n t  for t h e  s t u d y  o f  . i c o i i s t i c - g r a v i l v  

waves  is:

{ ' à  + ‘‘ â )

S t a n d a r d  n o t a t i o n  is u s e d  a b o v e .  E x p r e s s i o n s  C2.9) a n d  ( 2 . 1 0 )  a r e .  r e s p e c t i v e l y ,  

t h e  z o n a l  a n d  \ e r t i r a l  m o m e n t u m  (‘({na t ions;  ( 2 . 11 )  is t h e  t h e r m o d y n a m i c  (‘({na t ion ;  

a n d  ( 2 .1 2 )  is t h e  m a s s  c o n s e r v a t i o n  (‘({nat ion.  T h e s e  (‘({ n a t io n s  a r e  l i n e a r i z e d  a r o u n d  

a  flow s t a t e  def rn( ‘d  by;  p =  p j : )  + p'{x. : . t]  ; p  =  p{:)  -t- / / ( . r .  : . f ) .  w h e r e  p{:)  is in

^ R f r . i i l  t l i . i t  s o u n d  w av es  a r e  a  m a n i f e s t a t i o n  o f  d e n s i t y  v a r i a t i o n s  d u e  to  p r e s s u r e  e f fe t  t s  I C r a n t e r  I'.O.t I
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l i v d r o s t i u i t  l )a l ; incr  w i t h  : u = ü ^  ; >r =  In i 2 . l l ) .  .V" is

tilt '  s q i i a r t ’ o f  t ht'  bno i j annj  j n q m n c y  (t>r Br unt - Vi i i s a l a  j r u q u r n c y )  ft>r a  cornpros.sibl t '  

Ht)W. givt ' i i  h \  :

+  .1 )
w ht ' rc  r ;  is t lu '  s tp i a r t '  tif t l u ’ a d i a b a t i c  sp t ' t ' d  t>f s o u n d ,  def in t 'd  ax:

12.11)

w i t h  - b t ' ing  t lu '  r a t i o  bt ' twt ' t ' i i  sp t ' ci f ic  h e a t s  at  c o n s t a n t  p r e s s u r e  a n d  vohi in t ' .

E t p i a t i o n s  ( 2 . 9 ) - ( 2 . 1 2 )  c a n  b e  c t i inb in t ' t l  t o  yit ' ld t w o  c o u p l e d  h y j i e r b o i i c  P D E s  for 

((■' a n d  / /  (see s e c t i o n s  (>. I a n d  G i l  o f  G i l l  (19S2)  for  a  d e t a i l e d  d e r i v a t i o n ) ;

2 11,
I 2 . 1 Ü I

w h t ' r e  11 =  a '. a n d  / '  =  ( l / ^ / G l p h  an i l  th e  p a r a i n e t t ' r  V is g i v e n  by:

F o r  a n  i s o t h e r m a l  a t m o s p h e r e .  I 2 11, .u id  1 2. IG) h a \ e  c o n . i t a n t  i uefficietit.' .. w i t h  

w a v e - t y p t '  s o l u t i o n s  for  \ \ ’ a n d  P  t h a t  y ie ld  t h e  d i s p e r s i o n  r t ' l a t i o n s h i p  ( D R )  for i n i m i  

(iroiL'<tic-(jrunttj wuLts:

In  (2.  IS) .  — is t h e  f r t ' t | t i ency o f  o s c i l l a t i o n  | ( ~  -  nk)  is t h e  i n t r i n s i c  or  Dop p l t ' r -  

s h i f t t ' d  Ireqiieti t  V of o s c i l l a t i o n j .  k a n d  in a r e  tht '  z o n a l  a n d  v e r t i c a l  wave ni i n ib t ' r s .  

re.-ipect i \ f l y .  a n d  . \ u  i.-i t l u  acuu.-itu: rutuj] frrqut n r y . g iv e n  by:

X ,  =  +  ( 2 . 1 9 )



.Va is th ( “ fro(iiK>ncy b o lo w  w h ic h  v e r t i c a l l y - p r o p a g a t i n g  a c o u s t i c  waves a r e  no t  

po ss i b le ,  whi le  t h e  b i i o v a n c v  f recpiencv (.V) is t h e  u p p e r  l im i t  f r e ip ie n c y  for i n t e r n a l  

g r a v i t y  waves,  w i t h  .\a a l w a y s  e x c e e d i n g  .V.

. \ s  in J a c o b s o n  ( 1999).  it  is usefu l  to  e x a m i n e  p a r t i c u l a r  wave  r e g i m e s  f rom i^ .b S)  

bv c o n s i d e r i n g  spee iHe r a n g t ' s  o f  f re i in encv  a n d  w a v e n u m b e r s .  l-'or —■ o r  . t h e  

p u r e l y  a c o u s t i c  c o m p o n e n t  o f  (2 .18)  c a n  b e  n e g l e c t e d ,  a n d  t h e  D R  r e d u c e s  to t h a t  o f  

inf I nitil (jniritij i ruccs :

N o t e  t h a t  in (2 .20)  t h e  e f fec ts  o f  c o m p r e s s i b i l i t y  a r e  n o t  c o m p l e t e l y  e l i m i n a t e d  

s i n c e  for  a p u r e  i n t e r n a l  g r a v i t y  wave ,  t h e  t e r m  . \ ' j / c ;  v a n is h e s .

O n  t h e  o t h e r  h a n d ,  for —- .V* t h e  g r a v i t y - w a v e  c o m p o n e n t  o f  (2 .18)  b e c o m e s

u n i m p o r t a n t . s u c h  t h a t  t h e  D R  c a n  be  w r i t t e n  as:

l ~  I l k ' ) '  - • O'-’ I -  .V j  ' 2 21 )

r i i i s  is t h e  D R  for  intt rnnl ncnnstic tnu-fs m o d i f i e d  by  s t a b i l i t y  e f fec t s  d u e  t o  

t h e  [ i resence  of  t e r m  .Vj. w h i c h  d o e s  not  a p | ) e a r  for p u r e  s o u n d  waves.

T h e  d e g r e e  w i t h  w h ic h  t h e s e  waves  a r e  in f lu enc ed  bv  g r a v i t y  d e p e n d s  u p o n  t h e i r  

w a v e n u m b e r .  . \ s  d i s c u s s e d  in S o t a c k  a n d  B a n n o n  ( 1 9 9 9 ) .  for  l a rg e  w a v e n u m b e r s .  

t h e  s e c o n d  t e r m  o n  t h e  r i g h t - h a n d - s i d e  o f  (2 .21)  b e c o m e s  c o m p a r a t i v e l y  sma l l ,  a n d  

(2 .21)  t e n d s  t o  a  D R  for p u r e  s o u n d  waves ,  w h ic h  a r e  n o n - d i s p e r s i v e .  O n  t h e  o t h e r  

h a n d ,  for sm a l l  w a v e n u n i b e r s .  . \ ' j  c a n n o t  b e  n e g l e c t e d ,  a n d  (2 .21)  d e s c r i b e  d i s p e rs iv e  

" s o u n d "  waves  t h a t  a r e  s t r o n g l y  a f f ec t ed  by  s t a b l e  s t r a t i h c a t i o n  e ffec ts .  T h i s  is t h e  

w ave  r e g i m e  r e f e r r e d  t o  a s  dcuu.'itu'-gravitij icuce.s.

.A no th er  r e g i m e  o f  i n t e r e s t  for  t h e  p r e s e n t  i n v e s t i g a t i o n  is t h e  o n e  o b t a i n e d  w h e n  

n o  v e r t i c a l  [ i r o p a g a t i o n  is a l l o w e d  (i.e. .  n r  =  0) a n d  <g.' .V“’ for  lo ng  w a v e s  (k 0) .
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o r  3> .V '  for  s h o r t  waves  (A‘ —̂  x ) .  y ie lding :

-  r t k f  = i , \h ) -  r2.22)

I-].\[)n‘s s i o n  (2 .22)  is t h e  D R  for e x t e r n a l  s o u n d  waves ,  o r  L u i n h  utivrs. w hi ch  

e s s e n t i a l l y  h a v e  t h e  f r e ( |uency  o f  p u r e  s o u n d  w a v e s  T h e s e  w a v e s  p r o p a g a t e  on lv  

h o r i z o n t a l l y ,  w i t h  t h e i r  rrurgy de cre t i s i ng  e x p o n e n t i a l l y  w i t h  h e i g h t  ( L i n d / e n  a n d  

B l a k e  1972).

F i g u r e  2.1 s u r n r i i a r i / e s  t h e  d i f fé ren t  wave  r e g i tn e s  disi  itsseil a b o v e ,  w i th  a  gra [ )h ica l  

r e p r e s e n t a t i o n  of  t h e  l)H g iven  bv i2 b^) '  To a v o i d  confii.-'ioti. t h e  fo l lowing t ioinen-  

i l a t  m e  is a d o p t e d  he re  t M-e I a b l e  2,1 i . rriu> d nron.^t ii'-gnint  y inirt > refer  t o t  he  mo s t  

g e n e r a l  wa ve  r e g i m e  i n d i c a t e d  bv t h e  full ex |u e . s s io n  (2. IS).  Arniistic-ijrarttii nari .< 

!. - \C;\ \’s) re fe r  t o  t h e  speci f ic  r e g im e  d e s c r i b e d  by (2 .21)  i .e. .  w i t h  i ioi i-negligif i le

.V". fligli fi'niuf nnj  •^oiirtd (icon.Aic inirrs  r e fe r  t o  n o n - d i s p e r s i v e  s o u n d  waves ,  for 

w h ic h  . \ ( i "  is n e g l ig ib le  in (2 .21).  If  t h e  e x p r e s s i o n  sound (uoustit- m i n s  i.s used  

w i t h o u t  specif i i  a t ion o f  frei jueiicv.  t h e n  we re fe r  t o  a  m o r e  g e n e r a l  a c o u s t i c  r e g im e  

t h a t  i n c l u d e s  b o t h  .AClWs a n d  h i gh  f r e t p i e n t y s o u n d  waves.  If  L a m b  waves a r e  t o  be  

i n c l u d e d  in sound acoustic i rans  we will m a k e  a  c l e a r  r e f e r e n c e  in t h e  te x t :  o t h e r 

wise.  t h e y  will  h e  r e f e r r ed  t o  s e p a r a t e l y .  Internal gracitij wares  ( IClW’s) a re  u sed  for 

w a v e s  d e s c r i b e d  by D R  (2.2U) e i t h e r  in t h e i r  c o n i [ u e s s i b l e  o r  im  o t n p r e s s i b l e  forms.

T o  c o r r e c t l y  i n t e r p r e t  t h e  a d j u s t m e n t  p ro cess e s  t o  b e  d e s c r i b e d  in t h e  n e x t  s u b s e c 

t i o n s .  It is i m p o r t a n t  t o  recal l  t h e  Ixisic c h a r a c t e r i s t i c  t h a t  IClW's h a v e  g r o u p  ve loc i ty  

p e r p t u i d i c t i l a r  t o  t h e i r  p h a s e  \ e | o c i t y .  whi le  h ig h  f re tp ie tu  v s o u n d  waves  have  gioii[) 

ve lo c i t ie s  in t h e  s a m e  d i r e c t i o n  o f  t h e i r  p h a s e  ve loc i ty .

’ K i jua t iu t i  (Z IS ) al.so i i id i id "S  t h e  U K  fur irioiiMt.iin waves ,  b u t  t h i s  rP Ki"» ' is n u t  .w h l r e s s ed  here



mgb-ncqucncy intemal 
acoustic waves

r  m ^ O

J/: 0.05
nx *<0

■ Lamb wavesm =0

LowBcqucncy internal
in =0 gravity waves m ^>o :

0.0001 0.00015 0.0002

k  ( m ^ )

Ki u , i n i '  J  I l{i Li t  i, ,n l,t t m  i t i  i i i t n r i s i i '  f r f i j Hi ' i K \  ' i r i i l n a t ' d  l a  c ,  -  u k '  a n i l  t l i r  / n t i . i l  a n d  s q u a r e d  

i c r t i i  a l  i v a i t T H i i i i l i r r s  i k . n i - \  f u r  a n  i Mi t l n  r m a i  a t r n u s p h r r r  w i t h  h i i i a a i n  \  f r r q i n  t n  y  o f  O ' l l M )  
'  ' i n d u . t t i d  l a  \ . ,  i n ,i .'a ■!- d a . ' l n - d  l i i n a .  at  i i i i > t n  t i i t u l f  f i t - q m - i u  v i d' ' » ( I It)'' '  ' ' i n d i i  a t f i l  l a

i ‘ i n  a  d . L ' h f d  i i i i f i .  a n d  < \  . '310 t n  '  ' [ { f f ' i nn . s  a f  t t r  >  I) r i ’f a r  t a  vt i t n  a l l y -  , t t i d  l i a r i / a t i t a l l v -
[ ) H i p a i ; a t i r i i ;  w a v n s  i i f .  i n t c r t i a l  w a v c s i .  w i n  r t  iLs t / i "  <  tt rt  f a r s  t a  p i i r a l y  l i a r i / a n t a l l y . p r a [ ) a i ; a t u i t ;  
u a v r s  I i f . . t x t a r t i a l  w a v f s i  T l i a  i l a t t i ' d  l i t ia  i n d i i a t c  t in-  t l i > . p ar > i a r i  i t  l a t i a t i . ' t i i p  f a r  I . a i i i h  w a v o .  

I t  i i i in t t i i i a  t h e  p t t i r i t  i k  -  (t. n r '  =  III t t ,  t in-  p a i n t  { k  x  . t t r ’ -  I) i i . \ i l p a t t  , |  fri  , in  .hi t  t , h s a i i  l ‘) 9 0 i

r . i h l f  _ M .  . \ t , i n i  111 l a t i i r n  . n l a p t i  tl l a  l a b f l  t l i s i i n i  t  w a n  r t ' f i i i i i f s ,  a t i t l  t i n  i r  f a r r a s p a i i d i n g  i l i s p i  r s i a i i  
r a l a t i u i i s h i p  ( D R ) .

N o m e n c l a t u r e  f o r  w a v e  r e g i m e T w o - d i m e n s i o n a l  D R  e x p r e s s i o n

i n i . x e d  a c D u . s t i c - g r a v i t v E q t i a t i a i i  ( 2  I H)

i n t i T i i a l  g r a v i t y  i l G W ) E q u a t i o n  ( 2 . 2 U )

a i t n i s t n - g r a v i t y  ( . \ G \ \ ’ ) E q u a t i o n  ( 2 . 2 1 ) .  w i t h  n o i i - n o g l i g i h l o  \ -
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2.3 .2  R espon se o f a stab ly-stratified  a tm osp h ere  to  im pulsive heating: 

Lam b’s problem

I Ilf n»l(“ [)I;ivf(l 1)V ICiWs in t h e  r f s p n n s f  o f  t h e  a i r f low  t o  a  s o u r e r  s ink of  h e a t 

ing .  a n d  e v e n  i ts p o t e n t i a l  i i i ip l ieat io r i  t o  t h u n d e r s t o r m  m a i n t e n a n e e .  ha v e  be e n  t h e  

s u b j e c t  o f  se v e ra l  s t u d i e s  such  i t s  Lin  a n d  Li ( 1 9 8 8 ) .  B r e t h e r t o n  a n d  S in o la rk ie w ie z  

I . B . u t i i i i n d  a n d  lb it i i n n o  i I ' X d t .  S c h m i d t  a n d  C o t t o n  (19901.  NictioHs et al.

I 1991 I .  .Mapes t  199'.C. \  i  ninu, a n d  H o u / e  i  1990a  c  a n d  1 o \ e | |  [ | o U f \ f i .  in th i s

si ibsei  t io ii .  we  focus  o n  t h e  p r o b l e m  of t h e  l i n e a r  r e s p o n s e  o f  a  s t a b l y  s t r a t i f i e d  a t m o 

s p h e r e  to  a n  i m p u l s i v e  l i ea ' i i i e  s o u r c e  (o r  s i n k ) ,  as .  for e x a m p l e ,  s t u d i e d  a n a l y t i c a l l y  

b\  L a m b  1 19.12). Iti t h a t  o r i ^ m a l  o n e - d i m e n s i o n a l  a p p m a c h .  L a m b  s h o w e d  t h a t ,  for 

all i s o t h e r m a l  a n d  c o m p r e s s i b l e  a t m o s p h e r e ,  t h e  t r a n s i e n t  r e s p o n s e  t o  a  h o r i / o t i t a l l v -  

u n i l o r m  i m p u l s i v e  hea t inu ,  wi th  no  v e r t i c a l  e x t e n t  l i e  , w i t h  a s p e c t  t a t i n  tet id imr  to  

z e r o ,  c o n s i s t s  o f  . \ ( , I \ \ ’s. w i th  t h e  f ina l  s o l u t i o n  b e i n y  m  h \ d m s t a t i i  b a l a n c e  I 'his 

p h \ s i c a l  c o r d i y i i r a t i o n  is s o m e t i m e s  ca l le t l  bu n h ' s  prnbh tn ( B a n n o n  199ôa.  h e r e a f t e r  

r e f e r r e d  t o  as  B911.  a t i d  is c o n s i d e r e d  a  p r o t o t y p i '  for h y d r o s t a t i c  a d j u s t m e n t

I h i s  p t i d d e m  h a s  b e e n  r ev i s i t ed  a n d  ex te i idec l  in a  se r ie s  o f  p a p e r s  by P e t e r  R.  

B a n n o n  a n d  c o n t r i b u t o r s  s ince  t h e  t n i d -1 9 9 0 s .  a n d  d e s e r v e s  c a r e f u l  a t t e n t i o n  in o u r  

a t i a h s i s  b e c a u s e  dee[ j  c o n v e c t iv e  s t o r m s  r e p te s e t i t  a  f o r m  o f  i m p u l s i v e  a n d  l .cali /ecl  

t h e r m a l  p e r t u r b a t i o n  m  t h e  a t m o s p h e r e .

B9Ô a n a l y z e s  t h e  i m p a c t  o f  a v e r t i c a l l y - u t i i f u r rn  i n s t a n t a n e o u s  h e a t i n g  s ou rce  w i t h  

f in i te  v e r t i c a l  e x t e t i s i o n  in s t e a d  o f  t h e  i r i f i n i t e s i m a l y  t h i n  l a y e r  c o n s i d e r e d  by L a m b  

(1 9 3 2 )  o n  a n  i s o t h e r m a l  a t m o s p h e r e  w h e r e  c o m p r e s s i b i l i t y  e f fec ts  a r e  in c lu d ed .

I h e  u n p e r t u r b e d  s t a t e  is h y d r o s t a t i c  a n d  at  r e s t .  .Vs in L a m b  ( 1932) .  on ly  t h e  r e 

s p o n s e  in a n  in h i i i t e l y  lo n g  \ e r t i ca l  d i m e n s i o n  is c o n s i d e r e d  in B 9 5  (i.e. .  no  h o r i z o n t a l  

d e p e n d e n c e  ex is t s ,  b e i n g  c o n s i s t e n t  w i t h  a  h o r i z o n t a l l y - u n i f o r m  h e a t i n g  source) .
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T!i(> in i t i a l  a n d  i r i s ta t i fa rn 'o i i s  h e a t i n g  is a p p l i e d  to  a  l a y e r  eont i i i ed  w i t h i n  -a  z 

.1. a s  >liowii l>y t h e  d a s h e d  l ines  in F i g u r e s  2.0c .d.  w h i c h  i n d i c a t e  t h e  i n i t i a l  t en t -  

p e r a t n r e  a n d  p o t e n t i a l  t e t n p e r a t u r e  p e r t n r h a t i u n s .  respec t ive ly ' ' .  T h e  i n i t i a l  pn ^s sur e  

p e r t i i r h a t i o n  is r e p r e s e n t e d  by  a  da>hec|  l ine  in F i" ;nre  2 . lit .  w hi le  tio in i t i a l  p e r t u r b a 

t i on  in d e n s i t v  o r  in v e r t ic a l  d i s p l a c e m e n t  is d e f i n e d  ( F i g u r e  2 .3 b ) .  c h a r a c t e r i z i t i g  a  

s \> tc ' in  in h v d i o s t a t i c  i tnhalnnri. 1 he  m a i n  c p i e s t io n  is: H o w  is h y d r o s t a t i c  b a l a n c e  

r e s t o r e d  iti .such s i m p l i f i e d  s v s t e m .' S in ce  d e n s i t y  is unb a la n c c x i  w i t h  r e s p e c t  t o  t h e  

p r e s s u r e  tielii. .ACJW's a r e  e.xpcx tcxl in t h i s  c o m p r e s s i b l e  s y s t e m .

B d 3  desc I ib e s  t l ie a d j u s t m c u i t  p r o c e s s  as  fol lows:  u p w a r d  ( d o w n w a r d )  m o t i o t i  is 

e.M i t e d  s t a r t i n g  a t  t h e  t o p  ( b o t t o m )  o f  t h e  h e a t e d  layer,  in a g r e e m e n t  w i t h  t h e  ini- 

n. i l  V ' 1 11, al p i e ' s u t e  g r a d i e n t  ac c c le ia t i o t i  T h e s e  wave f r o n t s ,  a s s o c i a t e d  w i t h  h i gh -  

l ie, |uet ic \ ' o i i r id  w a o ' s ,  p i i ' p a g a t e  u p w a r d s  a t i d  d o w n w a r d s  | i.e.. e a c h  b o i i n d a r v  o f  

t h e  h e a t e d  la\c r t r i g g e r s  tw o  w ave  f r o n t s i  ( )sc i l l a t o r y  w a k e s  t r a i l  t h e  in i t i a l  wave  

I ro i i ls .  as  ludii  a l t ' d  in F i g u r e  2 .b .  in a s s o c i a t i o n  w i t h  t h e  a r r i v a l  o f t h e  wave  f r o n t s  

t r i g g e r e d  bv t h e  <i p p o s i t e  b o u t i d a r v  of  t h e  h e a t e d  laver  W i t h  t i m e ,  t h e  f rec |uencv  o f  

osc i l l a t i o n  a | )proac  lies .Vu. In o t h e r  w or ds ,  r e f e r r i t ig  ba ck  t o  F i g u r e  2.1.  t h e  r e g i m e  

g r a d u a l l v  m i g r a t e s  f r o m  \k = 0.  t / r ’ > Ü). a s s o c i a t e d  w i t h  li igh-frec|ueiic v s o u n d  waves ,  

t o  ik  _= 0 . /T(- -  1). w h i c h  im p l i e s  .VCJW's. t o  {k = O.rTr =  0) .  m e a n i n g  t h a t  tio a c o u s 

t ic  m o d e  re in a i t i s  in t h e  d o m a i n  a n d  c h a r a c t e r i z i n g  a  f inal  s t e a d y - s t a t e  s o lu t io t i  in 

h y d r o s t a t i c  b a l a n c e  see  a l so  s e c t i o n  '3a o f  S o t a c k  a n d  H a n t i o n  (1999) .

'Flu* s t e a d y - s t a t e  s o l u t  i o i r  fur  d i f f e r en t  v a r i a b l e s  is i n d i c a t e d  by Um ■> in F i g u r e  

2 3 B y  c o m p a r i n g  F i g u r e s  2 3 a  a n d  2 . 3 b  for  t h e  f ina l  s o l u t i o n s  o f  p r e s s u r e  a n d  d ens i t y .  

It is p o s s i b l e  tic n o t e  a  m u t u a l  a d j u s t m e n t  b e t w e e n  t h e s e  t w o  var ia b le s .  T h a t  is.

' .Vlihctij^h t h f  is uriili.»rrni\ clL>inhutt*il w iih ir i  a  z  a .  th»* t f t n p f r a i u r t *  rfsptais»* is \ f r i i t  all> as> r i i m f t r u '
ctiu* U» t h f  f\pc. iru*iitial d fv r f .u s f  lu  cifivsity m  s t u l i  iM>tlvfrtual ' ' a t t i \ f»sphfrv  '

This  tifi.il u/uc;uf > c ! u t i f n  i n a t i f  p u > s ih l f  hv t h f  luB S frva t ivm  tjf t h f  t ju a i i t i l y  s p r c i l i c  ^ t u b i U t y  h*r a n  .u l i a h a l iv  
Mttvv (s f f  KijuatKmi,  J \  a n d  I '» u f  H 'Jâ; It f l i i n i n a t f s  t h e  h y d r o s t a t i c  d e g e n e r a c y  in  a n  a n a i u g u u s  way w i th  w hich  t h e  
> u n s e r v u t i o n  of p o t e n t i a l  v<»riu itv f I i rn in a ie s  g e o s t r o p h u  d e g e n e r a c v w h m  s t u d y i n g  t h e  geostr'»phi< a d j u s t  r n r nt

3Ü
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K i ^ u r r  2  '>; D i a ^ ; i a i u  u f  (li.>tiri< I [»t r t u r b a t i u n  f i e l d s  .ls a  f i i t u  t i i m  o f  h e i g h t  f o r  t h e  o i i e - d i r i i e r i s i o n a i  
i i v d r o s t a t i c  a d j u s t m e n t  p r o f ) l e m  w i t h  i n s t a n t a n e o u s  a n d  h o r i x o n t a l l y - u n i f u r t n  f i e a t i n j ! ,  s o u r i e ;  ( a )  

p r e s s u r e  ( / / ) .  ( h i  d e n s i t y  ( p ' )  a n d  v e r t i c a l  d i s p l a c e m e n t  ( ( ' ) .  ( c )  t e m p e r a t u r e  {T' ) .  a n d  ( d l  p o t e n t i a l  
t e m p e r a t u r e  i O ' i .  D a s h e d  l i n e s  i n d i c a t e  t h e  i n i t i a l  h y d r o s t a t i c a l l y - i n i h a l a n c e d  s t a t e  S o l i d  l i n e s  
d e p i c t  t h e  f i n a l  s t e a d y - s t a t e  s o l u t i o n .  ( A d a p t e d  f r o t n  B a n n o n  1 9 9 5 ) .
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(•' iizurt '  J  t) r i t i i f  ' \  ' ' lnTK '[i <>f i h f  ( ) iT t ! i i h ; i t i t > r i  v i T t i c a l  m o t i o n  a t  t h * ‘ t o p  ( /  - a l .  h o t t o m  ( /  - a ) ,

a m i  i m d d l f  i /  11 ' o t  t l i c  I n a t c d  l a v e r  f o r  t l ie  o i i e - d i m e r i > i o n a l  l i v d r o s t a t i e  adjii . -^t n i e n t  p r o h l e m  w i t h  
i n s t a n t a n e o u s  a n d  l i o r i / o n t a l l y - u n i f o r i i i  h e a t i n g ;  s o i i n e  i A d a p t e d  f r o t n  B a n n o n  1 9 ‘J â l

n e i t h e r  p r e s s u r e  Hot l i ei is i tv r e t a i n e d  its in i t i a l  va lue  HOI  h a i i id .  for  t h i s  i d e a l i / e d  

svste i i i .  t h a t  o t i iv  to r  verv  sh i i l low t ie a te d  [avers d o e s  t h e  p r e s s u r e  field r e s p o n d  to  

t h e  in i t i a l  d e n s i t v  field,  y i e l d i n g  a  p r e s s u r e  p e r t u r b a t i o n  e t j ua i  o r  c lo s e  t o  zero.  I 'his 

is b e c a u s e  of t h e  n a t u r e  o f  t h e  s t e a d y - s t a t e  s o l u t i o n  o b t a i n e d  for  p r e s s u r e  (Ktp 1.8 o f

I W 1 | \

l o t  t h e  p u r p o s e s  o f  oiit  r e s e a r c h ,  t h e  n ios t  re le v a n t  d i s c u s s i o n s  in B9-â a re  t h e  

i n t e i e i i c e s  m a d e  . abol i t  h v d r o s t a t i c  a d j u s t nie t i t  in t h r e e  d i m e n s i o n s ,  a n d  i t s  s e n s i t i v i t y  

t o  t h e  a s p e c t  r a t i o  of t h e  i t n p u l s i v e  warniinyi .  O n e  i m p o r t a n t  cp ie s t ion  t h a t  can  he  

a d d r e s s e d  in th i s  conte .x t  is: W h a t  is t h e  e x p e c t e d  r e s [ )on se  f r o m  a  fu l ly  c o m p r e s s i b l e  

s v s t e m  w h e n  a h e ; i t m ^  s o u r c e  of re l a t i v e ly  fmi,h a s p e c t  r a t i o  is i m p u l s i v e l y  nisertecl  

in o r  r e m o v e d  f r o m  t h e  d o m a i n  o f  inte rest ' . ’ T h i s  is t h e  k i n d  o f  p e r t u r b a t i o n  to be  

i n d u c e d  in o u r  n u m e r i c a l  s i m u l a t i o n s  o f  t h e  b ow  echo .

'  Ar.^.thcr ia-. :.: in l i^urc J V b u t  th . i t  i . n .n . j t  bt- > xt.'^a(H l.ilcil t n  [ iiurc  roibstic s i iu.ilu<nr>. o  th . it  U n - r s
b f l i .u  t h f  h f . i i .n i ;  M.iin.- -.mti' nut  .iltiTol I rutii  thor init i. il .tiluf .\.s discusst-ti in  [19.5 ,uid ( '[niKtinn .mil dan nun 

JOOlb this IS .1 1 u n . ' f q t n T u I '  • >( ri'Striiting the .m.ilysis t n  .in nru“-iiiinonsiunal (vertical) domain lor ivhich horizontal 

honioi'eneitv is .issiinied VVe wil l brietiy revi.sit this point later in this sulxsi’ction

32



As (list i i s s rd  in st’c t i m i  2.2.  a rai l  a n d  n a r r o w "  l i f a t i n g  s o u r e r  y ie l ds  a n o n -  

l i y d r o s t a t i r  r e s p o n s e ,  w h i l e  a n  o h i a t e  h e a t i n g  s o u r c e  favo rs  a  l i y d r o s t a t i r  re spo nse .  

, \ o w  th i s  l i e h a \  io r  r a n  he  r e - a i l d r es sed  in th e  r o n t e x r  u f  t h e  d i s p i  r<i'it! re | a t i i»nsh ip  

lot tn i xed  a r o u s t i r - f f r a v i t y  waves,  a n d  t h e  a d j u s t m e n t  p r o c e s s  d e s c r i b e d  in Bf)â.

I o l l o w i u y  Bîtâ.  c o n s i d e r  F i g u r e  2.7. w h i c h  is a  g r a p h i c a l  r e p r e s e t u a t i o n  (analo)t;ous 

to  h ig .  2 . 1 1 o( t h e  D H  for  t h r e e - d i m e t i s i o n a l  m i x e d  acousti< - g r a v i t v waves.  Fre-  

<iuenci(‘s o f  o s c i l l a t i o n  scaUal  hy .V a re  p l o t t e d  as  a  f u n c t i o n  t)f t i i e  v e r t i c a l  \ rrt] a n d  

h o r i z o n t a l  ( / \ / / t  w a v e n u m h e r s  sca led  hy  t h e  << a l e  h e i g h t  FI, for a n  i s o t h e r m a l  a t m o 

s p h e re .  In t h e  dis( ti.ssion t h a t  follows, it is i m p o r t a n t  to  keep  in m i n d  t h a t  K î W s  

a r e  par t  ol t h e  .■solution lel t  h c h i n d "  ,is t h e  a c o u s t i i  m o d e s  m o v e  r a p i d l y  ou t  (»f t h e  

d o m a i n  a n d  <u a r e  d a m p e d

l o i  ,in '  ' h i n t  e  h e a t  m y  > o u K e .  t  h o  l o w  a . ' ' p e (  t r . i t i o  irnplie.s low \alue. s  o f  h u l l ,  

a n d  h iyh  \ a l i i e s  o |  inH,  In th i s  ease,  vert i t  a l lv -p ro [ ) ae , a t i t iy  a c o u s t i c  m o d e s  p i ( u m ' te  

h v d r o s t a t i c  a d j u s t m c n t  b e c a u s e  th ev  a r e  t h e  o n e s  w i t h  a  la r^e  ve r t i i  al coni[ )onent  

ot y io i ip  \ e | o ,  It \ I at  row.s m  h l y m e  2.71 . In o t h e r  w o r d s ,  as  . sound u a \ e . s  m o \ e  o u t  

of th e  d o m a i n ,  t h e v  leave  b e h i n d  a . solut ion w h e r e  ICIWs h av e  low f recjuencv.  which  

m e a n s  t h a t  t Inw a r e  p r e d o m i t i a n t i v  h v d r o s t a t i c  i.e. .  p a r c e l  d i s p l a c e m e n t s  i t idm ed 

hv t h e m  a r e  m o s t I v  h o r i z o n t a l .  I 'his is a  d i f fe ren t  w a y  o f  s t a t i n g  t h a t  t h e  r e m a i n i n g  

s o l u t i o n  IS p r e d o m i n a n t  Iv h y d r o s t a t i c ,  a n d  th i s  [ i rocess  s im[) ly  r e [ ) r e s en t s  thi h y d r o 

s t a t i c  a d j u s t m e n t  d e s c r i b e d  in B 9 5 ' s  resu l t s .

C o n v e r se ly ,  a  t a l l  a n d  n a r r o w "  h e a t i n g  s o u r c e  is a s s o c i a t e d  w i t h  h i g h  va lues  of  

l \ n l l ,  a n d  low v a l u e s  of m i l , .  I ' n d e r  t h i s  c o n d i t i o n .  F i g u r e  2.7 s h o w s  t h a t  a c o u s t i c  

m o d e s  p r o p a g a t e  m o s i l v  iti t h e  h o r i z o n t a l ,  w h i l e  t h e  g r o u p  (pha.se)  v e l o c i t i e s  for I C W s  

a r e  p r e d o m i n a n t  Iv in t h e  v e r t i c a l  ( h o r i z o n t a l ) .  T h i s  is a  r e g i m e  in w h i c h  ICiWs d i s p l a y  

h i g h e r  f re( | i iencv.  a s s o i  i a t e d  w i t h  parce l  d i s p l a c e m e n t s  t h a t  a r e  m o s t l y  iti t h e  vert ica l .  

T h e s e  a r e  n o t i - h v d r o s t a t i c  I C W s .  Hem e. a s  s o u n d  w a v e s  m o v e  o u t  o f  t h e  d o m a i n .

3.J
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F luji irr 2  7  l ) i s | ) t  r s iu[ i  r t ' l . i t u m s l i i p  f ur  t l i r c c - ( i i i i i i ' i i > i u i i a l  i i i i . xi 'd ai  i n i s t i i  g r a v i t y  w a v e s  iti a n  i s i i ( h e r 
n i a l  a l  ni l  » [ ) l i e r e  D . v l i e i l  i s u l i i l )  e u t i t n i i r s  a r e  i s u p l e t l i s  i ) f  t h e  s c a l e d  f r e i | u e t i i  v  u f  u s c i l l a t i u t i  f o r  
.ii u u s i i c  i n i e r t i a i  ; i t . i \  i t \  i w a v e s ,  w h e r e  t h e  M a h t i e  f a c t o r  i s  t h e  h n o v a n i  y  f r e i ( u e n (  y  .V T h e  o r d i -  
I I . l i e  .d  Ui I " .1  l e f .  ! ,  r.i  1 h e  ' i . i l e i i  . e :  t i l  . d h' 't I / I  'tit . d ! W . i v e t i u t l l h e r .  w h e r e  / / ,  I '  t h e  M'aj e  h e i g h t  
t' It . 11: I ' o t  hi t i i i . i l  at  nil . ' ( d i e t  e  1 ■. [n,  , d Ir a i / i  . n t . d  ini I v e r t  n a l  w . c .  e l e t e r t  h '  .it e  i t n l n  . i t e d  ut i  t h e  t o j i  
a n d  t i i ;h t  ' i d e >  u f  t h e  d i a i ; r a t t i .  r e s p n  t i v e i v  A r r o w s  ^ h o w  d i r e c t i o t i  o f  e r i m p  v e l o c i t i e s  i , \ d a p t e d  
f r o t n  l i a n t i o t i  Ihd . ' o

t h e  K' t i ia ini i i c  solnti t i r i  i.s n m i - l i y d i o s t a t i c .  a.s . i l r c a d y  e.xpt 1 1 , t|  tVian th e  a n e l a s t i c  

a p p l i i a c l i  [ i i e . s e i i t e d  l,y H t i i l / e  (l!)fT'?).

1 lie p i i i c e sse s  ju s t  a n a l y / e d  des t  r i l ie  t h e  lia.sjc m e c h a n i s m  t i e h i n d  h y d r o s t a t i c  a d 

j u s t m e n t .  H ow ever ,  s o m e  o f  t h e  c o n s i d e r a t i o n s  m a d e  hy  H9Ô in h i s  o n e - d i m e n s i o n a l  

a p p r o a c h  a r e  s i» t i i t i c ; int ly  r e s t r ic t i v e .  B a n n o n  (199Ga)  e x p a t t d e t l  t h e  a n a l y s i s  t o  i n 

c l u d e  t t u n l i n e a r  e l fec ts  a n d  a  n o n - i s o t h e r m a l  a t m o s p h e r e ,  wh i le  S o t a c k  a n d  B a n n o n  

(1999)  s t u d i e d  t h e  s o l u t i o n  for heti t inj^ o f  l in i te  d u r a t i o n .  T h e  i n c l u s i o n  o f  t o p  a n d  

b o t t o m  r ig id  b o u n d a r i e s  in a  t h r e e - d i m e n s i o n a l  f r t i m e w o r k .  a n d  w i t h  a  h o r i z o n t a l l y -  

(iitifiiK'd h e a t i n g  s o u r c e  o f  d i s t i n c t  a s p e c t  r a t i o s ,  w e r e  a d d r e s s e d  in C h a g n o n  a n d  

B a n n o n  (2001) .  H ere  a r e  t h e  m o s t  r e l e \ a n t  t i tul ings:

31



Il) In t h e  i id i i l i n r a r  v e r s io n  o f  BOâ 's  lo l in ien . s i on a l  a n a l y s i s .  B a n n o n  il))!)(ia) fo inu i  

t h a t  (he  f luid h e l u w  t h e  h e a t e d  c o o l e d  layer  r e m a i n s  u n a l t e r e d  in t h e  s t e a d y - s t a t e  

Solu t ion ,  j u s t  l ike in t h e  l i n e a r  a p p r o a c h  ( F i^ .  2 .â) .  F o r  s m a l l  a m p l i t u d e  h e a t i n g ,  

t h e  t o t a l  u p w a r d  d i s p l a c e m e n t  o f  t h e  t o p  o f  t h e  h e a t e d  layer  a n d  t h e  layers a l o f t  

(F ig .  2.51) for  ^ ' )  is 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  la p s e  r a t e .  H o w ev e r ,  for h e a t i n g  or  

c o o l i n g  of l i n i t e  a m p l i t u d e  for w h ic h  n o n - l i n e a r i t i e s  c o m e  in t o  p la y  t h e  v e r t i c a l  

d t s p l a i  e m e n t  i.-̂  r e d u c e d  a.> t h e  a t m o s p h e r e  hecouie.^ m o r e  ' t . i t i c a l h  s t a b l e

n i l  For  a n v  g i \ e n  l a p s e  r a t e  a n d  f i n i t e  a m p l i t u d e  i n i t i a l  p e r t u r h a t i o n  in t e m p e r a 

tu r e .  c o o l i n g  t t i e  l ayer  v ie ld s  s t r o n g e r  v e r t i c a l  d i s p l a c e m e n t s  for t h e  t o p  of  t h e  layer  

t h a n  d o e s  h e a t i n g .  In a d d i t i o n ,  m o r e  e n e r g y  is d i s s i p . i t e d  in t o  acoiisti» m o d e s  a.s 

s t a t i c  s t ah i l i tV  im rea.ses i B a n n o n  I h h h a i .

MU'  I h e  l o n g e r  t h e  h e a t  III g "oiiri e last  s, t he ho  l a d . r  a n d  s m a l l e r  a m p l i t  u d e  a r e  t tie 

a c o u s t i c  w a v e  f r o n t s  p r o i f m  ed .  w i th  le.ss e n e r g y  going  i n t o  su c h  wave s  I S o t a c k  a m i  

B a n n o n  l ‘)9'J) ( i .e. .  m o r e  e n e r g y  r e m a i n s  in t h e  h e a t e d  l a \ e r ) .  Fo r  d u r a t i o n s  a r o u n d  

a t id  h evo t id  t h e  a c o u s t i c  c u t o f f  p e r i o d ,  a l m o s t  all e n e r g y  p r o d u c e d  r e m a i n s  in t h e  

f inal  h a l a m e d  s t a t e .  O n  t h e  o t h e r  h a n d ,  t h e  d e e p e r  t h e  h o r i / o t i t a l l y - u n i f o r m  h e a t e d  

laver  t for  f i n i te  d u r a t i o n s ! ,  t h e  m o r e  e n e r g v  t h a t  goes  i n t o  a c o u s t i c  m o d e s  ( S o t a c k  

a n d  B a n n o n  l ' Jüh) .

( iv I W i t h  a l o c a l i z e d  I i.e. .  no t  h o r i / o n t a l l \  h o m o g e n e o u s )  h e a t i n g  . source in a  t h r e e -  

d i m e n s i o n a l  a t m o s p h e r e  w i t h  r o t a t i o n  | C h a g n o n  a n d  B a n n o n  2 0 h l ) .  t h e  final s t e a d y -  

s t a t e  S o lu t io n  c o n s i s t s  o f  a  v e r t i c a l  p r e s s u r e  d i p o l e  ( h i g l i -ove r - low ;  F i g s  2.8a.l>). T h i s  

s t r u c t u r e  is r e l a t e d  t o  a  d i p o l e  in p o t e n t i a l  v o r t i c i ty  i .e..  a n t i c y c l o n e  alof t  a n d  

c y c l o n e  he low.  I his  d i p o l e  is n o t  o b t a i n e d  for L a m b ' s  o r i g i n a l  h o r i z o n t a l l y - u n i f o r m  

h e a t i n g  a p p r o a c h  (F ig .  2.5;i:  IF)Ô. B a n n o n  199Ga).  b u t  is t h e  s o l u t i o n  c o n s i s t e n t  w i t h  

t h e  a n a l y s i s  c a r r i e d  o u t  in s e c t i o n  2.2.

(v) W h e n  p r e s c r i b i n g  a  h e a t i n g  s o u r c e  w i t h  h ig h  as [ )ec t  r a t i o ,  t h e  f inal  s o l u t i o n
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>  \ r r t u  a l  ( ro.'.-i .scc t i d i i  u f  t h e  - , ' t a t f  | i r r s . < u n  ( x - r t u r h a t i o n  ( i f l d  f o r  t l i<‘ t l i r t i ' -
« l i i n t ' i i s i c jna l  h y d r o . ^ t a t i c  a d j i i s t t n r n t  | n o l d r i n  w i t h  i t i . ' t a n t a n c o u , '  h o a t i n ^  x n i r n ' . ' i  o f  d i s t i n c t  .U'-ficci 
r a t i o s  i n  a n  i n t i n i t c  i s o t l i c r i n . i l  . i t i n o s p l i c r c  H c s p o n s c  f o r  .i l i c a t i n t ;  s o t i n  t' w i t h  l . u  l i i c l i  . i s p c i  ( r a t i o ,  
( h )  l o w  ;ls[)C( t r . i t i o ,  P o s i t i v e  I n e g a t i v e )  p r e s s u r e  p e r t i i r l i . i t i o t i s  i n d i t . a t e d  h v  s o l i d  i d a s h e d )  l i n e s  
Ka i  h  f i e l d  I.s t i o r t n a l i / e d  h v  i t s  in . i . x i t n i i t n  a i i i p l i t i i d e  W r t i c . i l  i h o r i / o t i t . i l  i d i s t . i r i c e  s c a l e d  h v  t h e  
SI . l i e  h e i g h t  o l  ,111 i . s o t h c r i i i a l  a t m o s p h e r e  / / ,  , K o s > h \  r . i d i u s  o f  d ,  h u m . i t  u m  I . h i  o V d a p t e d  t r o m  
C h . l o t i o n  a n d  U . i n t i o t i  2 0 0 1

lot pios.si i io toiid.s t o  1 ) 0  loss ohi . i to,  lot wliich till '  p n ' s s i i ro  p o t t l i t  tu i t ion  is t i ioro iloss) 

h o i i / o i i t a l l \ '  ( vori  ioa l l \  i ( oiitiiioii ( soo F ie  2 Sa l Iti o t h e r  w o r d s ,  s t r o t i e o r  h o r i / o t i t a l  

p ross t i ro  e f a d i o i i t s  a r e  o l i t a i i i ed  to r  a t al t  ' h a a t i i i e  sotiri'*' . a s .sooia tod w i t h  a  iion- 

h v d r o s t a t i c  rci; i i i io I soc t ioi i  2 i. .Moroovor.  a u r o a t o r  ai i ioi i i i t  ot  o i io rey eoos  into 

.n m i s t  10 w a \ i  s d i i r i i i e  t he  .nljUst iiioiit p roces s  ( 'h.mi ioi i  .u id  H .u ni on  2D(d i. u i t h  

th t ' s c  waves  hein^,  p r e d o i i i i i i a i i t i v  h o r i / m i t a l  (Fiyf. 2.7) .

(vi)  Fo r  a  h e a t e d  l a y e r  o f  low a s p e c t  ra t io ,  t h e  s t e a d y - s t a t e  s o l u t i o n  for {iressiire is 

m o r e  h o r i / o i i t ; d l y  u n i f o r m  a n d  v e r t i c a l l y  c o n t i n e d  ( F i " .  2 . 8 b ) .  implv ii iK a  c o n d i t i o n  

c l o s e r  t o  t h e  h y d r o s t a t i c  re g im e .  T h u s ,  as  e x p e c t e d ,  w e a k e r  h o r i / o t i t a l  p r e s s u r e  g r a d i 

e n t s  a r e  o b t a i n e d  for  t h i s  c a se ,  a n d  less e n e r g y  is d i s s i p a t e d  i t i to  v e r t i c a l l v  i>ropau;atiiiu 

a c o u s t i c  w a v e s  ( t h e  m o d e s  f avo red  in th i s  c o n d i t i o n ;  F i ^  2 .7) .

(vi i )  C h a î n o n  a n d  B a n n o n  (2001 i f ou nd  t h a t ,  in t h e  p r e s e n c e  o f  a r i^ id  b o u n d a r y ,  

s t r o n g e r  a n d  b r o a d e r  p r e s s u r e  p e r t u r b a t i o n s  a r e  o b t a i n e d  in t h e  s t e a d y - s t a t e  s o lu t i o n .
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a n d  It'ss r t a  ru:} is d i s s i p a t e d  l>y a t o u s t i c  wa ve s  w h e n  h u t  h t u p  a n d  h u t t u t n  r i^ id  

h u i i n d a r i e s  a r e  p r e s e n t .  U n s  is h e e a u s e  t l i e  h u u n d a r i t ' s  l im i t  t h e  v e r t i c a l  e x p a n s i o n  

I )f t h e  h e a t e d  a i r  e u l n n i n

( ) t h e r  i n i [ ) u r t a n t  d i s c u s s i o n  involv es  t h e  d i f f e r e n c es  in e x a i n i n i n n  t h e  e n e r g e t i c s  of  

h y d r o s t a t i c  a d j u s t  n ien t  t h r o u g h  h a ^ r a i i y d a n  a n d  Ki i l e r ia n  a p p r o a i  l ies,  a n d  t h e  irnpl i -  

( a t i o n  o f  h y d r< is ta t ic  a d j u s t m e n t  on  t h e  b e h a v i o r  o f  n u m e r i c a l  s o l u t i o n s  u n d e r  d i s 

t i n c t  (m n p r e s s i h i l i t V  a » u m p t i o n s  I a n e l a s t n  . p s e n d o - i n i  o n i | ) r e s s i h l e .  m o d i f i e d  c o m 

p r e s s i b l e  I 1 he  r e a d e r  ■'liould refer  to  B a n n o n  i B l ' i l h .  B h h i a . h ) ,  S o t a c k  a n d  B a n n o n  

! BJh‘)i a n d  ( ’h a m i o n  a n d  H a n n o n  i II11 t for  f u r t h e r  d e t a i l s

2.3.3 Transient adjust nient in a non-hydrostatic  regime: therm al com 

pression waves

.A l thoi iyh  B U l  a n d  ( ’h a y i i o n  a n d  B a n n o n  cJOOl) e x p a n d e d  t h e  d i s c u s s n m  o f  L a m b ' s  

. idj i i s tn i l  nt p t o b l i ' t n  to i h i e e - d i n n  ti-'ion^ a m  1 l " c a l i / e d  In a t i n y  'oi i r i  i w h ic h  c a n  be 

c o n s i d e r e d  a  p r o x y  for c o n v e c t i v e  > t o rm s ) .  m o s t  o f  t h e i r  a n a l y s i s  s e r v e s  a s  a  p r o t o t y p e  

to  b e t t e r  u n d e r s t a n d  how h \  d i o > t a t i c  adjii . ' f  n ien t  i» t e . i l i / e d  in a  fi i l l \  i om[»[e>.--ib[e 

hiiyi -scaU a t n i o s p h e r e

( I n  t h e  o t h e r  h a n d ,  . \ i i h o l l s  a n d  I ’ielke i I ')U la.I;  I h e n c e f o r t h  r e f e r r e d  t o  as 

. \ I ’9 1 a  a n d  . \ P 9 1 b .  re sp ec t  ive lv e x a m i n e d  t h e  role p l a y e d  b\  1 ( 1 \ \ ’> a n d  ac o u s t i c  

m o d e s  in m a s s  a d j u s t m e n t  a n d  t o t a l - e i i e r y y  t r a n s f e r  fo-  t h e  spi ' ci fic c a s e  o f  local-  

i zed  h e a t i n g  s o u r c e s  assoc i a t e d  w i t h  mescesc a l e  c i r c u l a t i o n s  a n d  th i i t i c le r s to r m s .  In 

. \ l ’9 1 a . b .  t h e  h o r i z o n t a l  e x tc m l  o f  t h e  ( t w o - d i m i ' i i s i o i i a l ) m o d e l  a t m o s p h e r e  is ncjt 

i n f i n i t e  as  in t h e  L a n i b - B a m i o n  a p p r o a c h ,  b u t  h a s  l a t e r a l  b o u n d a r i e s .  H ow ever .  

. \ P 9 4 a . b  we re  o n l y  i n t e r e s t e d  in h o w  m a s s  a d j u s t m e n t  a n d  e n e r g y  t r a n s f e r  o c c u r  

in t h e  c o m p r e s s i b l e  m o d e l  b e f o r e  t h e  f as te s t  waves ,  i .e. .  acoust ic-  m o d e s ,  r eac h  t h e  

l a t e r a l  b o u n d a r i e s .  In o t h e r  w o rd s .  . \ P 9 l a . b  a d d r e s s e d  t h e  b e h a v i o r  o f  t h e  e a r l y
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trnn.'<itnt n-spwusr of a tuo-diii ifi isioiial  (x/-(>laiu‘) i (imprc.ssihle iiicxisi ale iikhIcI to 

a [)n'scril)rd l ifatint;  Main e of  Ins’ll aspec t rat io.

I h e  analv.M.s hv . \ ' I ’h la .h  i a n  h e  ( oti>i(leiei l  a  >pet lal  a p p r o a c h  t o  t h e  t n o r e  sscner.il 

h y d r o s t a t i c  a d j u s t  n i e n t ,  in w h i c h  o n e  is m o s t l y  i n t e r e s t e d  in e .xa in i i i ins  h o r i z o n t a l l y -  

p r o p a ^ a t i n s ;  a c o u s t i c  waves  | h i " h  a s p e c t  r a t i o  l i m i t  in F ig .  2 .7 )  a n d  I G W ’s d u r i n g  t h e  

d y n a m i c  a d j u s t m e n t  forced  h v  a  h e a t i n g  s o u r c e .  H o w e v e r ,  s o m e  s u b t l e  d i l f e r en ces  

in t h e  t r e a t m e n t  o f  t h e  s v s t e m  o f  e i p i a t i o n s  y i e ld  d i s c e r n i h l e  c o n c e p t u a l  d i s t i n c t i o n  

h e t w e e i i  t h e  tw o a p p r o a c h e s ,  w h i c h  d e s e r v e s  s o m e  c o t n r n e n t s  b e f o r e  c a r r v i n g  t h e  d i s 

c u s s i o n  a n v  f u r t h e r .

In t h e  d e r i v a t i o n  o f  t h e  w ave  e i p i a t i o n  t h a t  g o v e r n s  t h e  a c o u s t i c  w a v e s  o f  i n t e r e s t .  

!!t'.fl'iti d fh' ' j j ’ i t '  'if i/nirtfii . \ r n o t i g  t h e  n i o t n e n t  un i  ( ( in s e rv a t i o i i  e( |ua- 

t i o n s ,  o n l v  t h e  z o n a l  c o m p o n e n t  w a s  t i e c e s s a r v  t o  c lose  t h e  s y s t e m  o f  e ip ia t i o t i s  in 

. M ’h la  s o n e - d i m e n s i o n a l  a n a l v t i e a l  a p p n a n  h ( )ne  n i av  a r g u e  t h a t  th i s  1 1 a d d  -.till he 

( o i i s i d e r e d  a p a i t n  i i l ar  t .use of  t h e  [ . a n i h - H a n i i o n  a p p r o a c h ,  for  t h e  s i t u a t i o n  in wh ich  

t h e  D R  g i v e n  by ; 2 2  I I  r e d u c e s  t o  t h a t  o f  ,i L a m b  w.ive ; F t p  2 .22  I. H o w e v e r ,  a lui i -  

c e p t u a l  d i t fe re i ice  s t i l l  p e rs i s t s ,  h e e a t i s e  N P d l a  d e r i v e  t h e  noii-honiixff f o rm  of

t h e  w a v e  e q u a t i o n  t o  s t u d y  t h e  t r a n s i e n t  s o l u t i o n  u n d e r  i-onttnnnus d i a h a t i c  fori itig. 

I 'h i s  e q u a t i o n  is:

where Q„i is the hea t ing  funct ion,  represent ing  the  forcing for the hyperbol ic  PDF.

T h e  t r a n s i e n t  s o l u t i o n s  s t u d i e d  in L a m b - B a n n o n ' s  a p p r o a c h  were  m o s t l y  for iti- 

s t a n t a n e o i i s  h e a t i n g  f u n c t i o n s ,  fo r  w h ic h  a  honKHjtntoas  w a v e  e ( | i i a t i o n  ( in  t e r m s  

o f  i v ' ]  d e r i v e d  frotn a n  a d i a b a t i c  s v s t e m  w a s  t i e ce ss a rv  Sof t ic k  a n d  B a n t i o n  (1999)  

s t u d i e d  t h e  c a s e  o f  a  l u m - h o m o g e n e o u s  e q u a t i o n  ( see  t h e i r  F t p  2 .12)  w h e n  e x a m i n 

i n g  t h e  t r a n s i e n t  s o l u t i o n  for h e a t i n g  o f  l i n i t e  d u r a t i o n  B u t  in t h a t  ca se  t h e  a u t h o r s
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wer t '  i n t e r e s t e d  in v e r t i e a ! l y - p r ( j [ ) a g ; i t i n s  aeo i i s t i e  m o d e s  a s s o e i a t e d  w i t h  l i o r i /o i i t a l l y -  

u n i f o i i n  l i e a t i n g  s u u n  r s .  w h i c h  d e \ i a t e s  f r o m  N P O l a .

. \ P9 - l a . l )  c a l l e d  t h e  w a v e - t y p e  s o l u t i o n s  for  (2 .23)  tli> rmnl i i>mpn .^sion irai t .> ( I 'C W s ) .  

in o r d e r  to  d i s c r i m i n a t e  f r o m  o n e - d i m e n s i o n a l  met h a n i c a l l y  fo rced  s o u n d  waves  t h a t  

c a n  h e  i l esc r ih e t l  hy  t h e  h o m o g e n o u s  v e r s i o n  o f  (2.231 ( H o l t o n  1992.  . l a c i th so n  19 9 9 1.

W i th  th e se  t u n c e p t u a l  d i s t i n c t i o n s  in mirn i .  we p r , icc ed  to  i l e s c r ih c  t h e  m a i n  re'-ults 

f r o m  . \ P 9 1 a . h .

.\’P 9 1 a  f o u n d  t h a t  s v s t e m s  a l l o w i n g  o t d v  IClW's (e.g. .  a n e l a s t i c  s y s t e m  I  c a n n o t  

r e p r e s e n t ,  in a  c o m p l e t e  m a n n e r ,  t h e  t r a n s p o r t  o f  t o t a l  e n e r g y '  a wav  f r o m  a soiirct '  

o f  l a t e n t  h e a t i n g ,  s u c h  a s  t h a t  d i s soc ia ted  w i t h  a  t h u n d e r s t o r m .  Thus,  d e s p i t e  th e  

s p e c i f i c a t i o n  o f  a  s o u r c e  o f  h e a t i n g  in t h e  m o d e l  w h ic h  s h o u l d  lead  t o  a ne t  iti< rease 

111 i n t e r n a l  a n d  p o t e n t i t d  e n e r g i e s  \ P 9  l a  d e s c r i h e d  a  ne t  i lrrnasi  in t o t a l  e n e r g y  

w i t h i n  t h e  d o m a i n .

. \ 'P91; i  s h o w e d  t h a t  a  s y s t e m  o f  l i n e a r i / e d  e q u a t i o n s  w i t h  s o l u t i o n s  o f  I ' C W s  do cs  

c o n s e r v e  e ne rgy .  In th i s  e a s e .  T C W ' s  a r e  r e s p o n s i h l e  for  p r o p ; i g ; i t i n g  t o t a l  e n e r g v  awav 

f r o m  t h e  h e a t i n g  s o i in  e. w h i c h  is tiot c o t i i p l c t c | \  [ i c r f o t tu cd  h\- l ( ! W ’> I ' h i '  p ioi  cs> 

is d e p i c t e d  in F i g t i r e  2.9.  w h i c h  s h o w s  t h e  n u m e r i c a l  s o l u t i o n  for  i n t e r n a l  a n d  to t a l  

c i i f i g i c s  .it It) mit i  |oi , i  l u l l \  comptc>. ' ' i l , |c  t w o - d i t m  ;i.' ' ional i . \ / - p l a n c i  u e ' d ,  I lo i c r d  

IIV a  20 m m  lo n g  l o c a l i z e d  h e a t i n g  s o u r c e  p o s i t i o n e d  a t  th e  c e n t e r  o f  t h e  d o m a i n  I  x 0 

k m ) .  T h e  c o n t o u r s  o f  i n t e r n a l  a n d  t o t a l  e n e r g i e s  c o n f i n e d  a t  t h e  c e n t e r  o f  t h e  d o m a i n  

; ire a s s o c i a t e d  w i t h  t h e  I G W ’ c o m p o n e n t  o f  t h e  s o l u t i o n .  H o w e v e r ,  off  t h e  c e n t e r ,  th e  

h o r i z o n t a l l y  p r o p a g a t i n g  i i c o u s t i c  wav es  ( T C W 's )  a r e  r e s p o n s i h l e  for  t h e  t r ; i n s p o r t  o f  

e n e r g y  a w a y  f r o m  t h e  h e t i t i n g  s o u r c e .  T h i s  s e c o n d  c o m p o n e n t  o f  t h e  s o l u t i o n  is riot 

p r e s e n t  in a n e l a s t i c  m o d e l s .

\ P 9  Ih e x p a n d e d  t h e  d i s c u s s i o n  to  i n c l u d e  t h e  m a s s  a d j u s t m e n t  p r o h l e m .  i n c l u d i n g

*B> t i a . l l  c n f r n y  w f  m , \ i n  th e  s u m  u f  i n t e r n a l  cn i ' r ^y .  s r a v l t a t i o i i a l  p o t e n t i a l  e n e r g y  a n d  k in e t ic  e n e r g y
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i î :

F i f ^ t i r e  2 . 9 :  W r t i c a l  . s t r u c t u r i '  ( x z - ( > l a ( i e )  u f  [ ) c r f  u r h a t i u t i  u r i r r s y  H e l d s  10 i i i i i i  a f t e r  a  lui  a l i / e d  h e a t i r i t ;  
s u u r e e  u f  i i i ^H . i s p e e t  r a t i o  a n d  l a s t i n j ;  2 0  m i n  i s  p o s i t i o n e d  i n  t h e  c e n t e r  o f  t h e  d o m a i n  i n  a  f n l l v  

( o r i i p r e s s i h l e  t w o - d i m e n s i o n a l  m e s o s c a l e  m o d e l ,  l a i  F’e r t  u r h a t  i o n  i n t e r n a l  e n e r t t y  ( c o n t o u r  i n c r e m e n t  
o f  12 .1 m  ' ) ,  ( t o  p e r t u r l i a t i o n  t o t a l  e n e r g y  I c o n t o u r  i n c r e m e n t  o f  2 0  .) n r  ’ ) T o p  a n d  l i o t t o m  
h o u r u l a r i e s  a r e  r i g i d  ( . A d a p t e d  f r o m  . N i c h o l l s  a n d  f ’ l e l k e  1 9 9  l a l

t h e  role p la v e d  l>v v e t t i c a l l v - p n i i i a e a t i i i e  acoo.st ic w a v e s  not  e m p l i a s i / e d  in N P o i a ' ' '  

NPt.Ml) i in i ica te i i  t h a t ,  s i m i l a r  t o  t l ie  t o t a l  e n e r g v  t r a n s f e r  i s sue .  K i \ \ \  d u  not  a c -  

coi i i i i  lot  t i le e n l i r c  p t o c e s s  ol  m a s s  a d j u s t m e n t  in t h e  ine se t ic e  o f  t l i i i n d e r s t o r t n s  or 

s i g n i f ic a n t  m e s o s c a l e  c i r c u l a t i o n s ,  su c h  ;is a  sea h r e e / e .  ITiiis. a n a l v t i i  o r  n i i m e r n  al 

s y s t e m s  t h a t  d o  t iot  re so lv e  I C W s  m a y  tiot c o n s e r v e  m ass .

r i i e  tw o- d i i i i e t i s io na l  t i i i rnerica l  s i m u l a t i o n  of  a n  id ea l iz ed  s e a  h r e e / e  w i t h  a fully 

c o t i ip r e ss ih le  m o d e l ,  c a r r i e d  o u t  hy . \F’91 h .  h i g h l i g h t e d  t h e  i m p o r t a t n c  o f  I’( ' W ’s in 

a d j u s t i n g  th e  m a s s  he ld ,  a s  i n d i c a t e d  in F i g u r e  i . I O .  The t h i c k  sol id  l ine  a t  th e  

h o t t o n i  o f  t h e  f i g u re  i n d i c a t e s  t h e  " h e a t e d  i s la n d ” w hi ch  h e h a v e s  as  a c o t i t in i io us  

h e a t i n g  sour ce .  T h e  so l t i t i o n  for  h o r i z o n t a l  m a s s  flti.x (F ig .  2 . 1 0 a )  s h o w s  a  s t r o n g e r  

c i r c u l a t i o t i  a t  t h e  "c oas t s " ,  h t i t  "of fshore" ,  flow p r o p a g a t i n g  o u t w a r d s  a t  t h e  s p e e d  

o f  s o u n d  is a l s o  p re se t i t .  T h e  p o s i t i v e  p r e s s u r e  p e r t u r h a t i o t i s  iti t h e  "o f f sho re"  a r e a s  

(F ig .  2.1Uh) r e p r e s e n t  w a v e  f r o n t s  p r o p a g a t i n g  a t  t h e  s p e e d  o f  s o u n d  (T C W 's ) .  T h u s .

I'Kr II al 'hi: ,i; \  ( r»-tV

tMii jfuiar; .  ' "p t - n  !i-r s mi r i ' i
r .1 -S-i .t r, ' t '  a i . ' l  1" f c tt. h > I:. ' 11 M.
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I t

F i i ; u r c  J  It)  N i i i i i f r i i  a l  M ' l u t i t i t i  i n  a  x z - p l a i i f  a i  1 h r  f o r  a  t w o - i l i n a  H ' l o i n l  M i i i u l a t i o n  . . f a n  
i d t ' a l i / . f i l  s e a  b r o v . f  c i r i  i i l a t i o r i  i n  a  ( o t i i p r f s s i b l f  r n c s n s i  a l e  i n o d c i .  I' lit* b» a t i n i ;  < o i n i  r  i> p r t ' ^ i  r i b c d  
a t  t h e  c t ' n t r a l  2U K r i d - p o i n t s .  i n  t i i a  f i r s t  I t ' vcj  a b o v e  s u r f a n - ,  a n d  l a s t s  f o r  I i i r  l a i  M o r i / o i i t . d  m . i s s  
f l u x  I c o n t o u r  i n i  r e n i e n t  o f  0 U 4  ki^ i n  ■ s  ‘ i; i b i  p e r t n r b . i t i o n  p r e s s u r e  11 o n t o u r  n i '  r e n i e n t  o f  l b  
F’a ) .  T o p  b o i i n d a r v  is " o p e n "  f o r  s o u n d  w a v e s  ( A d a p t e d  f r o m  . Ni c f i o l i s  . a n d  I ’ i e l k e  I d f U l o

a s  m a s s  is re i i inved  fVum t h e  l i e a te d  l a n d ,  r i i m p c i i s a t i n n  o c c u r s  o u t s i d e  t i i c i s la nd"

I h i s  c o m p e n s a t i o n  in m a s s  a d j n s t n i e n t  is p e r l o t i n e d  m o s t l y  hv I 'CWs.  T h e  ve r t ica l  

m a s s  tliix (no t  s h o w n )  is n n n  h we aker ,  h u t  I C W s  a l s o  p l a y  a  d i s c e r n i h l e  role o n  it 

N P 9  Ih i n d i c a t e d  t h a t  T C W ’s p e r f o r m i n g  t h e  m a s s  a d j u s t m e n t  ha v e  a ve r t i c a l  s t r u c 

t u r e  s i m i l a r  to  t h a t  ol  L a i n h  waves ,  w i t h  m a x i m u m  a m p l i t u d e  in p r e s s u r e  c lose  to  t h e  

g r o u n d ,  w i t h  t h e  m a s s  [lux ocurri t iy,  a l m o s t  e x c lu s iv e ly  in t h e  l i o i i / o n t a l  T h i s  resul t  

is c o n s i s t e n t  w i t h  s o m e  o f  t h e  p o i n t s  d i s c u s s e d  e a r l i e r  in t h i s  s u h s e c t i o n

The  m e c h a n i s m s  d e s c r i h e d  a h o \  e a r e  a  y o o d  e x a m p l e  t ac t  i i a l h . a pi < Uot \ pe  , 

o f  a  d y n a m i c  a d j u s t m e n t  p r o c e s s  a s s o c i a t e d  w i t h  t h e  " i n i t i a l i / a t i o i i  o f  mi ' so-  a n d  

c o n v e c t i v e - s c a l e  c i r c u l a t i o n s  in fu l ly c o m p r e s s i b l e  n u m e r i c a l  m o d e l s ,  a n d  a r e  p a r t i c u 

l a r l y  p e r t i n e n t  to  o u r  r e search .

2.4 Pure acoustic adjustment

. A n o t h e r  d y n a m i c  a d j u s t m e n t  p r o c e s s  r e l eva n t  for  ful ly c o i i i p r e s s i h l e  co n v ec t iv e - sc a l e
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riii)(it‘is is u iic  i i s so c i a tc d  w i t h  t l ic sp« r ih (  a t i n n  o f  t i ic  in i t i a l  t l i r n c - d i t i i f i i s i n n a i  ( dD)  

w i n d  lit Id. a n d  is t a l h 'd  ,Min[)ly (ici)u.->tic (ulju^tnu rit (Fi t ' t i l t ' r  2()<)2) ' ‘

In c o n t r a s t  to y c o s t r o p l i i c  a n d  l i v d r o s t a t i c  a d j n s t t n c n t s .  a c o u s t i c  a d j u s t i n c t i t  refers 

t o  a  "less r e a l i s t i c  ' t y p e  o f  d y n a m i c  a d j u s t m e n t  ( f r o m  a n  o b s e r v a t i o n a l  s t a n d p o i n t  ! 

r e l a t e d  t o  a r t i f ic ia l  i m b a l a n c e s  b e t w e e n  t h e  w i n d  a n d  m a s s  f ie lds  in t h e  in i t i a l i / a t i i>n  

o f  a c o m p r e s s i b l e  n u m e r i c a l  mot le l  I ' n d e r  s u c h  c o n d i t i o n s .  hiy,h fre( | i ient y at iaist i i  

waves  a r e  t r i ee, . [ , ' d  in t h e  m o d e l  The  e x a m i n a t i o n  o f  a c o u s t i t  a d j u s t  m e n t  is r e l e \ a n l  

for  m o d e l  i n i t i a l i / a t i o t i  b ecaus t '  it p r o v i d e s  in s i g h t  i n t o  h o w  v e r t i c a l  a n d  h o r i z o n t a l  

w i n d  f ie lds  t e n d  to  a d j u s t  to  e a c h  o t h e r  in a  s t o r m s c a l e  n u m e r i c a l  m o d e l  whet i  a 

c o n v e c t i v e  s t o r m  is r e p r e s e t i t e d  in t h e  d o m a i n .

F o l l o w i n g  F i e d l e r  (2<l()2i. ( i n s i d e r  a  t w o - d i m e n s i o n a l  ( x z - p l a n e i .  a d i a b a t i c ,  inv isc id  

a n d  fnilV c o i i i p r e s s i b h '  flow, w h e r e  t h e  e ffects  of e a r t h  s r o t a t i o n  a n d  m a v i t v  a re  

neylei  t e d ' - ' .  a n d  t h e  b a s e  s t a t e  is h y d r o s t . i t i c  a n d  m o t i o n l e s s .  It is p o s s i b l e  t o  de r iv e  

t h e  f o l lo w im ;  wave  e i p i a t i o n  for p e r t u r b a t i o n  p r e s s u r e  / /

=  I J 2 1 I

w h e r e  V ' / /  ^  id-p':'d.v~) 4- {O'p'/0:~ ). a n d  c; is t h e  s ( | u a r e  o f  t h e  a d i a b a t i c  s p e e d  of  

s o u n d ,  d e f i n e d  ear l ie r .

B y  i n s p e i  t i o n .  it c a n  be  sh o w n  t h a t  t h e  f o l lo w in g  w a v e - t y p e  s o l u t i o n  sa t i s f ies  (2 .21):

/ / =  [ \ o s ( k x ]  cos(inz) s i n ( " t ]  (2 .20)

In ( 2 . 2 5 ) .  is t h e  a m p l i t u d e ,  k  a n d  ni a re .  r e s p e c t i v e l y ,  t h e  h o r i z o n t a l  a n d  ve r t i ca l  

w a v e n i i m b e r s  a n d  ~  is t h e  f r e ( |uem v o f  o s c i l l a t i o n ,  givet i  bv =  c'J n r  z k~ ) I w h ich  

is a  p a r t i c u l a r  c a se  o f  t h e  D R  (2 .2 1 ) ) .

t o  Ur c o i i iu s f t l  w i th  t h e  acou^U t  iu r i ip « n u ‘rit i h r  h M iro .s la f i i  a t l j u > t r n r f i t . rm r  w i t h  prorrxM-s involviro»
K ‘\\ s

I h r  r t f r i l s  ot a r r  noi’ lec l r i i  iri t h i s  i a s r  n u t  b r c d u s r  t h r v  r . i n  h r  i*;nurr(i iti t h e  xz-pl .uu*. b u t  brr.iUM* it
IS a  c o n v r n i r r i t  ( h o u r  m u n l r r  t o  o b t a i n  b o lu t iu n s  o f  t h e  fortn  o f  p u r t  a ro u s fK '  t i u t* s .  i r  . w i t h o u t  i h r  i n H u r n c r  of 
b u o v a iu  \ fi.-ri r s
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T l u '  l i iu ' a r iz t 'd  z o n a l  a n d  v e r t i c a l  e q u a t i o n s  o f  m o t i o n  c o n s i s t e n t  w i t h  t h e  s y s t e m  

l)eitif^ des( r i h e d  h e r e  a r e .  re sp e c t iv e ly :

w = - i i ) 7  '--S'

I he se  e q u a t i o n s  a r e  l in ear ize i l  a r o u n d  a  h a se  h t a t e  a t  res t ,  . \ e a i n .  n o t e  t h a t  ef fects  

o f  t^ravi tv a r e  no t  t a k e n  i n t i < a i c o u t i t  , \ o t e  a l s o  t h a t  t h e  f low d e s r r i h e d  hv  ' J  Jh)

a n d  (2 .27 )  is i r r o t a t i o n a l .  i.e.. for w h i c h  {Ou'/<J: -O n- ' ,O i}  is ze ro .  .After s u h s t i t u t m ^

(2.2Ô) i t i to (2 .26 )  a n d  (2 .27 ) .  a t id  r e s p e c t i v e l y  s o l v i n g  for  n' a n d  ir'. we  f ind:

II' = A k- sni(k'r) ros{ni : )  fosi  I't) 12.2S i

ir' -  A ni losik.r)  s in h n : )  ctisii't) ( 2 . 20)

w he re :

.1 =  (2.:l())

.\> m  l i e d l e r  r2nu_’ i, lun.- ' idei imw a tw o-d i rne i iM on a l  ( ;<z-plane)  ve j uc i t y  field tor 

a n  a d i a h a t i i  flow c o n f i n e d  w i t h i n  r i ^ i d  h o t i n d a r i e s  a t  z I) a n d  z 11 i.e.. a n  id ea l iz ed

loca l  circ u l a t i o n  cel l ,  a s  i t i d i c a t e d  m  1 le i i re  2.1 la .  Frot i i  t h e  first  t h e o r e m  of H e l m h o l t z  

(Cira r iyer  100Ô). t h e  \ c l o c i t \  field (f '. II ) ra t i  he  d e c o m p o s e d  in t o  i r r o t a t i o n a l  (or  

d i v e r ^ e t i t  ) a n d  inc ompre.s.^ihle (or  i io t id iverge t i t  ) p a r t s :

I  — l ^ i rr  "é U jr ic  ( 2 . d i e t )

i r  =  ( I V r  +  H\uc ( 2 . 3 1 6 )

s u c h  t h a t :
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F l e u r i '  '2 11:  S k f t i  l ies  o f  i d c a l i / f d  t o n v r i  t i v r  f l o w s  c o n t i i u - d  w i t h i r i  t o p  a n d  b o t t o m  r i g i d  b o u n d a r i e s :  
I . I l  f u l l y  d e v e l o p e d  c i r c  u l a t i o n  i i l l: ( b l  i n i t i a l  s p e i  ific t a t i o n  o f  a n  a r t i f i c i a l  w i n d  f i e l d  t f i a t  d o e s  
n o t  s a t i s f y  m a s s  c o n s e r v a t i o n  l i n i t i a l  h o r i z o n t a l  v e l o c i t y  b e i n g  e l i m i n a t e d ) ,  a n d  ( c )  a  w e a k e n e d  ( o r  
" d e . i t r o y e d  I c K l i V e i  t i v e  c e l l .  S e e  t e x t  f o r  d e t a i l s

l-l



F u r  t l iu [ ) u r p o s c  o f  ( 'xani ii i i i ig a c o u s t i c  a d j u s t  ruent ,  we  c o n s i d e r  t h e  i n c o m p r e s s i b l e  

c o m p o n e n t  o f  v e l o c i t v  as  t h e  c o n v f ' c t i r f  r r i n d r .  ; l s  in a B o u ss in e sc j  s y s t e m  ( w h e r e  t h e  

How is i n c o m p r e s s i b l e ) .  It is t h e  m o d e  o f  m e t e o r o l o g i c a l  r e l e v a n c e  a s s o c i a t e d  w i t h  a n  

i d e a l i z e d  s t e a d y  conver  t ive  ( irt i l l a t i o n  d e s c r i b e d  by:

, -  -  B rri  <1 iii k . r ' t  rosi r n  :  ) ( 2 . - i l l

- B  k < o-~t k \n  -I in rii: I t i . -JÔI

w h e r e  t h e  v e r t i c a l  w a \ e n u m b e r  is l i m i t e d  by  ni =  ,t / / .

E x p r e s s i o t i s  ( 2 . 1 1) a n d  {'l.'-V)) s a t i s f y  t h e  v o r t i c i t y  e r j u a t i o n  D j j / D t  = 0  ( w h e r e  ij 

is I h e  m e r i d i o n a l  c o m p o n e n t  o f  v o r t i c i t v )  o b t a i n e d  f r o m  t h e  E u l e r  e t j u a t i o n s  in a n  

x /  p la i ie .  X o to  t h a t  t h e r e  i.s no t i m e  i l e p e n d e t n  e in ! 2 .'51 ! - (2.'5-')I

r i i e  i r r o t a t i o n a l  Held, o n  t h e  o t h e r  h a n d ,  r e f e r s  to  t h e  t r a n s i e n t  r e g i m e  ( t h e  uronstir  

inoili I iLssocia ted u i t h  t h e  compre.s.-^ible c o m p o n e n t  o f  t h e  How, H e n c e ,  .solution.-, 

l2 25)  a n d  l,2.2'J) a r e  . su itable  to  d e s c r i b e  c o t n p o u e n t . s  ft,rr a n d  ic,rr.  r e s p e c t i v e l y .

r i i e  p r o b l e m  p o s e d  in t h i s  s i m p l e  a n a l v s i s  is t h e  o n e  in w h i c h  a n  i n i t i a l  ve lo c i t y  

Held v i o l a t e s  t h e  i n c o t n p t c s s i b i l i t y  c o n d i t i o n  a sso i  i a te d  w i t h  t h e  B o u s s i n e s r j  a p p n r x i -  

m a t i o t i  ( w h ic h  d e s c r i b e s  t h e  c o n v e c t i v e  m o d e )  Bet at ise o f  t h e  i n i t i a l  d e v i a t i o n  f rom 

itn o m p r e s s i b i l i t \  tmrli Iretineni \ soi i tnl  w a \ f s a r e  t r i gg e re i l .  a n d  a  t r a n s i e n t  e v o l u 

t i o n  p r o m o t e s  a n  a c o u s t i c  a t l j u s t m e n t  u n t i l  t h e  f inal  s t e a d y  v e l o c i t y  f ield is o b t a i n e d "  

T h u s ,  it  is a d y n a m i c  a d j u s t m e n t  c o n c e p t u a l l y  s i m i l a r  t o  t h e  o n e s  d i s c u s s e d  in t h e  

p r e v i o u s  s e c t i o n s .

i l l  IL' t h a t  d o e s  no t  sa t i s f y  t h e  i n c o m p r e s s i b i l i t y  c o n d i t i o n  c a n  b e  d e f i n e d  by 

s e t t i n g  l ' ( t  =  Ü) =  Ü. To  th i s  e n d  (T ie d  1er 2 0 0 2 ) .  we t a k e  B  =  A k j n i .  w h e r e  .4 is 

g iv en  b y  (2 .3 0 ) .  s u c h  t h a t :

'H l u w e v t - r .  t h i s  IS o n ly  t r u e  if ivc a s s u m e  t f i a t  hi i;h  a m p l i t u d e  .sound i \ a v e s  m o v e  o u t  o f  t h e  d o m a i n  o f  i n te r e s t  
. ind o f  a r e  d a m p e d  t h is  i h a r a i  t,  r i s t n  is no t  s t a t e d  in t h e  o r i g i n a l  fo r m u la t i o n  o f  t h e  p r o b l e m  ( F i e d l e r  JllO'd. a n d  as 
d e s i r i b e d  in t h i s  s e c t i o n |  s i n c e  th e  tluw b e in g  c o n s i d e r e d  in t h e  a n a l y t i c  a p p r o a c t i  d i s p l a y s  a  p e r i o d i c  b e h a v i o r  w i th  
iio f r i c t io n  a n d  no  d iv e r g e n i  e d a m p i n g

l.j



L ' ( ü )  -  / i . r r ( ü )  +  ' i . n r ( O )  =

= A k s in(kT)  cos{tn:)  cos([)) -  {A k / w]  m s m { k r \  cos{rn: \  =  0 (2.-J6)

U ' U ) )  =  l l ’, r r ( 0 )  - h

Dur r o s i k i I sin{ru:)  +  D k r o s i k . r ) sni{ru:)  =k
'2  ̂2

=  B -  j— -^ros{ks)  stri{rn:)  (2.37)

Su 12.3UI 1 2 . 3 7 1 ;iru tlu* iC’s fur  l ;uui  U . i f s ju ' c t iv u iy .  Kru m <i p l iysu i i l  

p»T<[u'( t i i is iiiiplif.s t h a t  tlu* i n i t i a l  h o r i / u n t a l  v c lu c i t y  i.s n o t  cun.si.stftit  w i t h  tlu* 

v e r t ic a l  vc luc i ty .  as  i r u l i c a t c d  iii FiRiirt* 2.111). If wc  dssnrnr t h a t  t h e  h i s h  f rei j i iencv 

su inul  waves  pru[ )au ,a te a w a v  a n d  u r  a r e  d i s s i p a t e d  ( a n  a s s u m p t i o n  t h a t  is n u t  l i e a r l v  

s t a t e d  in t h e  f o r m u l â t  it,n o f  t h e  p r u h l e m  hv  F i e d l e r  2()02).  t h e n  t h e  a m p l i t u d e  o f  th e  

acu i i s t ic  m o d e  v a n i s h e s ,  leavmu; o n l v  t h e  c u n v e e t i v e  m o i l e  T h e r e f o r e ,  a t  t h e  i inal 

t i m e ,  t h e  s t e a d y  v e r t i c a l  m o t i o n  he ld  h a s  am [> l i t ude  Dk  on ly  I  s e e  Fàp 2 3Ü |. In th i s  

ca.se. t h e  r a t i o  h e t w c e n  t h e  final a n d  i n i t i a l  a m p l i t u d e s  fur U is ( t h e  r a t i o  h e t w e e n  

(2.3Ü) a n d  (  2.37)  I :

1 T 7 ^ =  I 2 . 3 S )

I n  o t h e r  Wo r d s ,  t h e  f ina l  a m p l i t u d e  Dk  is e ijua l t o  t h e  r a t i o  ( 2 . 3 8 )  t i m e s  t h e  in i t i a l  

a m p l i t u d e  ( F i e d l e r  2()()2)“ . If. d u r i n g  a c o u s t i c  a d j u s t m e n t ,  t h e  h o r i z o n t a l  w i n d  he ld  

is t(j r e s p o n d  t o  t h e  v e r t i c a l  m o t i o n  a n d  r e s t o r e  t h e  c o n v e c t i v e  ce l l  ( F i g  2 .1 1 a ) ,  t h e n  

t h e  r a t i o  (2 38)  s h o u l d  f>e c lose  to  u n i t v  i.e . t h e  m a g n i t u d e  o f  tlu* u p d r a f t s  a n d  

d o w n d r a f t s  a r e  not  s i g n i f i c a n t l v  c h a n g e d .  This is o n l v  p o ss ib le  i f  A- »  rtr.  i m p l y i n g  

t h a t  t h e  c h a r a c t e i i s t i c  l e n g t h  sca le o f  t h e  h o r i z o n t a l  w i n d  field is s m a l l e r  t h a n  t h a t  o f  

t h e  v e r t ic a l  w i n d  field. In th i s  case ,  t h e  u p f r a f t s  a n d  d o w n d r a f t s  a r e  " t a l l  a n d  n a r r o w " ,  

c h i i r a c t e r i z i n g  a  How w i t h  h ig h  a s p e c t  r a t i o  (F ig .  2 . 1 2 a ) .

Tfiis  r»*8ult -shituM Uc s een  cus a n  h y p o th e s i s ,  r a t h e r  t h a n  a  su|ve<i p r o b l e m

IG
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K i l l i n '  2 1 2  h ( i u n « l i ‘(i v c r n c a i  r i i o t i u i i  i i i jxi r . i f t . - '  . i r id  ( i d w i i d r a f t s  I .  w i t h  cli>titi( t t
r a t i i i s .  i ; i |  h i f ' h  ;i<p<‘( t r a t i o ;  i b l  l o w  . i ^ i p c c t  r a t i o .

( ’i i t i v r r s r h . if th e  d s p f i  t r a t i n  is luw i Fi^ .  2.1Ulil .  t h e n  k' n r .  a inl  thi* f inal  

ani [) l i t !Kl f  fur  II '  is r e d u c o d  as  a c o u s t i c  a d j u s t m e n t  o c c u r s .  I Ids is c ( | u iv a lc n t  to  

s a y i n e  t h a t  t h e  ve r t ic a l  w i n d  field r e s p o n d s  t o  t l ie  h o r i z o n t a l  c o m p o n e n t  o f  t h e  flow. 

In th i s  c a s e ,  t h e  final s o l u t i o n  is o n e  t h a t  d o e s  no t  r e s t o r e  t h e  o r i g i n a l  t onve t  t i v r  

c i r c u l a t i o n  . -^incf th e  \ t r t it al m o t i o n  tend.> to  lie d c . ' . t r o w d  w e a k e n e d  i l in, 2 . 1  It i 

r i i i s  is no t  a  s u r p r i s e  s i n c e  (2 .37) s h o w s  t h a t ,  if k << in. m o s t  o f  t h e  in i t i a l  ve lo c i t y

field is p r o j e i  t e d  o n t o  t h e  a c o u s t i c  m o d e  I i c , r r ld l  I- H i g h  f re ( | i i e n iy s o u n d  waves  w i t h

la rge  a m p l i t u d e  a r e  g e n e r a t e d  a n d  t l i e  c o n v e c t i v e  m o d e  p ! a \ s  a  s e c o n d a r y  role in t h e  

a d j u s t m e n t  process .

H ased  o n  t h e a p f i r o a c h  ab o v e ,  F i e d l e r  1201)2) | u i s t i i l a t e d  t f ia t .  for c o t i v e c t n e  ' . tr i ic- 

t l ires w i t h  low a s p e c t  r a t i o ,  it is f u t i l e  t o  i n i t i a l i z e  a s t o r m  in a  c o m p r e s s i b l e  m o d e l  

by s p e c i f y i n g  on ls  i ts  M u t i c a l  m o t i o n  a n d  n o t  i n i t i a l i z i n g  a  r o r r e s p o n d m g  h o r i z o n t a l  

\ e l o c i t y  f ield t h a t  is c o n s i s t e n t  w i t h  m a s s  c o n s e r v a t i o n " .  T h i s  is b e c a u s e  v e r t i c a l  ve

lo c i t y  wil l  a d j u s t  t o  t h e  h o r i z o n t a l  v e lo c i ty ,  a n d  n o t  v ic e - v e r s a .  P r e l i m i n a r y  .sensi t iv i ty  

a n a l y s i s  in t h e  t h r e e - d i m e n s i o n a l  s i m u l a t i o n  o f  i d e a l i z e d  s u p e r c e l l  t h u n d e r s t o r m s  p e r 

f o r m e d  by W 'e y g a n d t  e t  al .  (1999)  a n d  S u n  a n d  C r o o k  (2UUib) .  a n d  for  a n  id e a l i z e d  

b o w  ec ho  S((uall l ine by  .Xasc ii i i ento  a n d  D r o e g e m e i e r  (2U02) .  a [ i p e a r  t o  a g r e e  w i t h

' ' I ' s u a l l y .  t h e  . i l l  w irn l field d o s e l v  sa t i s f i e s  t h e  a n c h i s t i r  eu i i t i ru i i ty  e q u a t i o n  wlie ii  in i t ia l iz e d  in e o n i | i r e s s i l i l e  m o d e l s  
(K ie d le r  2U0g)
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2.5 Implications for the present research

As ( liscusst 'd  ill t h e  [irt'vioti.s s e c t i o n s ,  m u c h  l ias b e e n  I ca rm xl  f r o m  t h e  l i ne ar  a n a l y s i s  

o f  i l v r i am ic  a d j u s t m e n t  m e c h a n i s m s  in s i mp l i f ied  a t m o s p h e r i c  s e t t i n g s  Seve ra l  o f  

t h e s e  a d j u s t m e n t  p r o c e s s e s  a r e  r e l e v a n t  for c o n v e c t i v e  s c a l e  m e t e o ro lo i t y .  a n d  h a v e  

inipl i i  a t i o n s  for  s t o r m s c a l e  m o d e l  i n i t i a l i z a t i o n  in t h e  p r e s e n c e  o f  d e e p  c o n v e c t i v e

' \ ’S te ms

1 he  Work des( r i b e d  he re in  i n c r e a s e s  th e  level of co i i i ph  x i t y  of  t h e  m o d e l e d  a t i i i o -  

s p h e r e  a n d  e x a m i t i e s  a d j u s t m e n t  i n e c h a n i m s  in a  ful ly n o n - l i n e a r  a n d  t l i r e e - d i m e n s i o n a l  

s i m u l a t i o n  of an  i d e a l i z e d  m e s o s c a l e  c o n v e c t i v e  s v s t e m .  I lie s t u d i e s  bv  Wevi ta i id t  et  

al I IS'lUi.  N a s e i m e i i t o  a n d  D r o e g e m e i e r  (2(102) a n d  F i e d l e r  12 0 0 2 1 r e p r e s e n t  a > t a r t -  

ine  p o i n t  in t h a t  d i r e c t i o n ,  bu t  t h e v  d o  not  a d d r e s s  s o m e  intrlKuini!,  q m s t i o n s  i tn p l ie d  

la  t h e i r  re>iilt>

Fo r  e x a m p l e ,  F i e d l e r  (2002)  h v p o t h e s i z e s  t h a t  for c o n v e c t i v e  f lows w i t h  hoc n.^ptct 

ratio t h e  h o r i z o n t a l  w i n d  he ld  t e n d s  t o  d o m i n a t e  t h e  p r o c e s s  o f  a c o u s t i c  a d j u s t m e n t ,  

s u c h  t h a t  t h e  v e r t i ca l  m o t i o n  r e s p o n d s  t o  t h e  in i t i a l  h o r i z o n t a l  v e l o c i t y  field \ e v e r -  

th e le s s .  f r o m  h y d r o s t a t i c  a d j u s t m e n t  s t a n d p o i n t  t h e s e  r e s u l t s  a p p e a r  c o n t r a d i c t o r y ’''. 

Iiei a t i se  It i> s h o w n  t h a t  d e e p  c o n v e c t i v e  >tori i is  b e h a \ c  as  a  i i o n - h y d i o s t a t a  >v>tein.  

for w h i c h  t h e  c o n v e c t i v e  (luw h a s  hujh a.spcct ratio. T h i s  s e e m s  t o  i n d i c a t e  t h a t  t h e  

a s p e c t  r a t i o  of t h e  s i m u l a t e d  c o n v e c t i v e  s y s t e m  c a n n o t  b e  d e t e r m i n e d  b a s e d  o n  t h e  

a i ia l \  sis o f  a  s ing le  a d j u s t m e n t  p r o c e s s .  In a d d i t i o n ,  a c t m d  c o n v e c t i v e  s v s t e m s  d o  no t  

n e c e s s a r i l y  r e p r e s e n t  a  w e l l - b e h a v e d "  s i n u s o i d a l  p a t t e r n  o f  u p d r a f t s  a n d  d o w n d r a f t s  

as  c o n s i d e r e d  in t h e  a n a l y t i c t d  a p p r o a c h ,  b u t  a c o m p l e x  d i s t r i b u t i o n  o f  c o n v e c t i v e

tt. ' .sules  tx ’iiig r a t l u  r i u u i i t e r - i n t u i t i v e  b a s e d  n n  w t ia t  i iu  t e u r u lu g i s t s  tiave l e a r n e d  to  e . \pe i  t w t ie n  considering ' t h e  
a s p e c t  r a t i o  ot  t h e  l loa  in d e e p  c u n t e c t i v e  s to r in .s ,  e sp e c ia l ly  in c i im p a r i s u n  w i t l i  t h e  Ia rK e-sc .de  a l n i o s p h e t i c  Ilua

ts



( ('Ils t h a t  v a r y  f r o m  i so la t t ' d  s y s t e m s  (e.g. .  s i i pe rc e l l s )  t o  c o n v e c t i v e  l ines (s( | i ial l  lines. 

t)u\v I'clioi'.s) So tn e  o f  t h e  d y n a m i c a l  m e c h a n i s m s  t h a t  m a y  d e t e r m i m '  t h e  effi 'ct ive 

iuspe( t r a t i o  o f  t h e  How for a c o u s t i c  a d j u s t m e n t  a r e  d i s c u s s e d  in t h i s  r e s e a n  h.
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Chapter 3

The Bow Echo

3.1 Pioneer investigations

S i i id '  t h e  e a r l v  a[)[)lirati()ii> ol w e a t h e r  r a d a r  for  o [ ) e r a t i o i i a l  p u r p o s e s  iti t h e  l!C)0's. 

seve ra l  s t u d i e s  (.x u se d  «'Il t h e  ideiit itii a t ioti o f  r a d a r  s i g n â t  m e s  a s s o c i a t e d  wif l i  the  

' M l U t e l i i f  lit ' e v e n -  Wcat llel  [itiellnltlelia. l et t l lS st leh a s  II t I l k  ul tu  t'lijlnn. llduk irlin 

a n d  hotr n h o  w ere  c o i n e d  a l o n e  tlie ve a rs  h a s e d  o n  t h e  c l i a r a e t e r i s t i c s  o f  c e r t a i n  "et ho  

l i  e . r e t u r n e d  r a d a r  h e a i n )  p a t t e r n s  as  s h o w n  in a  r a d a r  d i s p l a y ,  a n d  t h e i r  r e l a t i o n  

w i th  s t o r t t i  ' ' t r u e t i i r e s

.Xoh'ii I l!)â!)l is (o n s i d e r e d  t h e  first o n e  t o  i d e n t i f y  a  con f iy ,u ra t io r i  in r a d a r  reflec- 

t i \ i t \ '  f i elds a s s o t  l a t e d  w i t h  seve re  w e a t h e r  eve t i t s .  I 'h i s  [ l a t t e r i i .  c a l l e d  / /n r  n h o  wavr 

patti rn ( I . K W P ) .  w a s  d e f i n e d  hv Xolet i  ( 1 9 5 9 )  as  a  l ine  o f  r a d a r  e c h o e s  a s s o c i a t e d  

w i t h  c o n v e c t i v e  s t o r m s  o i K a n i / e d  in a  t p i a s i - s in i i s o id a l  f a s h i o n  a s  a  se t i u en ce  of  

a d j a c e n t  c o n c a v e  a n d  conve.x s h a p e d  et hoes.  W a r s  l a t e r .  H a m i l t t m  ( 1 9 7 0 )  in t l i ca te t l  

t h a t  I .KW E s  cu id t l  alst) h e  r e l a t e d  to  t h e  o c c u r r e n c e  o f  s t r t u i g  s t r a i g h t - l i n e  wirit ls at 

t h e  su r f a c e ,  p a r t i c u l a r l y  in t h e  "ht i lee" or  concavt -sliaprd n h o  p o r t i t u i  o f  t h e  l ine.  

X t ' v e r th e l e s s .  it t o o k  a  se r i e s  t>f fitdti a n d  r a t i a r  i nves t i ü , a t i tu i s  o n  t i o w n h u r s t s  ant i
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rn i 'T i i l mr sf s .  Ifd l)V T  T. F u j i t a  <luriri^ tlu> 1970' s .  to  p r o v i d e  iiK^re d e t a i l e d  i i i for tna-  

I ion  reu,a rd ia i t  t h e  r e l a t i o n  h e t w e e n  L K W 'P  in S(|iiall l ines a n d  stron>f d o w n d r a f t s  a n d  

d a i n a i r i i m  <iirfa'  e w i n d s

l i i j i t . i  ' l '*7s) s h o w e d  t h a t  t h e  eo i n  a v e - s h a p e d  echo  (a s  m e n t i o n e d  hv  H a t n i l t o n  

I ' )70) is o f t e n  ohserve<i  e n i h e d d e d  in F E W  Ps.  a n d  r e n a m e d  it as  bow echo.  F i g u r e  

■FI s h o w s  Fi i j i t a  s d e p i c t i o n  o f  a  h o w  echo ,  as  well  as a  h o o k  ec h o  t h e  l a t t e r  is 

t i s t i a lh  a s s o c i a t e d  w i t h  t h e  t o r n a d i c  p h a s e  o f  s u p e r c e l l  t l n i n d e r s t o r m s .

F u j i t a  i l ' . t7sj a l so  n o t e d  t h a t  i s o l a t e d  h o w  e c h o e s  c a n  oc(  n r  w i t h o u t  n ecess a r i ly  

a c c o m p a n v i n g  a  L E W  P. IF ise d  o n  r a d a r  d a t a  a n a l y s i s .  F u j i t a  ( 197!). I D S l i  d e s c r i b e d  

a c o i K c p t i i a l  m o d e l  for  t h e  life cv c le  o f  a  h o w  ec h o  w h i c h  is e s s e n t i a l l y  a  rev ised  

vers ion  o f  his  o r i g i n a l  m o d e l ,  p r o p o s e d  in F u j i t a  ( ID7S) .  I h i s  c o n c e p t u a l  t i iodel  is 

s h o w n  in F ig i l l e  .F_v It d e p i c t s  t h e  e v o l u t i o n  o f  a  m e s o s c a l e  i iuive( t ive  s \ s t e n i  l .MCS) 

f rom a d e e p  t h i i t i d e r s t o r m  loi l ine o f  t h u n d e r s t o i t i i s i .  w i t h  a  well  def i t ied  gus t  f ront ,  

in t o  a h o w  eeho  t h a t  p o  a h n  es s t r o n g  s u r f a c e  w i n d s  o r  F u j i t a  ( I ' t s j )

i n d n a t e d  t h a t  m t h e  m a t u r e  s t a g e  o f  t h e  ho w  e c h o  ( s t a g e  ( '  in F i g u r e  .F_’ ). t h e  how 

s h a p e , I  st l in t lire d , w e l , , p s  a s p e a r h e a , l e d  s ec t , , r  in t h e  r , 'g ioi i  o f  s t r , , n g e s t  sur f ace  

w in ds .  In F u j i t a  s des i  r i p t i o n .  t h e  s p e a r h e a d  is o f t e n  a c c o m p a n i e d  hy a  t r a i l i n g  trcdk 

iclio i fiiinm I ( W ' F C )  in t h e  re l l e c t i v i t v  field.  In fa c t ,  it is re, o g n i / e d  t h a t  t h e  W’KC. 

al", M , d h ‘,l n dr irifhu' m f r h  I P r / \  h v l in sk i  p)!)'i I. is a  d i s t i n c t i v e  feat  lire o f t e n  o b s e r v e d  

w i t h  a  typ i i  al how e c h o  ( P r z y h y l i i i s k i  a n d  CJery 198.F B u r g e s s  a n d  S m u l l  1991). Fun k  

et  al. 1999.  a m o n g  o t h e r s ) .

F u j i t a  ( 197S. 1981) d i s m i s s e d  t h a t ,  as  t h e  s u r f a c e  o u t f l o w  s p r e a d s  wt'll a h e a d  o f  th e  

s y s t e m ,  t h e  i h a v n h u r s t  wa a k e n s  a n d  t h e  h o w  ech o  evolves  i n t o  a  c e m m u  s / m p c d  icho 

( s t a g e s  [) a n d  F  in F i g u r e  .8.2) d i s j i l a y i n g  a  m i d d e v e l  cvc lo t i ic  m e s o s c a l e  v o r t e x  a t  th e  

t n u t h e r n  e n d  (or  left e n d  a s  l o o k i n g  d o w n s t r e a m ) a n d  a  w e a k e r  a n t i ,  v c lo n ic  m e s , iscale 

, i r c u l a t i o n  a t  t h e  s o u t I n - r n  e n d  (, ,r  r igh t  e m l ) .  In a  m o t , '  i ip , la t , ' , l  t ioiiu' ti ,  l a t i i r e .  th, '
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f i i ; u r e  d  _* ( ■'i r i c e p t  l ia i  m o d e l  f o r  t h e  l i f e  c y c l e  o f  a  t y p i i a l  h o w  e c h o  S t a ^ e  A ;  t a l l  e c h o .  B  a n d  C  

l ' " U  ' I i i " .  1 '  .iiiii I.  I Miiiiua h "  F r o m  F u j i t a  1 9 7 ' J |



I 1 i i i i i i ia->ha[)cii  I 'ch' t  ( i c - ' cn l in l  l)\ f 'u ji t . t  fits in tlit> n.'i^rrnrn trif-tiipc MCS.  a s  daf innd  

in H o i i / i '  I't al. I l f )89 | .

l ’r / \  hv li i i sk i  <ui(l D t 'C a i r c  119S3) ( l icr t ' af t tT.  P D 8 5 )  a n a l y x r d  r a d a r  d a t a  f r o m  

fu i i i lN i a , ' t ' ‘ , 'f w a r m  s f a s u n  Ixav , r t i o - t \  p r  MC'Ss (ud i ic h  wart '  ca l l t ' d  dtrnho.'^. 

I<'liowinu, Jofins a m i  f l i r t  I ' J^di  a s s ta  l a t a d  wi t l i  w i d t ' s p r a a d  a r e a s  of d a m a m n ^  w i n d s  

in n o i t f i - ( e n t r a i  a n d  e a s t e r n  L’n i t e d  S t a t e s .  Tliey i d e n t i f i e d  fou r  m a i n  p a t t e r n s  of  

r a d a r  ee l io  t i ist i i l>i i t lol l ,  as sl iowii  in F i j ; u n '  8.8.

I 'v pe  I M C S  i F iy .  3 .3a)  c o n s i s t s  o f  a  n a r r o w  a n d  so l i d  s tp ia l l  l ine  e x t e n d i n g  for 

a s  rnncli  as  J i l l  ktii a n d  witli  as  n i a n v  as  t f i ree  l i o w in a  s e g m e n t s  a l t u ia  i t s  l e a d i n g

• ' d u e  I' .at li t ' t n f a ' d d e d  I m w  ei Ini  c a n  r i ' ac l i  11)11 ki l l  i n  l e r m t l i  a n d  m a v  d i s p l a v  a  

n i f ' ^ i x a l f  ( i i i i i i a t n ' i i  n e a r  it> n o r t h e r n  e n d .  S e v e r a l  s m a l l  W K C s  111 t o  11 k i n  w i d e  

a r e  o h s i ' i A e d  a l o i m  t h e  t r a i l i n y  f l a n k  o f  i h e  c o n v e i  t i v e  l i ne .  F f ) S l  h v p o t h e s i / e t |  t h a t  

t h e  \ \  l \ l  \  a r e  G e n e r a t e d  l,\ t h e  e i i t r a i t i t i i e i i t  o f ' d i i e i  e i n  i n a i n i c n t a l  . i t r ,  e n h a m  i n y

• ' \ a p o r , i H \ e  p to ies .M' s  r i i ev a l s o  s t i c c e s t e d  a  st rony,  r e l a t i o n  b e t w e e n  t h e  l o c a t i o n  

o f  t h e  W 13 s a n d  a r e a s  of  s t r o n g e s t  su r f a c e  w in d s ,  o r  d o w n b u r s t s .  I y p e  11 M C S  

' 1' I'U 3 .31)) r e p r e s e n t s  a  s h o r t e r  s y s t e m  r e a c h i n g  111) k in  in le i iy t l i  in i ts  n i a t i i r e  s t a e e ,  

d i s p l a \ i n , u  a  so l id  <itid doni i i i a i i l  b o w  echo  t h a t  c a n  b e  8D k m  lotiK. a n d  s o n i e t i m e s  

s h o w i n e  a d j a c e n t  s m a l l e r  bow e c h o e s  less t h a n  2(J k m  lotiK- F h e  t y p e  II c o n v e c t i v e  

s y s t e m  g e n e r a t e s  m o r e  t ln in  o n e  W ' F C .  b u t  a  p r e d o m i n a n t  ( u p  t o  20 k m  lo n^ )  U  E C  is 

u s u a l l y  e v i d e n t ,  ( . ' o i n e c t i v e  e l e m e n t s  d e t a c h e d  f r o m  t h e  m a i n  e c h o  l ine  a r e  ( rbserved  

d o w n s t r e a m  o f  t h e  m a i n  M C S .  T h e  i s o l a t e d  cell  o r  cel ls ,  d e v e l o p i n g  10 to  80 k m

• l o w n . s t r e a n i  o f  t h e  m a j o r  b o w i n g  s e g m e n t ,  t e n d  to  m e r g e  w i t h  t h e  la r g e r  M C S  a n d  

a t e  i n te n s i f ie d  as  t h e  Ixav echo  a p p r o a c h e s .

F D s l ' s  t v p e  111 M C S  I Fig.  3 .3cI  d i f f e rs  f r o m  t v p e  11 in t h a t  i s o l a t e d  a n d  s c a t t e r e d  

c o n v e c t i v e  e l e m e n t s  a h e a d  of  t h e  s y s t e m  a r e  r a r e l y  o b s e r v e d .  T h e  t y p e  111 M C S  t e n d s

' l’r.;\l>\ ti[oki I ,iaa> a thrw  iiiorv i .w's lu lliih jii;il\sis
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or

K » I d )

Fi f ;u r> '  .'F I ' s p i r a l  r . i d a r  i d i u  ( l i - t r i f n i t i d i i s  u b s c r v c d  iii w . i r m  « ' . L - o t i  b o w  f c h o - t \ [)*• M C ' S s ,  ,i.- 
I l a s s i l i f d  liv a :  t \ p t  I i w n \ a <  11 v c  s t e m ,  d o  11. i , ' v p r  111, , d , t y [ j c  1 \  C ' o r i t o u i  b a ,  s
a r c  l o w  li \ i  l i f t l f i  t i v i t \  c o n t o u r . ^  iti d l i Z  T h e  f o u r  d i a g r a t i i s  s h o w n  a r t -  n o t  i n  t h e  s a i n t *  s p a t i a l  st alt* 
i . ' t ' t '  t f x t  f o r  i l f t a i l s ) i . \ d a i i t ( ‘d  f r o m  P D S . â )



ti) ln> ,slifi,tlil\ > t iu r i f i  t l ia ii  t v p e  II.  ex te in l i i i j '  f r om  10 k m  to  120 k m .  Cietierally.  a  

s i ng le  a n d  well  d e l i n e d  W'FvC is e v i d e n t  a I o n «  t h e  t r a i l i t ix  Hank o f  t h e  s y s t e m .  T h e  

m o s t  d i s t i n c t i v e  f e a t u r e  o f  <i m a t u r e  t y p e  II . \IC’S is t h e  p r e s e n c e  o f  a  s e v e r e  c o n v e c t i v e  

cell .  oi ( as i lmal tV e x h i h i t i n s  s n p e r (  ell c h a r a c t e r i s t i c s .  e m b e d d e d  n e a r  t h e  l e a d in g  e d ^ e  

o f  t h e  h ow  e c h o  a n d  u s u a l l y  l o c a t e d  s o u t h  o r  s o u t h w e s t  o f  t h e  p r o n o u m  ed W K C .  

Fr o tn  t h e  c a se s  s t u d i e d  h\- T F i S l  a n d  P r z y b y l i n k i  ( 109.')). t h e  ty j i e  I I I  h o w  echo  M C S  

was  t h e  nio>t c o m m o n  one .

I h e  t \  p f  I \  , \1(  S  11 ' m  d . i d  I w a s  t h e  lo.'^ c o m m o n  l>ow <•< h o  p a t t e r n  i d e n t d i e d  

l i \  P I ) ' ' ' /  I h e  e a r l v  i ' \ " l i i t l ot i  o f  t h i s  M C S  c o n s i s t s  o f  a  s t o r m  s \ s t e r n  e v o l v i n g

I r o m  a  ( l a s . s i c  t o  a  h m h - p r e c i p i t a t i o i i  ( I I P )  . " U p e r c e l l  D u r i n g  t h e  H P  s t a g e ,  n e w  

II i n \  e i  t i \  e  e l e m e n t s  a l e  I l ' U . d l v  o h s e t M ' d  d e v e j o p i i m  f f o t l l  ' I l k  til  t o  I J H  ki l l  ' O i i f l l  

. m i l  w e s t  o t  t h e  s u p e r c e l l ,  a l o n g  t h e  o u t f l o w  h i a i n d a r y  a . s s o i  i a t e d  w i t h  it.s r e a r  f l a n k  

d o w n d r a f t  i P r / v h v l i i i s k i  10 ' ) ' ) )  I h e  p a r e n t  . s i i p e r c e | |  g r a d i i a l l v  u n d e r g o e s  a  t r a i i s i t m n  

t o  a  h o w  e i  h o  I o t i f l g U l a t  l o l l  w i t h  a  s o l i d  l e a d i n g  e d g e  11 e  . s t r o n g  l o w - l e \ e l  r e f l e c t  i v i t  V 

g r a d i e n t ) ,  d i s p l a v i n g  i n e s o i i r c i i l a t  i o n  o n  t h e  i i o r t l i e r t i  o r  n o r t h e a s t e r n  e n d  I c o m m a  

h e a d ) ,  a n d  d e \ e l o p i n g  o n e  o r  m o r e  W P C s  a l o n g  i t s  t r a i l i n g  s e c t o r .

PD'<0 d i d  n o t  e . x p l o r e  i n  d e t a i l  t h e  t i m e  s c a l e s  a s .s o i i a t e d  w i t h  t h e  e v o l u t i o n  o f  h o w  

e c h o e s ,  n o r  t h e  t v p i c . i l  s v t i o p t i c  f o r c i n g  a s s o c i a t e d  w i t h  t h e m .  S o m e  o f  t h e s e  t o p i c s  

. l i e  h r i e f l \  r e v i e w e d  h e l o W .

3.2 Bow eclioes and dereclios

f r o m  t h e  i n v e s t i g a t i o n  o f  se v e r a l  case s  of l o n g d i v e d  a n d  ra [> id lv - p r o [ ) a g a t i n g  w ar t n  

s e a s o n  .MC'Ss a s s o c i a t e d  w i t h  l a rg e  s w a t h s  o f  d a m a g i n g  w i n d s  in t h e  n o r t h - c e n t r a l  

a t id  n o r t h e a s t  I n i t e d  S t a t e s .  . lohris a n d  I l i r t  I19S7)  p r o p o s e d  a  r e f i n e m e n t  in t h e



(It'fiilit idii of  t l u ’ t e r m  dt n c h o ' . a n d  t l n d r  wo rk  h e c a i n e  a n  i m p o r t a n t  r e f e r e n c e  in 

t l i e  s t u d y  o f  l)ow e c h o e s .  Accordiinj ;  to  . iol ins a n d  H i r t  I fhSTi  ( I tencefor t f t  referre<l 

t o  as Iff Si I .  for a  c o n v e c t  i v e lv - i t r t t e r a t ed  st r a i ^ h t - l i n e  w i n d  ev en t  t o  h e  c o n s i d e r e d  a  

d e m  lio n  mii,' ' t m ee t  t lie fo l low ing  c r i t e n . i ;

III A n  a i e a  of n j n c i - n t r a t e d  r e p o r t s  of c o m . c c t u e l v  i n d u c e d  w i n d  d a i n a n e  a n d  or  

c o m e i t u e  m e a t e r  t h a n  _’Li in '  ' tnu>t ex i s t ,  a n d  t h i s  a r e a  m u s t  l iave a m a j o r

axi> l e n g t h  of at  lea.-'t fUli kin.

(ii) l h ‘p o r t >  w i t h i n  tlii'- a r e a  m u s t  sf iow a  p a t t e r n  o f  c h r o n o l o e i c a l  p r o g r e s s i o n ,  

e i t h e r  as  a  s i m ; u l a r  s w a t h  ( pruqrt ^.-u t dt nrho:  see Fiu,. S la ) o r a s  a  se r ie s  of  s w a t h s  

I .<< ruil (it n  rhi>\ IFiu, 1 Ih I;

I hi I W i t l i i n  t he a r e a  t h e r e  m u s t  he  a t  least  t h r e e  r e p o r t s ,  s e p a r a t e d  i>v t i l  k m  or  

t i iore,  of eif h e r  [■ [ d a m . m e  i [-iijit.i ['*71 ! . ind  or  e o n v e e t i v e  c o n v e c i t \ e  yu>ts  o f  dd  m 

S ‘of  g r e a t e r :

l iv)  . \ o  m o r e  t h a n  d i n  c a n  e l a p s e  b e t w e e n  s uc ce ss iv e  w i n d  d . u n a m '  events*

It is i m p o r t  an t  to  t i o te  t h a t  t h e  t e r m  d e r e c h o .  .is d e f i n e d  m  .111x7. re fe rs  to  a t v p e  of  

coi i \e (  t i \ e l y  y e i i e i . i l e d  damaü, inu,  w in d ,  . ind  nu t  to fin M C S  tlint <j> in ru(< tl M o r e 

over .  n o n e  o f  t l i e  feat i i res id e n t i f ie d  hv F u j i t a  I l!)7s.  F . t s f , a n d  FDS.d for  h o w  e c h o e s  is 

e . xphc i t ly  m e n t i o n e d  m  .111x7 w h e n  c l a s s i t y i im  d e r e c h o - p r o d u c i n g  M l  Ss  ( [ ) f * M ( ' S s ) .  

H o w e v e r ,  t h e  r a d . i r  p a t t e r n s  a n d  x h e m a t i c  de j i i c t io i i s  for ty p i c a l  D P M C ' S s  d e s c r i b e d  

in 111X7 s h o w s  e i t h e r  a  wel l  d e f i n e d  d o m i n â t i im h ow  e c h o  ( a s  in t h e  c a s e  o f  a  p r o g r e s 

s ive  d e r e c h o ;  h i e .  .5, l a ) ,  o r  a  h u m  L F W  I’- t y p e  sijiiall  l in e  c o m j u i s e d  hy  m u l t i p l e  h o w  

e c h o e s  ( s e r i a l  d e r e c h o ;  F i^ .  d. l h | .  M o r e  recen t ly ,  l o h n s  a n d  F  v a n s  (211110) e x p l i c i t  ly 

i n d i c a t e d  t h a t  t h e  .111X7 d a t a b a s e  c o n s i s t e d  nnli/ o f  w i n d  a n d  o r  w i n d  damaj i , e  r e p o r t s

I h r  t e r m  i i t T t i h i i  w.ls unv^irictllv tminrtJ In H i n r u h s  iI.m.s.M) lo  dciiott* xtri>ri^ .xtrajkiht-liru* '.v:rnl>torrii.s iruiut ♦’<! hv 
I (HlVtTtJVf ai I n  ll>

AtitlllH-'Il.lI r r i t v r i . i  f "  h r  at 1 r p t r i i  ifi JUST x li r rtn  'iat.ih.LXr r r tp i i r r t i  t h . l t  t h r  Wtfjil r v r n l  iMtt f t ' . i t l i r rs  ; I ,
U» I r. i U ix p i .n  toifjpiir.vl d i r l  Np.iti.il v rn 'dnnu ts  i iu iu  h \  s u r t . u r  p re s s u r e  a n t i  w i iu l  tir lrlx if t h e
rr ioven ien l  ol t h e  .cssmt. i.itetl r . u l a r  evh i te s  a re  ru»t . v ii tim nni.s  i. a m i  lh . i t  tiniUipIt* x.i .i thx »)! vsiml i l . im .i^e  >h»njhl ht* a 
p a r t  <)( t h e  s a m e  . M t ’.S .is im li i a t e i l  hy r a d a r  s i in inn i rv  «.harts
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.5 1 S( t i i ' î i i . i i  1' t i i ' i i  i ’t ' U i t . i i i -  i i > ' p r i ( - ' I  , t l f  t f a t u n ' >  .L'mH i . i rc i l  w i t l i  t l n '  i ic( n r t ' i i r c
i i f  1,1' i | i  [, ' ( lu < i w . i r i i i  ' C. iMJt i  p . i t r c i  t i , i n < l  ' t ,  i « r i . i l  i i iT>‘c h o  i civr i . i i i iK p . i t t c r i i  I h r
h a t r l i r d  a i r , IS I i f tT  t o  t h r  - n t n i s  . i l f r c t r i i  l,\ ^ t ro i i ^  ' t  r . t iul l t  - llMr Wll ids ,lt t h r  ■.Iirhu r  : d r i r t  hi iS ) 

F ro n t  , i ü d  ' i p i . d l  h t i r  ' v m h o l s  . i r r  r o u \ r n t l o n . d  V d . i p t r d  f r o m  111^7

a s S o r i a t r i i  u i l t i  t l u -  l u i U  r c l i o  ^ t a i i r  o f  I ) | * M ( ' S s

( )ti f h r  o t h r r  t i a m l .  u  lu l r  h o w  CI tu) - t \  p r  M ( 'Ss trt'<iiii‘i i t iv p r o d u c e  ^ t ro i ie  s i i i l ace  

w i n d s .  I l o t  a it  ot I t ieiu e r t i r i a t r  t a r é e  s w a t l i s  ot ( t a ïua^ iny ,  w i n d s  t t i a t  i n e r t  t tie de tini -  

t ioii ot ( te rr i  tio> I tie leMii ls  t i o i n  , l l | s 7  ^t iowed t t iat  . \ I ( 'Ss wit t i  v j eor o i i s  tone  tiveti 

t iow (■( iioe.s i.e . t )ow et tioes w i t t i  t i te sp.iii  ot . ' 'cverat t ioiirs.  a i id  reat  tiilie 121) luii 

o r  i i iore iii i n d i v i d u a l  t e i ie | | ,  ,,, c o i i i tu i ie d  as a L E W ' P  in a  s ( |ua l t  tiiie l . lot i i is  .iiid 

[ Joswett  ll)!>2) a r e  t t ie  iiiost til<etv oi ies  to  p r o d u c e  dere i  tios I tus  ct iarac te r i s t i c  

l ias tieeii c o i d i n u r d  t a  ' t a e r a t  c.i.-e " t u d ie u ,  sip |i a> Dutce a n d  Poea. st i  i i fei i t tev

a n d  C o o p e r  ( i!J 'J7i.  a n d  ot tiers.

l ' or  t t i e  r e a s o n s  s t a t e d  al iove.  t a a v  et tio s t i tm ld  n o t  tie c o n s id e r e t l  a  s \  iitinviii  toi 

derec t io .  It s t u iu td  lie c l e a r ,  t t i t t i iel i .  t l i a t  t t i e 1 -year s t u d y  o f  t t erectnt s t a i  t i e d  ou t  t a  

•JIiS7. a m i  e .Meinted  t a  .lotin.s et al  ( I'J9(li a m i  . I tdins  ( 1993) .  int l i cate t l  a n  i i n p t t i t a n t  

a s s o c i a t i o n  l ietweei i  t ie rec t ios  a m i  t tuig- l ive ti  trow ect iues .



3.3 Mesoscale features in bow echoes

B o w  (‘c h o f s  .•'hart' m a n y  ot t h e  m o s o M a l c  t o a t i i r i ’s o l n m  o h s n r v c d  wirl i  l i i i ra r  mi<l- 

l a t i t i i d f  M C ’S>. as doM i ih t  d  in t l in c o m  f p t u a l  m o d e l  d e p i c t e d  in Fiy,iire d. j .  w h i c h  is 

a  v e r t i c a l  ( t o s s  s e c t i o n  ot  t h e  k i n e m a t i c ,  m i c r o p i i v s i c a l  a n d  r a d a r - e c h o  s t r u c t u r e  o f  a 

!H(itur> ( (iiive( t ive  l ine  w i t h  t r a i l i m ;  s t r a t i f o r t n  pre* i p i t a t i o n  l l h m z e e t  al 198!)). The 

l e a d i n y  ed ' :o  , .f t h e  <\ s t e i n  consi>ts  o f  dee[)  c o n v e c t i v e  cel ls  a s s o c i a t e d  w i t h  h i ^h  r a d a r  

n ‘t l e c t iv i t \  ti* |d> ,(inl h e a \  \ p r e c i p i t a t i o n ;  nio>l ol t h e  s ev e re  w e a t h e r  p h e n o m e n a  

act  t n n p a t i v i n y  how e c h o e s  t m  tirs in th i>  set t o r  is t rcaiK s u r f a c e  w i m i s  t ie rechos .  ha i l .  

s h o r t - l i v e i |  t o t t i a d o e s I  . \ n  at t ive  s u r f a c e  c o l d  p o o l  a t id  n ie s t th ie h  (itidii atet l  hv H,  in 

F i n  d ')! IS It ,1 iiietl j i i st  heh i i id  t h e  uyist f ron t  a t id  p l a y s  a n  i m p o r t a n t  role in d r i v i n g  

.•' trtum si i rfat  f  wim ls  ( . Jt ihnson JIM) I . W’a k m i t t t t i  _9)()I)

I he t̂ h e m a l  If m f  iv 8 1 al>o ^lu < t he  Ide c \ t ie of con \ ' ec t  i^t' act  !\ it v wit h in  t he 

.Ml S , \ e w  1 1 ,n\ t  I t i \ e  t I'lls a r e  fo rm e t i  hv t h e  l i f t in e  pr t iv i t l ed  h\ t h e  a t l \ a m  iny cohl  

pt It 'I w hn  h h e h a \ f s  a.-, a t | e t i \ i t \  t i n  re n t  B e c a u s e  t h e  tv p i c a l  envi r t  m i n e n t  coii t l i icive 

tt) M l  'Ss h a s  h iy h  11 i n \ f c t  i \ a v a i l a b l e  p o t e n t i a l  e n e r y y  (C’. M ’F) (e.y . ht l ins 1998) .  

t h e  new t e l l s  t i evelt tp vert  It at  . s t u K t u r e  ( | u i t e  e t t i c i en t ly .  r e a c h i n g  t h e i r  m a t u r e  s t a y e  

j imt h e h i m l  t h e  eiC't f ron t  .\> t h e  ce l l s  lie, t ,m e  u m i e r c i i t  f n u n  t h e  w a r m  ami  imtist  

h t ) u n d a r \  l a \ e r  al ieat l  tif t h e  .MCS. t h e  t n a t u r e  s t a y e  is fo lh twed hy  a  i l ecav iny  s t a y e  

r e p r e s e n t e d  hy  t h e  "old cel l" in F iy  8.Ô.

In h o w  e c h o e s  I p a r t i t  t i lar lv.  t l e r e c h t i - p r o d i i c i n y  h o w  e c h o e s ) .  h ) w- |e ve |  t o n v e r y e n c e  

a lo i iy  t h e  yi ist  f ron t i.e. .  on  t h e  t i o u i i s t r e a m  s id e  o f  t h e  s t o r m  s y s t e m  is e n 

h a n c e d  c o m p a r e d  t o  hat  k h u i l d i n y  s v s t e m s  ttr n o t i - D P . M C S s  ( E v a n s  a m i  Doswell  2001 .

( ' o r l i d i  2()()_'). ow iny tti a  s t i t t n y e r  s u r f . u  e t)Utllt)W . I h e  h i y h  ethc lei icy in r e y e i i e r a t in y  

c t)iivec t iv e  ce l l s  al ieat l  ttf t h e  l ine c t m i h i n e t l  w i t h  s t r o i i y e r  m e a n  e n \  i r o n m e i i t a l  w i n d  

( F \ a n s  aittl  I 'ti.-'Well 2hh  1 : h e n c e f o r t h  r e f e r r e d  t o  a s  1% 1)111 j acc t tu n t  for  t h e  re i i i a rk ah ly

ÔS
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f - i i ;ur>'  .5 ') ( ' . ' IK 1 [■!!!,tl 111, ni ,  I >t  .1 i i i i i ' . t :  M t ' S  w i f h  t i . i i h i i t ;  ' t r . i t i l " i ‘m  |ii>-i i p i t . i n o t i  n w,  d  i n  a  
r t  II .tl  ( ri ■>' 'Cl  I !' ' I I 11[ l e n t  111 p c r p c n i  in i i l a t  (i ,  i h e  l i n e  i >f ci . r i v c c t  i v c  i cl!>.  M c d i i i i n  . t i n t  d a r k  < h a d i n ^ ; s  

d c i n i t c  a r e a . '  a . "< " l a t e d  w i t h  i n t e r m e d i a t e  a n d  ' t r i i m ;  r a d a r  r e t l e r  t i v i t \ ,  re.-.pet t i v e i v  H e a v v  x i l i d  
L i t t h t  . ' l a l l i i p e i l i  l i i i f  r e p r e > e n t . '  t h e  In l i i n d a r i e '  . d  t h e  ' t n r t n  a . '  i n d n a t e d  f r m n  r a d a r  r e t l e i  t i \  it v 
d i r e c t  I i j . ' f i \ a t n '111 S t u r m  i i n i t m t i  i '  t i a v a r d  t h e  r m h t  u f  t h e  f i g u r e ,  . \ d a p t e d  f r u i n  M n i i / e  e t  a l  

I ' l d i '

fa.st f o r w a r d  m u t  inn t h a t  i l iarai  t e r i / r s  lot i 'd- l ived h o w  c c t io es  as  Cast a s  dâ  m  s 

C’o i t i d i  I JUO'J)

[ [admi t ,  t l ie id i ive t  l ive ae t i v i t v .  a  l e g i o n  oC h e a v v  > t ra t i f oM ii  p i v r i p i t  at  ioii is u s u a l l y  

o hs i ' i Acd  ! hu t  Hot ah va vs ;  'i n t e r  a n d  H o i i / e  I d d l a  1. a n d  t h e  k i n e m a t i c  s t r u c t u r e  is 

d o m i n a t e d  hv a n  asi e n d im r  f r o t i t - t o - r e a r  ( low. w hi ch  r e s u l t s  iVotn t h e  m i d  a n d  u p p e r  

p o r t i o n s  o f  t h e  le ad i t i "  iipilraCts l e a n i n g  i i p s h e a r .  a n d  a  d e s c e n d i n g  r e a r - t o - f r o n t  flow 

In  stroiiu,  s ( |ua l l  l ines,  t h e  r e a r - t o - f r o n t  f low c a n  lie l o c a l l y  in te n se ,  e s p e c i a l l y  a l o n ^  

t h e  a.xis t h a t  c o i n c i d e s  w i t h  t h e  a p e x  o f  h o w  ec lioes.  c h a r a c t e r i z i n g  a rKir-tnfloir j r t  

I HI.If  ( S m u l l  a n d  Hoi ize  1987. B u r g e s s  a n d  S m u l l  1990.  W e i s m a t i  1992.  I lo i iz e  199-3). 

C i r o i i n d - i e l a t  ive w i n d s  as s t ro l i u  us ÔU III s ‘ a r e  o h s e i v e d  w i t h  HI.Is (e .^  . Bur i^ess  a n d  

S m u l l  1990)  The  a l o n « - l i n e  v a r i a t i o n  in t h e  r e a r - t o - f n m t  m o m e n t u m  field a c c e l e r a t e s  

d i s t i n c t  s e c t o r s  o f  t h e  M C S  at  d i f f e r en t  r a t e s ,  l e a d i n g  t o  t h e  e h a r a i  t e r i s t i c  h o w - s h a p e d  

s t r u c t u r e s  o r  L E W  P s  in h o w  echoe s .

1 he  H M  t r a n s p o r t s  not on l \  m o m e n t u m  h u t  a l s o  d r i e r  a i r  f ro m  m i d  t o  lo w er  leve ls

r,9



w h i c h  ta v o r s  "cioiKi e r o s i o n '  on  t h e  u p s t r e a m  ( l a n k  o f  t h e  l e a d i n g  c o n v e c t i v e  cells,  

geru' ra ti i if^ r e a r - i n t l o w  n o t c h e s  or  W’EC’s m e n t i o n e d  e a r l i e r  ( P r / y h y l i n s k i  lUPÔi. W i t h  

e r d i a n c e d  e v a p o r a t i o n  s u b l i m a t i o n  m  t h e s e  l o c a l i z e d  reg ions ,  s t r o t i ^ e r  d o w n d r a f t s  a n d  

a c c o m p a n v i n u :  su r f a c e  o u t  How a re  i n d u c e d  ( W a k i t n o t o  2 0 01 ) .  beinu;  c o n s i s t e n t  w i t h  

t h e  fact  I h a t  W K C s  a r e  u s u a l l y  i^ood i n d i c a t o r s  o f  s e c t o r s  w i t h  i n t e n s e  s u r f a c e  w i n d s  

i P D ^ O

( )ne <if t h e  m e c h a n i s m s  ^ e n e r a t i i m  t h e  r e a r - t o - f ro t i t  [low is t h e  f o r m a t i o n  o f  a  low- 

t o  m i d - l e v e l  m e s o l o w  ( i n d i c a t e d  bv b , in f'iti. 3. 0  t h a t  e x t e m l s  f r o m  j u s t  u n d e r t i e a t h  

t h e  l e a d i n g  u p d r a f t s  to  l e u s  o f  ( p i i l o m e t e r s  b e h i n d  t h e  y,ust f r o t i t . f h e  g e n e r a t i o n  

<'t t i l l '  m>'s(,h.\'. Is 111 .iLift r in t 'u i  w i t h  ih<- p i o c u c  < a  i i i id- level  b i i o \ a n c \  s o u r c e  

I ' c c  >t‘i i i i . n  2 2 1 a s s o i i a t  f d  w i th  i n t e n s e  la t e n t  h e a t  m y  w i t h i n  t h e  m a i n  i i [ )draf t  

rey io i i  o f  t h e  .MC.S a n d  i n d u c e s  a l e a r - t o - f i o i i t  p r e s s u r e  yr ad ie i i t  force  l e y . .  K a fo ie  

a n d  -Mom r ie t f  1!)S)J). The  y e i ie ra t io i i  o f  t h e  r e a r - t o - f i o n t  t low c a n  a l s o  be  u n d e r s t o o d  

f r o m  ' (U is ide ra i io i i s  o f  b a r o c l i n i e  y e i i e r a t i o n  o f  h o r i z o n t a l  voi t  ici t \  i W e i s n i a n  l!)!)2. 

I' t ' t . 'b a n d  m a n i f e s t a t i o n  o f  low fre<iuencv l ( l W s  I P a n d v a  a n d  D u r r a n  P)Ob) T h e s e  

m e c h a n i s m s  a r e  r . xami t ied  w i t h  m o r e  d e t a i l  in c h a p t e r  7

The  HI.I is a n  i m p o r t a n t  m e s o s c a l e  f e a t u r e  in b o w  e c h o  d y n a m i c s  B a s e d  on  

i d e a l i z e d  s i m u l a t i o n s  o f  b o w  echoes  a n d  a [ ) p ly in y  t h e  t h e o r v  for  lo ny - l iv ed  s tpia l l  

l ines  d e v e l o p e d  by R o t u r i i i o  et al.  ( 1 9 8 8 )  ( k n o w n  ;is Ratunnn-Klt rrip-\\\ i^rnun o r  

f \ h 'W  thmrij).  W e i s n i a n  ( 1 9 9 2 .  1998) h y p o t h e s i z e d  t h a t  t h e  p r e s e n c e  o f  a n  c h e a t e d  

Hi.I p l a \ s  i m p o r t a n t  role in t h e  m a i n t e n a n c e  of  l o n y - l i v e d  b ow  e c h o e s .  He i n d i c a t e s  

t h a t  w i t h o u t  t h e  e h w a t e d  HI I, M C S s  w i t h  u p d r a f t s  t h a t  l ean  i p i s h e a r .  as  i n d i c a t e d  

in F i y i i r e  d .b a .  u n d e r y o  a  t r a n s i t i o n  f r o m  t h e  m a t u r e  s t a y e  (for  w h i c h  t h e  l e a d i n y  

u p d r a f t s  a r e  e r e c t ;  not  s h o w n )  to  t h e  d e c a y i n y  s t a y e .  I 'his  is be t  a u s e  HI.Is t h a t  

d e s c e n d  well  b e h i n d  t h e  y u s t  f ron t  t e n d  t o  e n h a n c e  t h e  s u r f a c e  o u t f l o w  t h a t  i m d e r c u t s  

t h e  u p d r a f t s ,  weake i i i i iy  t h e  s v s t e m  ( W e i s m a n  2 0 9 1 ) .  W i t h  t h e  t l e v a t e d  HI.) ( F iy .

ÜU



.'5 G Si h v i i i . u i< n  i i r r x n t . u i ' > i i  <,(' ili<- j r  Ti ln- i t  t n t i vi - i  l i v e  t l n w  i n  n n  i i i c . i i i / t - d  t „ , \ \  e c h u
l i m  i n g  It.'- n i . i t n n  ' - t . i r , -  w i t h  ,i ,t ,li | , , | ,Ln^t  R M .  . n u l  h  w,  11 d ,  l in ,  ,1 , 1, \ n t ,  d  R M  M i n  k.  1, - n h l ,  - 

l i n e d  Vf ,  t i l l  r e p r e . ' , n i '  i l l , '  i i p d i . i f t  i n i M ' i i t .  t h n  k . ' u l i d  v , , n , r  d i - r n ' t e >  t h e  R I  I.  i l u n ,  n r r u l . i r  . i t r»-w< 
i n d i i ' . i t e  1 1 . n \ e ,  t n , ' - ' ,  , i | , '  e i i (  n l n t n n >  i . i t ,  d  w i t h  l n ' r i / u n t . i l  v n t n  i t \  ii., n ,  t . i t , - , l  , i t h , T  h \  t h e
. i r n h i e n t  v , r t i (  ni  w i n d  s l u ' . i r  , , r  l i \  t h e  , ,  , n \ ' e t  t i v e  < v - t , T n .  - l i n ' l i t n ;  i l e t i u t ,  > f i n -  ' u r f . n c  r i , | d  ( )e , ' l ;  
i i ' H i e i i '  ■'1 l i ^ l i t , ' !  ,•! h e . i \  i, : ! , t i n t . i ll .11,'  ; i n l i , . i t , ' d  h y  t in-  n i . , 1, '  ' p . i r > ,  l \  m  d , ' n . - , - l \  p . n  k, d  '., r t n  .il 
line.<.  r e s p e ( t i \ - e | v ;  s c a l l , , p , “d  l i n e  d e t n  , t , ' s  t i n '  n u t l i r i e  u f  t h , '  c l u i l d  i . \ d n p t e d  fi ,  u n  \ \ ,  l ' t n . i n  l 'J' J. ' i i

•d.1)1)1. t l n ‘ c i r c u l â t  il )ii i t idi icci l  l>v t lie ({ I l  iii i l ic s u r f a c e  c u id  p o o l  t o i i u t e r a i  t s  t l ie 

u p s h e a r - o t l e i i t e d  c i r c u l â t i o u  forced  hv  t h e  nust  f rou t  ( i n d i c a t e d  hv  t l i e  c i r c u l a r  a r r o w  

wit h ,i i i i i i ius s ien  at  low le\ els in (‘ in d hh i  In t h i s  ctise. t h e  leailiiej, u p d r a f t s  d o  

no t  t i l t  in t l ie  u p s h e a r  d i r e c t io t i  as m u c h  as  in t h e  d e s c e n d i n g  ({( I i ase .  a n d  l i f tm u  is 

e n h a n c e d  in t h e  m o r e  e r e c t  u p d r a f t s  w h i c h  favors l o n e - l i v e d  s t p i a l l  l ines ( ( { o t i i t i t i o e t  

,il. l ' Iÿ.Sc

H o w e v e r ,  I t  is i m p o r t a n t  to  keep  in m i n d  th a t  t h e  s t i i d v  hy W’e i s m a n  ( 1!)92. Id dd )  

I s  re s t r i t  t e d  to  .MCSs d e \ i  lo|)itiit, in a n  a m h i e n t  How w i t h  s t ro t iy  ve r t i c a l  wii id • 'hear  

cot i l inei i  t o  t h e  low l e \ f l s .  i.e.. t h e  e n \  i io t in ie i i t .d  c o n d i t i o n s  for w h ic h  t h e  H l \ W  

t h e o r v  is d e v e l o p e d  ( ' l i im i to lo i i i ca l  a n d  m o d e l i n g  s t u d i e s  ( e u , ,  | { f ) p | .  C o m n l i i ,  . ind 

S t e n s r u d  _H)01) i n d i c a t e  t h a t  e n v i r o n m e n t s  w i th  t /ct/ i  s h e a r  l a y e r s  a r e  a l s o  c o n d u c i v e  

to  lo t i gd iv e t l  h o w  ec h o e s .  F u r t l i e r  o b s e r v a t i o n a l  s t u d i e s  a r e  n e c e s s a r y  t o  a d d r e s s  how 

o f t e n  e l e v a t e d  RI.Is a r e  p r e s e n t  in lo n g - l i v e d  how  e c h o e s .

. \ s  m e n t i o n e d  in s e c t i o n  d . I .  m e s o s c a l e  c o n v e c t i v e  v o r t ic e s  ( . \ I C \ ’s) ( s o m e t i m e s  

c a l l e d  l i n e - e n d  v o r t i c e s  o r  h o o k e n d  v o r t i c e s )  a r e  o b s e r v e d  wi t l i  h o w  e cho es .  In fac t .  

RI. Is  in h o w  ec h o e s  u s u a l l v  a r e  p a r t  o f  t h e  r e a r - t o - f r o n t  h r a n c l i  o f  t h e  c i r c u l a t i o n

Ü1



i i idiKt 'd  IA MC’\  > u  h i r h  tin a n d  >t I'l'iint h»‘us th e  i m d - l t a i d  r i‘a r - t i  i -fn nit Hi>\v i a.n. .  

W i d s m a n  .5 7 >(uavs a  l u w - r l f v a t i u u  t a d a i  n  tir» t i v i t \  a i i a l \> i>  d m n m  t l i r

t i i a t i i rc  o f  a  d f ‘rcc l io -p r i ) d tu  in<j, bow  e c h o  t h a t  a lba  t o d  t l io i iort  h-< oiit ra l  f iiiti d  

S t a t e s  in 19-2U . Inly I'JS.'I ( P r / \  b y l i n sk i  1 9 9 1 1. T h e  d a s h e d ,  c i r e n l a r  t i n e  d e n o t e s  t h e  

p o s i t i o n  of  t h e  a e c o n i p a n y i n e  M C ' \ ' .  wit l i  a  re a r - in t lo w  n o t e h  in i t s  s o u t h e r n  t l ank .  

D u r i r ie  t h e  d e v e l o p i n g  s t a ^ e  o f  t h e  b o w  e c h o ,  MC’\ ' s  a r e  o f t e n  o b s e r v e d  a t  t h e  r i "h t  

aiiil lett end.'! ot  t h e  t iowmu, M'nn ien t .  tint a s  t h e  s t u r i n  e v o l v e s  a n d  b e e o i n e s  h nny- 

l ived.  t h e  cy c lo n ic  M C \ ’ o n  t h e  left e n d  (a s  v i e w e d  f rom  t h e  r e a r  o f  t h e  M C S  I t e n d s  

to  d o m i n a t e

Two m e c h a n i s m s  a r e  c o n s i d e r e d  res[ io t i s ib le  for t h e  (im> nifton  o f  l i n e - e m l  v o r t i c e s  

in b o w  echoes  ( see F i g u r e  d.S):  t he  t i l t i n n  o f  po s i t i ve  a m l n e t i t  h o n / o n t a l  w a t  a i tv 

l i e .  a.-' .-'iniatcd w i t h  a wr^t i  1 1\ e n \  i io t i in e i i t a t  ve r t i ca l  w i n d  ■'lieai ! I a  c o n \ e c t  ivelv- 

n e n e r a t e d  downdra l t .>  (Fiir.  ' F s b ) .  a n d  t h e  t i l t i t u ;  o f  n e i ; a t i v e  c o ld  pi n i l - n e m r a t e d  

h o r i / i ' t i t a l  v i , r t i c i t \  ti\ t h e  l e a d in g  u p d r a f t s  ' Fiu, d . ^ a l  ' W c i s t n a n  19'».F \ \ e i > m a t i  

a t id  Dav is  1998. C r a m  et al .  200 2) .  .As t h e  b o w  echo  s t r u c t u r e  evolve.-^, \ o r t n  i tv 

c o n v e n i e n c e  [i lavs a  ro le  in e n h a n c i n t ;  t h e  v e r t i c a l  vor t i c i t v  p r o d i n  ed  bv t i l t i n y  i( r a m  

et al .  20021.

In lonil ,-l l \ed I low ech oe s ,  lot  w h i c h  th e  int lne ll i  e ot t h e  C o l l o l i s  force  is d i s c e r n i b l e ,  

t h e  c yc lo n ic  v o r t e x  (i .e. .  t h e  n o r t h e r n  v o r t e x )  b e c o m e s  t h e  d o m i n a n t  o n e '  l i e c a n s e  of  

c o n v e r g e n c e  of  e a r t h  s v o r t i c i t v  on  t h e  sca le  o f  t h e  bow  ech o .  enha iK i n g  t h e  cvc lo n ic  

mi d - l ev e l  v o r t ic i t v  ( S k a m a r o c k  et al .  199-1). S k a m a r o c k  et  al .  (1991)  p o i n t  o n t  t h a t  

t h e  a s y m m e t r i c  d i s t r i b u t i o n  o f  t h e  m id - le v e l  p o s i t i v e  b u o y a n c y  w h i c h  is b i a s e d  

t o w a r d  t h e  n o r t h  o f  t h e  M C S  o w i n g  t o  a  I r o n t - t o - r e a r  flow t h a t  is det lei  t e d  n o r t h w a r d  

by  t h e  in t ln ence  o f  t h e  C o i i o l i s  force  a l so  [ i l ays  a  role in f o r m i n g  a  b a l a n c e d  c y c lo n ic  

v o r t e x  t h a t  ca n  p e r s i s t  l i evo nd  t h e  c e s s a t i o n  o f  t h e  p a r e n t  M C S  (e.g . B a r t e l s  et al

' 1 ti. s  bis lb ojiuIui lo i  1..r tin- .\.> tIn  rn  l l i  niib |iln' ri.  In  t h i .  S im th iT n  l i f i n i b p h i T i ’ .  tin . .bouth i. rn  o . r o  \  C o  'i n irb  
t i l l ’ i t i im in .u u  one

0 2



SOOhm

«ïo-ciiKruuTrœi

MSP!
2112UTC

[ i s i i r r  .{.7: I . i I ' . v - i ' l r va t i Mi i .  [ i l a r i - p c i s i t i u i i  m i i i c a t c r  r c t i t c t i v i l v  , i n a l \  ' i >  u f  t i n -  IV l i i l \  I ' I n .5 r e n t r a i  

M i i i t i r s i i t a  < l e i e e ! i i i - p r u i i i K  u i i ;  1 » i w e< 111) a t  2 l U  I  I L  f r u m  M i i u i e a p i i l i ' - S t . I ’a t i l .  M N  i M S I ’ ' i a i i . i r  
I f e t l e i  t r .  :r i . ' i i t u i i t  '  , u  > l ' ' . . i n ,  11 a t ; . !  Iti . I B Z  S l i a i l e ( l  l e e i u n  | . p r e s e n t ' r e t l e ( t r . i t \  ■. . l ine-  e j e . t i e r  
t h a n  a l l  ( i l J Z .  vei  t u r s  i l e i i u t e  t h e  r e a r  i n l h a v  n o t c h  i i . e  . t h e  i U. )  " e c t o i  i. a n d  d a . - h e d ,  c m  n l . i r  l i n e  
i n d n  a t e >  lot  . t i i u n  , t In n i e x . ' i  , i | e  e n  t t i l a t  n in i f ’t u t n  l ’r . ' \ t i \  l i n k M  I VV âi

(a) Upward tilting 
in easterly shear

( b)

y

Downward tilting 
in westerly shear

H t ^ n r e  d  S c h e t n . i t i c  o i  \ t  r t n  a l  \ ' o r t u ' i t y  ^ R e i t e r a t i o n  t h r o n y , h  v o r t e x  t i l t i n e  w i t h i n  h o v .  e c l i o e s  
I n  ( a ) ,  a s t e n d i n g  i i i o t i u t i  a l u n c  t l i e  l e a d i n g  e d g e  o f  t h e  h o w  e c h o  p u s h e s  t h e  s o r t e x  l i n e s  u p  i n  t h e  
p r e s i ' t i c e  o f  c o i n e c t i v e l v - e e n e r a t e i l  e a s t e r l v  v e r t i c a l  w i n d  s h e a r ,  r e s u l t i n g  i n  a n t i c l o c k w i s e  ( c l o c k w i s e )  

r o t a t i o n  o t i  t h e  n o r t h  ( s o u t h i  e n d  o f  t h e  s y s t e m .  I n  ( h i .  l o c a l i z e d  d e s c e n t  i n  a n  e n v i r o n m e n t  w i t h  
w e . s t e i l y  v e r t i c a l  w i n d  s h e a r  p r o d u c e s  t h e  s a m e  l l i i e - e n d  v e r t i c a l  v o r t i c i t y  p a t t e r n .  ( F r o m  W e i s m a n  
a n d  D a v i s  1 U' jS i .
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3.4 Eiiviroiiinental conditions conducive to long-lived bow echoes 

and derechos

S y n u [ ) t u  p a t t i ' i i i s  c u n d u c i v r  to  L h W  P - t y p e  b o w  r t  h o r s  t h a t  s p a w n  >> nul  dt rtdios  

a i ( ‘ sirni l . i i  t "  t l a » ! '  i l r x  r i h r d  in t h e  t r a d i t i o n a l  c o n c r p t i i a l  n i o d r l  for > p r i n ü t i t n r  

x ' M ' i f  w r a t h i ' i  > nn l ) t t ' ak s  i r .y  . P a r i a s  a n d  N t 'W to n  I 'JSfil.  a>sot i a t r i l  w i t h  ' t r n u n .  

iniu.ratinu,  low pri ' ssur*'  s v s t r n i s  ( . l o h n s  19‘)di .  In  I'act. t h r  d i s t i n c t i o n  b e tw e e n  >vno[)t ic  

c o n d i t i o n s  facorinir, t o r n a d o  o u t b r e a k s  a n d  s e r i a l  d e r e c h o s  c a n  b e  r a t h e r  s u b t l e  (e.tr . 

l o h n s  a n d  I 'o sw el l  191)2. S t e n s r u d  et  al .  191)71.

1 i y u r e  y i ,  a d a p t e d  tVoin l o h n s  ( 1991) .  > h o w s  i d e a l i z e d  s k e t c h e s  o f  t v p i c a l  m i d -  

h i t i t i i d e  ' \ i i o p t i r  p a t  t ' r i i s  . i s s o c i a t c d  w i t h  '• \ c r e  w e a t h e r  o u t b r e a k s ,  (o i i t r a s t i i e j ,  -at- 

u a t i o i i s  l a v i l i a b l e  h a  t o r n . i d i c  s u p e i a a  Its ih ' m  1 9 a i  a n d  i s e r i a l -1 de te (  h o - p r o i b n m e  

b o w  e c h o e s  I F iy .  .1 9 b  i In t h e  l a t t e r ,  t he  o r i e n t  a t  Ion  ol  t h e  l o w - le v e l  j e t  I 1.1 111 F iy  

■ F 9 b )  i^ m o l e  p a l a l l e l  t o  t h e  u p p e l  le \  el  tleU po l . t l  a l l d  > u b t | o p K a l  )t t - t o . i l l o .  P I  

a n d  s.I  in Fiy  :1.9b).  i n d i c a t i n y  a  m o r e  u n i d i r e c t i o n a l  v e r t i c a l  w i n d  s h e a r  w h i c h  t e n d s  

t o  fa Vo I t h e  s i | u a l l  l i n e  b o w  e c h o  i n o d e  o f  c o i i \ e c t  ion .  r a t h e r  t h a n  i s o l a t e d  s i . p e r i  e l ls  

e y . \ \ ' e i > m a t i  p ) ‘) l i  b t ins  \ 19*t.li r e fe r s  t o  t h e  s v t i o p t i c  s e t t i i i y  c o n d u c i v e  t o  se r i a l  

d e r e c h o s  a s  t h e  d i j m i n i i i -  p d t t i r n .

O n  t h e  o t h e r  h a n d .  . JH87 a n d  . l o h n s  ( 199.1) i n d i c a t e  t h a t  t h e  proijn dt rtcho is 

th e  m o s t  c o m m o n  t y p e  o f  d e r e c h o  d i i r i n y  t h e  w a r m  s e a s o n  ( .May t o  .Vuyiist ). w i t h  t h e  

p a r e n t  b o w  et ho u s u a l l y  d e v e l o p i n y  u n d e r  a r e l a t i v e l y  t j u ie s ta m t  sy i iop t ic -s t  a l e  p a t 

te rn .  1 hi s s v t i o p t i c  [ l a t t e r i i  l its r e a s o n a b l y  wel l  w i t h i n  t h e  c o n d i t i o n s  favor tdi le  for 

n o r t h w e s t  How s e v e re  w ea t  her  t ai t  b r e a k s  I . l o h n s  1981) .  a t  l e as t  (p ia l i t a t iv e lv .  . lohns  

I 199'1 ) r e f e r r e d  tt; t h i s  p a t t e r n  as  wtirrn .stu.vtn pnttt rn.  In t h i s  s i t u a t i t u i .  t h e  D P M C S

Gl



1‘ i s u r » '  ■( !> l<| f . i l i /< ' i l  ' k i ' t r h f , '  I ' t  ' v r u . [ i t i c - ' i  a l f  ' i t i i a l i i i i i '  f . i \ i i r a l i l f  f " i  ' I rv ,  | , i | u i : r r i T <if
t l i u i Hl i ' i  ' t l  i ri i i . '  ni l  l i i d i i i a  i a  ■ ' i  i r t i a d i i '  ' i i [ i i  r r i  ll>. I f  d» r» i In i - p r i  u l m  i t a ;  In a v  m i n  n '  d v n a r t i i c  

p a t t i ' i  i: H i m; I n n  '  ' I ' r n  n r  ' i  a  Ii m  I i -■ i f>ai '  a r " n n d  a  !• av p i i ’" i i | i '  I'l i i t i n  w n h  i ' i d  a n d  w a r m  t i ' n i t '
III I l a d  .11 I f  w '  I . [111 rn i' w N ■. I ; I 1..I i p p i  ! !'■■• • ! p.  i . n  ji I I M  a n d  n p p -  i ii i 1 d  a ;. .p.,  . d  j. t 

S.I  C a l l ' !  a  1- . i t ' l l  [ ' . . i l l . . '  .Ill '  i \ ' W ' . . [ i  P I ' ' ( P  p . u n i  li 1'  . d ' l  t I'.I' t. ' i. i " ' t l i  p . i i n i '  . i f f
. i d . i p t '  ' i  I n  .111 | .  ' i i i i '  p n i . i

i i s n a l l \ ’ lia.'' it. '  i n i t i a t i o n  t i n i r  In twi i n n i i d - a l t i  i n o o n  a n d  l a t r  r v f t i i n n  a lo in ;  or  jti.st 

n o r t h  oi a i | i ia. ' i- ' ' t  al  lor ia rv ' i i r i a i  r  t l n i i n . i l  t i o i i n d a r \  i i i o ' t  o f t e n ,  a  ' t a t  i o n a r \  f ron t  

o r  a n  " o l d '  o i i t i l o u  h o i i n d a r v  wi t l i  a sini i i l ieai i t  e a ' t - w e ' t  o r i e n t a t i o n ,  as  >r l ie ina t -  

le. illv ' l iowri  in F m  i .  l a  1 tie h ow  eeho .  t h a t  o f t e n  i h u t  ind e \ i  l n ' i \ e l \  I d i ' p l a v s  

1 h a r a r t e r i ' t  n '  o f  I ’l i s ' / '  t \ j>e  II a n d  or  t \ p e  I II  . \ | (  S. t r ave l . '  jn . ' t  ' l i d t l d v  to t h e  

r i ^ h t  o f  t h e  n iear i  w in d  d i r e c t i o n ,  a t id  c o t n t n o n l y  a t  a  s p e e d  g r e a t e r  t l i a t i  t h e  etivirori-  

tne t i t a l  m e a n  wi t i d  s p e e d  (.)IhS7. F 1)1111 Iti fac t ,  t h e  i m p r e s s i v e  t r a t i s l a t i o t i  s p e e d  o f  

h o w  echoes  t h a t  s p a w n  p t o ^ r e . ' s i v e  d e r e d i o s  is o n e  o f  t h e i r  d i s t i n c t i v e  c h a r a c t e r i s t i c s .

II 1ST . ind l o h n s  et al. ( d e s c r i h e  t h e  s v i i o p t i c  c o n d i t i o n  f a v o r i t m  p ro g re s s iv e

D I ’.MC'.Ss ,1.' 1 o t i ' l ' t l i m  o f  a  w e s t e r  IV or  n o l t h w e s t e t i v  t n i d - l e \ e l  tloW , i l ) o \ e  t h e  Slirfai e 

t h e r m a l  ho i ind . i i  \ . wi th  a m id - le v e l  r idi te  (w e a k  s h o r t  w ave  t r o u g h )  o\-er  t h e  s e c t o r  

w h e r e  t h e  D F M C S  re a c h e s  i t s  m a t u r e  stau,e ( i n i t i a t e s )  s i e n i f i c a n t  pooli i iu,  o f  w a r m  

a t id  m o i s t  a i r  a t  low levels alotm, a t id  j u s t  s o u t h  o f  t h e  s t a t i o n a r y  t h e r m a l  h o u t i d a r y

li.s



a c t s  as  a  ( c / u n r .  As  a  resul t  o f  t l i r  i i i t rns»'  lo w - l eve l  pool inj^ o f  w a r m  a n d

m o i s t  a i r .  s i i m i l i c a n t l y  l iiuh v a lu es  o f  c o n v e c t i v e  i n s t a h i l i t v  a r e  g e n e r a l l y  o b s e r v e d  

w i t h  [)roeir>, ' -i \ f  dt re( tm>. r a n m n y  f r o m  2 1 0 0  -J ' ( a t  t h e  D P M I ' S  i n i t i a t i o n

p o i n t  I to I loi  I I k '4 ' i f i i r i h e r  d ' avn. ' t  r em n <dony t h e  t h e r m a l  b o u n d a r y )  a r e  u s u a l l v  

o b s c r \ i ‘d.  w i th  p r a k  \ a b n s  a," h iy h  a.- (iloi) .1 ky ‘ b c i n y  pos .s ible (.111X7. . l o h n s  et al .  

lO'JO! Urn ,  r .  t h e  , i \ e r a y e  \ a l i i e s  o f  e o n \ e i  t i \ e  i n s t a b d i t v  t v p i c a l l y  asso< i a t e d  w i t h  

p r o y r e s . s i v e  d r i e r h o >  e w e r d  t h e  oiie> o b s e r v e d  w i t h  a n y  o t h e r  k i n d  of  , x t r a t r o p i c a l  

s e v e r e  w e a t h e r  o u t b r e a k  in th e  ( ’n i t e d  S t a t e s .  T h e  a v e r a y e  C’.VPK i n d i c a t e d  by  .1H87 

a y r e e s  fa i r l \  well w i t h  t h e  \ a l u e s  o f  C.APK for t h e  m o s t  u n s t a b l e  a i r  [)arcel  o b t a i n e d  

b \  I D o  I ,[ UCakh '  fi I [I , ' t  d e r e e h o  e \ r t l t s

C o m p o s i t e  « h a r t s  o f  w i n d  a n d  t e m p ,  r a t  m e  f i e ld s  a t  | o w - | e v e l s  I  <10 a n d  7 0 0  m b  i 

a n a l w e d  bv  . l o h n s  et  a l  ( l ! ) 0 0 i  fo r  s e v e r a l  s t r o n y  p r o y r e s s i v e  d e r e c h o s  s h o w s  t h a t  

( o i i s i d e t a i i l e  low level  w a r m  a d v e c t i o n  o, i u r s  n e a r  t h e  i r d t i a t i o i i  p o i n t  o f  t h e  D f ’ .MCS.  

o f t e n  a s . s o c i a t e d  w i t h  a  we l l  d e t i n e d  low lev,  I j e t  ( B e n t l e y  a n d  C o o p e r  10 07 .  C , ) i u y l i o  

a n d  S t e r i s i u i l  100 s,I I ' m l  h e r  e a s t . f o l l o w i n y  t h e  s u r f a c e  t h e r m a l  b o i m d a r v  d o w n 

s t r e a m .  t i l e  w . i r m  . 1, 1\e,  t ion at  s ' , o  n ib  a n d  7 0 0  m b  is w e a k e r ,  w i t h  t h e  w i n d s  y a i n i n y  

s t r o n y , T  ■•a s te rh  , « u n p o n e n t  i see  Pnj, i j i o  T h e  l o w - l e \ c |  m o i s t u r e  p o , , l i n y .  h o w 

e v e r .  IS s t i o n y e i  d o w n s t i e a m .  r e a c h m y  m a x i m u m  a m p l i t u d e  n e a r  t h e  s e c t o r  w h e r e  

t h e  M C S  a t t a i n s  i t s  m a t u r e  s t a y e  t h i s  is t h e  r e y i o n  w h e r e  c o n v e c t i v e  i n s t a b i l i t y  is 

h i y h e r .

. IHS7 f o u n d  t h a t  t h e  lower m i d - t r o p o s p h e r e  is r e l a t i v e l y  d r y  in d e r e c h o  ev en ts ,  

w h i c h  p , , t e n t  i a l l \  l a \  o i s  t h e  yeiiei at  i, ,n ,,| s i r o n y e r  s u r f a c e  w i n d s  by e v . t p o r a i i w  , , „d-  

iny  e l fec t s  (i .e. .  b \  i n d i i c i n y  i n t e n s e  d o w n d r a f t s ,  a n d  s t r o n y  c o l d  p o o l  a n d  m e s o h i y h :  

. l o h n s  a n d  Doswe l l  1002) .  I’his a y r e e s  w i t h  t h e  c l i m a t o l o y i c a l  s t u d y  by  E D O l  w hi ch  

s h o w s  t h a t  w e a k  IV f o rc e d  or  w a r m - s t ' a s o n  d e r e c h o s  a r e  a s s o c i a t e d  w i t h  h i y h e r  val-

1,6



Md'TropospiMrie ffidg*

F i j ; u r t '  .'5 III r v p i c . t l  [ i i i d - l a t i t u i l c  s \ t i o p t i c  ( ( / r i ci i t iui i . s  f a \ ( ) r a h i f  f o r  t l i c  ( i c v c l o p t i i c d t  o f  p r o } ; r < ' s s i v t ‘ 
h o - p r o ( l u (  i t i i ;  h o w  f (  l i o c s  i w a r m  s e a s o n  p a t t e r n  I .  T h e  t h i n  a r r o w ,  w i t h  a  \ \ ' N \ \ ' - F S F  o r i e n 

t â t .  m .  i i n i n a t e >  t h e  i n . n i l  ' d . n i i . i i ; e  . i x i s "  o f  t h e  p i o e r e . - s i \ e  d e r e e h o  . L s s o c i a t e d  w i t h  t h e  t o n K - h t - f d  

h o  A ei  h o  ( i i n \ e (  t i v e  s y s t e m  i [ ) o i n f  I)  r e p r e s e n t s  t h e  h e a i n n i t i y ,  p o i n t  u f  t h e  M C S .  M "  r e p r e s e n t s  
I t s  n i i d - p o i n t  a n d  F  ' i t s  e n d  p o i n t :  t h e  H - M - K  p a t h  c a n  h e  a s  lotift, a s  l - U i U k m ) .  T h e  h r o a d  a r r o w s  
nidi ' ,  a t e  t h e  p o s i t i o n i n g  o f  t h e  l o w - l e v e l  j e t  s t r e a m  ( I. .I ) a n d  t h e  j i o l a r  j e t  s t r e a m  ( P . I ) a l o f t .  T h e  
t h i n  s o l i d  l i n e s  l e j i r e s e n t  t h e  s e a  l e v e l  i s o h a i ' s ,  w i t h  t h e  s u r f . i e e  q u a s i - . ' t . i t i o i i . i r y  t h e r m . i l  h o u n d . i r y  
. i n d  t h e  m i d  l e v e l  I l d f t e  .d . 'O  hei l iy;  I t l d i e a t e d  I , \ d . i p t e d  f r o m  J o h n s  e t  a l .  I ‘J 9 ( i )
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ut's ut dwwt i i i ra ft  ( ’A P h  ! l ) ( ' A P P ) ' .  Fi irr luTriuT*' .  Co rf id i  (2 002)  i n d i c a t e s  t h a t  th*' 

{)rt'st‘n< t“ of d r \ '  a i r  a t  m i d  Icvcl.s a h e a d  o f t h * '  (o t iv ia  t ive  s y s t e m  is a  CDiiimon f e a t u r e  

u i i ' f i M ' d  u l t h  d r i f (  h u - p i i x l i i c in y  h u w  ec tmes .  in <m i t ra>t w i t h  a  n e a r l y  , ' a t u r a t e d  luw- 

t o  r n i d - t r o i K i s p h e r e  a s s o c i a t e d  w i t h  ( p t a s i - s t a t i o t i a r y  a n d  h a c k - l m i l d i n ^  MC'Ss.

I he  d o w t i w a t d  t r a n s l e r  o f  h i g h e r  h o r i z o n t a l  m o m e n t n m  i low f r o m  t h e  m i i l - t r o p o s p h e r e  

t o  t h e  s u r ta i  e hv  a d e s c e n d i n g  RI.) (i .e. .  c o n s e r v a t i o n  o f  h o r i z o n t a l  n i o m e n t u m l  m a v  

al.-'O p la y  a ro le  in y e n e r a t i n y  a  h i y h l y  m o b i l e  m e s o h i y h  in b o w  echoe s  ( . IHS7).  T h is  

h v p o t h e s i s  is b a s e d  on  t h e  t i n d in y  by . IH87 t h a t  p r o g r e s s iv e  d e r e c h o - p r o d n c i n y  bow 

e c h o e s  deve lo[ )  iti e n v i r o n m e n t s  w i t h  m o d e r a t e  m id - le v e l  w i n d s .  TD O i  a l s o  f o u n d  t h a t  

t h e  b-6 krn i rinrnnrnintdl nu an wind in D f ’MC’Ss is ihsci rnihli/ strnnijir than in tin 

ncr -p r . \ ! (  A’.v Pei  a n s e  rhe  b o w  e c h o  p r o p a y a t i o t i  d o e s  not  d e v i a t e  s i y n i l i c a n t l v  f rom 

t h e  na  a n  w i n d  d i r e c t i o n  ia> is t h e  ca>e for ' 'Upercel l>i .  a l a r y e r  c o m p o n e n t  o f  t h e  

mid- l>‘vel How i> c o in c id e n t  w i t h  t h e  f o r w a r d  m o t i o n  of  t h e  s t o r t n  s v s t e i n .  [lo.^.-^ibly 

coii t  111 lilt iny  tor  t he  fast  t raii>lat  ion >[)eed of  bi ,w echoes  i . I l l s 7 i  ( ' or t idi  < 2(11)21, h o w 

ever .  . i ry i ied  t h a t  m o m e n t u m  t r a n s f e r  to  t h e  lo we r  levels h a s  a m o r e  d i r e c t  inf luence  

in t h e  dinct idn  of m o t i o n  o f  b o w  ecf ioes t h a n  in t h e i r  s p e e d .

.Simi la r  t o  t h e  d v n a r n i c  p a t t e r n  for  ser ia l  d e r e c h o s ,  t h e  c o m [ ) o s i t e  c h a r t s  a n a l v z e d  

b \  l o h n s  et al .  (l!)90.i for p r o y r e s s i v e  d e r e c h o s  s h o w  t h a t ,  w i t h  e x c e p t i o n  o f  th e  

in i t n i t i o i i  s e c t o r  of t h e  P ) P M ( ’S. a n e a r l y  u n i d i r e c t i o n a l  \ e r t i c a l  w i n d  s t ie ar  v e c t o r  is 

[ i resen t  b e t w e e n  S-âl) m b  a n d  70(1 m b  a l o n y  t h e  s u r f a c e  t h e r m a l  b o u n d a r y  T h e  How 

is d i r e c t e d  a l m o s t  p a r a l l e l  to  t h e  p a t h  of  t h e  p ro y r i ' s s iv e  d e r e e h o ,  as s c h e m a t i c a l l y  

s h o w n  in F iy s  d la a n d  1 10 I h e  p r e s e n c e  o f  a  p r e d o m i n a n t l y  s t r a i y h t  h o d o y r a p h  

I e s p e c i a l l y  a b o v e  t h e  s i ib -cloi id  layer )  w i t h  m o d e r a t e  m i d - l e v e l  v er t ic a l  w i n d  s h e a r  

s e e m s  to  b e  a  c o m m o n  c h a r a c t e r i s t i c  w i t h  t n a n y  w a r m - s e a s o i i  d e r e e h o  e v e n t s  as  al.so 

m d i i a t e d  by m o r e  recen t  s t u d i e s  (e.y. .  P e n t  lev et  al.  1007.  ( ’o t i iy h o  a n d  S t e n s r u d

I h e  r i u i ^ r u l i u h '  u t  I m  A i ' K  i f i f i u t T u  1a  K - w - r i i u l - l « A f I  t m p u . s p h r r u  < l r >  f u- >. s  t h f  ' i r u  r  i f t i . s  l a > » T .  i K f  h i k ^ l u - r  
IS i K ' . X i ' K  A ' t  A  k '  r  I ' t ' f S '
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20U1).  p a r t i c u l a r l y  tu t h e  r t ' ^ ien  w h e r e  t h e  p a r e n t  huw- ee lu)  M C S  a t t a i n s  i t s  m a t u r e  

stau,<‘

An  i m p u r t a n t  a s p e c t  i l i s cussed  in K D O l  t o u c e r n i u i ;  t h e  i l c v e l o p m c n t  lvnu,-h\c<l 

w a r m  s ras<m h.iw n  huc-^ is t h a t  t h e  m i d - h w e l  >torni-n hi f in  w i n d s  ( M L S H W s )  in su ch  

s \  s t e i n s  t e n d  tu he  uitik> r t h a n  fur « it h e r  n u n l c s  uf  s e v e re  c u n v e c t i u n .  whit  h s e e m s  tu  

au,ree w i t h  t h e  i n v e s t i g a t i o n  hv Br t io ks  e t  a.i. (19941 B n u i k s  et a l .  ( 1 9 9 4 )  d e v e l o p e d  

a  ( o ia e p t u a l  m u d ,  1 for  t h e  d e v e l o p m e n t  a n d  m a i n t e n a n c e  , ,f  l ow - l eve l  m e s o c v c l o n e s  

in s eve re  c u i v e c t i v e  " t u r i n s  in wh ich  a  b a l a n c e  b e t w e e n  t h e  b a r o c l i n i e  v e n e r a t i o n  of  

lo w d tw e l  h u n / o t i t a l  v o r t i c i t y  ( in e v a p u r a t i v ,  Iv cuule , !  a i r !  a n d  t h e  s t r e n g t h  o f  t h e  

s u r f a c e  o u t f l o w  m u s t  b e  a t t a i n e d .  S u c h  b a l a n c e  is in f luence , !  bv t h e  .Ml.SBW’s. If t h e  

.MI .SBWs a r e  t o o  s t n u m .  pre,  i p i t a tn iK  h v d r o i m u e u r s  . i re t r a n s p o r t e d  ov e r  a  lun ge r  

d i s t . m c e ,  rethi ,  im; t h e  b a r o c l i n i e  v e n e r a t i o n  of  lo w d e v c l  l i u r i / o n t a l  vo i t i ,  i t \  a r o u n d  

t h e  t n a m  u[ ) , l i af t  W e a k  .Ml.SRW’s. on  t h e  o t h e r  h a n d ,  t e n d  to  f a v o r  [irei i p i t a t i o n  

ve r \  c lose  t o  th e  m a i n  U[air;if t .  i t i c reas i t i ^  t h e  , h a m  es o f  t h e  o u t f l o w  to  u t iderc i i t  

t h e  u p w . u ' l  m o t i o n ,  l e . id in "  to  s h u r t d i v c d  lo w de vc l  mes , , ,  vc lom s .mi l  .m out f iow -  

, l o im n . i t ,  ,1 t h u m h ' i s t u r m  S t i u i s r u d  et a l .  (1997)  a m i  K l J d l  iih iitifi, ,l th i s  s,‘con , i  

cas , '  a s  a p,issibl,-  iim, h a n i s m  a c c o u n t i t m  for tin* r e a s o i i a b l v  " o o , |  r e l a t i o n  b e t w e e n  

u i ' a k  .MI .SBWs a m i  , l e r , ‘cho-prodt ic in , ! ;  b , ,w  , , hoes.  K l h l l  s t r e s s e d  t h a t  th i s  r e l a t i o n  

i '  inor , '  . ippl i i -abl , '  for  w a r m  seaso ii  , |ere,  h o s

I ' i n a lh ' .  it is i m p o r t a n t  to  s t r e s s  t h a t  o u t f l o w - i | , , m i n a t ,  ,|  s t o t t n s  , ; i n  o n l v  b i ' co ine  

lo t iu d iv i 'd  it t h , ' \  l i i s p la v  t h e  a b i l i t v  o f  p r o p a i ^ a t i n "  t h e m s e l v e s  by t h e  , ' o n t i m i o u s  re- 

, l e v , ' l o p m e i i t  o f  u p d r a f t s  alonu; t h e  mis t  f r o n t  ( .Johns a n d  Doswel l  1992) .  In t h e  ca se  

of [ i rovn-ss ive  U B M C S s .  t h e r e  is e v i d e n c e  t h a t  t h e  e n f i a n c e d  low- leve l  c o n v e r g e n c e  

alotm, t h e  sur f . i ee  o u t f l o w .  I 'o in b in ed  w i t h  a  very  u n s t a b l e  e n v i r o n m e n t ,  p l a y s  a  rele-

'  . \ i ' . I ' .U ls  I ,  s.-.. ir .ni dr. . .p .Td l i ' j r i . i i  p .-rspci t i \ e .  il i.s r c o 'g i t i z o l  t i i a t  it , , '  . in .i iv s is  ..I t t i f  s h a p f  'i f tl ie  t io . iug ra p t i  
r.i.t dlu,i>.> lisiil to  ^11. o ' - s l u l  n - s u l t s  wiii 'ti t ry i i i , '  to  d is i  r i r m t u u , '  o n n l i t i o i i s  f.i ' .nr. itni'  I'm s u p o o ' t l s  lo re .w iv es  f ro m  
t s f  r . I .o r .a , I ,  !or )m..\ r.  il, . > ! it - rt 'ti ios ' <• a . .Sr.-riMii.l e l .t! I'**,".
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v a u t  r i i l r  ni t l i r  sv>n n ia t iv  r v '^ r r i f r a t i n n  o f  u p d r a f t s  a t  t h e  I cad i tm  r d ^ v  o f  tlit> sNstvni.  

KDOI  f o u n d  t l i a t  l o u d c \ ( ‘l s t ( i r r i i - r i ' l a t iv ( ‘ w i n d s  (LLSRW 's)  in wtuikly forci 'd d cn -c ho s  

a r c  { )a r t ic i i l a r l v  liiyli w h e n  c o m p a r e d  w i t h  t f ie i r  M L S R W s  a n d  wit fi  t h e  I .LSH Ws o f  

no i i - D PM C '- Ss .  su i>^est in ‘4  a  strorif '*‘r low- leve l  c o n v e r g e n c e  a l o t i ^  t h e  l e a d i n g  edu,e (,f 

t h e  c o l d  p o o l .

Hc( a u s e  t h e  cnvi i o i i ine i i t  d o w n s t r e a m  o f  a  p r o g r e s s i v e  d e r e e h o  is u s u a l l v  h i^ h lv  

u t i s t a h l e  w i t h  snymtican t  m o i s t u r e  p o o l i n g  a t  t h e  s u r f a c e ,  d e e p  v e r t i c a l  m o t i o n  is 

efhi  l ent  1\ t r t y n e t e d  aloiui, t h e  ^USt f ron t  d u e  t o  a low level  o f f i c e  c o n v e c t i o n  ' . i H s 7 ,  

I ’n d e r  t h e s e  c o n d i t i o n s ,  t h e  p r o p a g a t i o n  r a t e  o f  new ce l l s  a h e a d  of  t h e  s v s t " m  c a n  

e x c e e d  cell  a d v e c t i o n  t)V t h e  m e a n  e n v i r o n m e n t a l  w i n d ,  a c c o u n t i n g ,  a t  leas t  in p a r t ,  

for t h e  fast  t r a n s l a t i o n  s p e e d  o f  D P M C S s .

1 hi Is. se v e ra l  p r o c e s s e s  ( o i n t u n e d .  lilt l u d i m r  t h e  p r e s e n c e  of  low- t o  m i d - l e \ e l  t ro-  

p o s p h e r i e  I l r \  ness  d o w n w a r d  t rail's}" u? ' d t i i id - le w l  I n n / '  ui ta l  iin uiietit  un i  a n d  f i s t  

i i p ( h a l t  r e y e i i e i a t l o l l ,  a p p e a r  to  favo r  t h e  d e v e l o p m e n t  of a t i iyli lv r i iolule . \ K ’S i a p a -  

lile of [Uocluc imr  d a n i a m n y  s u r f a c e  wind s .
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Chapter 4

Methodology and the Control

Simulation

l . l  Metiiodology

( h r  i i^fd O' fx. i i i i i i ic th i '  iiiutii . i l  . id jU ' i  iiu'Ht "I  at m< \, i i i .dil i-s

in th e  s in i t i l a t  j( iti nt ;i h i i i e - l i \ c d  h o w  e c h o  fol lows t h e  s a m e  cuncf (if e n h o d i e d  in t h e  

s t u d i e s  a d i l r es s i t i i ’ d v t i a i u i c  a d j u s t m e n t s  des< r i l t ed  in c h a p t e r  2

We fol low t h e  a p p r o a c h  a p p l i e d  in W e v ^ a n d t  et al.  1 1 !)!)!)) w h e n  add re>s i im  t h e  

r e l a t i \ e  i m p o r t a m  e ,,1 >pet i l n  d a t a  f ields  in t h e  s i m n l a t i u t i  o f  an  i d e a l i / e d  s i i p i  rcell  

t h u n d e t  " t I II i n  1 h e  t e  > n d i \ <lio--tat i c  a n d  l i i l U  t < a n p t  e s s i h l r  A d v a m  ed  lo  c i i  aial  C r e 

dit  t ioti S v s t e t n  ( A R C S ) .  \  ersioi i  - l . â . l .  is used  a s  a c l o u d  m o d e l  t o  p r o v i d e  a  h - h r  

s tort i i s t  a l e  su n i i l a t i o t i  o f  a n  id e a l i / e t l  h o w  echo.  I his  s i m i i l a t i o t i  is t a i led  control 

run.  a n d  r e p r o d u c e s  tnos t  o f  t h e  f e a t u r e s  i isi ial lv o h s t a v e d  w i t h  h o w  ec h o e s  t o  he 

d i s c u s s e d  in set t iot i  1.2.

r i i e  e t iv t r o n n ie i i t  111 w h i c h  t he s m m l a l e t l  s t o r m  ev o lv e s  is a n  u i u l i s t u r h e t l  htn i /ot i t a l lv-  

htmi t iet ' i ieoi is  h a s e  s t a t e ,  w h i c h  r e m a i n s  s t e a t l v  t l i i r i t i^  t h e  e t i t i re  s in iu la t i t i t i .  He nc e .
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al l  p t ' r t i i r b a t i o t i  t i c lds  iii t l io s i m u l a t i o n  rofot to  tlu* nu'S(»scalo c o n v e r t i v e  s y s t e m  

I M C S  I i tself .  ,111(1 t h e  full s o l u t i o n  sa t i s l i es  t h e  m o d e l  > iovernimt ec juat ions .  Anij ui- 

f i inmitiou ffu p, l i ’iflxitinn fi> h!.> rfuinictrri:, s n ihf int ion fmtn  th>

ijdt i n i i d  hi/ thv ! tni.'i I'fiitmn > 'piatnni.'i.

V\i t l i  t h a t  in m i n d ,  a ser ies o f  n i i i n e i i t a l  e x p e r i m e n t s  is c a r r i e d  o u t  hv r e s t a r t u m  

t h e  c o n t r o l  '•mini, i t  loll .it I hr  ( l u r m c  th e  t n a t i i r e  statue o f  t h e  sitnii late<l . \ K 'S  

a t  wliicli  t i t ne  We ,it t dit i.illv r e t n o \ ( “ selei t ed  p e r t  i t r l ia t iot i  \ a t t a b l e s '  (one at  a t i m e i  

I h i '  in i [ ( l i ' '  th a t  t h e  " 'mt i . t t  m e  « >f t he M( ',S i-. e h m m a t t s l  for t h e  per t  u r h a t  ion \ . m -  

a b l e  beimt, w i t l e l r a w n .  a n d  .ill o t h e r  i ields a r e  as in t h e  c o n t r o l  case .  In a d d i t i o n ,  

t h e  t i m e  te t ide t icv  o f  t h e  v a r i a b l e  beinu, w i t h d r a w n  is a l s o  set  t o  z e ro  at  t h e  r e s t a r t  

t itiie I 1 his <hles Hot m e a n  t h a t  t h e  " n i e m o r v "  ( >f t h e  t i m e  e \ d l i i f i o n  o f  t h e  w i t h d r . i w i i  

v a r i a b l e  is c o m p l e t e l y  e l i n i m a t e i l .  t h o u g h .  1 he  f o rc in a  t e r m s  a s s o c i a t e d  w i t h  t h e  iiti- 

p e f t u r b i s l  c a t i . ib le s  in t h e  c o i i ' e r v . i t i o n  e ( | i i a t io t i s  a r e  r e t a i n e d ,  su c h  th. i t  t l ie  r im e  

t e n d e n c y  ot t h e  v a r i a b l e  be ini '  w i t h d r a w n  i a n  be r e s t o r e d ) .  I l iese a r e  cal lc(l  ii itli- 

(Irmiii! ir f i iruntnts  ( o r  ivithdran-al runs], a n d  a r e  i n t e g r a t e d  for  a  si ibsecpient  L? hr  

h i u u r e  1.1 s i i m m a r i / e s  t he |)i'oi ••(lure.

I he yy It lull , iwal r u n s  . n e  • > u n p a r e d  yy i th t h e  '• d u t ioti o f  t h e  • • u i t r o l  ru n .  a n d  tire (lit

ter* t a  es . l i e  e . \ . l !  Ill l ied U e  t .ike l i l t  o . u  CoUl l t  t lie I l lode ot ( DllVectloIl .  maU,llit in le a l ld  

lo( .it ioti  ot n i o ' t  .!( t i y e  u p d r a t t ' .  . m d  p r e ' c n c e .  s t r e n g t h  . i n d  l o c a t i o n  o f  co t ivec t ive lv-  

e e n e r a t e d  ine sosc a le  t e a t UK s i n a m e l y ,  m e s o s c a l e  ( (u iv ec t iv e  vo r t i ce s ,  t e a r - i n t h a v  je t  

a n d  co ld  p o o l  s u r f a c e  o u t t l o w )  t h a t  a r e  p a r t  o f  t h e  c h a r a c t e r i z a t i o n  o f  a boyv echo .

r i i e  t u n e  e v o l u t i o n  o f  p io t i l es  o f  v e i t u a l  m o m e n t u m  a n d  h e a t  t luxes.  . l y c r a e e u  

for  t h e  s i m u l a t e d  M C S .  a r e  a lso a n a l y z e d  t o  i | u a n t i f y  t h e  d e v i a t i o n  o f  t h e  p e r t u r b e d  

s o l u t i o n  f ro m  C . \ d ' H L .  B e c a u s e  s u c h  flux q u a n t i t i e s  a r e  u se fu l  in c h a r a c t e r i z i n g  t h e  

ov e ra l l  s t r e n e t h  of  t h e  M C S  Ie.^. .  W e i s m a n  et al .  1997) yve c a n  a s se s s  t h e  i m p a c t  o f

‘ 111 u t l u T  (M>r'l .s.wc r i ’M'l I h r  v a r i . i b l r s  t . , u k  c ,  t h e  m u K r l u r t i r . t  h .v s r s t . U r



CONTROL RUN
# # # mm

WITHDRAWAL
RUNS

(Restart Time)
Selected variables and fields are set 

back to their base-state values

1.1 l ) i . i t ; r , i m  . ' h u w i i i i ;  t h e  r i i c t h n d t  i)i ii;y •• inph. -vci i  t o  . ' t i i d v  t h r  c | \  l i ; i l l i i r  . i d j i i s f  l l i c i i t  iii . in 
i d i ’. i h / i - d  lio' .v III, A ( i d l l  Mi i i i i l . i i ior i  o f  .11; i d i ' . i l i / i ' d  h o w  (lo ( c o n t r o l  r u n )  i.' f o l l o w e d  h v  a  s e r i e s  
o f  w i t h d r . i w . i l  e \ [ j e r m i e n t s  i n  w h n  h  -^ele< t e d  v a r i . i h j e s  i n  t h e  , o i i t r o l  r u n  . i r e  r e - e t  t o  t l i e i r  hiL<e 
' t . i t e  . . i l n e >  .it I h i  I-..1I h  w i t h d r . i w . i l  e x p e r i i n e n t  [ i r o d i u c  .i 2 h r  " f o r e e . t s t "  I h e  e v o l u t i o n  o f  t h e  
' i n i u l . l t e d  h o w  e i  h o  fl i ' 1 1 1  I t o  h  h i  1 . '  e x . i n i l l l e d  f or  e a c h  c a . ' e

t h f  mi|)iil, '>i\f po r t  III ha f io i i  on  ttio s o l u t i o n  m a  n i o i e  ( | i i ai i t i l<i t ivc  way.

I 111' p ro i  f s . s o  ( o n t  fo l l ina  i l v n a n m  adjii .stiiicrit  i t so l f  an*  r x a t i i i n r d  by  hi t idying 

I lie I Hill' o \ i ( l i i i io i i  id dilFrrt  111 toriii.s of tlio n i odo !  ^ u v o r i i i n ^  (‘( j i ia t io i i s  o a r l y  in (fin 

w i t l i d r a w a l  s ini i i lal lon.h A n  offoct ih t ii . idc to id e n t i f y  t l i r  n.xact  s m p n  tit n of'cvotit.h tfiat 

dt'.v. rifif.h t l ic  l )ol ia\  ior  o f  t tin n i u n m  n af holnt io t i  a t  n a t l \  . s t a i n s  f r o m  tfin v e ry  first 

t i m t ‘ s t t ‘[)s to  t h e  fiiht 2()-tniti.  in ino.st cast-s o f  tin- w i t f n i r a w a i  run s .  Ifv s t in iv in t f  

tfiis n a r l v  nvo l t i t io n .  a  Ix ' t t n r  i i n d n r s t a n d i n x  of  tfin t y p i i a l  t i t i in- .scalc a.s.\o( i a t n d  witfi 

t l io n i i i t i i a l  lo s p o t i s e  i.- po.h.'iMo. ,i.h we l l  .t.-, d i e  rnocliatii.htn." t f i a t  a l lo w  t h e  co r io ia t i o n  

o f  nit h e r  a  y o o d  o r  p o o r  fornnast  for  d m  id n a l i /n d  b o w  nnfio.

l a b l n  f . l  s l iows  t bn t o i i ipln tn  set  o f  w i t l n l r a w a l  n x p n r i i i i n n t s  d m  c o n t r o l  run  

wil l  bn  r td n r rnd  t o  as  C N I l - î l . .  _\s a n  n x a m p l n .  in n x p n r i i i m n l  \ \  \  E l . ,  d m  ve r t i ca l  

v e l o c i t y  is set  t o  / .nro ( i .e. .  t h e  u n p e r t u r b e d  b a s e  s t a t e )  e v e r v w h e r e  in t h e  d o m a i n  at

: . i



r . i i i l*'  I 1 S i i i n n i ; i r %  o f  rli*- f x [ i i ‘n i i ; t ' t i t s  r e s t  a r t  irii;  a t  1 - h r  ( w i t l a l r a w a l  f x p f T i i n c i i t s  ): v a r i a l t l e s  t h a t  
a r t '  >t ' t  h . K k t u  t h f  t i .Lsf  s t a t f  v a l u e s ,  i ( t i e  a c r u t i v i i i  r e f e r n i i i :  t o  t h e  i i j r i t r o !  r u n  is C'N’T R L i .

v a r i a b l e  f e a t u r e  b e i n i j  r e s e t  t o  t h e  u n p e r t u r b e d  b a s e  s t a t e

\ \  \  l - I .  \ e r t I t  a l  vfj iM i t \
I \  \  h i .  Ill i r i / o r i t a l  w u i d
1 H K [ . \  ( l u t e r i t i . i l  t f i n p e r a t a r e

\  w a t e r  v a p o r  t i i ix i r i i ;  r a t i o

1-lir. w h i l e  in e x p e r i m e n t  I \ ’\  E L .  t h e  l i o r i / u i i t a l  w i n d s  a c r o s s  t h e  e n t i r e  d o m a i n  a r e  

>et e i p i a l  to  t h e  ( l a e k u r o u n d  ve r t i c a l  prof ile  A tm in .  no  a d j u s t m e n t  o f  t h e  remait i i t i t r  

t i e lds  Is p e r f o r m e d  a t  r e s t a r t  t i m e  We m t e i i t i o n a l l v  d e f i n e  a n  IC t h a t  d e s c r ib e s  a  

p h v s i e a l l v  im o t i s i s t e n t  at t n o s p h e r i c  s t r u c t u r e  w i t h i n  t h e  c o n v e c t i v e  s v s t e t n .  I hese 

e x p e r t n i e i i t s  a t e  d e s i ^ t i e d  t o  a d d l e s ^  th e  i t n p a c t  o f  t h e  i t i t i tu a l  a d j u s t m e n t  atnoim, 

k i i i e i n a t i c .  t h e t t n o d v t i a m i c  a n d  mii  toph vs i i  al f ields u p o n  t h e  s ir t i t t l a ted  l iow eeho,

I d e a l lv .  t h e  l a t e r a l  h o i t t i d a i i e s  o f  all w i t h d r a w a l  e .x p e r i m e t i t s  s h o u l d  h e  forced,  at  

e ac h  t i m e  s t e p .  I>\ t i l e s o l u t i o n  f t iuii  C.N’l 'KI. .  Fo r  i o m p u t a t i o t i a l  s i i i ip l ic i tv  thi s  is 

a v o i d e d ,  im d e i  t h e  a . ssmiip t lot i  t f i a t  t h e  J h r  p r e d i c t n u i  t i m e  (i.e..  f r o m  I to  fi-hr) 

Is suffit l e n t l \  s f io i t .  a n d  t h e  reg io n  of in te r e s t  suffit l et i t lv r e m o v e d  f r o m  t h e  la te ra l  

h t i i m t l a r i e s .  tti r e n t i e r  t h e s e  e ffec ts  t)f sec t i t ida ry  i m p o r t a n c e .

It IS evnle t i i  t h a t  t h e  n le t i t i ca l  t w in - e x p e t  iniet i t  a p p r t i a c l i  h a s  i ts  w e a k n e s s e s .  O n e  

of  t h e m  IS t h a t  we  prttv ide t h e  m o d e l  w i t h  pevftrt  i t i f o r t n a t i o n  a b o u t  t h e  f ields t h a t  

a re  iKit w i t h t l r a u n  a t  I d i r  In a  i f  al  s i t u a t t t u i .  p e r f e c t  t f a t a  td a t  tn o s p h e r i c  fit his a n  

n ev e r  av a i l a b l e  I b u s .  tui r  r e s u l t s  y ive  an  t i p t i m i s t i c  v iew o f  t h e  e l i m i n a t i o n  o f  a  given 

v a r i a b l e .  A e v e t t  he le s s .  th i s  a p p r o a t  ft a l low s  us t o  t h e  i n f o r m a t i o n  c o n t e n t  o f

t h e  v a r i a b l e  (o f  f ie lds!  b e i n g  w i t h h e l d ,  a n d  t o  a ss e ss  i ts  r e l a t i v e  i m p o r t a n c e  to t h e  

s i m u l â t  ion .

• A n o th e r  p o t e n t i a l  w e a k e n e s s  is riot t a k i n g  i n t o  a c c o u n t  m o d e l - d e p e n d e n c v  on  t h e  

r e s u l t s  o b t a i n e d ,  a s s u m i n g  t l i a t  t h e  n u m e r i c a l  m o d e l  is e r r o r - f r e e  ( .Atlas 1997) .  How-



t 'vcr .  o i i r  . i i i a lysi s  is r c s t r ic t t s l  t o  bdsic ( ly i ia i i i i c  p r oces se s  a f f e c t i n g  a t n i o s p l i e r i c  a d 

j u s t  m e n t < on  t fie c o n v e c t i v e  s c a le  inc l i id i t ig  a c o u s t i c  a n d  l i v d r o s t a t i c  a d j n s t t i i e n t s .  

It is r e a s o t i a M e  t o  e x p e c t  d i f f e r e n t  s t o r t n s c a l e  m o d e l s  ( i.e.. tm t i - f iy d ro s t a t  ic fiillv coti i-  

p r e s s i h l e  t n o d e l s )  to  represet i t  s u c h  bas ic  p r o c e s s e s  in a  c o n s i s t e n t  way. e v e n  t h o u g h  

t h e  r e p r e s e n t a t i o n  of l ine d e t a i l s  m a y  be d i s t i n c t .

B a s e d  oil t h e s e  p o in t s ,  t h e  i d e t i t i i a l  t w i n  m e t h o d o l o g y  s e e m s  a p p r o | ) r i a t e  to  o u r  

p u r p o s e s .  I ’e r t u r b m g  th e  ( o n t r o l  s i m u l a t i o n  w i t h  e r ror s  w i t h o u t  c o m [ ) l e te ly  w i t h 

d r a w i n g  a g iven  field u o i i ld  l , f  a n  a l t e i n a t i v  a | ipio<ich.  b u t  it woii ld d< v i a t e  f r o m  

o u r  p r i n i a r v  i n t e n t i o n  w hi ch  is t o  v i o l a t e  t h e  c o n s e r v a t i o n  e q u a t i o n s  at r e s t a r t  t im e .  

.Vt io ther  a l t e r n a t i v e  w o u ld  be  t o  o m i t  t h e  i n f o r m a t i o n  a b o u t  a n  a t m o s p h e r i c  field or  

h o l d  s u c h  field c o n s t a n t  t'oi a g i v e n  p e r i o d  of t u n e  isav. Ô m i n i  a n d  e x a m i n e  how t h e  

1 e n i a i n i n g  fields u  s po i id  d u r i n g  t h i s  p e r i o d  However ,  s o m e  a r b i t r a r i n e s s  w ou ld  b e  

i n v o l v e d  w h e n  d e t e r m i i i l l i g  t h e  t l ine  w i n d o w  for wh ich  t h e  field w ou ld  b e  o m i t t e d  or  

h e l d  ( o i i s t a n t  I h is  l a t t e r  a p p r o a c h  is. t h e r e f o r e ,  no t  a p p l i e d

4.2 The control simulation

Idle coiit  lot  s i m u l a t i o n  i C N  I B L  i o f  a n  i d e a l i / e d  bo w  e c h o  is c o n d u c t e d  in a  th re e -  

d i m e n s i o n a l  j.S 1 X d')() X i s  _> k m '  d o m a i n  w i t h  u n i f o r m  h o i i / o t i t a l  a n d  v e r t i c a l  gr id  

spac i i igs o f  2 k i n  a n d  lot) m.  re spe i  t i v e l v . [ h e  b a c k g r o u n d  e n v i r o n m e n t ,  o r  ba se  

s t a t e ,  is h o r i / o n t a l l v  h o m o g e n e o u s ,  w i t h  v e r t i c a l  t e t i i j i e r a t i i r e  a n d  m o i s t u r e  prof i les  

fo l l o w i n g  t h e  W e i s m a n  a n d  K l e m p  I 19S2) i d e a l i / e d  s o u n d i n g ,  as  s h o w n  in f  igiire 

f 2. Idle s o u n d i n g  h a s  a s u r f a c e  w a t e r  v a p o r  m i x i n g  r a t i o  o f  I I g kg  su r f ace-  

ba.sed c o n v e c t i v e  a v a i l a b l e  p o t e n t i a l  e n e r g y  f C ' . l P E )  o f  221)1) I kg ' a n d  c o n v e c t i v e  

i n h i b i t i o n  (Cd.X) o f  2S .1 kg ‘ . I he  w i n d  p r o h l e .  a l so  s h o w n  in F i g u r e  1.2. is t h a t  

u s e d  by W e i s m a n  (1 9 9 3 )  in t h e  m o d e r a t e  s h e a r  b o w  ei lio c a s e ,  w i t h  a  i i t i id irect io t ia l

1 O
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TEMPERATURE C a

I J  Skt 'V.  r  . . f  t t . f  i d f . i l i . ' ' '1 i l i i  i r i i ' ) ' ! ' .  r i . i i i i i i  -< ' i m< I mu ,  ' i t i l i / c t l  , i t  t h f  i i u t i . i l  t i n i f
I " :  r . N l H L  1 f [ i \ I I I  i t i i i i f i i t  ' 1' u r u l i i i i i  I l l i u k  ' u l n l  t i i i f > . i n - t i n q t t i . i t u i f  . i i i i l  l i c u  p o i n t  t f i u p f i . i t i i r f
p i o t i l f '  H f . i ' . ' i . i . ' h f i l  l i n t - ( | f p i ' t ' t h f  i n o i ' t  . u i i . i h . t t  . i l o u ' j , ' . v h u  ti .i >’i! h u ' f - l i . L - f t l  >iii j i . v r c f  1 :i m f t u l s  
\ . i l n f s  ' h o w n  i n  t h f  t o p  o l  t h f  i i i . i f ; r . in i  u n i i i . i i f  ' 1r s  n i l n i h n t s  i i n  ( ' f i . - ' i u > i  W ' l n i i  p r o t i i f  is i n  tn

svcs tcr lv  v e r t i c a l  wirid ' h e a r  of 1 \  I I I  - s ‘ eotif ir ied t o  t h e  first 2 '> ktii .  a n d  < ( ins tan t  

w i n d s  a lof t  (etj i iai  t o  JÔ ni > ‘ i.

C o n v e c t i o n  is i n i t i a t e d  hy a s ing le  e l l i j i t i ca l  t h e r m a l  ( lu. l )  x 10.0 x 1.1 k m ’ ) w i t h  

m a x i m u m  - 2 K p e r t i i r h a t i o n .  p o s i t i o n e d  a t  (x.  >. /.) ( I l l t .O .  17S.0. l . l )  km.  N o t e  

t h a t  t h e  h i ih l i l e  is p la t  (s|  in t h e  m i d - p o i n t  o f  t h e  N-S e x t e n t  o f  t h e  m o d e l  d o m a i n .

Becaii .se t h e  t iumeric al  s i m u l a t i o n  e x t e n d s  for s e v e r a l  h o u r s ,  t h e  C o r i o l i s  force

is i n c l u d e d  . \  ^ e o s t r o p h i c a l l s  l ia lance i l  h a s c  s t a t e  is i m p o s e d  hy  s u h t r a t  t i n "  th e

e e o s t r o p h i (  a l l s  h a l a n c e d  p r e s s u r e  it,r a d i e n t  f r o m  t h e  h o r i / o r i t a l  m o m e n t u m  e ( |n a t i o n s  

as  i n d i c a t e d  h e lo w

. 0



ufi t ' f t '  /  is t l u ‘ ( ’(iriiilis p a r a i n t  t c r .  a n d  ïï a n d  r a n -  t l i r  l ) a s f - s t a t t ‘ w i n d s .

. X o t c t h a r  l ' cca i i s c  - / r  a n d  /  a r t p r f s r t i t  t lie i.st r i i p h i ( a l l \  l i a l a t n c d  [irt-ssiir*’ g r a 

d i e n t  force,  t h e  Co r iu l i s  f u r i e  a c t s  o ïd v  on  t h e  w i n d  p e r t n t d i a t i u n s  ' l u  -  i T i . i c  -  r )  . 

i t n p i y i n e  t h a t  t h e  hase  s t a t e  d u e s  nut  e v u h e  t o w a r d  t h e r n i a l  w i n d  h a i a n c e .  f)\  d u i n y  

t h i s  we a \ u i d  i n i p o i n y  a  n i e r i d i u n a l l y - u r i e n t e d  t e r n p e r a t u i e  y r a d i e u t  in t h e r n i a l  

h a i a n c e  w i t h  t h e  v e r t i c a l  w i n d  p r o h l e  in t h e  s h e a r  layer  t h a t  w o u l d  n iod i fv  t h e

lo w e r  l e v e f s  o f  t h e  h a c k y i o i i n d  -i a i n d i n e  i S k a n i a i o e k  , t ,,| I D d l i  H i g h e r  i lower  i 

( ' . \ 1 ’K Would  h e  f o u n d  in t h e  . so u th e rn  i i i o r i h e r n )  h a l f  o f  t h e  d o t n a i n .  p o te i i t i a l l v  

i n d u c i n e  a n  u n w a n t e d  h i a s  in t h e  co i i vec t i ve  a c t i v i t v  t o w a r d s  t h e  s o u t h  iH u  h a r d s o n  

l ' ) ' ) ' j i .

D u e  t o  t h e  pres, •nee o f  ac o i i s t  i, a l l \  a c t i v e  t e r n i s ,  a  l l l o d e - s p h t  t int; t e c h n i q u e  is u sed  

t o  i n t e g r a t e  t h e  e o v e r n i n y  e q u a t i o n s ,  w i t h  a  sn ia l l  t i m e  ste[> o f  I s for  t h e  fo r w a r d  

I i m p l i c i t  ( ' r a n k - . \ i c o l s o t i  i n u m e r i c a l  s c h e m e  in t h e  hoi  i / o n t a l  m o m e n t u m  (v e r t i ca l  

m o m e n t u m  a n d  p r e s s u r e i  , ( | i i a tn u is .  a n d  a hi^ t i m e  s t e p  o f  1 s for  t h e  le ap- f roy  

s c h e m e  in t h e  a c o i i s t ic a l lv  m a t  t i \ e  t e r m s

D a r a n i e t e r i / a t i o u  of  s u r f a c e  p h v s u s  a n d  r a d i a t i o n  is not  i n c l u d e d .  let* m i c r o p h v s i c s  

( L i n  et al .  198d)  is s w i t c h e d  on.  i n c l u d i n g  c o n s e r v a t i o n  e q u a t i o n s  for  c l o u d  ice ( t | i ). 

s n o w  (([St a n d  h a i l  (qh)  ni ixi i i t ;  r a t i o s  in a d d i t i o n  t o  t h e  w a r m  s p e c i e s ;  w a t e r  v a p o r  

( q v ) .  c l o u d  w a t e r  (qc)  a n d  r a i n w a t e r  ( q r |  mix inu ,  ra t i os .

S u h e r i d - s c a l e  t u r h i i l e n c e  is p a r a m e t e r i z e d  w i t h  a  l . j - o r d e r  t u r h u l e n t  k i n e t i c  eiieri’y 

I I K E )  c l o s u r e  St h e m e .  R a d i a t i o n  l a t e r a l  a n d  t t ip ( D i i r r a n  a n d  K l e m p  1981. K l e m p  

a n t i  D i i r r a n  1983.  D u r r a n  1999)  h o u n d a r y  c o n t l i t i o n s  a r e  en ip l t i yed .  w i t h  r i t t id f ree-s l ip



bo t t i j i i i  hdi i rul i i ry ci / iKii t iot i  Ix'iiii; as . ' i i i in 'd-  N o t e  t f ia t  t l ic  t o p  a t i d  l a t é r a l  In u i t id a ry  

( i»iiditiuii.s a r e  ' o p e n '  fo r  ICiWs. tn ' t  ai o i i s t i e  waves ,  d ' i i e re ld re .  a  d i v e r e e t i e e  dati ipitnt;  

t e r m  is i t i e l i ided ui t l ie  t i iuinet i t i i t i i  c o n s e r v a t i o n  e i p ia t i o t i s  t o  iitti nudtt  a e o i t s t i e  t n o d e s  

( S k a m a r o i  k a t id  I v l e tn p  . \ i t e  et  al  21)001 * A s u t n t n a r y  o f  t tm d e l  [ la r a t i i e te rs  is

s h o w n  in [ a b l e  1 2

F i g u r e s  1 3  t o  I ') s h o w  t h e  s o l u t i o n  for ( ' N  THI .  f r o m  I t o  t id ir .  At 1-hr I t h e  t i t n e  

a t  w h i c h  t h e  w i t h d r a w a l  e x [ i e r m i e n t s  a r e  i t i i t i a t e d ) .  t h e  M C S  d i s p l a v s  i h a r a c t e r i s t i c s  

o f  ;i b roke t l  S(|liall litie w i t h  <tnall  e m b e d d e d  b o w  e c h o e s  \  well  d e v e l o p e d  s u r f a c e  

c o l d  [)ool ( I ' ly  I d a ;  e.xteiid.s mo s t  | \  m  t h e  _\-S d i t c i  t ton. a t i d  a d e \ e | o p i t i i r  t i i esohiuh  

IS t i o t e d  n e a r  t h e  c e n t e r  o|  t l ie d o m a i n ,  w h e re  t h e  co l d  p o o l  d e v e l o p s  ,i p r o m i n e n t  

bi i w - s h a p e d  feat lire

Low-  to  m i l  Lie', el \ o t t e , \  c o l l p le t s  a t e  e \ n l m t  Itl I lie I l o t t h e r n  e n d  o f  t h e  \ | (  s. 

at  V 2'Aj k tn.  a n d  a l s o  a t  t h e  s o i i t h e r t i  et id.  j n s t  s o u t h  o f  v 12S k tn  I Fiy.s. I la.

1.1,1 ). I hese  l i i i e -end \or te .x  c o u p l e t s  a t e  ret i i t i ai i t s  o f  t h e  im t i . i l  cell s p l i t t i n y  p to i  ess.

w i t h  a  ( VI lotiic I,ititK vc lot i icI  u p d r a f t  a t i d  a n t n  \ c h un e  ic v c lo t i ic i  d o w n d r a f t  in t h e  

or iir i t ial  r iy ,h t -n iov t tm ( l e f t -n iov imr  I c o n v e c t i v e  cell  W e i s m a n  I l b !  131 o b t a i n e d  a s i m i l a r  

p a t t e r n  in t h e  e a r l y  s t a g e s  o f  a s i m u l a t e d  b ow  ech o ,  b u t  in h i s  s o l u t i o n ,  t h e  ht ie -et id  

v o r t e x  c o u p l e t s  no  l o n y e r  were  e v i d e n t  a t  1-hr 1 h i s  is b e c a u s e  o u r  s o l u t i o n  s h o w s  

.1 s o m e w h a t  s lower  e v o l u t i o n  t o w a r d  a  b o w  echo  m o d e .  , i .s.sociated w i t h  t h e  e f fec ts  o f  

ice t l l i c tophv  sics t o  b e  disc ll.ssed in t h e  nex t  st ibsec t lotl

F i g u r e s  1. l a  a n d  1.3a a l s o  i n d i c a t e  t ha t  a  r e a r - to - f ro i i t  Ilow is p r e s e n t  in t h e  low- t o

m i d - l e v e l s  ot t h e  .M( 'S a t  1-hr I he g r o u n d - r e l a t i v e  w i n d s  w i t h i n  th i s  flow e x c e e d  30  

I I I  s ‘ in t h e  m o s t  co i iv e c t i v e ly  a c t i v e  reg io ns ,  charac  l e r i / i n g  a  r e a r  inf low je t  (HI.])  

r i i i s  f e a t u r e  is b e t t e r  i l l u s t r a t e d  in F i g u r e  l .ba .  w h e r e  g r o u n d - r e l a t i v e  z o n a l  (or  c ross -

* A p p l> in i '  .1 tri 'o btit imrii  l»»nirul.ir> lO iu l i t in r i  «Itit-s nuT im ply  t h a t  t h r  " l i r h i i f  i .n-ffii u-nî i> s , t  ♦•ijtuij t o
/ r r o ;  r a t h e r ,  it in ipU es  t h a t  t h e  M ir taoe  i t u i r u e n tu i n  t lu x e s  a r e  set tu  ze ru  iK  . \ i l l e r iu a i i .  p e r s u i ia i  v " m n iu r iK  a t o m ,

 ̂ I lu '  u se  ut all ii iipiu it si fierrie tu f  t h e  t im e  l u t e ^ r a t i u n  ul t h e  yert  11 a! e t ju a t iu r i  ul rnu t iu r i  a m i  t h e  ’. e r i u  al t e r m s  m  
t h e  p r e s s u r e  e q u a l i u n  a lsu  a t t e n u a t e s  i \ e i  ti( .ill v p r o p a y a t  mit, » su u u i l  w a - e s  D u r r a i i  a iu t  k l e m p  I 'F s p  D u r r a u



I . i l i l f  1 2  I ’ h v ' i i  a l  a t i<l  i ( J i i i p u t a t i n r i a i  p . i r a i i K  t t T '  u m  i I i n  t l i r  l i i i i i n T i i  a i  ' i m u i . i t loi i . -

P a r a m e t e r  S y m b o l  V a l u e

II. i r i / i ' i i t . i i  i ; r u i  ' ( ) . u  i n i ;  . ' u t i U i n
W r t i r a i  i ; r i i l  l ul l  m
l - . i r c i '  t i m i ’ ' t . - p  y . f  I
S m a l l  t mil- ^ u  p  - | >

( u i i ' I I . '  p . i r . i i u ' t r r  f u  7  x  IU
l u : t mi i  [it I ’r a i u i t l  m i i i i l x  r K, . ,  Ku  u  17

F " u r t h - i i r  li r l i d t i / ' U i t . i l  r mx i r i : ;  c i i c t l i c i c i i t  K  | I 2Ü x l o
Sc(  I u i . i - i i i i l t ' t  v i T t i c . i l  r i i i x i m ;  c i i f l f i c a u i t  K_ l_’u  : : r '
I m t i . i i  t | ] i  i t : i . i i  p i ' [  t u t  l i . i i i i i i i  ( ' N '  r i U .  . uil' ,

M . u ; r u t u t l ( ‘ J . ( - )  o  K
111 u  I / I  ' U t . i l  r a i i i U '  X, . l u  u  k m

\ , : t i i  a l  [ . i i l i u '  1 1  k m
l i i ' i L’ i i '  " f ' *  r i t . [  a l " i \ r  L ' j " U t a l  .■ 1 1  k m
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(i)

F i ^ i i r f  4..'}: r i m r  t \ w l n t u , n  u f  C N  I 'Ff l .  M i m i l a t i u t i  a t  t l u '  tir. 't i i n ' d f l  I, I i /. 2  IK) t i n :  i a l  4 - l i r .  i b )
"'-hr.  !(■' Ü - h r  i ( in k - u l i d  l i n e  i l r n , ' t e >  t h e  2 K  [ ' u t e n t i a !  t r m i a  l a t t i r e  i i c r t u r l i a i U ' U  i n d i c  a t i i n t  t h e  
h u i i t u i a i a  I'f  t h f  c u l d  |"h>I;  [ ' i f . ' . s i ir i -  | i f r t t i r h a t i i , n  l o n t c u i s  a t  e a i  h  lUO I ’a  ar t -  i n d i c a t '  d  h \  t l i i n  ,<"lid 
( I ' t ' S i t i v f  v a l u e s  I a n d  d a s h e d  ( n e g a t i v e  v a i l l e s )  l i n e s  \ e (  t v i s  a r e  g r u i i n d - r e l a t i v e  w i n d s .  .A d u t n a i n  
t r a n . s j a t i u t i  wt 2 2  in  - ' i n  t h e  . \ - i i i r e c t i " i i  is . t f j p i i c l  l i u i i i  1 t o  ü - h i  . w h i l e  a n  . i d d i t i c n a l  d u t n a i n  s p e e d  
"I -1 0 7  111 s  • in  t i e -  \  - d l l '  c t i u i i  Is a p p h '  'I f m i i i  Ü t o  li In

so



( a l ( » > )

(O

H g u i f  I I I i i i K -  f v i j l u t i o i i  u t  C N ’ I H L  . '■ii iuil ii t iui i  a t  /, J t iUU n i :  ( a )  - l - h r .  ( h j  ü - h r ,  l e )  G-l i r .  
C u i i t n i i r s  u f  v e r t i c a l  v e l u c i t v  p e r t u r h . i t i u t i  i t u l i c . i t e i i  a t  e a c h  _> i n  > ‘ S o l i d  i d a . - t i e d  i l i n e s  a r e  

u p d r a f t s  I d o w n d r a f t s  I .  W c t o r s  a r e  s t o r n i - r e l a t i v e  w i n d s .  A  d o m a i n  t r a n s l a t i o n  o f  2 2  tii s ‘ i n
t i l l '  x - d i r e c t i o i i  i s  a p p l i e d  f r o m  I t o  - i - h r ,  w h i l e  a n  a d d i t i o t i a l  d o t n a i n  s p e e d  o f  -1.(37 
y - d i r e c t i u n  is a p p l i e d  f r o m  -j t o  G - h r

til ill t h e

s |



a ) (h)

•  » k-* , 4 • ««» .v .,r

F i g \ i r i ‘ 1 3 :  A s  i ii  F i \ ; .  F  l .  b u t  f u r  r . i i n w a t i T  a m i  h a i l  m i x i n g  r a t i o s  i m i i c a t i ' d  a t  1 i; kit, '  i i i t c r v a l s  
II I iriti i i u >  I
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;S;:

F i i ; i u i -  1 ti i ( ' i \ \  !•( iiii M-i i i t i i -nt  .if t 1 - l u ,i i /  l u  i r M U u d - r c l . i t n r  w i i u i  ■ v f i  t u r ' .  i . i i a w . i t i - r
. i l i ' l  h a l l  i ni .x i i a;  l a t i i »  iii i; ku, ' i ' h a d ' d  . z o i i a l  i i i t i i p u n ,  iit o f  t h e  a i M i u i d - l t ' i a t i v i '  w i n d  K o r i t u i i r  
I n i ' > I S o l i d  liiH'  r i l l  n  ' h i '"j, ii 111 w i t h  n  .'iU n i  > ' h i  /  J d t )  t n :  a r " i u i d - r ' ' l a t t \ ' '  w i n d  i v  i t o r <  

a n d  I t s  /I m a l  i o t n p o t n  tit r o n t o i i r  l i t f s i  Su l i i l  c o t i t i n i r s  i i i d i c a t a  v a l u e s  o f  n  g r e a t e r  t h a t i  t n  > 
p l o t  t i l l  a t  i . i i  h J  i n  '  ' D o t t e d  l i n e  i t i d i i  a t e s  [< p o t e n t i a l  t i ' t n p e i a t i i i e  p e t  t 111 h a t  1' 111 r e p r e s e n t  i n n  
' h '  III ' i n d . t i  ■, I ' h< ' |, { p , I ' o a i . i i n  -ho'A ti 1'  I n  I k t n  - \  ■ I ' I J k i n .  I T t i k t n  ■ ■■ ■ J d  I k t n

littei win i l s  s t p i n a ' T  t h a n  III tn s ’ a re  s h n u r i  >ii[)eriiii[)"S<'(| ini t h e  r a i t i u a t e i  iijrI a n d  

liail i ( |h )  in ix i ne  ra t i i i  ( on t i i i i r s  for a Itow e c h o  s e c t o r  o f  t h e  M C S .  A re a r  in t iow r nd ch  

Is p r e s e n t  111 t h e  1(1 a n d  ph  tield.s in a s m a l l  st a le  h o w  ei h o  j u s t  n o r t h  id \ I 'M k m ,  

c o im  ideiil  w i t h  a ha  al  m a x i m u m  in t h e  re a r - t o - f ro i i t  Ilow. I his  is e tp i iv a le n t  to t h e  

w eak  e c h o  c h a n n e l  in r a d a r  re flec t iv i tv ,  d i s c u s s e d  in c h a p t e r  1

At t he s u r f a c e  i I iif | l i t , i . a h a  a l i / e d  re t ; ion of  c i o s s d i n e  wiinl.s ' grea te r  t h a n  2 ’, m

s ' Is e \  ideiit I he  a r e a l  tu v e r a i f e  o f  th i s  f e a t u r e  is r a t h e r  l i m i t e d  at  th i s  t i m e ,  which  

s e e m s  to  a ^ r e e  w i t h  s o m e  of  t h e  re s u l t s  o h t a i n e d  hv C o n i j ’l io a n d  S t e n s r u d  (2001)  in 

t h e i r  d e r e e h o  s i m u l a t i o n  3h  a f t e r  c o n v e c t i v e  i n i t i a t i o n .

\  e r t  it al cro.ss s e c t i o n s  a l o n x  . segment  A B  in F i g u r e  I -hi a r e  s h o w n  in F i g u r e  1.7

I his F - W  s e g m e n t  is ch o se n  h e c a n s e  it c r o s s e s  t h e  h o w  e c h o  s h o w n  in F i g u r e  I d.

w h i c h  h e c o i n e s  t h e  m o s t  i m p o r t a n t  c o n v e c t i v e  e l e m e n t  d u r i n g  t h e  s i m u l a t i o n  F i g u r e  

1.7a d e[ ) i c t s  a  r e la t i v e ly  s t r o n g  a n d  ( a p p a r e n t l y )  u p r i g h t  u p d r a f t  w i t h  v e r t i c a l  ve loc i ty  

r e a c h i n g  22 m  s ' j u s t  a h o v e  t h e  le a d i n g  e d g e  o f  t h e  a d v a n c i n g  co ld  [lool.  W h e n

S3



visualizi t i f!;  t h e  v e r t i c a l  m o t i o n  p l o t t e d  w i t h  t h e  c o r r e c t  aspe(  t r a t i o  (whic i i  is n o t  t l ie 

c a s e  in Fn ; .  1 . 7 1. t h e  u p d r a f t s  s I u a v  a n  U[)shear  i n c l i n a t i o n .  N e v e r t h e l e s s ,  th i s  u [ ) s l iear  

t i l t  is n o t  a s  p r o m i t i e n t  as  t h e  o n e  fo u n d  h y  W e is n ia t i  I l!)93l  a t  1-hr  i>f i t i t e ^ r a t i o n .  

p o s s i b l y  h t ' c . iu se  uf t h e  sh a v e r  e v o l u t i o n  of  o u r  s i m u l a t i o n  w i th  ice m i c r o p h y s i c s .

, \ t  m i d  t o  u p p e r  levels,  w h e r e  t h e  u | ) d r a f t s  a r e  s t r o t i y e s t . p o s i t i v e  t h e r m a l  p e r t u r -  

l> a t io n s  a r e  p r e s e n t . a s s o c i a t e d  w i t h  t h e  elfec t s  of  l a t e n t  h e a t i n t t  . \ h o \ e  t h e  co ld  p o o l ,  

a  i n e s o l o w  is wel l  d e v e l o p e d ,  w i t h  s t r o n g e r  n e g a t i v e  p r e s s u r e  p e r t u r b a t i o n  (- '200 P a )  

c l o s e  t o  t h e  u p d r a t t  (see h i^. 1.7b).  b e lo w  t h e  reg ion  ol s t r o n y e s t  m i d - l e v e l  w a r m i t m  

I h e  m a y n i t u d e  o f  t h e  m e s o lo w  is h l i^h t l y  s t r o n g e r  t h a n  t h a t  d i s c t i s s e d  in W e i n m a n  

( I 9 9 d i .  a n d  it.-> e x i s t e n c e  is. t o  a  laru,e e x t e n t ,  d u e  t o  t h e  m id - le v e l  b i i o v a n c v  s o u r c e ,  

a s  d is i  u s s e d  m  >e( t i o u  I hi> me>olow g e n e r a t e s  a west-to-ea.-^t p r e s s u r e  ç . iad ien i

f o r c e  t h a t  p h i v s  a n  i m p o r t a n t  role m  deve loping;  t h e  r e a r - t o - t o m t  f low N o t e  t h a t  

t  h e  P  II  i -  '  I a iluiei i  t o  t h e  la \e [  w h e r e  t h e  mesohiW Is p r e -e t l t .  a n d  d e c e l e r a t e s  u p o n  

e n c o u n t e r m y  t h e  u p d r a f t  W r t i c t i l  d t v e r e e t t c e  is not ice;d>le at  t h i s  p o i n t . a n d  p a r t  o f  

t h e  h o n / o i i t a l  m o m e n t u m  f ro m  t h e  PI.)  is t r a n s f e r r e d  t o  t h e  c o l d  p o o l ,  c o n t r i b u t i n y  

t o  t h e  s u r f a c e  o u t f l o w  s h o w n  in F i t m r e  I fib.

. \ t  I o m p a n i n u ,  t h e  s u r f a c e  co ld  p o o l  is a  m e s o h i y h  ( F i g .  1 .7b | .  .\>>,ain. fo l l o w in g  

t h e  disc i issiori in s e c t i o n  2 2. th i s  f e a t u r e  ( n e a r l y  a l w a y s  o b s e r v e d  w i t h  o i y a n i / e d  t t i id- 

l a t i t  t ide MC'Ss :  Moi i / e  PJ9.5) c a n  b e  u n d e r s t o o d  as  a  r e s p o n s e  o f  t h e  [rressi ire  h e l d  t o  

t h e  p r e s e n c e  o f  n e g a t i v e l y  buoyt in t  a i r  w i th i t i  t h e  co ld  p o o l ,  whit  h is g e n e r a t e d  m o s t l y  

by  e \ a p o r a t i o n  o f  r a i n d r o p s  in t h e  s t ib -c lo iu i  layer.  T h i s  p ro c e s s  c a n  b e  i n f e r r e d  by 

t h e  r e l a t i \ ( ' l \ -  l a r y e  v a lu e s  of  tjr a t  t h i s  level ( Fiff. -1.7c). F r o m  m i d  t o  u p p e r  | e \ t d s .  

t h e  h y d r o m e t e t u s  a r e  m o s t l y  in t h e  so l id  p h a s e ,  as  se en  by  th e  tjh f ield,  a n d  o t h e r  in-

s p e t  l es  til it s h o w n

I h e  e t p i i v a l e n t  p o t e n t i a l  t e m p e r a t u r e  (d, I field | F i ^ .  I . 7dI  h i f f fd igh ts  t h e  t r t m s p o r t  

o f  m i l l - l e v e l  d r y  a i r  t o  t h e  s u r f a c e  by d o w n d r a f t s .  N o t e  t h a t  t h e  d r i e r  a i r  advect t»d bv

St
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F I g t i r t '  4 . 7  \ i T i u  a l  c r i x  i t i u i i  . i t  t 4 - l i r  . u  ros . s  y  J t t . j  k m  i A U  i n  F i ^ i i r t '  I 3 . n .  f r u r n
s i i r f a c i '  t ( j  / .  I t) k r n  A i l  p a n i ' I s  i f t i t a i n  ' t d r m - r c l a t i v f  w i r u l  v r t  t i i r> p r c . - i T i t f d  a t  r \ f r y  n t ! u ‘r N f r t i c a l  
f ; r i ( l - [ ) u m t .  l i c t V n  t u  v  ( l u r i / u i i t a l  svi i i i i  v f i  t o r  n f  l U m s " '  is m d i i  a t f i i  m i  t l i c  l o w i - r - l f f t  l u r i u  r  u f  c . u  ii 
p a i i f l  I a  I  [ l u t c r i t i a l  t u m p , r a t  m e  r t t i r i i a t i m i  i n  K :  c u n t m i r s  p i u t t e d  a t  >- . i ih 1 K ;  d i i  p r u s . - ' i i i r  
p i T t i i r b a t i o n  i n  P a :  I ' u t i t u i i r s  p i u t t ,  d  a t  u a i  h  oO P . i ;  ( c |  r a i n w a t e r  ( s h a d e d )  a n d  h a i l  ( s o l i d  e o n t o u r s i  
i m x m y ,  r a t i o  p l o t t e d  :it e a e h  1 y  k i ;  ( d '  e q u i \ a l e n t  p o t e i i t i . i l  t e m p e r a t u r e  p r e s e n t e d  a t  e a c h  2 K:  

o n l y  v t i l u e s  b e t w e e n  t ) ,  .'52tj a n d  1534 K  a r e  s h o w n ,  w i t h  t ) .  3 3 4 K  b e m ^  t h e  f i r s t  c o n t o u r  i n  t h e
to[> o f  t h e  h e u r e .  I n  i . i )  a n d  ; b  | p o s i t i v e  ( n e g a t i v e !  p e r t u r b a t i o n s  a r e  i n d i c a t e d  b v  s o l i d  I  d . i s h e d  t 
C o n t o u r s .



tl i(‘ R M  t 'v r tUuul ly  ( ' t icoiiiiti ' rs rl ic u p d r a f t .  l 'his  is w l i c r c  "cloiid tT us i on "  is r x p n  ti 'd 

ti) o c c u r ,  ^encrâtuiL!,  rlic rcar- i i i t low t iotcli  lu tl ic (p a n d  <|li f ields s h o w n  ni Fiuurt* 

l .ba .  I hc npdi.tft .- ' .  , ,n tiic n ih t  r i iai id.  t r a n > p " H  in, ' i>t ,  r a n  t o  t h e  n i id a n d  u p p e r  

levels  o f  t h e  c o n v e c t i v e  s y s t e m ,  eve t i t i i a l l v  f eed in g  t h e  a n v i l  c lo u d  well d e f i n e d  in 

t h e  c l o u d  ice m i x i n g  r ; i t io Held | n o t  s h o w n ) .  I 'hese  p r o c e s s e s  a r e  in a g r e e m e n t  w i t h  

t h e  c o n s e r v â t  ion of f>,. l>y a s i e n d i n y  a n d  d e s c e n d i n g  a i r  p a n e l s  in t h e  . \K'S.

. \ s  t h e  i n t e g r a t i o n  proceed.s.  t h e  t o l d  p o o l  (F iys .  1 Ih.t I t u n t i n u e s  to  s p r e a d ,  a n d  

at  t i -hr  it covers  t h e  e n t i r e  n i e r id i ia ia l  e x t e n t  of t h e  <lotnain  1 he > i inu la te ( l  .\I( 'S. a.-- 

a whit le .  nioM's m o s t l y  t-a.stward at  a n  a p p r o x i m a t e  a v e r a g e  <peed o f  22 m s ' i f ro m

1-hr to  â - h r i  a n d  2ti m s ‘ i f ro in l - h r  to  t i - h r c  The  las t  h o u r  o f  i n t e p r a t n m  is t h e  

I ml V t i m e  p e r i o d  v. Int i  t h e  In <w et ho nn i \ f a . ' t e r  t f i an  t h e  c n v i r o t i m e n t a l  m e a n  w in d  

>[)eed

1 Wo m a i n  l e m o i i '  o f ' t r o i m  .in<l w nl e ^ p re a i l  - -uiface o u t f lo w  a r e  i i o t e t i  i l u r i i m  t h e  

final 2 hr  p 'Tioif  < aie m iin- , i-iit,a o f  ific d o m a i n  a . ' . ' o c ia ted  w i t h  a wt-11 define tf  

me .^ohiyh .  a n d  a . êi t , inl f u r t h e r  ^o i i th .  a p p i o a t  littiy t h e  s o u t h e r n  h o u n d a r v  o f  t h e  

d o m a i n  (F i p .  i . i i , . ,  i. A s t r o n y  s o u t h w a r d  s i i rye  a l s o  w a s  o h t a i t i e d  l,y S k a n i a r o c k  et 

al .  ( l l F ) l )  III t h e i r  s i jual l  l ine s i m u l a t i o n  t h a t  i n c l u d e d  C'oriol is  e l fec t s .  I ’l id er  t h e  

i t i f luence of t h e  C o l l o l i s  force,  t h e  wiin l  field te in i s  t o  !>e i l e f lec ted  t o  t h e  s , , u t h  not  

o n l y  at  s u r f a c e  h u t  a l so  a t  th e  low t o  m i d  levels  o f  t h e  s t o r m  (e.y. .  F iy .  ic o f  S u n  et 

al .  Id'J. i).  w h e r e  t h e  t e a r - t o - f i o n t  flow d o m i n a t e s  t h e  k i n e m a t i c  Held I Fiys .  l . l h . c ) .

r i i e  ne t  effect is t h e  y e i i e r a t i o n  of  a n  a s y m m e t r i c  c o n v e c t i c e  s y s t e m ,  w h e i e  m o s t  

of t h e  c o n v e c t i v e  a c t i \  i tv o c  urs  in t h e  s o u t h e r n  h a l f  o f  t h e  d o m a i n ,  y iv in y  a  s l iyh t  

s o u t h e a s t  c o m p o n e n t  t o  t h e  M l ' S  t r a n s l a t i , , n  1 he  o u t f l o w  in t h e  c e n t e r  o f  t h e  do -  

nu i in .  ho w e v e r ,  s t i l l  d i s p l a v s  a s t r o n y  e a s t w a r d  , o i i i p o n e n t  owiriy to  t h e  p r e s e m  e o f  

a W l d e s p i e . i d  l l i e s o h i y l l  o l  t e n t e d  111 t h e  . \ - S  d i t e ,  t l o l l  111 tfie p r e s e n t  re se a rc h ,  o u r  

a t t e n t i o n  is n io s t l v  r e s t r i c t e d  to t h e  c e n t e r  o f  t h e  d o m a i n  b e c a u s e  t h e  mo s t  e v i d e n t

SÜ



h o w  {■(■ho is p r e s e n t  in t h a t  s e c t o r  I F i ^ s .  4. Ih.e a n d  4.5b.<-). a n d  b e c a u s e  t h e  s o u t h  

a n d  n o r t h  e n d s  ot  t h e  s i m u l a t e d  M C S  m o v e  c lose  to  t h e  l a t e r a l  b o u n d a r i e s  a n d  

t h u s  m a v  b e  c o n t a m i n a t e d  bv  b o u n d a r y  e t fee t s

d 'wo m a i n  b o w  c( ho > e i tm en ts  ,ire e l e a r l v  e v i d e n t  n e a r  t h e  ( e n t e r  o f  t h e  d o m a i n  a t  

') a n d  t i-hr.  w i t h  u[Mlr. ift> ■■m.mi/ iim a l o m ;  a  b u l g e d  l ine ■ Fi'j,> I Ib.e > t h a t  l e e  t i ibles 

a , 'h i ' i t  l i ne  ei In ■ w a \ e  p a t t e r n  ! . \ n | e n  1 b i d  i , \ t  t i-hr.  t h e  m e > o h n ; h s  f r o m  b o t h  bo w  

ec h o  ■^eu.ment.'' f o rm  a >ituile e t i t i t w  a n d  a m u c h  s t i o t i n e r  s u r f a c e  o u t f l o w  is p r e s e n t . 

as  i l l n s t r a t e d  in F i g u r e  I S

. \ t i o t h e r  ' ' t r i k im r  inesosea le  f e a t u r e  is a  d o t i i in a t i t  low- t o  m i d - le v e l  ( ve lo t i ie  t n e s o s e a l e  

I ullVet t i \ e  \ . a  te. \  I . \ I ( ' \ ' I  ,lt t lie l lol t  11 elli I o f  I lie l . l i y o t  boW e c h o  ( Fi^S, l . l c .  l . l c j .

I 111-' 1.-̂ a i e . i t i i i e  " l i e n  o b x i A e d  Itl a.-'X nii i iet  ri( s(| i iall  l ines  I l l o i i / e  lb! )di .  a n d  lue^ 

b e e n  o b t a i n e d  > t i idied  Itl -a vera l  o t h e r  s i m u l a t e d  M( S-, i r i l l i ieiieed b v  t h e  C o r i o l i s  

t o n e  ( S k a n i a n x  k et al I' .FJF W e i s m a n  a n d  D a v i s  IbbS.  C o t i ie l i o  a n d  S t e n s r u d  2001.  

a n d  o t h e t s i  S k a m a r o i k  et al I 1 ! 10 11 a m i  W e i s m a n  a n d  D a v is  (1 0 9 8 )  i n d i c a t e d  t h a t  

t h e  bia.-' l e a d im r  t o  a d o i i i m a n t  cvc lor i ic  M C \ '  in t h e  i io r th e r t i  e n d  o f  a s v m m e t r i c  

.MCS.'' I.' ( | i |e t i i o ' t h  ti, t h e  ' 'Vs te l i i -x a l e  ( i> t i \ c ice t i i c  o f  e a r t h  .-' \ d r t l i  i tv a s s o c i a t e d  

w i t h  t h e  tn id-hAt ' l  l e a r - t i e f ro i i t  flow

I ' l m i r e  1 ' I - ' h o w . s  \ er t i (  al t i < >ei t K ■tc-' I at  t e  h r  i o f  pres.-'iire p e r t  i i r ba t  loii a n d  tJ, 

alotiK .' 'cxtiient C D  in F i g u r e  l .dc.  F h e  s i i r f a i c  m e s o h i y h  h a s  -.tr e t i n t he t ied  by t h i s  

t i t t le I F i x  I OaI.  w i t h  p e r t u r b a t i o n  p r e s s u r e  r e a c h i n g  101) F a  T h e  m eso lo w  a lo f t  h a s  

e.Ateiided l e a i u a r d  in a i t reemei i t  w i t h  t h e  u p s t r e a m  s p r e a d  o f  t h e  m id l t w e l  h e a t i n g  

( i t' , b i iova t icy  soiiri  ('. tiot s h o w n !  T h e  m e so lo w  is now d e e p e r  t h a n  a t  1-hr. b u t  w i t h  

t h e  m a x i m u m  p r e s s u r e  p e r t u r b a t i o n  s t i l l  l o c a t e d  n e a r  t h e  u p d r a f t .

B o t h  r a i n w a t e r  a n d  hail  m i x i n g  r a t i o s ,  n o t  s h o w n ,  a l so  b r o a d e n  s l i g t h i v  r e a r w a r d  

w i t h  res[)ect  t o  M C S  m o t i o n .  This i n d i c a t e s  t h e  c o n t i n u o u s  d e v e l o p m e n t  o f  n e w  

u p d r a f t s  a l o n g  t h e  gus t  f r o n t ,  w i t h  o l d e r  u p d r a f t s  be i t ig  u n d e r c u t  b y  t h e  s u r f a c e



Fi f ^ u r t '  I S A> Hi K m u r r  I l i t ).  l )Ut  , it  t ( j - t i r ,  i n  a  t l o o - u p  v i e w  f o r  t t i c  t w o  m a i n  t>ow f c t i o  . s c g r iu - n t s  

' l i o w r i  i n  F n t n r o - '  J I c .  I I c



( a ) (b)
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I m ' n 1' » A '  111 l-’ii;:ii<- 1 7 .  Iii i t  ,it t l ) - h r .  f u r  u n  [ Hi ' . - ' U H-  ( x ' i t i i i l j . t t i d i i  . i i i i l  t u  r q i n v i i l d i t  
p o f i  r i t i . i l  i i ’i n p r r . t t i i i i ' .  .il» ' t i i ;  '<‘ti;m»‘iit (  l >  y  I f ü l  k i i i i  iii F i m i r r  l.-' lc H* I', ri ri'  r  h u n / i i n t a l  w i i n l  
■ t . ' i  lM . r t , ,[11 . •( j i . i i i i - l '  1'  2 "  n i  '  ■

' i i i t l inu  aii i l  l i i 'hi i id t l ic Inadi ri^ «‘du*' o f  t h e  M C S .  It i.s poss i l i jo  to  idcr i t i fv  tho

i i ' t n i i a i i t '  ot all o ld  i i p d i a t t  a t  /  Ô k tn .  ju s t  oas t  o f  x  I7f) k i a  in Fi'2,ut(‘ l.!)I>. I h c  

t i r ld  i r t a i r i s  t h n  s i g n â t  lire" o f  tin* nn d o rc i i t  u p d r a f t  iti t h a t  s e c t o r ,  w i t h  a l o c a i i / e d  

le^iDU wf sei lu id a i  \ ina.Kiniutn.

r i l l '  a n  al • ,q a r e  " t  t he  t ra i l i nn  pn-i ip i ta t i i  ai scet i  »r is re lai  iv e | \  n a r n  >w h e e a n ^ e  t if 

th e  UK l i i s ion ot l i a i l - i u u t l u e i u n  pro ces se s  in o u r  s u n u h i t i o n .  \ a i i u ,  a n d  l l o u / e  ( l ' J ü â h l  

' l i o w e d  t l i a t .  wlieii  liail is no t  t a k e n  in to  a c c o u n t  in t h e  ice p l ia se  p a r a i n e t e r i / a t i o i i .  t h e  

s i m u l a t e d  M C S  t e n d s  to  d i s p l a y  a  l o n g e r  c r o s s d i n e  e x t e n s i o n  a n d  g e n e r a t e  a  b r o a d e r  

a r e a  o f  t r a i l i i m  s t r a t i f o r m  prer  i p i t a t i o n  b e c a u s e  o f  t h e  w e a k e r  p t e i  ip i t a t i o i i  fa l l -ou t  

in t h e  c o n v e c t i v e  reg i on .

In s i i m i n a r v .  t h e  n u n i e r i c a l l y - s i m u l a t e d  M C S  o b t a i n e d  iti C . \  I ' R h  f rom  I t o  6 - h r  

d i s p h i v s  s e \ e r a l  ot t h e  m a i n  ( h a r a c t e r i s t i c s  u s u a l ly  a . s s o c ia te d  w i t h  b o w  ech o  scjiiall 

hties: (i) b o w  s h a p e d  c o n v e c t i v e  s e g m e n t s  w i t h  s t r o n g  low- leve l  " r e l h ' c t i v i t y "  g r a d i -

s'J



(Ti t s :  ( ii I , i  \ v ( ‘ll ( I c t i t u ' d  t n c s u h i ^ l i :  ( i i i l  ( i c r c c h o - l i k f '  s u r f a c e  w i n d s :  ( i i i  ) l o w -  t o  m i d - l e v e l  

r e a r - t o - f r o t i t  f l o w ,  o f t e n  ( l i a r a c t e r i / i t i ^  a  Rl . J:  ( i v )  r e a r  i t i H o w  n o t c h e s  i n  t h e  r a i n w a t e r  

a n d  h a i l  m i . \ i i m  r a t i o  f i e l d s :  a n d  ( v |  w e l l  d e f i n e d  c v c h u u c  M ( ' \ '  o n  t h e  n o r t h  e n d  o f  

t h e  <t( n i

-1.2.1 Sensitiv ity  o f  the control run to ice m icrophysics

It I.'' w i i i t h w i l e  t o  r e p o r t  t h e  s e n s i t i v i t y  o f  e x p e r i m e n t  C W  T H L  t o  t h e  i n c l u s i o n  o f  

i ( c  m i (  i o p h \ M (  >. l o  o u r  k i i o w l e d u t ' ,  n o  s t u d y  o f  n u m e r i c a l l y - s i m u l a t e d  h o w  e i  h o e s  

h a s  i n v e s t l y a t e c l  t h i s  p a r t i c t i l a r  s e n s i t i v i t v  T h e  w o r k  h v  \ a n y ,  a n d  H o i i / e  ( l ü ' . l ô h i .  

f o r  e . x a m p l e .  d i d  a d d r e s s  it f o r  a  s e v e r e  m i d - l a t i t u d e  S ( | u a l l  l i n e  t h a t  a p p . i r e r i t l y  p r o -  

d u c e i l  s o m e  h o w n i i i  . < e e t n e t l t s  H o w e v e r ,  t l i e v  d i d  n o t  e x a n i i t i e  h o w  i c e  niK l o [ i l l \  S|( s  

a f f e i  t e d  t h e  ’e l )  ' t i T K t i l l e  o f  t l i e  s V S t e t l l  s i n c e  t h e i r  t i u n i e f i c a l  e . x p e n t n e n t s  w e r e  III 

a  2 - 1 )  ti a r i i e w o i  k I h e  d i s c u s s i o n  p r e s e n t e d  i n  t h i s  s u h s e i  t i o t i  i s  r m t  i n t e n d e d  t o  h e  

a  c o i t i p r e h e i i s i  v e  a m d  v s i s  a n d .  m o r e  i n i p o r t a i i t l y .  is no t  p o r t  o f  t h r  i i i u n i m i t i o n  o f  

■!' ;:oi !oo ■ n I j U ' t n o  n t  - a n u l d f t  , l  hoi r  i c / t o

Fi y i i r e s  1.10 t o  1.12 (o t i i p a r e  t h e  e v o l u t i o n  o f  tw o  r t ins  w i t h  e x a c t l y  t h e  s a m e  p a 

r a m e t e r s  ( I 'ahle 1.2). e.\(('[)t for t h e  i t iclusioii  o f  ice m i c r o p h y s i c s .  T h e  s i m u l a t i o n  

w i t h o u t  1( 1- niK t o p h \ s i c s  is I a i le d  .XO lC’Ii. w h i l e  t h e  . s i m u l a t i o n  w i t h  ice micro-  

phvsi(  s is s i n i p i v  C'.N I HL.

In e, . l i erai ,  d o m a i n  m a x i m u m  u p d r a f t s  a n d  d o w n d r a f t s  in C’N T R I .  a r e  st r o t i f e r  

t h a n  in . \ ( )  _ R ' T  ( Fiy.  1.10). in at i ; reenient  w i t h  p r e v i o u s  s t u d i e s  o f  s e n s i t i v i t y  to 

i( (■ mil  i d p h y s i c s  in n o n  l.'ow echo  s t o t  tns ( S t r a k a  a n d  .A n d e r s o n  199.'}. St r a k a  et al. 

I'i9.'}. lo l i i i son  et al 19'):}i .At c e r t a i t i  t ime s ,  t h e  m a x i m u m  u p d r a f t  in C’.N’T R L  is 

a l m o s t  1 0 ' '  st l o t i y e t . p o s s i h l y  r e l a t e d  to  e n h a n c e d  l a t e n t  h e a t i n g  a t  m i d  levels owiny, 

to  e ffect s  ass(,i  i a t e d  w i t h  p h a s e  c h a n i ’e f rom l i t juid t o  ice ( S t r a k a  e t  al .  199}. . Johnson  

et al. 199.}).
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iii'j, Ilf ha l l  W’h i l f  t h i s  i iirt  hat i isi i i  is n - h ' \ a i i t  in a c c f l f r a t i t i i ’ ( in wi i t i ra f t s  m t h f  iiiiti- 

j fVfl s  ()| t h f  ''t I mi l .  I ts  i m p n i  tain f  is i i d i i c f d  t j o s f  t n  si i r iat  f .  w l i f i f  t h f  f  \ a p n i  a t  mii 

nf l a i n d i n p s  p l a v . a  nn ' i f  ' imi i tn  an t  i d f  m  ■'t i f  in; t In-niri'J, d n w i i w a r d  i imtn ai ' S t r a k a  

a n d  A n d f i s i , n  I ' t ' tdi  I h f r f h n r .  t h e  p i f S f t n f  nl  s t m t m f i  d n t i i a i n  n i ax i i i iu t n  dnwt i-  

d r a l t s  d n c s  tint i i f f f s s a r i l V  in ip iv  s t r n i i f c r  loii -h vtl  d n w i i d r a f t s  a n d  s i n l a t f  ni i t f inw.  

a s  i t n l u a t f d  h r I n w

B o t h  r u n s  s i n i i i i a t f  in i t i a l  s tu r i i i  s p l i t t i n g  in t l i e  first Imiir  n f  i n t f ; ; r a t i n n  ( F ix  

1.1 l a . 1)1. . \ ( )  K ' K  t if  r a t f s  l i r n a d f  r a r e a s  n f  I n w - l e \ f  I d n w n d  r a f t s  in t h e  ce l i ter

n f  t h e  d n i i i a i n  ( I'ii; 1 l l a . c i ,  wh i le  in C.N’T R L .  t h e  d n w i i d r a f t s  a r e  n inre  Ini a l i / e d  

t l it;, l . l l h . d )  h e e a i i s e  n f  t h e  p r e s e n t  e n f  h e a v i e r  h v d r n t i i e t e n r s  w h i t h  cniifi i ie t h e  

pr e t  i p i t a t i n n  a r e a s  (a n t i  r e l a t e d  d n w i i d r a f t s )  t n  s m a l l e r  re g io n s  I . Jewet t  et al. 1990).  

B v  2 - h r .  l ( ' l{  s l in w s  c l e a r  si>j,ns n f  t r a n s i t  inn  t n w a r t l  a  h n w  et h n  c n n v e c t i v e  m o d e ,

w i t h  a  l in e  n f  cel ls  d i s p l a v i n i ;  tw n h u l k i n g  s e g m e n t s  in t h e  c e n t e r  n f  th e  dnt i iai r i .
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t i ey , a t  i \  \ a l m  ' l im-> a  a t o :  1 - h r ;  11 i.i i |  ! J - h r :  o p , i f ) :  3 - l i r  F i r > t  c ol i i r i i i i :  \ ( ) _ I C ' E .  s e e o t u i  
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I lii“ i r ; i i- tM-f ri int  ti ' iu in \ ( )  K 'K  is l in t t t T  ilcvc|(i[)('(i.  an<l t h e  s o l u t i o n  ap ron s  ( |u i tn  

u f l l  w i t h  t h a t  <ii>( u>M (l in \ \ ’>'isni<m i 1')!)■'{). In C X  I f i l . .  no cotivoi  t ivo a c t i v i t v  is 

Ut ' t i f ra tcd  111 tilt '  ( t ' titi' i (if tilt'  i l i i t i iain a t  th i s  t i i n f .  a in l  t h e  o r i g i n a l  ri<;lit ■ a n d  Icft- 

nuiviii '^ I t ' ils 11 mu,t'i ni'W idiimm t i o n  hx  a i l v

( ’« i n i p a r a t iv f lv  la r u o r  N-S M ' p a i a t i c n  l i f tw i t -n  t h o  t w o  in i t i a l  sTor ins  is f v i d o n t  in 

( N I  HI.,  i n d i c a t i r m  t h a t  t l i f  nn u n in ot t l i f  cunvi ' t  ti\i> ct ' lls d f v i a t c s  m o r e  From t h f  

tnt an  w i n d  t h a n  in . \ (  ) K IN T h i s  a e i t  t s w i t h  S t i a k a  f t  al. ( l!)!t.j) a n d  . lo lm soi i  f t  

al ( i ' tP. 'T.  w h i ' hiiiiiil t h a t  > i i n i i l a t n m s ol  siipt-ri i lls w i t h  i f f  i n i f i o p h \ s i r s  t f i i d  to  

pit  id 111 f  ' t i  ii in> t ha i  d f  \ l a t f  n i d i f  In >in t h f  i i i fai i  wiin I - ' l i f a r  Vfi t o r  t h a n  f x p f r i i i i f i i t s  

w i th  III) I ff .

( '"i i i jMiii iL,  ! h f  '.111'. ' \i 'hit il '11 .it t h f  ' U i l . t f f  d - 1'4 .'. ! T_’a - d ) .  ,i ^ t r o i i x f i  a n d

t ' l I lai l '  i "iit ili 'W n  p i f ' i  iit in N* ) K I., i i i f l u d i i m  .i l u i t i - r  d f t i i i f d  l u f s o h i i i h  T h i s

'iiL!,ff^t> t h a t  tn i ' i f  II iidini d . ina. s dF p u t  i p i t a t  n ni in ( ’N I H I .  I i a \ f  s | , ,Wfd t h f  f.x- 

paii- ' i i 'n I'F t h f  I I'Id p " " l  . iiid t h f  f n h a i i f f i i i f l i t  "F t h f  ■ îiiFai f  o i i t l lo w .  s i i i i c  t h f  low- 

IfVfl f \ , i p ( ' I a t i \ f  I I ,1 ' h i m  f i F f f t s  (Id n o t  f i ' \ c r  l . t rx f  a r e a s  c o i n p a r f d  t o  . \ ( )  K ' K  I he  

^ tr i ' i ix f i  int i  i i ' i t \  I'F I ' i ' fh  t h e  ( " I d  p o d  ,iiid i n o d i i x h  in N ()  ICT! i.-- p a t i k  i i l . i i ly 

f  \ n If lit in t h f  ( I ' l i t i r  " F t h e  d i ' inai i i .  I h e  f i c . i t f i  . - ' f pa ra t io n  h f t w e e i i  t h e  i n i t i a l  f f l l s  

111 ( ' . N I H T  lifl[)> r e t a r d  t h e  i i i f i xe r  d  t h e  o i i t H cw s in t h a t  pa r t  oF t h e  d o m a i n .  I ' l ius. 

t h e  in i t ia t iDi i  d  new ( c n v f i  t ive  fe l l s  in t h a t  x-t t o r  is d e l a y e d

. \ s  ,t n  ^i i l t .  1)\ .( liDiiis I F lys. 1.1 i f  a n d  l . l_ h ‘i. t h e  .-^oliitioii o h t a i n e d  in N U  ICT:

fo i i s i s t s  oF a n  M C S  showi i iK t i i esosca le  Fe a tu re s  t y p i c a l  oF t h e  m a t u r i n g  s t a ^ c  oF a  

! "Ill 'It ! hi 'U i f h "  .>(|ii.ill l ine III ( ( 'lit l a s t . t h f  s o l u t i o n  In un C . N T H T  i F'i.ys. 1.1 IF 

a n d  1 IL'Fi di. 'plav.-. > n ia l l - s f a le  how e c h o fS  olF t h e  f f i i t e r  oF t h e  d o m a i n .  In o t h e r  

words ,  ho t  II s i m u l a t i o n s  show a t e n d e n c y  For t h e  d o m i n a t i o n  oF a  h o w  ech o  m o d e  oF 

c o n v e c t i o n ,  h u t  at  d i s t i n c t  scales.

T h e  d i l Ff ren t  s o h i t i o u s  in th e  e a r l v  s t a g e s  oF t h e  s i m u l a t i o n  h a v e  a  s iwni t ican t

' I I



i m p a c t  in t l ic  r c s i i l t i n n  l)o\v cc l io  l a t c r  iri th e  i n t c ^ r a t i n n .  a s  s h o w n  in F i g u r e  1.13 

fttr . \ ( )  K'I ' i  K d t n p a r c  w i t h  F ius .  1.3 a n d  I I fur  C’N T R l j .  F r o m  1 t u  t j -h r  t h e  

<t Ii rm s \ < t e m  ■' i rnuiated in N ( ) _ I ( ' K  d i s p t a v s  a d u i n i n a t i n t ;  h o w  e i h o .  r e s e m h l i n e  a 

p r o m e . s s n e  dere i  h o - p r o d u t  inn  .MC'.S ( . Juhns  a n d  f l i r t  1987) .  T l i e  M C S  ha s  a  s f io r te r  

m e r i d i n n a l  e.xtent t h . i n  t h e  u n e  u h t a i n e d  m  ( ' . VI ' HL .

. \ n u t  f ier  d i t f e r e n c e  b e t w e e n  t lie rut is  i,̂  t fiat 111 N o  _ f Cl C t lie fur  w a r d  > tu rm  m u t  luii. 

t i u i n  3-ii i  u i i w a i d .  e \ (  eed.-' ' l iu l i i l v  Il ie m e a n  e n v i t u t i t n e n t a l  w m d .  var\ i tnt ,  f r u tn  2ti.û 

t u  2 7  > m  " . w h i l f  m ( ' N I H I . .  t h e  ^t m i  fut w a r d  >pee, | u t i h ’ e.xcreds t lie m e a n

eti \  i r u t i tn e n t . i l  w m d  m  t h e  la.st h u n t  u f  m t e m a t i u n  ( 2 ( 0 )  tn .s 0 .  I h i s  r u m c i d e >  witfi 

t lie t inie w h e n  t he >iit f.u e ( I ild p( tuf. me.x, ,htü.h .nul  uiit  fluw in ( ' . N T fU .  hecui i ie  I n u .u le r  

. in d  >t iumj ,ei  in t h e  e e n t e i  u f  t h e  d u i n a i n

At b-li t  t he l e . n - t ,  e f i u i i t  l luw in lu a h ■' inml.itiuris l ias c u t n p a t a b l e  tn . i ^n i t in l e .  lait  

in ( N I IM. t lie M( \  I iti t lie tu H t h e n d  " f  t he  h. .w é c h u  M ne  <te i n t e n s e  1 h i s  Cl ân es  

.is nu  Mil pi Ise >ini e . a i e  ni t lie m ec l i . i t l l sm s  b e h i n d  t lie fut lliat il ai u f  t h i s  fe.it l i re is t fie 

t lit mit, u f  n e . n - s t n  f.ice h u n / u n t a l  v u i t i c i t v  bv t lie new u p d r a f t s  beinit; fu iced  a lu t in  t lie 

HUst l iut i t  iW e i ^ n i a t i  a n d  1 .lavis 19 9 \ .  I h i n d i a e t  .il 2IWII)) W i th  a  strunit ,et  b a r u c l i n i c  

ne t i e ra t i u t i  u f  h u t i / u t i t . i l  v u f t i c i t v  alunit, t h e  s u r f a c e  u i i t f j uw  in t f ie  l a t e  s t a g e s  u f  tfie 

^ i tnu l . i t iu i i ,  t h e  ^1 ,lut  11 ai iti ( '.N f  HI.  " h u n l d  p t u d i a  e a b e t t e r  d e i i n e d  .\ IC \
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u p d r a f t . '  ( d c A v i i d r a f t s  I

<»(i



Chapter 5

Withdrawal of Kinematic Fields

111 th i s  ( l i a p t e r  we a i i a l v / e  w i t l i d r a w a l  e x p e i i i n e i i t s  in whit  h th*' k i n e i n a t i t  fields art '  

reset  til t h e  h a s e  > tat i '  I ' hf  ' ' | iei itie p i i r^ t i i a i^  ti i h e  a t ld r i " ' se t |  a r e  W ha t  h a p p e n s  tu 

t he ■'Uiiiilat 11 III I't t he  n l e a h / f t  1 imv. ft in I w ill'll ,ni nuiph t < iidi n m a t  it m i if i h f  wiiitl h f  hi 

w i t h i n  t l i f  >t t m i l  - 'Vstem i> p n a  n t i t l  ' Hnw n n p u r t  a n t  is t h f  \ f i t  it al n e  it n ai 11 inp ia r f t l  

tti t h e  h n r i / i i n t a i  wint j  fielti w h e n  it t i inies tn  t h e  m i t i a i i / a t i n n  n f  a  m a t u r e  i t i imeetive 

s tnr r i i  in a t Inml-st  a l e  nitiilel ' W h a t  p h \s i t  al p m e e s s e s  i l n v e  t h e  r espn i i s e  a n i n n u  

m e te t  u n l n f  It al  \ ai l a h l f h  I pa l t i f i i l ai  [y wni ti  ant i  m a s s  i i ehls)  m  t h e  s t m i n  s y s t e m  

w h e n  t h e  k m e n i a t  le st m e t  lire n f  t he M ( ' S  is n i d y  p a r t i a l l y  spei  ilietl '

5.1 General results

In e x p e r i m e n t  W’\ ’KL.  t h e  ve r t ic a l  inn t in i i  is set  t n  / e n ,  e \ t - r y w h e r e  a t  1-hr. whi le  in 

e x p e r i m e n t  I \  \ ’E L  t h e  h n r i / n n t a l  win , Is  a r e  reset  t n  t h e  h a c k " r n i m d  s h e a r  prnf ile  alst,  

a t  1-hr. The  2 - h r  s i n m l a t i n i i  ( f r n m  1 t n  f j -hrl  in W A ' E I .  is s h n w n  in F i g u r e  5.1 I h i s  

r u n  f  e r i e r a te t l  a  s n iu t  m n  t ha t  h e a r s  a r e n i a r k a h l e  r e s e n i h l a n e e  t n  t h;it  n f  ( ' . \  I HL.  . \ n t  

o n l y  i l id t h e  s i n m l a t i n i i  m a i n t a i n  t h e  p m t i e r  e n i i v e e t i v e  i i inde .  h u t  al l  kev m e s n s e a le
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(c) ^rî' ( ‘ 1 )

F i g , \ i r f  5  1; B o w  o i l i u  s i i i i u l a t i u n  i n  W  \  E L  F i r ^ t  r o w :  5 - h i :  s o c u r u i  r o w :  6 - h r .  l a . ' . u  i - ' i i r f . i i f  
c o l l i  p o o l  . m i l  o u t f l o w :  l e c t o r s  a r e  ‘r r o u r u l - r e l a t i v e  w i t i i l s .  t h i c k  s o l i d  l i n e  r e p r e s e n t s  - 2  K  p o t e n t i a l  
t e m p e r a t u r e  p e r t u r i i a t i o n  i n d i c a t i t n t ,  t h e  h o i i t u i a r v  o f  t h e  c o l d  p o o l ,  t h i n  s o l i d  i d a s h e d  i c o n t o u r s  
i n d i c a t e  p i e - i t i i e  t i e ^ a t i i e  ' pre>. -?ure p e r t  III h a t i o n s  p l o t t e d  a t  e a c h  l o t )  P a .  i l o . i d i  > t o r t n - r e l a t i v e  
w i n d s  ! V e c t o r s ' a n d  i i i . i u , n i t t i d e  o f  v e r t i c a l  v e l o c i t v  ( c o n t o u r e d  a t  2  m  > ' i i i t e i i a l s i  a t  h e i g h t  z 

2ÜUU 111. S o l i d  ( d a s i h e d )  liiie.> a r e  u p d r a f t s  i d o w n d r a f t s ) .  D o m a i n  t r a n . ' l a t i o i i  i> . i s  m  C . N ' T B L  i F i ^ s
1.3. I ll IJï.



f f a t u r c s  a s s o c i a t e d  w i t h  t l ie  M C S  a r e  c o r r e t t l v  r e p r e s e n t e d :  t l i e  s l i a p e .  o r i e n t a t i o n  

a n d  s t r e n g t h  ol‘ t h e  s u r f a c e  co ld  p o o l ,  niesi t l i inh.  a n d  o n t  ( low I F i ^ s .  Ô l a . h )  m a t c h  

( |u i t e  well  w i t h  ( W  I ' l iL .

T h e  s t o r m - r e l a t i v e  w i n d s  aloft  d o  no t  s h o w  s i n n i h c a n t  a l t e r a t i o n  e i t h e r  i i-'iii. I h .d  c 

inc l i id im r  t h e  [ l o s i t i o m m ;  a n d  ' t r e m r t h  o f  t h e  m a i n  M (  \  in t h e  c e n t e r  o f  t h e  d o m a i n  

In t e r m s  o f  t h e  h o r i z o n t a l  d i s t r i h i i t i o n  o f  t h e  v e r t i c a l  v, lo( i t \  f ield,  t h e  s i m u l a t i o n  

is a b l e  t o  r e s t o r e  t h e  v e r t i c a l  m o t i o n  elfe, t ive lv . \  , lo.sc n i s p , , t i o n  of  ( 'N  T H L  a n d  

\ \ ’\ ' K l .  s h o w s  t h a t  m o s t  o f  t h e  e r r o r  in th,- \ V \ ’KL f, ne,  a.^t" is d u , '  to  phas , -  e r 

rors .  r a t h e r  t h a n  a m p l i t u d e  , ' t l o i e  .V' ld, '  f rom t h a t .  WA'IM.  l e p i o d u ,  , d t h e  m a i n  

c h a r a c t e r i s t i c s  o f  t h e  h o w  ho ip i i t , '  w, ll

1 11,' .'■am,' Is no t  t i n , '  for 1 \  \  IM.. a s  seen  in F i e i i r , '  1 h, '  s i m u l a t e d  s t o r m  in

t his  r u n  w.is n,,t  c a p a h l , '  , ' f  m a i n t a i n i n g  t h, '  h,av , , h, ,  st rii, t u c  a t  least  wit h m  t h,'

2 - h r  in t , ' e ra t i , ) i i  p e i i , „ l  h , ' i i m , , , i i s id , ' red .  ln.st, a,l .  th , '  , | o m i n a i i t  , , u i \ ,  , t iv, '  i m i s  

m u l l  1, I l l u l a i . p a r t  i cu la i  1\ in th, '  , , nt,  r o f  th, '  d o i t i a m  I' lLt'- '> 2, ,1: 1 he , h a i m , '  m

, ' ,>nvec ti \ , '  n io , le  a l s o  is in,lit  a t ,  ,1 hv t h e  n,,n-i;, ' ii,  r a t i o n  , , f  th , '  s t r , m e  mi, l-l , 'v, ' l  .\1( ' \  

pr , ' sei i t  111 C . \  I fU..  I he  st 1 ,-1111,1 hs of  ill , '  s i i r tac, '  co ld  p , „ , l  a m i  iii, so l in r h  w, r,' smn i f -  

i, a n t  Iv u n d , ‘r , ‘st i m a t , ‘d .  a n d  th,- sl iap,-  , , f  im-sos, ah- h-at t i n s  a l t , - r e d  .An i i i i | ) ,u ta u t  

inipl i ,  a t i , , n  is t h a t  th,- s i i r fa ,  ,' o u t f l o w  is n,,t  ve i l  le,  ,,v, i, ' , l

l o  , | u a n t i f v  t h e  i m p a c t  of th,- f ield vv it h , i r . iwals  o n  th,-  ov e ra l l  s o l u t i o n ,  w,- a iia lv /,- 

F i g u r e s  ' j .d a n d  "i. I vv hi,  h show t h e  t i m e  e v o l u t i o n  o f  vert  i, al  pr , , f i l , ' s  o f  sv s t  , i i e  

a v e r a g e d  ver t i t  al i m u m  i i t i im  ( tc ' t / ' l  a m i  h e a t  I t c'C ) f luxes  a t  e a ,  h U l - m i n  f o r C N " F H L .  

\ \ ’\ ’F L  a n d  r \ ' \ ’FI .  s t a r t i n g  a t  1-hr. Fo r  all  t im e s  s h o w n ,  th,- s v s t e n i - a v e r a g , ' , !  f ields 

a r e  c o m p u t e d  for t h e  a r e a  i n d i c a t e d  hv  a  r e c t a n g l e  in F ig .  I. Ih. Bec au .se  th, '  a v e r a g i n g  

is c a r r i e d  o u t  for t h e  m o s t  co i i vec t ive lv  a c t i v e  se c to r  , i f t h e  s i m u l a t e d  h ow  , ,  h , e  t h e  

Vert ical  f luxes o h t a i n e d  for  C . \  I B L  I  Figs .  j . 3 a . 5. la ) a r e  s t r o n g , ‘r t h a n  t h o s e  r e p o r t e d

hv W e i s m a n  et  al.  ( 1997) .  w h e r e  t h e  prof i les  ti-'ii' a n d  w'O' w e re  a v e r a g e d  for th , '  , utin

9 9
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( lo t i i a in .

A cDrnpar i so t i  "I  Kimir rs  A . i a . b  a n d  5 . 4a.I) r t 'vca l s  t h a t  tin* vo r t ic a l  fiii.xos a r c  olh- 

( l o n t l y  ro s t n ro d  in W A Id . ,  do. spi to t h e  t o t a l  o j i n i i n a t i o n  of/ /-  l iold a t  1-hr. Io n  niiniito.s 

a f t e r  r e s t a r t  i d n t t f d  linos in I-i^s 1 .41». A l b ) ,  t h e  avorao»* v o r t i c a l  rno t i ion t i i in  a n d  

h e a t  f luxes in W \  KL a l r o a d v  a( liiovo i i i a y n i t i id o s  c o n i p a r a l ) l o  t o  t h e  ( ' . \  b H I .  coi in-  

f o r p a r t "  I n  a ' i d i t n i t i .  t h e  t u n e  o v i , l u t i ' a i  f A | | n \ v s  <' | i»o|v t h e  s o l u t i o n  f V n i n  I HI. 

Coi ivorso ly .  t h e  vor t ic a l  f luxes  in l A A ' E L  I I-'iy,s. d..4c. A le) a r e  no t  c o n s i s t e n t  w i t h  

t h e  a c t i v e  M C S  p re s e n t  in C.N’ I H L .  w i t h  t h e  f luxes  beiny; s i i b s t a n t i a l l v  w e a k e n e d .  

. M t h o u i t h  the  v e r t i c a l  hea t  f lux in I A A ’E L  a t  1-hr 11 h ick  so lid  l in e  in Ei^ 1. 1<-) is no '

I h a n y e i t  bv t h e  o l i i i i ina t io i i  o f  [ l e r t i i r b a t i o i i  h o r i / o n t a l  w ind s ,  it is s t r o n y b  affei t e d  a.-̂  

t h e  . ' ((lutioii  e \ o l \ e s .  Iieitiy r e d u c e d  by m o r e  th a t i  411' ( o f  i ts  m a x i n i u t i i  v a lu e  a t  1-lir 

B e c a u s e  t h e  ;c 'n '  a n d  ic'd'  f ie lds  c a n  b e  list 'd t o  c h a r a c t e r i / e  t h e  overal l  i n t e n s i t v  

o f  t h e  s i m u l a t e d  M C S  ley,  . Wei r^man et  al .  it i> « te.u th . i i  t h e  e l i m i n a t i o n  <4

[ l e r t i i r b a t i o t i  h o i i / o t i t a l  w in d s  t ias a  g r e a t e r  i m p a t  t o n  t h e  s i m u l a t i o n  t h a n  d o e s  t h e  

wit 111 It a w a l  of  t h e  vert  it al m o t i o n .

I > t l e  ' 4 I h r  111.0 ti ' h .o . i r t e l  1- t  K ( i f  | o im- | i  \ I ' d  1m AV ecfli if.^ i  ̂ I hel l  a b i l i t \  to  efficietlt  Iv 

g e n e r a t e  n ew  u p r a f t s  alot iy t h e  ous t  f r o n t ,  leat l i i iy to  a  r e m a r k a b l y  fa.>t f o r w a r d  i i iot iot i  

I l o h i i s  a n d  H u t  I'.lJOi. ( ’oifi i l i  JOO'ii If \ e r t i c a l  \ f | o c i t i e >  i m d e r y o  "lyni f ica t i l

a l t e r a t i t u i  title tti t h e  i m p o s e d  p e r t u r b a t i t u i  in t h e  w i n d  field ( a s  s e e m s  to tie t h e  case  

in L \ A  E L  I. o n e  s h o u l t i  e x p e c t  t h e  t l i s t r i b u t i o n  o f  h v t l r o m e t e t i r s  a n d  a c c o m p a n y i t m ,  

t l i a b a t i c  effet ts  in t h e  MC.S alst) to  b e  mt id i f ie d  as  t h e  i n t e a r a t i t i t i  p r o c e e d s ,  w i th  

p t i s s ib lv  t l e v a s t a t i i i y  effec ts tti t h e  s i m u l a t e d  c tm v t ' c t i v e  s t o r m .  T h u s ,  it is i m p t i r t a n t  

tt) a n a l y z e  t h e  e a r l y  e v o l u t i o n  t)f t h e  w i n d  field a r o u n d  t h e  s u r f a c e  o u t f lo w  in t h e  

w i t h d r a w a l  runs .

F i y u i e  Ô.Ô . ' ' hous  vertic al c r os s  s ec t io t i s  c4 t h e  w i n d  he ld  on  t h e  gus t  f ron t  sec t o r  

in a  18 k m  x IS k m  d o m a i n ,  d i s p l a y i n g  t h e  c o r r e c t  a s p e c t  r a t i o  of  th e  s i m u l a t e d

lo.'t



4 hr 00 mill  00  see 4 hr 01 mill  04 sec 4 hr 10 mi l l  0 0  sec
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F i g u r e  W r t i c a l  ( T u s s - - c c t i ( ) i i >  i n  r h e  x / . - p h i i i f  . iluiiti,  v  2 Un  k m  ( > a t u c  y - c n o n l i i u i t c  u f  si'S’ i u c n t  
. l / i  i n  F i j i  I . InI  fui  t h e  s t u r i n - n ' l . i t i v e  w i n d  f i e l d  n c r o s s  t h e  g u s t  f r u i i t .  T f i e  d o m a i n  s h o w n  i s  FS kri i  

X 18 k m  F i r s t  e u h i i n n :  t l ; l )U; l )0- l i r  ( r e s t a r t  t u n e  f o r  w i t l i d r a w a l  e x p e r i n i e n t s ) :  s e c o n d  c o l i i m n :  
t l t d  U I 111 , t l i i r d  c o h i n i n :  t l : i O : l j U - h r  l a i - i c )  r e f e r  t o  C N T R L :  ( d ) - ( f )  t o  U ' \ ' L T . :  a n d  i g ) - ( i ) .  
to L \  \  h i .  \ I  ( t or - ,  l e p r e s e n t  t h e  x z - c o i n p o t i e i i t  o f  t l i e  i v s t e m - r e l a t i v e  w i n d  iti III s a n d  c o n t o u r s  
i n d i c a t e  m a g n i t u d e  o f  t f i e  v e r t i c a l  v e l o c i t y  i n  i n  s ‘ ' c o n t o u r e d  a t  2  n i  s ” ‘ i n c r e m e n t s ,  w i t h  t h e  z e r o  
l i n e  l i e i m t  s u p p r e s s e d  I S o l i d  I d a s h e d  I l i n e s  i n d i c a t e  u p d r a f t s  ( d o w n d r a f t s  i.

l O f



t low a lor i^  \ J i l l  krii ( .q)cx o f  t h e  m a i n  l)o\v ccl io s r i ; n m n t  a t  1-lir; F i ” . I tiai 

a t  t F()():()0-hr. 1:01:0 1-hr a n d  4 : l 0 : 0 0 - h r .  for  C X T H L .  W X ' E L  a n d  l \ ' \  KL. T h e  

c o n f o n r s  re fe r  to  t h e  m a x t t i t n d e  o f  t h e  v e r t i c a l  v e l o c i t y  he ld .  T h e  m a i n  f e a t u r e s  in th i s  

a c t i v e  p o r t i o n  of  t h e  s i m u l a t e d  M C S  i n c l u d e  a  s u r f a c e - b a s e d  u p s h e a r - t i l t e d  u p d r a f t ,  

a  d esce t id i t i g  r e a r - t o - f i o n t  flow, a t u l  a ( s l iy, thly-)descendi t !>r  d o w n s h e a r  f low a t  t h e  

a t ivi l - leve l  (see C . N T R F  s o l u t i o n  iti Fiys.  ô . â a - c l .

f o r  W \  F F .  t h e  IC i F iy .  1 I d  > s h o w s  no  v e r t i c a l  m o t i o n ,  b u t  a f t e r  r o u ^ h l v  I -ruin

i l ' i i t , .  l . l e ) .  t h e  s o l u t i o n  d i s p l a y s  a  c l e a r  t r e n d  t o w a r d  r e s t o r i t i ^  t h e  m a i n  f e a t u r e s  

mdi(  a t e d  in ( ’X T K I .  .Mtcr  i n - m i n  i F i^  l i f e  vcrv y o o d  a y r e o m e n t  i> f o u n d  in 

a m p l i t u d e  a n d  p h a s e  b e t w e e n  C.X T H L  a n d  \ \  \  FI . .  .A m o r e  d e t a i l e d  e x a t n i t i a t i o n  of  

tlii> e v o l u t i o n  h iy hl iy h t , '  t h e  ta.>t r e y o t i e i a t i o i i  o f  t h e  ve i t i i  al m o t i o n  field in t h e  v n v  

' •a r l \  -'taye.> of t he . s im ul a t io n ,  a.s s h o w n  in I iy l  b I ' lo tn  a ( j i i a l i t a t i v e  s t a n d p o i n t . 

t h e  s o l u t i o n  f r o m  W \  F L  a l r e a d y  rep iodi ice . s  t h e  m a i n  f e a t u r e s  f r o m  ( ' .Xd H F  s a f t e r  

t h e  r e s t a r t  t m u C F i y .  l . b a i .  W i t  h m  t h e  first m i n u t e  o f  i n t e y r a t  ion (F iy s .  ô. l i l i .cl  t h e  

m a y n i t u d c  a t t a i n e d  liy t h e  v e r t i c a l  m o t i o n  in W \  F F  is a [ ) p i o x i m a t e | v  h a l f  o f  t h a t  in 

( ' X T H F

I h e  r e l a t i v e l y  s t r o i i y  d o w n d r a f t  e v i d e n t  iti t h e  u p p e r  p o r t i o n  o f  t h e  do i i i a i t i  (at  

a n d  a b o v e  t h e  m o d e l  t r o p o p a u s e .  /  % U.O k in )  in F iys .  l . b a - c  is a c t u a l l v  p a r t  of  

t h e  ‘ t r a t i s i e n t  e v o l u t i o n  ’ a s s o c i a t e d  w i t h  t h e  a d j u s t m e n t  p r o c e s s ,  a t u l  it f a d e s  a w a v

a f t e r  a n  i t i i t i al  o s c i l l a t o r y  r e y i m e .  .Around 10 - tn in  a f t e r  r e s t a r t ,  t h i s  f e a t u r e  is no

lo t i ye r  p r e s e n t  (F iy.  ô .â f  I .  I he  s p u r i o u s  u p p e r - l e v e l  d o w n d r a f t s  a r e  f o rc e d  by  t h e  

p r e s s u r e  field w h ic h  is i n d u c e d  fw t h e  a d j u s t m e n t  p r o c e s s  e a r l y  in t h e  i n t e y r a t i o i i  

t o  b e  d i s c u s s e d  la t e r  in t h i s  c h a p t e r .  S i t n i l a r  b e h a v i o r  o f  t h e  s o l u t i o n  is f o u n d  a lo i iy  

d i s t i n c t  ( F - \ \  l c ros s  s e c t i o n s  o f  t h e  s i m u l a t e d  .MCS ( n o t  s h o w n ) .

Hi I  A A F F .  t h e  v e r t i c a l  t n o t i o n  a t  1-hr ( F iy.  l . l y )  is e x a c t l y  t h e  s a m e  a s  in C . X T R F  

( c o m p a r e  c o n t o u r s  w i t h  F iy .  l . l a ) .  H o w e v e r  t h e  h o r i / o n t a l  w i n d  f ield h a s  b e e n  rese t

lo.j
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(a) (b)

F i s ; ( i r i ‘ ') ti: A> i n  F i i ; .  ■> ■>. F u t  m i l v  f u r  \ V \ ' E L ,  a t  i a i  t I i ) i i : t i \ - h r .  i f u  t < ; t
I n i l  I D - h r

U) it> I l iuM/unt ;vl l \  I hiuiiuy,ciit 'u\i> l ' i ivironi ii i ' i i tul  s t a t e  i.e. ,  t l i e re  is iid [ lo r i /ot i t a l  

divi ' i at ' i i ci '  I utivriu,eti i  e. As  t h e  i i i t t 'ui i i t iui i  p r o c e e d s .  t h e  v e r t i c a l  i i i o t ic i i  is weaken ed  

a n d  loses i i n p o i t a n t  c l i a r a c te i i s t i t  s, sin h as i t s  i i p s l i e a r - t i l t e d  s t r u c t u r e ,  as  re vea le d  hv 

t h e  e v o l u t i o n  o f  t h e  c o n t o u r e d  t ields in h i a s .  ô .ü e .h . i .  W i t h o u t  t h e  s t r o n a  h o r i / o t i t a l  

s u r f a c e  wit ids.  t h e  le t i d in e  e d ^ e  o f  t h e  aiist f r on t  w h e r e  co t iv e ra e tn  e is i i i a x i in i /e d  

d o e s  not  a d v a i n e  as  fast .is in C N T H I . .  In fac t ,  t h e  h o r i z o n t a l  w i n d  field is never  

co r r e c t  ly r e s t o r e d  in I \ ’\  IfL. a n d  t h e  co ld  [ lool  is p o o t i v  r e p r e s e n t e d  ( see  Fii;. 1 . 7 1. 

i n d i c a t i n a  t h a t  t h e  f,,t w a r d  m o t i o n  o f  t h e  s n n i i l . i t e d  M(  S is a f f ec t ed .  I his  e v o lu t i o n  

Is co t i s i s te n t  w i t h  t h e  very  p o o r  ' f o re ca s t "  p r o d u c e d  hv f \ ’\  K'l.

1 he  l e s i i l t s  dls( ii.s.sed so f.u , i i e  III . l y t e e i n e l i l  Wi th  t h e  fiiidiiia.s o f  Wev ya tnl t  et  

al.  (I 'JIhJ) for  a  n u n i e r i c a l l v - s i m u l a t e d  s u p e r c e l l .  .Xever the less .  s o m e  v e r y  i m p o r t a n t  

q u e s t i o n s  n e e d  to  h e  a d d r e s s e d ;  W h y  d o e s  t h e  e l i m i n a t i o n  o f  t h e  v e r t i c a l  veloc ity 

h a v e  o n l y  a  m i n o r  in i | )a c t  in th e  s i m u l a t i o n  o f  t h e  fiow ec ho ,  w h i l e  t h e  w i t h d r a w a l  o f  

t h e  ( [ l e r t u r h a t i o n )  h o r i z o n t a l  ve lo c i ty  le a d s  t o  a  s o l u t i o n  t h a t  d e v i a t e s  s ig n i f ic an t l y  

f r o m  C X  1 f{L ' W h a t  is t h e  p r o c e s s  c o n t i o l l i n a  s u c h  h e h a v i o r

. \ s  m e n t i o n e d  in c h a p t e r  '2. F i e d l e r  |2f)U2) i n d i c a t e d  t h a t ,  for  c o n v e c t i v e  f lows w i th  

low a s p e c t  r a t i o ,  t h e  v e r t i c a l  m o t i o n  s h o u l d  r e s p o n d  to  t h e  i n i t i a l  h o r i z o n t a l  wind

IDG
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F i g u r e  ") 7:  FI v o l u t i o n  o f  t h e  s i r i i u i a t e d  g u s t  f r o n t  f o r  t h e  s e ,  t o r  i n d K . i t e d  h v  a  r e c t a n g l e  i n  F i g  
I II,  I a  I -  c : C N  I [{[ . .  a n d  o l  I - ' I  l \ \ F L  F i t s t  l o l u t n n  I 2i l  Dll h r .  - e ,  o n d  I t i l u n i n  I I h  l td  l i r .  

t h i i i l  < o l u i n n  j  h r  U . i s h e d  l i n e s  i r e f e r r i n g  t o  i i e g . i i u e  \ a l u e M  a t e  , i u i t o u r s  o f  [ u U e n t i a l
t e n i ( i e r a t  n r e  p e r t u r b a t i o n ,  p l o t t e d  a t  - 1  K  i rn r e n i e n t s  I h e  f i r s t  c o n t o u r  f r o m  r i g h t  t o  l ef t  is t h e  J  
K  l i n e ,  i n d i c a t i n g  t h e  l e a d i n g  e d g e  o f  t f i e  a d v a n ,  i n g  c o l d  p o o l  \  e t  tor.-, a r e  g r o u n d - r e l a t i v e  w i n d s  i n  

111 ‘ . w i t h  a  l e f e i e i u f  Vet t ' . ,r  o f  It) III ' i i u l i c a t e i i  o n  t l i e  l o w e r  l ef t  t u r n e r  o f  , a t  li p a n e l  N o t e
t h a t  s t t l u t i o n  f r o m  l ’ \  \  FT.  t l e \  l a t e s  .--ignifit a n t l y  f r o m  C.N' I R L .



lit' ld. w i t h  tilt '  o p p o s i t e  ot t i i r in^  for  flows w i t h  h i» h  a sp t ' t  t r a t io .  H o w ev er ,  j u s t  hv 

looking; a t  t h e  c r os s  set t i o n s  iii Fi,mires â.-ï an i l  0.6.  we  c a n n o t  s t a t e  t h a t  t h e  s in i i i l a te t l  

How h.i.'' a low a."[)et t r a t i o  In fat t . it t h s p l a y s  a n  a s p e t  t r a t i o  aroiir i t l  un i tv .  w i t h  

t h e  flow t h a n n i n e  f rom u p t l r a f t s  to  t fowr i i i raf ts  in \a r t n  al  atul  h o r i / o n t a l  sca le s  of  

l o u u h l v  t h e  s a m e  o n l e r  Hence ,  a ililfererit  a p p r o a t  h f r o m  t h a t  o f  F ie t l fe r  (2(102) 

I'' app l ie t l  to  u i n ie r s ta n t l  ///cv.'.e t h e  p ro c e s se s  heli i i i t l  t he i l v n a m i c  a t l j u s r m e i i t .  

w i t h o u t  t ' xp l ic i t l v  re fe r r in g  to  l inear  wave t l i eorw 1 h e  p r o p a y a t i o n  o f  a i o i i s t i c  waves  

in W \  I . F a tu l  I \  \  I I. I-' ' t u d i e i l  in i h a p t e r  *’<

5.2 Analysis of the prognostic pressure equation: divergence 

forcing

In e x p e r i m e n t  \ \  \  I I.. low-level  h o r i / o n t a l  t l i v e r y e n c e  c o n v e r g e n c e  a l o n e  t h e  yus t  

f ront  is m a i n t a m e d  at  r e s t a i t  t i m e :  in I \ ’\ ’I :F.  t h e s e  s t r u c t u r e s  a r e  r e m o v e d  I htis 

m  t h e  ve r \  e a r l y  s ta y e s  of  I \  \ ’1H.. s o m e  of  t h e  t l y n a m i t  a l l y  i m p o r t a n t  a d j u s t m e n t  

pj ,  . ( I - s  , Ml 111 m y  m till'  s i m u l a t i o n  inc lude :  ' i t h e  i e ' ( ) o n s e  .if t h e  In u i / i  mt at w i n d s  

t o  t h e  m i t i a l l v  u n p e r t  lll Fe d  p r e s s u r e  tielil. u i .  I he  r e s p o n s e  of t h e  p l e s s u i e  he ld  t o  

t h e  s t r o n y  p e r t i i r h a t i o n  im p o se t l  in t h e  h o r i / o n t a l  wi in i  l iehl .  a m i  m i l  t h e  r e s p o n s e  

of t h e  vert  leaf t n o t i o n  to t h e  nioil if ietl  h o r i / o n t a l  \ f j o c i t i e s .

I o  l i n i l e l s t  a n d  t h e s e  p r e i  I t f s s e s .  It Is U s e f u l  t o  e x a m i n e  t h e  p l o y n o s t  It e t p i a t  l o t i  f o r  

p e r t u r h a t i o n  p r e s s u r e  F i r s t ,  co i i si t l er  t h e  e t | u a t i o n  o f  s t a t e  for  i l rv ai r :

f , ( I  II

w h e r e  p  is p r e s s u r e ,  p  is t lensi ty .  R j  is t h e  y as  c o n s t a n t  for  t l ry a i r .  0 is p o t e n t i i d  

l e i i i p e r a t l i r e .  p(, is a  re fe ren t  e [ire.ssure ( 1 0 ’ P a )  a m i  ip is t h e  speci f ic h e a t  o f  t l ry  a i r  

<it c o n s t a n t  p r e s s u r e  . \ H P S  t a k e s  i n t o  a c c o u n t  t h e  e l f e c t s  of  w a t e r  s i i h s t a n c e  in

Ills



11 1). luit t l i o c  f  Ifi'i t s a r t ’ r i i ' n l i ' c t fd  fur now

A i r a r r a i m r m ,  Ht o f  tn r rns  i t i v o h  itii; pn ' s s ur t*  iti ( ô . l ) .  fo l lo wed  In t a k i n u  t in '  La-  

,it,ran>;iati ( to t . i l  o r  m a t e r i a l )  d e r i v a t i v e ,  y i e ld s :

D f ~  ' l ) t  ' ^ O D t  ■

wliere  ( - is t h e  s , | n a t e  o f  th e  S pe ed  o f  Sound e;iven In i 2.1 I).

I h e  triass c o n s e r v a t i o n  é q u a t i o n  for  a  fu l l y  c o m p r e s s i b l e  flow is:

1 V* i * - ■)
i > D t ~  ^  '

w h e r e  I IS t h e  (I* w in d  field, , '^nhst i tut i i iy,  (â .d )  i n t o  ( 1 . 2 1 a n d  e x p a n d in g ,  t h e  

l . a y r a n y i a n  d<‘r i \ a t i v e  o f  pre.ssiire lead> t o :

,/r '  / " : V  \ •>'<:,) P f  ' ' I '

If u e  t i o v .  e x p a n d  t h e  p t o . s i i r e  field in to  h \ i l r o s t a t i c  b a s e  s t a t e  a n d  p e r t u r b a t i o n  

I I n n p o n e n t s .  11 11 b e c o m e s :

V' ' 'X- ' I  -  -

- I i "  / * : Ü 717 ■

I) I II, I III  I i i \ i

w h e r e  (/ is t h e  a c c e l e r a t i o n  d u e  t o  g r a v i t y  a n d  ir is t h e  v e r t i c a l  c o m p o n e n t  o f  t h e  

w i n d

f ù j u a t i o n  1Ô.Ô) IS. e.s.'^entlally. t h e  p r e s s u r e  e q u a t i o n  s o l v e d  by  .AHI^S. l e r i n  1 1) is 

t h e  \ e r t i l  al a d v e c t i o n  o f  b a s e - s t a t e  p r e s s u r e  a f t e r  ap p lv in u ,  t h e  h y d r o s t a t i c  r e la t i o n ,  

a n d  IS t h e  o n l \  " s i i rv i \  i im t e r m  f r o m  t h e  b a s e - s t a t e  p r e s s u r e  a d v e c t i o n .  l e r n i  ( II I  is 

t h e  a d \ e c t i o l i  o f  p e r t i l l b a t l o t l  p r e s s u r e ,  while  ( I I I )  is t h e  d i w r c e n c e  t e r m .  I'eriil | l \  i 

r e p r e s e n t s  t h e  c o t i t r i b i i t i o n  f r o m  d i a b a t i c  e f f ec t s ,  w h i c h  a r e  u s u a l l y  s m a l l  (Klen i f )  a n d  

W i l h e l n i s o n  l ' J78) .  resultin.u, in t h i s  t e r m  b e i n g  n e g l e c t e d  in . A R P S  ( . \ u e  et  al .  20(11)1.

UJ'J



H t i m s  I a n d  III  in ( â . â l  a r c  ivpic a l l y  la rg e s t  in n ia f^n i t i idc .  w i t h  t h e  divcrKcnc c 

ti ' t t i i  d v t n i n a t i n y  F iy i i r c  à > s h o w s  c o n t o u r  p l o t s  for t e r m s  (I),  i l l )  a n d  ( II I )  o f

I  ) .  ) i .  to r  e x p e r i m e n t  ( ' N f H I .  at  1-hr. in t h e  s a m e  v e r t i c a l  ( t o s s  s e c t i o n  o f  F i g u r e

I he  \ ( r t i c a l  a d \ e c t i o n  o f  h a s e - s t a t e  p r e s s u r e  ( Fiu; l . S a )  a n d  t h e  d i v e r g e n c e  t e r m  

( F'm ') I h a v e  I I i tn p a ra l i l e  rn a m i i t t id e ,  w i t h  t h e  l a t t e r  d i s p l a y i n g  l a r g e r  v a lu es  (n o t e  

l i i a t  d i t f e n  iit ( o n t ' i u i  in te iaa ! - '  a r e  used :  see  c a p t i o n  of  F ig .  l . S) .  T h e  a d v e c t i o n  o f

p e r t u r h a t i o n  p r e s s u r e  is t w o  o r d e r s  o f  m a g n i t u d e  sm a l l e r .

W e  first e x a n n t i e  t h e  d o i n m a n t  fo r i i t ig  t e r m  in t h e  p r e s s u r e  e i j u a t i o n .  w hi ch  is 

t h e  t h r e e - d i m e i i s i i a i a l  d i v e r g e n c e .  C o n s i d e r ,  f i rst ,  t h e  u p w a r d  h r a n c h  o f  a n  id ea l iz ed  

i o n \ e c i i \ e  I ell .  a.-' d e p l e t e d  in F i g u r e  ô.lh R e g i o n  1 ( j )  i n d i c a t e s  a  s e c t o r  i.ui t h e  t o p  

I h o t t o t n l  o f  t h e  u p d r a f t . n e a r  t h e  u p p e r  ( lower)  h o i i n d a r y .  1 he  t h r e e - d i m e n s i o n a l  

d i \  e l  g e n c f  V  I c a l l  u  Ml t e n  111 te r t i i s  of hiii i / o i i t a l  a n d  vert  i ca l  cont  r i h u t  ii >ns. \ lelding:

T  I '  V n  r I - e h ,

In l e e i o l i  1 I F i g  - ' t i  V.e h a \ e  V n  i '  • Il . ' • II

In  r e g i o n  2 w e  h a \ e  V / /  • I s '  U .

In e x p e r i m e n t  \ \  \  FF. 1 1 \  \  IvF). all  o f  t h e  i n f o r m a t i o n  r e l a t e d  to  ( h n O z  ( V / /  ■ I ) 

Is e l i m i n a t e d  at  r e s t a r t  t i m e  whi le  V n  ■ H  iOn-'c):} r e m a i n s  u n c h a n g e d .  T h u s ,  w h e n  

e x p e r i m e n t  \ V \ T d .  is s t a r t e d ,  t h e  thrt > -dtuit ns ional  I .'ID) d i v e r g e n c e  in r eg ion  1 is 

m o r e  p o s i t i v e  t h a n  it s h o u l d  he,  a n d  m o r e  n e g a t i v e  t h a n  it s f i o u ld  h e  in r e g i o n  2. F r o m  

I').. ')), t h e  p r e s s u r e  field l e s p o n d s  t o  t h i s  a l t e r a t i o n  in t h e  3 0  d i v e r g e n c e  hy  g e n e r a t i n g  

a  t i e g a t i \ e  ' p o s i t i w i  p r e s s u r e  p e r t u r h a t i o n  in r e g io n  1 |2 ) .  In o t h e r  w o r d s ,  a n  a r t i f ic ia l  

low (h i g h )  p r e s s u r e  p e r t u r h a t i o n  is i n d u c e d  a t  t h e  t o p  ( h o t t o m )  of  t h e  c o l u m n  w h e re  

t h e  u p d r a f t  w a s  l o c a t e d  i i e fore  h e i n g  e l i m i n a t e d ,  as i n d i c a t e d  in F i g u r e  1.11)

F i g u r e s  1.1 l a  a n d  1.1 I h  d e p i c t ,  for e x p e r i m e n t s  C X T R L  a n d  W \  F L .  re sp ec t iv e ly .



(f>)

( ‘• )

j  ' '  S . i l ' . i t i . . n  .It I h r  f o r  C N T R L  . l ior i i^ s a m e  v e r t i c a l  c r o > s  s e c t i o n  s i i u u ’ti i n  F i g .  3 à  F i r s t  
' l i r e e  t e r m s  o n  t h e  r i g i u - h . i i u t - s u l e  o f  t h e  p r e s s t i r e  e q t m t t u n  ( E q .  3 . ' ) . ) :  t a )  t e r m  L J t i j w .  c o n t o u r e d  a t  

10 () P a  s  ‘ i n t e r v . i i s ;  ( h i  t e r m  I F  -  T* V / / .  c o n t o u r e d  a t  0 . 2  P a  s  ' i n t e r v a l s ;  (c )  t e r m  I I L - / ; c ; V  T*.  
t o n t o u r e d  .It 2 3  0  P . i  > ‘ i n t e r v a l s  Z e r o  l i n e s  a r e  s u p p r e s s e d .

I l l
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I i ' j, in r  "i '* I ' i ' - . i l i / f ' i  ' k i ' t (  Il ( i f  t h e  u p w a r d  l i r a i u  h  n f  a  ( ( pt i \c(  11\ c  ( i l l
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f - i i ; u r f  j  11:  C ' n i s . s - . s c c t i o i i s  i n  t h t ‘ x / . - p h i r i f  . k i d »  t l i f  f iDi i t  i > . i r i i f  ( I d i i u u i i  .i> m  F i ^ .  Ô.Ô).  f o r

u i i  ; i“ i t u r l i i i t i D n  p r t  s s u i f  i  F . U  C X  I H F :  I 'ti) p e r t u r F i i t u i i i  p r i ' s s i i r f  i  H a ) :  \ V \ ’F F .  F d i I i  . i t  t 1:I)0:U S 

I I I .  I ' In 'I I / I  ' n t . l l  i l i v f  IX, ' IK I- I I p  ' > * 1. \ \  \  F F .  .It t l : ()0:(t() h r .  I n  ( . 1 ) ; i i k I  ( h i  t i i c  t i c i d s  . in* 
CD i i t D i i r f i l  . I t  ÜU P ; i  i n t e r v a l . s ;  i n  (i i t h f  i D i i t u i i i  i i i t f r v a l  is J  111'  h< I n  .il l  f i x i i r f s .  Mili i l  p l a s h f i l l  

l i i i f s  i n d i i a t f  p o s i t i \ f  ( i i f g a t i v f )  v . i h i c s .  w i t h  / f r o  l i t i f s  h f i n x ,  s i i p p i f s s f d .  .All p . i i i f l s  s h u w  s t o r r n -  
r t ' l a t i \ ' '  w i n d s  i n  i n  s ' *  ( v f f t o r s  1. w i t h  a  r f f f r f i i c f  v f c t u r  o f  111 i n  i n d i i ' a t f d  o n  t h f  l o w i - r  l i f t  
r o i  n i - r  1 if iM> Il p . i i i f l
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t h f  p t ' r l i i r t )a t i i )n  >> s a l t e r  r e s t a r t  (t l :t) l) :()>-hr)h m  a  x / - c n i s s  s t c t i o t i  ac ross

t h e  e \ i s t  f ron t  I s a m e  s t a t o r  a i ia lv / ta l  in Fit;. 1.ÔI. Fh e  s o l u t i o n  f r o m  C N T R L  is the

•^aine >>ne s h o w n  in Fiu, 1.7 1> a m i  is r e p t a t t a l  hi ' re  n o w  / o o i n e t i  in for  t h e  IS 

k m  X I s  k m  d o m a i n  for t l a n t y v  It sh o t i l d  he  e m p h a s i z e d  t h a t  t l ie  p e r t u r h a t i o n

p r e s s u r e  h e l d  , u i a l v / e d  h e re  is assoi  l a t e d  w i t h  all  t e r m s  iti t h e  p r e s s u r e  e t ju a t i o t i ,  atid

n o t  d e c o m p o s e d  h ir t h e  diverjz.etice forci tn;  ah me H o w e v e r ,  iti t h e  d i s c u s s i o n  th a t

fo l lows ,  it ts s h o w n  t h a t  t h e  d i v e t e e t n f  t e r m  d o m i n a t e s  t h e  r e s p o n s e  n u a l i t a t i v e l v

a n d  ( | u a n t i t a t i v e l y .

In a e r e e t n e n t  w i t h  t h e  d i s c u s s i o n  for t h e  u i e a l i / e t l  c o n v e c t i v e  cell .  \ V \  F. 1, i Fiu,. 

1.111)1 s h o w s  a  p r e s s u r e  h e ld  d o t n i n a t e d  hv a  lo\v-overdu'J ,h ' p a t t e r n ,  [ he m a x i m u m

[ " ' ' I t l ' o  n e e , | t i \ . .  [.[. [" I t Ul I’.lt I'Ti Ul 1 CZ I t t ,  i |U | te  \0  |t UUl l  the

reeioi!  w h e r e  V ; / ■ I m a  m i n i m u m  ' m a x i m u m  I at  I d u  . • 'hown in I-ie, y 1 le  B ecause

( h r . (): Is / e i (  < at  t liis t u n e .  V / /  I l e p i e s ' t i t s  r he i n e o i n p l e t e . i l )  d i v e t  eei ice a n d .  t hits, 

w h e r e  V / /  I is p( isit i \ e ' l iee.lt  1\ e I a p r e s s u r e  pe l t  lit ha t  ioll ( if t iee. i t  i Ve ( [ los i t ive)  sietl 

Is i t idiieetl .  .Similar  st rill t l ire is also f< n m d  a lo n e  d 1st inet  e u  iss set t n m s  of  t he  s i m u l a t e d  

\1(  S. t o  he  dlM lls.sed heloW , \ o t e  a l so  t h a t  t lie pteseUi e o f  a loW p l e s s l l t e  e e n t e i  111 

t h e  U pp e r  t r o p o s p h e r e  iti \ \  \ T I .  i n d u c e s  t h e  i i p p e r d e \ e l  d o w t i d r a f t  e v i d e n t  iti hie.  

1 ti. I he se  s t t o i i e  p r e s s u r e  f e a tu r e s  a r e  t r a t i s i e n t .  a n d  a r e  m a d u a l l v  d a m p e d  a s  t i m e  

e \ o l \ e s .  .V de t . t i l e d  d i s c u s s i o n  of t he  11 atlsiet l t  e \ o l u t i o | | "  Is p r e s e n t e d  in i ln t | ) t e r  ti 

I he  " | o w - o \ e r  h i e h  ' p . i t t e i  ti in F i g u r e s  Ô .  10 a n d  Ô .  1 I h  s u e e c s t s  t h a t  t h e  r e s t o r a t i o n  

o f  t h e  u p d r a f t  in \ \ ' \ ' H I .  is favored  h\  t h e  i n d u c e d  \ t  r t i c a l  p t c s s u r e  ^ r a d i e n t  force 

I ' ( I f  I Ho w eve r ,  m t he lioi i /o i i i .d .  t h e  P C F  Works aya i t i s t  t h e  h o r i z o n t a l  w i n d  held.

w i t h  a  p o s i t i v e  ( i i e e a t n e i  [ u e s s i u e  p e r t u r h a t i o n  w h e r e  t h e  w i n d s  ( o m e t t e  (d iv e rg e )

* I lirr»'  i.-s p.trf u u l . i r i ’. im[ . i , rCi :H l I üü  1 his i .riu- i> '■fha t*ul t . .r . & H . U C r t  .lusf- hi>u,r' ,
t ilf> trt>ni Uu* u i l lnl r . f .y . i l  »- \ ; ' »Tirurni ' .  .tr»- ,ui .it »mi  h 'S >. Im h :n. ikr> t l;t* hi. '-tnrv rilt-s r r h  r r r u i ^  t.» t * no  U' '-f:r 
th»'  ' ' l i th cK).>f>i t n  t h r  rt >i . irt  i i r i t f  I lu* r r . suhs  shuv.ri  h>r t h i s  t i r r . f  art* ni  t I iK; i ) J -hr  , th*'  t i rst  hi^
f i r r u* s t i ' p  '

■ h i  \  n i n p i i r n i f t  h  »>; Ô 11 l U i  I* u*. 4 T h  v.»* r c . i h z r  h u w  i h . i i i k t i n ^  t h e  t i i ; u r f ' s  t  r . i t  i> » i <iii  i l r c » r i u i t  u N i l l y  i r i h u i - r i i  »*

t h f  i i p p a r f t i i  c t s p f i  t  r a t  o , n f  t h<* . s i i n u i a t f t l  [ j i ' w  I n  I I T h  i f u*  n p d r . i f ' t s  l u u k  n a r r o w  . t r u l  w  h i  I f  m  Ki*;

» 1 1 a  ( A f m f i  . s l u A v s  r f i r  s u i n t m n  w i t f i  t l i r  l u r r f t t  . i s p f i t  r a t i o  I t l i f  u p t l r a f t s  a r r  u [ i > f i r  a r  t i i t f t l  . i r o l  h r f . u l f r

111



Hfiicf ' .  t l u ‘ ( |ut 'stii)ri  t h a t  a r i s e s  is: C a n  v e r t i c a l  i i iot iot i  h e  r e s t o r e d  hv t h e  ve r t ica l  

I ’CiF t i iore  e t l i c i en t lv  t h a n  t h e  h o r i / o n t a l  w i n d  h e ld  is d e s t r o v e d  hv  t h e  h o r i z o n t a l  

I ' C l  ' The  e \ o h i t i o n  o f  \ \ ' \  I d .  x . l n t i o t i  i â . ô d . e d ' i >eein> t o  i n d i c a t e  t h a t  it t an.

A n  e<| ti ivalent a i ia lv^ is  is ,u n d i n  te d  for exp ,  r i t n e n t  ( A A ' K L .  for whi ch  V n  \'  

(( t ' c  d ' i  is e l i n i i t i a t e d  re m a ;n >  i i n c h a t m e d ' a t  I h r  W h e n  I \  \  KL is s t a r t e d ,  tin* 

U) (Itn nit p.ci in r eg ion  1 i Km l . fi i  is m o r e  n e g a t i v e  t h a n  it s h o u l d  he. a n d  m o re  

p o s i t i v e  t h a n  it s h o u l d  he in r e g i o n  2. K ip ia t i o n  i kÔi i n d i c a t e s  t h a t  t h e  p r e s s u r e  he ld 

wil l  r a p i d i v  r e s p o n d  h\  n e i i e r a t i r m  an  a r t i f ic ia l  h i u h  I low i p r e s s u r e  he ld  a t  t h e  to[)

I h o t t o m  I o f  th e  i i p ' l r a f t .  a s  t m l i c a t e d  m  Kimire  ô  12

r i i e  c o r r e s j i o t i d i i i e  ni im,  r ica l  s o l u t i o n  is s h o w n  in Kitrure Ô Id  1 h e  p r e s s u r e  held 

a t  e a r l \  s t a g e s  o f  I \  \  I'd. 1 1 lu, Ô 1 11,i d o e s  s h o w  a d i s t i n c t  h m h - , , v e r d , a v  f e a t u r e  

S i n , V / /  I Is / f l o a t  r, 'st at t . t h, '  d l )  div, ' i t ; , ' ni  is , l u , ‘ s, ilelv t, > thi \  i>: at  t lus  t i m , ‘

I (etice.  t h e  m a x i m u m  po s i t iv , '  i n , "^at iv, \ i  p i ,  s s u r e  p, 1 1 m h a t  i , ,n a ^ r ,  , s  , |Uit, '  w,dl  w i t h  

t h , ‘ t , ' i ; ion wlier, '  (h.r (>: is a m i n i m u m  i m a x i m u m  I. r, 'v, ah  ,1 iti K i ^ u r e  V i d e ,  . \ irait i .  

t i l l s  i, su i t  1  ̂ III I lose a / n  , ui , 'nt  u l th  t h , ’ d i s c i i s ' i o t i  t, ' i th , '  i,l, a l i / ,  ,1 , , II

In i i i n t r a s t  w i t h  W \  Id .  t lm h m l i - , a ,  r h ,w ' p a t t , ' r t i  in K m u r , ' s  V 12 a m i  '> I d  sun- 

a e s t s  t h a t  t h , ‘ u [ ) d ra f t  t , ' i ids to  h , ‘ w, ak, ti, 'd hv tin* \ ,  rt i, al  l ' (  IK | | , iwev ,  r. in th, '  

I m r iz o i i ta l .  t h e  i n d u e , ' , 1 K C K  t e n d s  to  fav,»r th , '  r e s t , ,r a t i , i u  , ,f  t h e  h , , r i / , , n t a l  wi nds ,  

w i t h  a  p o s i t i v e  i n e f  a t  iv,'  t p r e s s u r e  p e r t  i i rha t  ion  w h e r , '  t h e  w im l  , l ivery,-s (c o n v e rg es) .  

Kof th i s  cas , ' ,  th , '  , |U, 'St ion ts: C a n  t lm h o r i / o n t a l  w i m l  field h e  r , ' s t o r e d  hv t h e  Imr- 

i / o i i t a l  P C  F m o r e  , ' th,  n t i t l v  t h a n  th , '  v,Tt i , a l  m,>t ion is , l , s tn > v e , l  hv t h e  v, rt i, al 

P C h  I lie , 'voluti ,>n o f  I \  \  Kl. s , , l i i t i , ,n (Kies .  V ' je - i  a m i  Kii>s. â 7, l-fI  a [ ) p e a r s  to 

i r n l i c a t e  t h a t  it , a n n o t .

B,'catt.se the imlti, , ,1 presstire fi,*ld plays an i iup,)rtant r,d,' in dynariii, '  a,ljtistmerit 

in \ \  \  EL ami L \  \  EL. it is im p o r ta n t  to examine  the accelerati,>n asso, i a t c l  with 

the  P C F  early in these runs. Kiyiur,' Ü.1 1 shows vertical , r,iss secti,)iis for the presstn, '

1 I d
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1 IJ [ilf.il' ./fil ' k f i i t i  .>t' tSir l ' i ' inii  bat  !■ >11 mibn >>>1 'lii>ttlv a f i n  tlu- •■liiniiiatii>ii >>f
the huri/i i i i tal  iiiotu'ii II! Kmwri à ' . '  I’r.>xv f>>r • x p m n i ' i i r  ( \  \  KL '

un ui ic r i t  a c c f l f i a t i i n i  S s a f t c r  t h e  l o t a r t  tiiiic, iii t l i e / ( >iial. l i i f r id in t ia l  a n d

M'tt K al  d i H ' t  lulls ( X l ’( i A. \  l ’( I A. a n d  \  l ’( 1 A, ta s|,« ( t ixtdv I (ut ( 'N d ' H L  ( 1 lu, â 1 ta- 

( I .  W A ' l d .  11 l'j, ü 1 I d d  I a n d  I \ A  1-d. 11 iii,. ü 1 ( a - n  l l i f  s u l u t i u n  t 'ruin ( ’N I K I .  is 

s l i uw n  (ui ( ( i i npa Ms un .  .iiid in l ' à  I la.  w i n d  \a < ti >[> a i f  a i su  pli a t r d  t u  slmw 

t i p d r a l t s  a n d  du\ vn dt a l ' t >  \ a a i n .  it iniist  l i r  k«p t  in n n n d  t h a t  t tir i n a a n i t n d c  ul the  

p i f s s n i f  a r a d i m t  aia i'l, l a t i u n >  s |n , w n  in Fn; .  û 1 1 an-  assu i  l at i  d w i t h  all t> riit> in 

thi pn  .^snn npiati' in.  a n d  nu t  dci  u in[ )usiaj  fur  d i s t i n c t  i u i c i n a  n i c c l i a n i s m s

W'r nu i t '  l i ist t h a t  t lie ai a i l c r a t  iun s  i n d m a d  Fv p n  t ni  i >at iun  p r c s s u r t '  furhi un 

c \ p t  r i n n  i i i '  \ \  \  F'd. a n d  I \ A  [ I. a rc ,  at  h a.-'t. " i i c  u i d c i  ut n i a ç , m l n d c  s t l u in ^ c r  t h a n  

ni t h e  u n p c r t  ut [ ) td  su lu t iu t i  ( tut t i  e x p e i  inict i t  C ' N F H L  t h e  l u n t u i i r  i n t e r v a l s  in 

Fiu, â  1 la-i a i t '  d i lfe re ri i  frui t i  t h e  u n e s  fur  W A ’F l ,  a n d  l ’\  \  KL I F i" s .  â  1 Id- i) ;  see 

c a p t i o n .  I his is h e c a i i s c  uf  t h e  a r t  d ic ta i  a n d  ex t  re i t t e lv  tii.^li v a lu e s  u f  p e r t i i r h a t i u n  

[ i re ssn re  i n i t n e d i a t e l x  a f t e r  t e s t a i t  in \ \ ' \  F L  a n d  l ' \ A ’F L .  reachinu,  u p  t u  1700 P a  

I see Fi i;s .  a. I l l )  a n d  â . F i h j .

Set u t id .  t h e  X P C I . \  in W A ’KL I F \ A  F L  I i n d t n e s  h u r i / u n t a l  d i v e r e e n t e  (l unver -

t h . i t  (ii'A At- lis,'  th," r  X p n  s.siuii a ,  i r a fF <ri Hfst , \ i . i  >d f o n t  •'in, »• t h r  . in. i lvMs is r i i .ui r  |'.>r / u n  r ;>f r
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F i g u r e  r, 13:  A s  u i  F i p i r c  1 11.  h u t  w i t l i  i b )  n f t r v i n g  t o  l A A ' F F .  a m i in l i i ca t i i iLî  t h e  i n i t i a l

v e r t i c a l  ( l i v e r x e m  e  It) o r  F \ A  F F
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- I 1 fin lip’ Or !
(a) - C N T R L ”

“  I 1 p ’ {iJp I hj I 

T b )  - C N T K L  -
- 1 1, f>\iOp' <>: I
(c) - C N T R L T ^

((I) - W V E L  - (e) - W V E L  - (f)  - W V E L

(g) - I ' V V E L  - (h) - U V V E L  - (i) - U V V E L  -

K i g u r c  1  I I  \  I r ;  i< .il < i< >»-( t lut rs  d '  p n- r . - . u r i '  a i  11 1, r a U ( i n  ' ! ' (  l A  i i n  m  > '  ,it i
( a  i - u '  ' U N  I [ U - .  a l  1 1 \ \ ' \ ' E l . ;  > ' -i 11 I \  \  E L  L i i ^ t  v w l m n a :  / u u a l  I ’ U A  ( X l ’t l A  r, '» i o ! u l  t u l i u n n :  
i i i c r u l i o i i . t i  i ’U A  \  I ' l l  A  I t h i i i i  I u l u i i i n  v t - r t K . i l  I ’U A  i \  I ' l l  A i i -ni  U N  I R I .  t h r  ( .  i i i t u u i  ; [ i t r r \ a l  
! '  t l ' I ' J â  III '  ■ A l l l l r  t r !  \ \ ' \ ' U [ .  , l i ui  l A A ' F . I ,  It 1> tl j  III '  ‘ Si ' l l i l  I l i. l.-' ill ' li  i l i l l r S l U i i i r a t r  p n s i t i v r  

( i i r g a t i v r )  v a l u r s ,  u i t h  t h e  / e n »  l i n e  h r i i i g  s u p p r r s s f d .  S l o t i i i - r r l a t i v f  w i n d  v i ‘f t ( i r ,> f u r  U N T R L  a r r  
a l s o  s h o w n  i n  ( a i .  w i t l i  a  r o f r r r n c o  v t a i o r  o f  l u  m  s  ‘ i n d i t  a t r d  i n  i h r  l o w r r d r f t  c o r n n  o f  t l i r  p a n e l .  
T h e  x z - d o i n a i n  s i i u w n  i s  t h e  s a m e  a s  i n  F i g s .  a  l l  a n d  a  i d

UN



‘j , rnc( ' )  in t in '  "n i id a l t i t i K l t '  r a d i a l  ( tmvrr^^ cncc"  r e g i o n ' a n d  in  t h e  »iist  f ron t  r eg ion ,  

wlii l t '  in du r in y ,  i <aivr ry i 'nc»'  (d ivc r^ t ' i i c t ' l  a l o f t ,  a t  a n v i l d t ' v c l .  a s  i n d i c a t e d  in F'iy. c l  Id 

( F iy .  â l ly) Tims,  t h e  n i in ie r iea l  s o l u t i o n  i n d i c a t e s  t h a t  in \ \  \  FI.  the-

c o r r e c t  honzntiti i l  w i n d s  in t h e  > i i m d a t e d  NK'.S t e n d  to  h e  d e s t  ro \e i l  ' r e s t o r e d  i hv 

t h e  i n d u c e d  P ( l . \ .  H o w e v e r ,  ho t l i  t h e  a n d  \  l ’( ! . \  a r e  >rnnll c o r n p a r e t l  t o  t h e

\  l ' ( :  \  i n d i c a t e d  in Fni  I l f  fhr \ V \ K I .  a n d  I ' m  1 I I I  fo r  I 'X'X'KI, ,  O v e r a l l ,  t h e  

d i t f e r e n t e  b e t w e e n  t h e  . \ P C ! . \  a n d  \  I ’CI.A d oe >  n o t  r e a c h  o n e  o r d e r  o f  n i a y n i t n d e .  

t l u ' u y h  Nevertl iele. ' 'S.  it i> i m p o r t a n t  t o  n o t e  t h a t  in W'X’KL.  t h e  X'PO.X t e n d s  to  

r e s t o r e  t h e  iii.uii i i p d t a f t s  a n d  d o w n d r a f t s  in t h e i r  c o r r e c t  p o s i t i o n  e \ ,  e p t  for t h e  

s p u r i o u s  d o w n d r a f t  in t h e  u p p e r  p o r t i o n  o f  t he  d o m a i n ,  w h i c h  is ju s t  p a r t  o f  t h e  t r a n 

s ien t  e v o l u t i o n  w h i l e  in I X X P L  t h e  X PO .X  t e n d s  to  d,  s t i i a  th e  c o r r e c t  vert i i  al 

m o t i o n ,  wit h d o w n w a r d  i u p w a r d  i a c c  Im a t  n <n w h e r e  u p d r a f t s  o jownd i  aft  s i , \ i -a m 

( ’N I P L .  as i n d i c a t e d  m  Fiy.  c l  l a .  1 h is  is , d s o  f o u n d  for  d i f fe ren t  ver t  K al • toss  

s e c t i o n s  ah  my t h e  s i m u l a t e d  Xl f 'S .  t o  h e  e x a m i n e d  la te r .

H a s e d  on  t h e  a h o v e  c o n s i d e r a t i o n s  a n d  o n  t h e  2 - h r  s i m u l a t i o n ^  a t i a l w e d  m th e  

p r e v i o u s  s e c t i o n ,  t h e  ov era l l  resu l t  s u y y e s t s  t h a t  tfu \ P ( i . \  m  IF I /•.'/. i v ' h a >  > d a  

CO/r, cf n r t i f i d  / / /oho/ /  inon tIficn ittlij tfimi thi X I ’(!A tin K>rrn ! ftiii'iznntdl

utnd Jit Id ( ' o u v e r s e l v .  in ( I I F ’/., tin dc.^h'oys tin n i n i i t  v t r tnid inntinn

//////> tff irtintli/  thtui XPC'iA n s t o n s  tin cornet  horizontal  irinds.  1 his a n a l y s i s  pro-  

\ ides  r e | e \ a n t  i n f o r m a t i o n  oii niu) tin i lirninatton of  tin rt rtn id nintnni Jnld  /.< not 

as disastrous for  tin simulation of  the bow t cho as is tin iritfnlrawtd of  tin pt rtiir- 

hation horizontal wind.  However ,  h e c a n s e  t h e  X’PCl.-X is. in a v e r a y e .  less t h a n  on e  

o r d e r  o f  m a y n i t u d e  s t r o n y e r  t h a n  t h e  XPLLX.  n o  t l tjinih c o t i c lu s io n  c a n  h e  d r a w n  

as  y e t  r e y a r d i n y  t h e  ro le  p la y ed  hv t h e  P(L-X a l o n e  in d r i v i n y  t h e  a d j u s t m e n t  p r o c e s s

* I hv tTiui.vllitiiciv r.iili.il yuH\rr̂ t'i)( r t M VK< ’ i> .i r.ul.tr ].ir̂ --n. .ühI r̂ -trrs »<• -s*« t .r whrrr

thr r»Mr lo-truHi Hiav rix uuHirrs the .u tixe rê iun with updruUs. erjharKini» i onverkteiu r It ls ;\ell defined m

hi  ̂ *) 1 U' b> tfie .Ml tor durnin.ited h> iuir.er^r within : J U kin and z n > Kin
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vtTt ica l  a n d  h o r i / m i t a l  w i n d  t i idds  in (*xp»>ritnt‘n t s  \ \  \  E L  a n d  I \  \  EL  It is 

n f ' c t ' s sa ry  tu  i x a i n i n e  h o w  w i n d s  r e s p o n d  t o  t h e  PCiA s h ( ; r t l y  a f t e r  t h e  r e s ta r t  t u n e  

iti L o t h  r u n s  in o r d e r  to  h a v e  a  m o r e  d e a r  v i e w  o f  th i s  p r o c e s s ;  Lut  L ef or e  eoi idui  t i n ^  

>U( h a n a i \ s i s ,  it is d e s i r a L le  tw s t u d y  t h e  r e l a t i v e  i n i p o r t a i i e e  of  o t h e r  a t n a i s p h e r i e  

h e l d s  oil d y n a i i l i e  a d j u s t m e n t  in e x p e r i m e n t s  \ \  \  EL  a n d  I \  \  EL.

5.3 Buoyancy effects

Becaui 'C t h e  L i i i a a t i e v  t i d d  L i  is ati i m p o r t a n t  lore im; t e r m  in t h e  \ e r t i e a l  e , |ua t i i ' U  

"I ne ' t iwi i .  i i i i o ' l i w u l d  r x p f i  t / i  1 whic h is n o t  p,  1 1iirLcd a t  re>tar t  i w c i i l d  < I 'UtiiLiitc'  

til t h e  r o t u i  at ii >11 111 \ e r t  leal  iin >t n ui in W \  I d .  a n d  w or k  aua in>t  t h e  wi aket i imt  > >f 

u p d r a f t s  in I \  \  (%L. Eiu,tire Ô. 1 à sho ws,  for e x p e r i m e n t s  W A ' I d .  a n d  1 \  \  I d . .  \  s a f t e r  

r e s t , l i t .  th e  / /  he ld  .d u n e  a n d  t h e  .111 I'll ra t  nui  clue t u  t h e  vertic ,d p r e s s u r e  m a d i e t i t  

a n d  / i  eoniLi i ied  ( . L , „ ; / (  ) .  i.e:

1 1 ,,
• L /"//-• - - -, ' ' ' '

w h e r e  B  is ^ i v e n  Ly:

B   ̂ V t  - P- ^  _______
ti '■]) ^  c^q;,  1+1/7 J

In (') Si,  -. is t h e  th e  r a t i o  o f  t h e  s[)eeifie h e a t s  a t  c o n s t a n t  p r e s s u r e  a n d  v o l u m e .  

I/, I s  t h e  w a t e r  \ a p o i  rmxi iey r a t i o .  . i s  t h e  r a t i o  of  t h e  i ;as c u n s t a n t s  for d r y  ,iir 

a n d  w a t e r  v a p o r  (:' U.LJ2).  a n d  <//, is t h e  ti.-tal mixiny,  r a t i o  for ice a n d  lic|Uid w a t e r  

spec ies (c l oud  w a t e r ,  r a i n w a t e r ,  d o u d  ice. s n o w  a n d  ha i l )  P r i m e s  l o v e r L a r s )  refer  t o  

p e r t u r L a t i o n  ( L a s e - s t a t e )  l i d d s .

F o r  L o t h  e x p e r i m e n t s  \ \  \  E L  a n d  I  \  \ ' E L .  t h e  a c c e l e r a t i o n  d u e  t o  B  is not  a s  

stroi iy,  as  t h e  \  P C L \  c o m p a r e  Figs .  ô . l ô a  a n d  j . l â c  w i t h  Figs .  é . I  l f  a n d  5.1 li .
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Biiova i icv
( a )  - W V E L ( h )  - W V E L  -

( t  ) -  U V V E L ( ( I )  - U V V E L  -

f - i f i , u r f  ■') 1Ô: Uro. ' i.s .-.('t tiuti.-i u f  v e r t i c a l  a< c e l e i a t i r a i  d u e  t o  b u o y a n t  v  ( t i i> t  t o l u i n n i .  a n d  d u e  t o  

v e r t i c a l  p r e s s u r t *  j ^ r a d i e i i t  a t r d  b u o y a n c y  ( . s e c o n d  c o l u t n t i l  i n  t n  s “ ‘ a t  t l : 0 0 ; ( ) S - h r :  l a l . i b !  \ \  \  E L .  
a n d  t c ) . ( d )  U \  \  E L  B u o y a n c y  t i e l d  i s  c o n t o u r e t l  a t  U.tt-â i n  s  -  i n t e r w i l s ;  l i e l t l  is c o i i t o u r e i i  a t

0 . 2  i n  s  • i n t e r v a l s .  S o l i d  ( t l . i s l i e d i  l i t i e s  i t i d i c a t e  p o s i t i v e  ( i i e ^ a t i v e i  v t i l u e s .  w i t h  t h e  v e r o  l i n e  b e i n r ;  
s i i p p r e s . s e i l  r i i e  d o m a i n  s h o w n  is t h e  > a t n e  a s  iti F i t ; s .  à  11 a t i d  à  I d
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iK̂ ttriif tfuü tin rontonr int> rriils an  diffrrrnt . a n d  r t ' sp o iu ls  t o  t i n '  p t ' r t u r h a t i o n  

p r e s s a i t '  tii'ltl. This r i ' spoi is i '  Itt t o n n ' s  nmr i '  d e a r  if we  c o m p a r e  li  f r o m  e x p e r i m e n t s  

\ \ ’\ ’KI. a n d  r \ ’\ ' K L  w i t h  t i i at  o f  t ' x p e r i n i e n t  C N  I ' f iL.  d e p i c t e d  in Fit»;, ô . l t j .  At S s 

in \ \  \  KL ( F i e . ’) . I d a ) .  ; h e  b r o a d  a r e a  of  m a x i m u m  p o s i t i v e  / i  | a r o u n d  /  It) k m )  is 

s t r o n g e r  t h a n  in ( ' N d  HL .  a n d  is lot a te ,I  s l i g h t ly  h i g h e r  in a l t i t u d e  t h a n  t h e  ( ' . \ T H L  

c o u n t e r p a r t  T h e  m i n i m u m  m / /  ( lose t , , t h e  l U ,m nd  a l so  i" -^tr iumer a m i  d e e p e r  in 

\ \ ' \ ’F F .  r i i e s e  r e s u l t s  a r e  in a u r e t ' i n e n t  w i th  t h e  r e s p o n s e  in / /  i t h r o i i e h  F ( | . ' ) d )  t o  t h e  

p e r t u r b a t i o n  p r e s s u r e  t ield r e p r e s e n t e d  iiy t h e  i o w - o v e r d i u i h "  p a t t e r n  ^ h o w n  in F m .  

Ô 1 III.  S t r o n y  [x isit i \ e  ' ne ua t  i \ f i  p e r t  u r b a t i o t i s  in p r e s s u r e  l e a d  to  n e y a t  i \ e  i p o s i t n c  i 

p e r t u r b a t i o n s  in li

. \ n  a n a l , a i s  b e h a \ i , , i  m f . i i i i d  in e x p e r i m e n t  I \ ' \  I d .  f i e  * u h e f  tin-

m a x i m u m  p , , s i t i \ f  Ii ‘ a i , , i in d  /  kin i is s i r , i n n e r  a n d  e x p a n d s  f u r t h e r  d , ' w n w a r d  

t h a n  t h e  s a m e  f e a t u r e  m C N  I HL. In a d d i t i o n ,  t h e  n e g a t i v e  \ a l i i e s  o f  H a lof t  a r e  a l so  

s t r , i n n e r ,  a n d  cover  a  d e e p e r  laver t h a n  in C.N I KI,

In ( h a p t e r  2 we s t u d i e d  t h e  r e s p o n s e  of  t h e  p r e s s u r e  t ield t o  a  b u o y a n t  y s o i i n c  

le  y . set t loll  2._’ i. a n d  in c h a p t e r  1 wt‘ i n d i c a t e d  t h a t  t h e  e x i s t e n t c  o f  a  low- to  m i d -  

level  m e s o l o w  j u s t  a b o v e  t h t ' s u r f a c e  co ld  po o l  in C . N T H L  (e.y. .  F i n  ô l l a )  is in n t 'o ' l  

a n r e e i n e n t  w i t h  t h e  p r e s e n c e  of  t h e  m id - l eve l  b u o y a n c y  s o u r t c  s h o w n  in F i n  T i b .  We 

n o w  h a v e  t h e  s i t u a t i o n  o f  D r e s p o t i d i n n  to  a s t r o t i n  p r e s s u r e  p e r t u r b a t i o n  whit  h is. in 

t u r n ,  i n d u c e d  by t h e  t h r e e - d i m e n s i o n a l  m a s s  d i \ , ' r n e n c e .  T h i s  is phvs i t  a l l y  r e a s o n a b l e  

b e c a u s e  p e r t u r b a t i o n s  in p r e s s u r e  t u n  leail t o  p e r t u r b a t i o n s  in d e n s i t y  a s  i n d i c a t e d  

in F t p  I 2 . x p  a n d .  t h u s ,  in li ( l i tp b.N).

.-Mthounh t h e  v e r t i c a l  a c c e l e r a t i o n  a s s o c i a t e d  w i t h  li  is s m a l l e r  t h a n  \  f ’C.A a l o n e  

e a r l y  in e x p e r i m e n t  W A ’F L .  i ts  c o n t r i b u t i o n  is d i s t c r n i b l e .  1 he  r e n i o n  o f  s t r o n n e r  

p o s i t i v e  B  in F i n  3 F l a  ( a r o u n d  /. 9.G k m  I  coinc id t 'S w i t h  t h e  s e c t o r  o f  p o s i t i v e

\  P C . A  s h o w n  in Fig.  T l - l f .  W h e n  c o m b i n i n g  b o t h  (F i g .  1 1 l b )  t h e  v e r t i c a l  ac ce le r -

l'2 ->



I 'i It' A '  ill t 11; -  ' 1 I ',,1 . 1  . ('lit !' 'I ( ,\ 1 HI,

a t i c f i  . 1 , l i f t  i i m t ' s  s l i u h t l \ -  str(>ii‘j,<T ( i D m p a t f  {- ' iu-s A I If  a n d  â . I I h l .  cor i t r i l tu t in t ;  

I'M II ino r i '  t u  till'  r r s t u i a t i u t i  u f  t t i c  m a i n  u p d r a f t .  I t n t l i u r m u t r .  t l i c  i i i a ^ n i t u d i '  u f

■ \r,„,n in till '  r c i i i o M  j i i s t  l i c l u w  /  d.li  k m  is a m  ardt ;■ u f  rnnt/iiitndf luf/ht r than tht

fun t  spitntliiuj X I ’CiA I f ' i u , .  VI I d ) .

It I.'' .il.',u i m p u i  lai i t  t u  III'tr t h a t  .1 1." I" r a t i \ , '  m ,1 n a i  tuw 11 u j i , n  .n t h ' W -

ii'vcls u f  t h e  s i m i i i a t f d  l iuw ccliu. jn.st  a h u v n  t h e  ^ u s t  fruiit  (x  17G.0 ktii; iuwiT-r inh t  

(o r n e r  u f  F ig .  1.151)). I Ins favurs  t h e  r e s t o r a t i o n  o f  lo w - l eve l  u p d r a f t s ,  wliieli  a re  

a s s u e i a t e d  w i t h  t h e  met  hani.'^m of  e o i i t i n u o i i s  r e g e n e r a t i o n  o f  n e w  ce l l s  a l o n g  t h e  gust  

Iront .  , \ s  disei i .ssed in 1 h a p t e r  3. t h i s  is a r e l e v a n t  m e e h a n i s m  for  t h e  m a i n t e n a n c e  

ol a l o i m - l i \ e d  . \ I ( 'S  De.spiie t h e  {act t h a t  t h e  . \ P ( ! . \  -vvorks (K/mnst t h e  su r f ace  

c o n v e r g e n c e  in thi> r e g i o n  (x 171 k m  in Fig.  5.1 Id ) .  t e n d s  to  d o m i t i a t e .  a n d

low-leve l u p d r a f t s  a r e  r a p i d l y  r e s t o r e d .  S i m i l a r  r e s u l t s  a l s o  a r e  f o u n d  for  o t h e r  reg ions

1J3



o f  t h e  .s i inulat t 'd h o w  tn l io  a lo n g  t h e  gust  f ron t  (no t  s h o w n ) .  T h u s ,  it h e c o t n e s  even 

m o r e  e v i d e n t  tha.t in e x p e r i m e n t  \ V \  EL.  t h e  v e r t i e a l  m o t i o n  field t e n d s  t o  h e  re s to r e d  

m o r e  r a p i d l v  t h a n  t h e  h o r i z o n t a l  w i n d  held is w e a k e n e d

B  field a l so  s h o u l d  favo r  . som ew ha t  the  m a i n t e n a n c e  o f  v e r t i c a l  m o t i o n  in e x p e r 

im e n t  I \  \  h i .  H o w e v e r ,  t h e  c o n t r i b u t i o n  f r o m  B  to  t h e  \ e r t i c a l  a c c e l e r a t i o n  ear ly  

in I \  \  h.l. is less d i s c c r n i b l e  t h a n  in \ \  \  h L .  e s p e c i a l l v  for  m i d - l e v e l  u p d r a f t s .  By 

c o m p a r i n g  l ig ô l ’id for  a m i  1-ig. 1 1 ii for  \  BC1.\.  we  n o t e  t h a t  t h e  inc lus ion

of B  d o e s  no t  c h . i n g e  s i g n i f i c a n t I v  t h e  t n a g m t i i d e  o f  c l o w n w a r d  v e r t i c a l  a c c e l e r a t i o n  

for  t h e  m a i n  u p d r a f t  n m o n .  a i o i i n d  /  It k m  ' 1 his  is b ecau se '  t h e  level  o f  m a x i m i i i n

n e g a t i v e  1/ I) (• kill in F ig.  ô . l l i )  c o i n c i d e s  w i t h  a  m i n i m u m  in m a g n i t u d e

for B ( Fi'j, '  t i c  !. t h u s  reclucing t h e  c c ,n t t i b i i t i o n  o f  B t o  A,,„,n a t  t h a t  level.  In th i s  

I ase .  t h e  ph ase -o f f se t  III t tie c list n b u t  loll o f  B  Wi th lespec t t o  t he  \ ’F ( 1 . \  d o e s  not 

cotit  t ib i i t e  to  a disc c I i i ible r e d u c t i o n  of  the  d o w n w a r d  a c c o l e r a i  ion  foil ml  in I ’\ ’\ ’F1, 

Fol  low- leve l  U p d i a f t s  ' loWet-t iyht  c cctHet cif F  ms 1 l l c . d ) .  B  is p o s i t i v e  but  

r e d u c e s  t h e  d o w n w a r d  ac c o l e m t l o i i  o td v  s l igh tIv ice m p a r é  l o w e r - r i g h t  c o r n e r s  o f  f-'igs. 

1 1 I d  a m i  1.1 III I <u isec |uentl \ .  r e m a i n s  s t r o n g e r  t h a n  t h e  Z F C ! . \  which

Works t o w a r d  r e s t o r i n g  s u i f a c o  i cuivergei ice a lo t ig  t h e  g u s t  f r o n t :  (x.  z 171.1), I).I) 

k m )  in F i e  1 I l e  w i t h  n e g a t i v e  ini[)lic a t io t i s  for  t h e  s i m u l a t i o n  o f  t h e  b ow  echo.

1 he re fo re .  e a r h  in e x p e r i m e n t s  \ \ ’\ ’EL  a n d  I \  \  F F  t h e  i n c l u s i o n  o f  B  in t h e  a n a l 

ys i s  d o e s  Hot c h a n g e  s i g n i f ic a n t ly  t h e  acco lc ' i a t ion  p a t t e r n s  i n v e s t i g a tc c l  for  p r e s s u r e  

g r a d i e n t s  a l o n e

5.4 Analysis of advection terms in the pressure equation

1 he in te rpre ta t ion  thus far of the pre.ssiire res[)onse to tht'  w i thdrawal  uf kinematic

't'c riirikst. ti-r e.\.irnp{o, ih«- nuriiher <»1 lurHc tir U-\rl.s m Fi  ̂ '• I'ni af̂ ainst Fi  ̂5 1 1 1  on the main updraft rê mn 

aiiainil z '» krn fh*- nuridnT ccf , >;ntuurs ;s rmt . Iian̂ ed
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t i f ld s  h;is Ixm-u h i iscd oii  a n  a n a l v s i s  ut  tht '  (iivt 'rü;t ' iift '  tt r m  o f  t h e  prof^nost ic  p r e s s u r e  

f i p i a t i o t i  W’e no w  , x a m i n e  t he i f i i i a i t i i n u  t e r m s ,  n a m e l v .  t h e  a d v e t  t i o n  of  l )a>f - s ta te  

p r i ' s s u n '  Ipf/u I a n d  advi ' e t i o t i  o f  [ x ' r t u r h a t i o t i  p r t ' s s i i re  ( - 1 ^  • V / / ) .

H a s e d  oil t l ie  s o l u t i o n  f rom C’.N I HL.  it was  s i i o w n  e a r l i e r  t h a t  t h e  advt ' t  t i o n  t e r m s  

in t h e  p r t ' s s u r e  e ( | u a t i o i i  a r e  s m a l l e r  t h a n  t h e  d iv e r ^ e t i e e .  e s p e c i a l l y  - T ^  • V // (Fijf. 

1 SI. D o  t h e s e  t e r t n s  p l a v  anv  s i m n h t  a n t  role o n  d y n a m i c  a d j u s t m e n t  in e x p e r i rm ' i i t s  

\ \ " \  I'd. a n d  ( \ ’\ ’FI .  ’ F i g u r e  1 17 s h o w s  v e r t i c a l  c r o s s  s t ' c t i o n s  o f  t h e  fo rc in g  t e r m s  

f o r  t h r  p r r s s u i f  t c n d f i i i  V o*//  , a t  1-hr for \ \ ' \ ' F 1 .  a n d  ( ' \ ’\ 'F ]L  in t h e  yusf  front  

n -^ io n  a n a l w e d  a h o v c  I'hc a n a l v s i s  o f  th e se  f ields  a l l o w s  us t o  e x a m i n e  t h e  r e l a t i ve  

c o n t r i h u t i o t i  o f  e a c h  t e r m  to  t h e  f o n  i n ^  o f  t h e  p r e s s u r e  field w h e n  s t a r t i r n t  e x p e r i m e n t s  

W'X’FI .  a n d  I \  \ ' F 1 .  , \ s  d e p i c t e d  in Fins.  V lT c . f .  d i v e r y e n c e  is c le a r l v  t h e  d o m i n a t i n n  

m n  h a m s m  at r e s t a r t  i i io tc  t l i a t  t h e  c o n t o u r  i n t e r v a l s  a r e  d i s t i n c t  for each  t e r m :  see 

c a p t i o n  o f  F in  ') 17) H eeau se  t h e  p e r t u r i ) a t i o n  p r e s s u r e  field at  1-hr is exa(  t l \  the  

s a m e  as  m  ( '.N I R I . .  a y a m  we f ind  t h a t  t he i out  r i l m t  loti fn uu -  I ’ V / /  i> p r a e t  ieal l \

n e e h y i l i l e  I Fiys .  Ô .  1 7l).e ) .

.Xatura l ly .  t h e  i n i t i a l  fo rc iny  f r o m  pijn  is z e ro  in \ \ ’\ ’F L .  w h i c h  m e a n s  t h a t  t h e  low- 

ove t  l i inh p a t t e r n  f o u n d  for \ \ ’\ ’F I .  i m m e d i a t e ^  a f t e r  r e s t a r t  I F iy.  ô . l l h !  is a l m o s t  

e t i t i r e | \  i r idueei l  l a  t h e  d i v e t y e n c e  fofci t iy ( F l y  Ô. 1 7 c I For  l \  \  F L .  how ever .  p(//C 

is no t  t i ey l iy ifde i F iy  7 17d) In reyi(Uis w h e re  t h e  d i \ e r y e n c e  t e r m  c o n t r i h u t e s  mos t  

s iyni fi i  a n t  Iv to  Op', Of such as t h e  i i p sh ea r - t  i l t e d  u p d r a f t ,  w i t h  n e y a t i v e  va lu es  of  

Op'/Ot  in t h e  low- t o  m id - le v e l s  ( F i y .  7 .17f) t h e  i m p a c t  o f  Juju- is less e v i d e n t ,  

m o s t l y  b e c a u s e  d i v i ' t y e n c e  t e n d s  t o  d o m i n a t e  ( j i t i te  s iy n i f ic a n t l y .  Howeve r ,  a r o u n d  

/  !).t) k in .  t h e  d i v e r y e t i c e  t e r m  h a s  a  lot al m i n i m u m  in m a y n i t u d e  (Fiy .  7.171).

I h e i e f o t e .  t h e  ( n u t  n b u t  ioti f r o m  J>pn\ whi ch  is p o s i t i n '  a t  t h i s  level (Fiy .  7 .17  d  ). 

is m o r e  d i s c e r n i b l e .  W h e n  we c o m b i n e  t h e  d i v e r y e i i c e  t e r m  a n d  p y a  . t h e  p o s i t i v e  

p r e s s u r e  t e n d e t u y  f r o m  m i d -  to  u p p i ' t - l e v e l s  b e c o m e s  s l i y h t l y  s t r o n y e r  (F iy .  7 . 1 7 y ).
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(a) - W V E L  -
-  r  • V// '

(b)  - W V E L  -
- / " : T  r

(c) - W V E L  -

(d) - L V V E L  - (e)  - U V V E L  - (f)  - U V V E L

>«•
.'■to

f);iu - f x j V  ■ \ 
(g) - U V V E L  -

F i g u r e  5 . 1 7 :  Tcrt i i . s  u f  t h e  [ > r o g n o s t i r  p r e s s u r e  e ( | u a t i i i n  I E i p  5  5 )  a t  t l : 0 ( ) : 0 ( l - h r  ( r e s t a r t  t i m e )  
f u r '  I a i - (  f  ! \ \  \  E L :  a n d .  ( d : - ( g i  l ’ \  \ ' K L .  ( a i . M j ;  t e r m  I ( v e r t i e a i  a d \ e e t i n n  b a s e — r a t e  p r e s s m e i .  

I l u i t t i u r e i l  a t  l U O  P a  s ‘ i n t e r v a l s :  ( b i . l e l :  t e r m  J  ( a d v e c t i o n  o f  p e r t u r b a t i o n  p r e s s u r e ) ,  a t  U.2 P a  
s ‘  i n t e r v a l s :  i i  ) , i f ) :  t e r m  I I I  ( d i v e r g e n c e  t e r m  I .  a t  lUU.U P a  s ‘  i n t e r \ a i s .  ( g i :  t e r m  I p l u s  t e r m  
III f o r  I \  \  E L .  a t  lUU.l )  P a  s ' i n t e r v a l s .  S o l i d  ( d a s h e d )  l i n e s  r e p r e s e n t  p o s i t i v e  ( n e g a t i \ e )  v a l u e s .  
Z e r o  l i n e s  , i r e  s u p p r e s s e , ! . T h e  . ' c z - i l o m a i n  s h o w n  is t h e  s a m e  ;i.s i n  F i g s .  5 . 1 1  a n d  5 15.

12b



and rc[)n's(‘nts tlit> main forrin.^ for t h ' “ artificially lii<j;h pressure pcr tnr l ia t ion evident 

in Fiy 1 111)

As t h e  i n t e y r a t i o n  p r o c e e d s ,  d i v e r y e n c e  r e m a i n s  t h e  m o s t  i m p o r t a n t  forc iny  for  t h e  

p t o y t i x s t i c  p r e s s u r e  e t p i a t i o n  for h o t h  e x p e r i m e t i t s  \ V \  KL a n d  l A A ' F I . .  as  dep i (  t ed  

in F i y u r e  Ô whii  h < l u n p a r e s  t h e  m a y n i t u d e  o f  t h e  forc iny term.-^ S > a f t e r  th e  

r e s t a r t  t i m e  I iys Ô ISc . f  s h o w  t h a t  t h e  d i v e r y e m  e  fo rc in y  h a s  s m a l l e r  t n a y n i t u d e  

t h a n  at  r e s t a r t  i for c o n v e n i e n c e ,  t h e  c o n t o u r  i t i t e r \ a l  for t h e  d iv e ry e t i ce  t e r m  was 

I h a n y e d  f r o m  1(10 F a  s ‘ in Fiy.  Ô.17. t o  JÔ F a  s ' in Fiy Ô.F'^i. luit is s t i l l  t h e  

d o m i n a n t  t e r m ,  w i t h  ad ve t  t iot i  I Fiys .  Ô I Ta .h .d . e I  p l a v i n y  a sei o t i d a r v  role. I h i s  is 

p a r t i i  u l a r lv  t r u e  for -  I V / / .  wIiicli r e m a i n s  o n e  o r d e r  of  m a y n i t u d e  s m a l l e r  t h a n  

' l i \ ' r y ' 111 e I h '^pit I- till' ' U l 'ne pre^-ur*'  pe[ t m I sit n a i '  I heii't< a e  t la ■ i ta iiii I p i , " U i '  

pe r t  111 l i ai ioi is  indi ic i 'd ' l a a t  Iv a f te r  r e s t a r t  d o  not  d i a n y e  th e  l e l a t i \ e  i m p o r t a n c e  of  

t h e  foK itiy t e r m s  in t h e  p i o y n o s t i c  p r e s s u r e  e< |ua t ion

1 h e  I t a . ' o i i  w h v  t h e  d i w r y e i i c e  t e r m  h e c o i n e s  w e a k e r  a t  t l : ( ) ( ) : ( ) S d i l  I w h e n  c o m 

p a r e d  t o  I t s  m a y n i t u d e  a t  l - h i )  i s  h e c a u s e  t h e  . { D  d i \  e r y e i a  e  a t  t h i s  t i m e  c o n t a i n s  a  

C' a i t  III a i t  l o l l  f r o m  a l l  t h i e r  c o m  p(  a i e n t  s  o f  t h e  w a n d  i i . e . . V / /  I ’ a i a l  F a  F . / W h e n  

c i a n l i i i i e ' l .  t h e  t h r e e  c o m p i a i e i i t s  o f  t h e  w i n d  r e d u c e  t h e  m a y t i i t u d e  o f  t o t a l  d i v e r y e t i c e  

c o m p a r e d  t o  t h e  " i m u m p l e t e  f i e l d  a t  1 - h r .  . \ o t  o n l \  d o e s  t h e  d i \ e r y e t n  e  f o r i i t i y  t i e -  

c i a n e  n l n t i r r l i j  w e a k ,  h u t  a l s o  c h a n y e s  s i y i i  ( f o r  e x a m p l e ,  c o n t r a s t  F i y s .  . 1 . 1 7 c  a n d  

ô . l S c )  I h e  r e a s i a i  f o r  s u c h  f x d i a v i o r  b e c o m e s  m o r e  ( d e a r  i n  t h e  f o l l o w i n y  s e c t i o n .

5.0 Response of the wind field shortly after restart time

, \ o w  t h a t  t h e  i m p i a  t a u t  f i t d d s  c i a i t r i h i i t i n y  t o  d \  r i a m i c  a d j u s t m e n t  i n  e x p e r i m e n t s  

W \  FI .  a n d  r \  \  F F  h a v e  b e e n  i d t a i t i f i e d .  i t  i s  a p p r o p r i a t e  t o  a n a l v / e  t h e  e x p l i t d t  

a d j i i s t n n  tit o f  t h e  w i n d s  t o  t h e  w i t h d r a w a l  o f  k i n e m a t i c  f i e l d s  i n  t h o s e  s i m u l a t i o n s .
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(a) - W V E L  -
-  r  ■ T / /

(b)  - W V E L  -
r

(c) - W V E L

( ( I )  -  L V V E L  - (. ) - U V V E L  - (f)  - U V V E L

!' K u t r  ') I ' '  (pf t h e  [ i rpj^r iuht K p r r s s i i n *  f c i u a t i o i i  ( E<i ô  à )  a t  t L t ) 0 : ( ) S - t i r  f u r  \ \  \  E L
i t i r . ' t  i D U ) I  \  \  E l .  ix i u i u l  r m v i  F i r . i t  ccpIiuiiii: t i T t i i  [ ( v e r t i c a l  a i i v c t t i u t i  d f  l ) ;L' >c->tate  p r e s ^ u r e l .  
< i > r i t d u r t ‘(i a t  l o o  i ’a  s  '  ' i n t e r v a l s ;  s e c  m i l  c u i i i r n n :  t e r m  2  ( a d v e c t i o n  p»f p e r t  i i r b t i t  i o n  p r e s s u r e ) ,  
a t  0  2 P ; i  s  ‘ i n t e r v a l s ;  t h i r d  c o l u t n n ;  t e r m  I I I  ( d i v e r g e n c e  t e r m ) ,  a t  1 0 0 . tJ I ' a  s  ‘ i t i t e r v a l s .  S o l i d  
( d a s h e d ) l i n e s  r e p r e s e n t  p o s i t i v e  ( n e g a t i v e )  v a l u e s .  Z e r o  l i n e s  a r e  s i i p p r e s . - > e d  T h e  x /  d o i n a i n  s h o w n  
is t h e  - . .un. -  a.> i n  E e v '  Ô 11 a n d  .3 I d

1 2 "



\ \ V  focus  lui t [ ic  r e s p o n s e  a t  t l ; ( )0 :08-hr  a ^ a i n .  no t  b e c a u s e  th i s  is a  p a r t i c u l a r l y  

■.''pc( ial" t i m e ,  b u t  bei aii . 'c It re fe rs  tu  t h e  first h i s t o r y  file a v a i l a b l e  for t h e  w i t h d r a w a l  

ru n s ,  w h ic h  i.> r, [ir> ntat/r> o f  t h e  r e s p o n s e  i m m e d i a t e l y  a f t e r  r e s t a r t  t i m e .

[• l yu re  I ' t  co inpa re . s  t he  h o n /v u i t . i i  ( V / /  • T  ) a n d  v e r t i c a l  ( J a y  J :  ) c o m p o n e n t s  of  

\ e | o c i l y  d i v e r g e n c e  at  t l:(t():l)8 hr  for  e x p e r i m e n t s  C N T R h ,  W \  E L  a t id  I  \  \  E L  

I he se  f ields a r e  u s e d  to  a.ssess t h e  e a r l y  r e s p o n s e  o f  t h e  h o r i / o t i t a l  a n d  ve r t ic a l  veloc-

lt l t>.  1 c>pcot 1 \e | \

In \ \  \  I .L.  V / /  I I Eiy ô . l ' i c )  i.s a s s o c i a t e d  w i t h  t h e  h o r i / o t i t a l  w i n d  ( o t . iponc i i t  

w h ic h  i.> m a k t t i ’ d b\  t h e  X L (  I ' i i o u t i  in Eiu, 1 1  Id i. wh i le  J a  J :  (Eiu,. l . l b d '  is 

.i.^"oi i a te d  w i t h  t h e  \e r t  1, ai m o t i o n  field ri <fnrni bv t h e  .-L.,,/( ( ' l iowi i  in Eiu 1 n i l ) .

.Note t h a t  a f to i  i u i l \  s t he  J a  < / : f ield m  \ \  \  E L  a l r e a d \  >liow^ a >t t i n t  u i e  t h a t

I'' verv - i m i i a i  t o  t h a t  m ( ' N  l 'HL.  Be lo w /  1 2  krn.  t h e  m a g n i t u d e  o f  J a  J :  is t h e

'iini' ,i.> 111 t ' N I B L .  u l i i l e  a lo f t ,  al l ' ive /  '.).b k m .  t h i s  field ha s  b e e n  r e s t o r e d  to

a p p i o x i m a t e l \  Til' ' of  it> ( ' .X TBL c o u n t e r p a r t ,  i n d i c a t i m ;  a n  efficient r e g e n e r a t i o n  

of I he  Vert ical  m o t i o n  in t h e s e  sec tors .  A r eg i on  w h e r e  J a y  J :  is not  r e s t o r e d  as 

efficient | \ ,  in t h e  .11 A K t  leiyion bet w e e n  /. ].2 k m  a n d  /  ti. I k m .  w h e r e  th e  HI.)

e n c o u n t e r s  t h e  m a i n  i i f id ra ft  a n d  d e s c e n d s .  I his  is a  sta t o r  w here  t h e  . \ l ’( i . \  is as 

- ' t iot ie as  t h e  .1.; , , / ,  (i I i tn p a re  I iys 1 | | d  a n d  1 l l b i  a n d .  t h u s ,  th e  w eak en i i i y  o f  t h e  

cor ret  t h o i i / o u t a l  w n i d  field is a.s e v i d e n t  a s  t h e  r e s t o r a t i o n  o f  t h e  c o r r e c t  ve r t ica l  

\ehII  I t \  i l  iy l . D c ) .  l I 'Avevf i .  overa l l ,  t h e  r e s t o r a t i o n  o f  J a  / J :  is m o r e  efficient

t liati t he de s t  m e t  it m of  V / ;  ■ \ "

In I \  \  EL.  V ■ I I E l y  1  I ' f e i  i s  a s s o c i a t e d  w i t h  t h e  h o t i / i u i t a l  w i n , I c i u n p ' ment  

w h ic h  Is rt.-^tornl  b v  th e  .XBCI.A (see Fiy.  1.1 lyf .  vvhile J t r  J :  I Ely. l . l J f )  is a s s o c i 

a t e d  witf i  t h e  v e r t i c a l  m o t i o n  field ' i t s t ro i /n l  by t h e  I Fiy .  l . l l d ) .  .A di f fe rent

b e h a v i o r  f r o m  t h a t  f o u n d  for  W \  EL  is (dear.  F i r s t ,  t h e  J a  / J :  fitdd ( f ' iy .  l . B J f )  

is m u c h  w e a k e r  t h a t i  in C 'X T H f - .  Oti  t h e  o t h e r  h a n d ,  n o i r h t t r  is t h e  V n ■ V  he ld

1 2 ‘J
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l ' i ” i i r i ‘ j . l ' J '  W r  f i c  a l  c ru.^s M ' i t i o i i . '  o f  h o u / . o i i t a l  t V » ,  I i a n d  v i - r t i c . i !  i c f i c / d ; )  ( u i i i [ ) u n f r i t >  o f  

v r i o i .  i t y  d i v t - r ^ r i i i  r  ' e u n t o u i ' M  i n  H )  \  ‘ a t  t l :U U: U >- h r  f o r  o i l . d u  C N T R L :  a ' l . i d )  \ \  \  E L :
i f i . i f i  I  \  \  E L  C o i i t ( ] u r  i n t f i i a l  is I I n  N ' L  S o l i d  i i l a s l i o d  i l i n o s  i i u i i o a t o  p o s i t i v e  ( n c o a t i v o i  
v . d u f s .  l u t h  . T i o  liiH l a - i i i y  -■'Uppii . " t  d  S t o i i u - i f a l t  i \ i -  . v n i d  \ f .  t o i  > a i f  i l l  t i l  s  '  ' . w i t h  a  r c f o r o n i f  
\  c c t o i  o f  III i n  s ' i n d i i  a t f d  o n  t h e  i o w r r d o f t  c o r n e r  o f  e a c h  [«. inel  I h e  . x z - i i o m a i n  s h o w n  is t h e  
' a i n e  a s  i n  F i i i s  Ô I I  a n d  1 I ' i  I.'ll)



(f-ij;.  J I ' Jf)  ! fs tor t '<l  to  it> c u r n ' c t  va lue  in C N T R L  a t  4 ; 0 0 :0 8 -h r .  T h e  s e c t o r  w h e r e  

I \  \  Ivl. ha> ,i l )( ' t tei  j i e i f o r r i i a n c e  in H'stor i t i t ’ V / /  • is in t h e  M A R C  re^iuii .  T h i s  

IS w h e r e  t h e  X l ’t l  \  IS (■oiii | )arai)ie (in n i a e i i i t u d e I  t o  t h e  a n d  r e g e n e r a t i o n  o f

t h e  11 'I I ' ( t (lot i / o i i t a l  w i i n C  IS m o t e  e v i d e n t  Alof t ,  a r o u t n l  a n d  a b o v e  z 9 . G k in  

t h e  i n a m u t i i d e  of  t h e  T/c ( ) :  Held is r e d u c e d  (F ie .  Ô.19f ) .  wh i le  V n  ■ \ '

( I ' | e  ') lUe I |.> [e > to | ,  d t o  |rs.> t hal l  It) ’ o f  t he  ( oH e s p o t i d i i i e  \ a l u e  in C N T R L  Fills

in i s a t  i^hn toi  \ l e s p i . n x '  m e.xpei inieiit I A A  F L  o e c i u s  in a  reeioi i  w h e r e  t h e  A,;,.,h is 

etfe( t i \ e j \  , ,iie o l d e r  o) i i i a i r i i i tude  l a m e r  t h a n  t h e  . \ P C . \ .  a c c o i i n t i n e  for  su ch  b e h a v 

ior .“SInill.ii I ' ' l i l t . '  ,11 e f o u n d  for d i s t i nc t  ( toss  s e c t i o n s  a l o n e  t h e  s i m u l a t e d  M C S .  no t  

s in iwn.

F l e i i r e _ ' u ' h o W '  t h e  c h . in e e  III th e  < I) ,l I ! >’ijt n < < i V -  r  I f r o m  t l:i)(i:(Ml-hr to  

1 nil ( i s -hr  lot e. vpei  i i i i ei i t s  W A F L  a n d  ( A A L L  I he  V  ■ P  fields a t  r e s t a r t  in F ies .

' -’lia a n d  I _’I)| I d i r e ' p o i i d  t o  t h e  un o m p l e t e  ' ( l ive ree in  e fields in F i e s  e l l e  a n d  

'i f f  for \ \ \  I .L a n d  I \  \  F L .  res[)eet i \ e ly .  a n d  a r e  r e p e a t e d  h e r e  for  co liveniein e 

i v . i th  (l iffei . i i t  o iu itoi i i  in te i  \ , t l  I I ' i e i i t e  ' i j l l  t e v e . d '  a  d e c r e a s e  in i n a m n t  ud e  m 

V  I tn  nil I nil I I I  i-ht t o  l u l l  l is -h i  which  IS assoc i a t e d  wit  h t h e  r e c o \ e r v  of th e  t h r e e  

( o r i ip o n e n t . '  o f  t in '  w i n d  field, .is cli.'Ciissed in t h e  p r e \  i o u s  s ec t io n .

.Also e\  ideiit  III l ie j n  is t h e  sieii ( l i ai iee in t h e  V • H  field in m o s t  reu ions  

F o r  e.xatnple.  V C  < h a i i e e s  f r o m  pos i t i ve  ( n e e a t i \ f i  t o  n e y a t i v e  ( p o s i t i v e )  a t  s u r f a c e  

a t '  a i t id  .\ 1 ki n 111 \ \ A  FiL ' I \  A LL / Refer l ine  f,ui k t o  F ie .  .y pj ,  w, '  n o t e  t h a t  th i s

is consecpie in  e o f  t h e  m u t u a l  a d j u s t m e n t  a in o i ie  v e r t i c a l  a n d  h o r i z o n t a l  w i n d  fields. 

F o r  instance ' .  Fi'^ ô . lU d  r e v e a l s  t h a t  t h e  redeve lo pn ie i i f  o f  a  d e s c e n d i n e  RI.) in \ \  A L L  

I a r o u n d  x 17_' k m  I f av o r s  t h e  g e n e r a t i o n  o f  a  local  Un-, J :  f ield t h a t  is m o r e  t i e ea t iv c  

t h a n  t h e  c ,,i r e s p o n d i n e  V  n ■ I which  is p o s i t i v e  ( F i g  A. 19c | .  w hi le  in I  A A  F L  t h e  

r e g e i i a r a t i o n  o f  p o s i t i v e  V / /  ■ C  iti the  s a m e  reg ion  ( F ig .  A.IOe) o f f se t s  t h e  in i t i a l ly  

n e g a t i v e  di\« rge i ic e  field. It is t h e  res[)otise o f  t h e  w i n d s  t o  t h e  i t idi iced  p r e s s u r e  tield
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t h a t  ai I (Hints for t in '  s imi  i hatm*'s in V  I . a l s o  c v i d r n t  in t h e  i l ivc r^c nc i '  fo rc ing

t I t  tn ot  ill»' p i o s n i r  r q i i a t i o n  nn' i i t  n iin'd p rn v io us lv .

It s h o u l d  Ilf f i n [ ) h a > i / f d  t h a t  t in- f h a t i f i  > in s im i  in V  a i f  a s s o c i a t f d  w i t h  th e  

i f d f M ’j o p n i f n t  o f  t h f  d l )  k i n c t n a t n he ld  as  >ooti a s  t h r  w i t h d r a w a l  r u n s  a i f  > t a r t f d  

a n d  a i f  f \  id f t i t  in d i t l f t f n t  cro>s x T t i o i i s  a h u m  t h f  M i i i i i l a t fd  M C S  (no t  > hown) .  tint 

d o  nut I f p i f > f n t  a n  o s c i l l a t o r y  r c y i n i f  i f . ,  t h f  a l i ru j i t  siy,n chanu , f  in t h f  V  • \ 

tii ' ld h a p p f i i s  oiil\- o n c f  [ 'his . id jn s t r i i f t i t  p i o c o s  is p a r t  o f  a  n o n - l i n e a r  i ' f cdl iack

l i f t w f f i i  pres.- l i re a n d  d i \ f r y f t i c c  l i f ld s  car fv  in f x p f i i t n f n t s  \ \ ’\ ’KI, a n d  t \  \  KI.

In s e c t i o n  Ô 2 w f  di.x u.^.sed h ow  t h e  d iv e ru , fn c f  t i eld i n d u c e s  p r e s s u r e  p e r t u r b a t i o n s ,  

whi le  now  Wf a n a l y / f d  h ow  t h e  r o p o i m e  of  t h e  w i n d s  t o  t h e  i n d u c e d  p r e s s u r e  t ield 

a t f e c t s  d i \ ( ‘m e t n  (■ It is i m p o r t a n t  to  n o t e  t h a t  t h e  n e w  I a n d  w e a k e r  i V  I tield 

w i t h  i i iM' i t i 'd  s | e n  IhIf-'  a t l ec t  in t u r n  t h e  pre>.>ure t ield.  b u t  is not  > t ron y  e n o u g h  

t o  [I \ I I >e o |  , ilCet t h e  \ e | t | (  al d l f io h '  Iti pl e^' ^Ute i t id l lced  b\  t i l e  i U| e  Itial d ive t  yelice 

t o i c i n y  at r e s t a r t  t u n e  It i> t he  d v n a i n n  a d j u s t  i n e n t  .i.>m iciat e d  wit  h t he p r o p a y a t  ion 

ot  a i o i i - t i i  \ \ a \ e "  ' a t id  a t i e n u . i t i o n  o f  t h e n  a m p l i t u d e s )  t h a t  e v e n t  ua l l \  , l a m p s  th e  

s t n m y  p t e s s m e  pe r t  u r b a t i o n s  ( c h a p t e r  ti i

H.i.sed I 111 t h e  r e s u l t s  p r e s e n t e d  in th i s  a n d  p r e \  ioi is s e c t i o n s  we  indi i  a t e  t h a t  tfn 

i i rt tral  m o t i o n  in < jp> l u m  nt \ \ \ [ ' [ .  i> inoni i jfii u ntlij n s t o i t d  tlinn tin lionznn-  

tnl iniiil jit Id /.s uii iki i t td.  iiiuli in i j p i n n n n t  C l  \ EL.  tin i-t rticnl innt mn j i thl  is 

dt^tnii j id ninn mpnilij than tht i nrn i  t hunznntal  n l u c i t n s  ai't nt i/t rn riiti d . This 

IS because the induced vertical acceleration forced  by pressure  and buoy

ancy  perturba t ions  is effectively s tronger  than the coT^esponding horizontal  

acceleration  In a d d i t i o n ,  t h e  strotiy,  p r e s s u r e  p e r t u r b a t i o n s  y e n e r a t e d  ea r ly  in s i m 

u l a t i o n s  L \  \  IfL a n d  \ \  \  E L  a r e  s h o r t - l i v e d ,  s u c h  t h a t  t h e  HPG.-V asso i  i a t e d  w i t h  

t h o s e  p e r t u r b â t  ions  is n o t  r e t a i n e d  for  a s u l l i c ie n t l y  Ion,y t i m e  t o  a l l o w  t h e  h o r i / o t i t a l  

w i n d s  to  fu l lv  r e s p o n d  to  t h e  p r e s s u r e  he ld  T h e  s t r o t i y  \  P C  A a l s o  is s h o r t - l i v e d .

l.i:t



h u t  sirii-c i ts  in a i ; i u t u ( i t ’ is s tn m u ; c r .  t lu '  r e s p o n s e  f r o m  t h e  v e r t i e a l  w i n d  field is fas te r .

From aeoust ic adjustment perspei tive (Fiedler Jl)t)2 ). the results above are njuir- 

nltrtf to saviiie that the vertical motion field res[)onds to the specification o f  the 

hi'ii/niital wind field Hence, when perfe( t inh-rtn.ition about the horizontal veloc

ities is retained, the vertictd motion is rapidlv regenerated without major impact 

on the lom;-ranu,e simulation of  the M I ' S ,  whereas wheti the convectivelv-eenerated 

horizontal winds are eliminated, the \e itirai motion field resp.uids bv rapidlv weak

ening l ledl'-l ■JlMl'Ji h\ pot he.''IZe.> that tills l> tile beh.O ior e\pei tei| for a loW a.'- 

pei t ratio ( iiu\rcti\e flow. sinj..‘j.e>t inu. t hat the c,,n\ect ive circulation m our idealized 

nunieru ally-simulated bow echo has an effect ive low aspei t ratio. What is i are i the 

meehaiiismls) eoiilrolliiiL; the aspec t ratio of the flow.’ I his topic is e.vamined in the 

followirnj. sec Iic111.

5.6 The aspect ratio of the convective flow and implications 

for dynamic adjustment

File r e s u l t s  p r e s e n t e d  for  t h e  u,iist f ron t  reeiot i  ly  2DÔ k m )  a r e  r e p r e s e n t a t i v e  of  th e  

c o n v e c t i v e  s t r tn t l i r e  alotny t h e  c-ntire leadiny,  e d ^ e  o f  t h e  s i m u l a t e d  b o w  echo.  O n  

t h e  ot be l  ha l l ' I .  t o  ( j u a l i t a t i \ e l v  e x a m i n e  t h e  a s p ,  t t r a t i o  i s su e  for  t h e  eor ivect ive lv  

a c t poi f icci i  of  t h e  . \ I ( 'S .  It Is d e s i r a l i l e  t o  e x a m i n e  t h e  flow c o n f i g u r a i ioii a t  o t h e r  

l o c a t i o n s  as  well.

It w a s  m e n t i o n e d  b e f o r e  t h a t  t h e  m a i n  u p d r a f t  alonu; t h e  mis t  f ron t  (e .e. .  Fit^. 

Ô.5) d i s p l a y s  a n  a s p e c t  r a t i o  a r o u n d  uni ty .  N e v e r t h e l e s s ,  it is in te r es t in j^  t h a t  t h e  

t i p s h e a r - t i l t e d  ree ior i  o f  v e r t i c a l  m o t i o n ,  s h o w n  in F i g u r e  .j.-âa. appdn ntlij d i - p l a y s  a 

h o r i z o n t a l  extcuit  la r .eer  t h a n  it w o u l d  h a v e  if it w e r e  c o m p l e t e l y  u p r i g h t  D o e s  th e  

v e r t i c a l  m o t i o n  field in o t h e r  s e c t o r s  o f  t h e  s t o r m  s v s t e m  s h o w  t h e  s a m e  s t r u c t u r e ?

i ;u



To a d d r e s s  t l i is  ( jues tiut i .  tw o  s e c to r s  o f  t h e  M C S  ( l i^ l i l i^ l i t ed  l»v r e c t a n g l e s  in F ' iuure  

■').21a a i f  s t u d i e d  at  r e s t a r t  t u n e  for e x p e r i m e n t  ( W I L ( ' lose u p  \ l ews of  t h e s e  tw o 

s e c t o r s  a r e  i n d i c a t e d  m F i g u r e s  Ü . J l h . c  . whicl i  a l so  s h o w  e t^h t  l in e  s e g m e n t s  a c r o s s  

t h e  s i m u l a t e d  M C S  w h e re  ver ti i  al c r o s s  s e c t i o n s  a r e  a t i a l v / e d  In F i g u r e  Ü 2'J. ve loc i t y  

v e c t o r s ,  v e r t i c a l  m o t i o n  h e l d  <md t h e  v e r t i c a l  c o m p o n e n t  of  divertAem e [t)tr ():) a r e  

p lot  t e d  in \ e r t  leal  c ross sec t iot is  a lo n e  a l l  s een ie i i t s .  in a n  I s  k m  \  I s  kni d< itiiain 

( ' fos s  s e c t i o n s  1 a n d  2 a r e ,  respec t i v e | \ . on t h e  n o r t h  a n d  ^o i i th  Hanks  o f  t h e  

h o w  e c h o  a p e x .  I'lie u p d f n d t s  in these '  r e l i o n s  i F i ‘j,s. ' ) .22a-dI  a r t '  sha l lowi ' r  t h a n  

a t  th i '  api 'X ol t 111' h ow  echo ,  e s p e c i a l l v  in c ross  s e c t i o n  I i Fi^ .  ' i. 'J2a I .  a n d  a r e  

s ie r i iH can t I v  s h e a r e d  Oir i)z d i s p l a y s  u p s h e a r - t i l t e d  o r i e n t a t i o n ,  w i t h  c o n s i d e r a h l e  

Inu I / Iu i t a l  e x t e n t  i h |es é 2 J h  a n d  d ' R e c a l l  t h a t  d ' c  d :  r e p r e s e n t s  t he  m a in  h u c m e  

tor  t h e  p e r t  i i r h a t l o l l  p r e s s u r e  in e x p e r i n i '  tit l ’\ \  FI .  a t  r e s t a r t  ' i e . w h e n  V / /  I ’ is 

e h n i i t i a t i " ! I ,  e x c e p t  toi t h e l a i t o i  / icy In ex p e r in ie i i t  WA'IM..  t h e  fo i cu i e  ,ii r e s t a r t  

is s i m i l a r ,  h u t  w i t h  r ever sed  s i e n  ( r e . ,  , h r  i):  is e l i m i n a t e d i

C r o s s  s e c t i o n s  d.  1 a n d  '> t e | e i  t o  a  ^h< a t  h o w  ei h o  s e e m , . lit l o c a t e d  l in t  h i t  s o u t h  

( h i e ,  0 .2 1c ) .  C ' loss  s e c t i o n s  a n d  I i Fins .  0.22e-l i ) u v e a l  a  s i m i l a r  s t r u c t u r e  t o  t h a t  

d i s c u s s e d  tor  V 20Ü k m ,  w i t h  low | e \ e l  u p d r a f t s  h e i m ;  r e e e t i e r a t e d  alot iy t h e  "Ust 

f r o n t ,  r a p i d l v  h e c o m i t in  s h e a r e d ,  a n d  f e e d i t m  a s t r o t i e e r  v e r t ic a l  m o t i o n  held a t  m i d  

t o  hi j ih levi'Is.  In cross  s e c t i o n  Ô ( Fi^.  ü .2 2 i . j ) .  t h e  v e r t i c a l  m o t i o n  is s h a l l o w e r  a n d  

d i s p l a y s  a m o r e  s n h s t a n t i a l  u p s h e a r  t i l t .  In all  cases ,  t w o  m a i n  v e r t i c a l  d i v e r y e m  e 

p a t t e r n s  a r e  I 'vidi ' i i t  ( Fi^s .  5 . 2 2 f . h . j ): a  r e a i o n  o f  p o s i t i v e  ( J i r d C  in t h e  lower p o r t i o n  

o f  t h e  m a i n  u p d r a f t ,  a n d  a re g io n  o f  n e e u t i v e  Oii’/O:  j u s t  a h o v e .  I ' x t e n d i n a  to  h i a h e r  

levels .  I he se  t i l t e d  p a t t e r n s  in Oit .O:  h a \ e  c f i i s i th  r a h l e  h o i i / o i i t a l  e x t e n t ,  a n d  a r e  

( j u a l i t a t i \ e | y  s i m i l a r  to t h e  one's ilisi i i s sed for cros.^ .^ect ions 1 a n d  2. a m i  also for t h e  

c r o s s  s e c t i o n  o r i g i n a l l y  s t u d i e d  F iy .  1. IHd).

C r o s s  s e c t i o n s  Ü a n d  d i Fiys .  ü . 2 2 k . o i re fer to  se e t o r s  n o r t h  a n d  s o u t h  f r o m  the'

l.d.i
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(i>)

F i ^ u r c  ■") 21  S t u r i i i - r c l a t i v i '  w i i u l s  ( v e c t o r s  i a n d  m a g n i t u d e  o f  v e r t i c a l  ve l i  a it v  i c o n t o u r s  I  a t  /  2 G 0 0

m  a n d  t l : ( ) ( ) :OU-l i r  f o r  C \ 1  R L .  W c t o r s  a r e  i n  i n  s  '  \  w i t h  a  1(1 i n  s  ‘ ( â  n i  > ' i r e f e r e n c e  v e c t o r  
i n d i c a t e d  o n  t h e  l u w e r - l e t t  c o r n e r  o f  ( a )  ( t h )  a n d  ( O ) .  \ e r t i c a l  m o t i o n  is i o n t o u r e d  a t  e a c h  2  t n  s 
w i t l i  S o l i d  i d a s h i ' d i  l i n e s  i n d i c a t i n g  u p d r a f t s  ( d o w n d r a f t s ) .  Z e r o  line. ' ,  a r e  - i i p p r e ^ . s e d .  ( a )  is j u s t  l i k e  

F i g .  1 . 4 a .  h u t  i n d i i  a t e s  ( w i t h  r e c t a n g l e s  i s e c t o r s  w i n  r e  \ t  r t  ii a l  c r o s s  s,  i t i o n s  a r e  t a k e n ,  ( h i  a m i  
(i ) a r i -  I l o s e - u p  v i e w s  f o r  t i n '  n o r t h e r n  a m i  s o u t l n  r n  r e i  t a n g l e .  r i ' s p e r  t i v e l y  . \ u i n h i  r s  l a b e l  i r o s s  
S i ' i  t i u n s .  a m i  l i n e  s e g m e n t s  i m l i i  a t e  t h e i r  / . o i i a l  e . x t e n t  I a l l  e i p i a l  t o  1 \  k m ) :  | 1 | :  y  21*J k m .  . \  I . 3 S

t o  1 Tb  k m ;  | 2 | :  y  I ' J T  k m .  1 6 2  t o  i s t J  k m ;  [d | :  y  I d ’J  k m .  x  1 6 2  t o  I SU k m :  (1| :  y  I .(Ô k m .
X 1 0 4  t o  1 S2  k r n :  | 3 | :  y  121) k m .  x 1 6 2  t o  I S O k m :  | 6 |  y  2 1 1  k m .  x  1.32 t o  1 7 0  k m :  | 7 | :  y
l O S  k r n .  X 1S4 t o  2 t ) 2  k m :  Isl :  v  l o . j  k m .  x  1 7 6  t o  1 0 4  k m

1.(6



U'

(a) - cross section 1
_  ()u\ (h
(b) - cross  sect ion  1

-

(c) - cross s ec t io n  2 - (il) - cross  sec t ion  2

cross 'ec t  ion 3 - II') - cross sec t ion  3 -

N:

F i g u r e  ô  2'J:  \  e r t  it . i l  m o t i o n  f ie l i i  ( \ v i  ; c o n t o u r s :  H r s t  c o l u m n  i a m i  v e r t i c a l  ( o m p o n e n t  o f  d i v e r g e n c e  
iOu'/Oz) i c o n t o u r s - ,  s e c o n d  c o l u i n n i  a t  t FUI)  t ) 0 - l i r  f o r  C N T R L  f o r  l l i e  v e r t i ( ' a l  c r o s s  s e c t i o n s  

i n d i c a t e d  i n  F i g s .  ô.L’llt.c S o l i d  ' d a s h e d  l l i n e s  i n d i c a t e  p o s i t i v e  ( n e g a t i v e )  v a l u e s ,  w i t h  z e r o  l i n e  
b e i n g  s u p p r e s s e d ,  X ' e c t o r s  d e p i c t  t h e  s t o r m - r e l a t i v e  w i n d  t i e l d  i n  t h e  , \ / - p l a n e .  w i t h  a  It)  r n  s ' '  
r e f e r e n c e  v e c t o r  i n d i c a t e d  o n  t h e  l o w e r - l e f t  c o r n e r  o f  e a c h  p a n e l .  T h e  d o m a i n  s i z e  i n  a l l  p a n e l s  is I S  
k m  .V Ls  k m .



(g) - «TDSS S»M tioll 1 -
J t r  ('h 

(h) - truss suit  ion 1

\  i  % 1

[i) - t ross st'ctioii 5 - (j) - cross  sect ion 5 -

(k) - cross  sec t ion  ü (1) - cross  sect ion  6 -

Figure 5.-’2 (ciuiiiiiu.itiuii '

I.)5



( in) - cross  se c t io n  7 -
()ii- O'.

(n) - cross se c t io n  7

■ < ^ ' 5  C

(o) - cross  se ct io n  8 - (p) - cross s e c t io n  8

I l i n

' i :

Fitrure j  '22 ; i nntinu. i t  um >

i ;(9



< ( ' iittT o f  t f i f  d o m a i n ,  r e s p e c t ivtdv. a n d  revea l  a m o r e  e r e c t  u p d r a f t . In c ro ss  s e c t i o n  

t>. t i ie  r e g io n  o f  u p w a r d  m o t i o n  is r e l a t i v e l l v  n a r r o w  f r o m  s u r f a c e  t o  u p p e r  levels  11' i ^ . 

Ô 2'Jk I. w h i l e  in c ro ss  s e c t i o n  S i Fii;  Ô J 2 o i .  t h e  r e g i o n  d o m i n a t e d  l,v u p d r a f t s  is 

w i d e r  f r o m  m i d  t o  u p p e r  levels,  . ihove  t h e  r e l a t i v e l y  n a r r o w  s u r f a i  e - h a s e d  updr .d ' t  

W i t h o u t  a ' ' lynih i ,ant v e r t i c a l  i n c l i n a t i o n  in t h e  How. t h e  p o s i t i v e  (Jn- <>: p a t t e r n s  m 

t h e  l i ist  .1.2 k m  a r e  m o r e  l i o r i / o n t a l l y  c u t d i n e d  in c r o s s  s e c t i o n s  (i a n d  S ( F-'i,t;s. Ü.221.p i  

Ho w eve r ,  a l o t i .  w h e r e  t h e  r eg i on  o f  u p w a r d  m o t i o n  d i s p l a v s  l a r g e r  h o r i / o n t a l  e x t e n t ,  

(hf (>: a n a i n  d i> p la y s  o l i l a t e  fe a tu r e s .

I ' in a l l v .  ( ros s  s e c t i o n  7 (F i n .  0 . 2 2 m )  revea ls  a i l o w n s h e a r  t i l t e d  How. W h i l e  ( h i d :  

p a t t e r n s  at  low le\ 'els d o  n o t  s h o w  a  s inn iHcan t  h o r i z o n t a l  e x t e n t ,  f r o m  tn id  to  u p 

p e r  leve ls  sin h p a t t e r n s  le an  d o w n s h e a r .  w i t h  i n c r e a s e d  h o r i z o n t a l  o r i e n t â t  ion i Fin 

V 2 2 n ) .  t h u s  lo w e r i n n  t h e  a sp e i  t r t i t io  o f  t h e  d iv e r n e i i c e  fori inn

B a s e d  on  t h e  disi  ussii m , ihove .  m o s t  of th e  ( onve i  t ive How assi  a d a t e d  w i t h  t h e  

l)ow (■( h o  ^ e n m e i i t s  III t h e  ( e n t e r  o f  t i le d o t u a i n  a t  1-hr d i . sp lavs  a n  u p s h e a r - t t l t e d  

s t r u c t u r e .  U l t h  C o u s i d e r a l d e  h o r i z o n t a l  e x t e n t  l c r o s s  s e c t i o n s  1 t o  Ô) t t t l  t h e  c e n t e r  

of t h e  d o m a i n  i c r o s s  s e c t i o n s  ti. 7 a n d  s  i. a  wav  f r o m  t h e  st r o n n e s t  e a s t - w e s t  s u r h n  e 

ou t f lo w ,  r e n io n s  w h e r e  t h e  v e r t i c a l  m o t i o n  h a s  a  m o r e  u p r i g h t  o r i e n t a t i o n  or  l eans  

d o w i i s h e a r  h e c o i n e  m o r e  e v i d e n t  In t h e s e  l o c a t i o n s ,  t h e  h o r i z o n t a l  e x t e n t  o f  t h e

d ive i  n em  e toK m n  a t  low-lev els is m o r e  c o n f in e d  t h a n  in t h e  u p s h e a r - t  i l t ed  flows 

H o w ev e r ,  a lo f t ,  s u c h  p a t t e r n s  at (p i i re  m o r e  h o r i z o n t a l  o r i e n t a t i o n ,  e i t h e r  h e c a u s e  of  

d o w n s h e a r  l e a n i n n  ( c r o s s  s e c t i o n  8) o r  b e c a u s e  t h e  s e c t o r  o f  a n v i l - l e v e l  d iv e rn e t i ce  

w h ic h  e f f ic ien t ly  s p r e a d s  in t h e  h o r i z o n t a l  d i m e n s i o n  t e n d s  t o  d o m i n a t e  th e  

s t r u c t u r e  o f  t in- f low I c r o s s  s e c t i o n s  fi a n d  7).

riis ' 1)11 ai. I " !..r. :■ 'T t" .ii'f's- uit Î. r h.'- it K VV t l;c. -r;. t > pl.iiri r li>o .ru-ii:.it loii . <t t lit- '. i t :  ;i .i! nr .t x .|i

till' ' jf luiifi lio'ii .Mt'S.s ; HuC.iiiriu , t .il l '*ss.  VVfiriiii.iii I'a' lJ.  .\oor<liriK tn th.a tho,r\. tiu'

Mirl.uf cnid |>'M,| a wi.iliiic.s .iiiil uiittlnw 1,1'oHn,' '.tmtmo oshiOi. ifi nar , .usr. is tiiurc i". ulfiit .it i rw.s.-. .-.o 11. .ns 1 tn 

V I. the bari'I hiiu .ill'.-ftfMiTuti'd upslit-ar (ini'iitcd hnriziiiit.il ori u!.itiiiii .iluiiK the t'u.si tnml tend tn h.il.int e .iml tiu-n 

eruhelni the e'l'. ; r i it: tnetit .ili V - : tid lio'd dni\ tshe.ir nrietited hnrizntit.il I ;ri Iihitujn. t'.iinring upshe.ir tilted tipdr.dt' 

t'nii-.erseii, uheie the surhn e odd pnni ,ind niithesv I.s tint .LS strniit». U[idr.ifts tend to lie \ertieall'. ere, t nr .he.i nshe.ir 

Iiit,->i
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T h u s ,  ill ^u' firral .  ( l ivcrgut icc  d i s p l a y s  a  ( i n a io n i i i i a i i t ly  h o r i / o i i t a l  ( i r i u n ta t i o n  in 

t h e  m u s t  a c t i v r  p u r t i u r i  o f  u u r  s i m u l â t cd  h u w  n  hu.  .-Vs a  r e s u l t ,  t h e  d iv e rg e n c e  

furci i ig I - />( :’V  ■ V I fur  t h e  p r e s s u r e  e ( | ua t iu i i  iti e .xp» r imet i t s  \ V \ ' E I ,  a n d  ( V V E L  at 

r e s t a r t  t i m e  ti ri(l> tu  h a v e  a  re la t i v e ly  luw a s p e c t  r a t i u .  u r  a t  l e as t  d u e s  no t  d i s p lav  

a h igh  a>pe( t ra t iu .  The  e x p e c t e d  i m p a i  t uii t h e  r e s p o n s e  u f  t h e  [ i ressure  tield is 

s c l i e m a t i c a l l v  i l l u s t r a t e d  in F i g u r e  à J.'l in a x / - p l a n e .  For  a  d i v e r g e n c e  forc ing  wi th  

. ' ' ignilicant \ c r t i i  al « x t e n t  i Fig.  j .2 . ( a i .  t h e  r e s p o n s e  f rom  t h e  pre.^.smc p c i t u r h a t i u u  

he ld  .d. 'u \ el t n ,d l \  ' U t e n t e d  .111(1 Illure i un t i t l ed  I I I  th e  hu l  i / u l l t a l .  Hence ,  i.-'uliai.' 

a r e  h u r i / o i i t a l l v  ( o n c e i i t r a t e d  a n d  t h e  indi icei l  . \ l ' ( d . \  tend.x t o  h e  . s t ronger  t h a n  the

V IXi.V

( 'u i iver .se l \ . fur  d i w r g e i i c e  full ing h a v i n g  a  s ig n i f ic a n t  h u r i / o n t a l  o r i e n t a t i o n  i Fig 

Ü 2dh) .  t h e  r e s p o n s e  in t h e  p r e s s u r e  field is m o r e  vert i(  a l lv  c o n f i n e d  a n d  d i s p l a v s  a 

lower  a.spe< t r a t i o ,  i.e., is "p ancake- . sh a[ )ed” In t h i s  ca.se. t h e  i s o h a r s  a r e  m u r e  hor- 

i / iu i t a l l \  s u p a r a t e d  a n d  \ t ' i t i c a l l y  c o n c e n t r a t e i l .  s u c h  t h a t  t h e  c u r r e s | ) o n d i n g  V 1 ' ( l.V 

t e n d s  to lie s t i u i i g e i  t l ia t i  t l ie  .XF’Cl.V. I tiis scet t is t u  h e  th e  p r e d o m i n a n t  a l t h o u g h  

not  exi lii.sive r e g i m e  m  o u r  s i m u l a t e d  h o w  ec ho ,  d o  i l l u s t r a t e .  F i g u r e  Û 2 I .shows 

ve r t i ca l  c r o s s  s e c t i o n s  o f  p e r t u r h a t i u n  [ iressure.  .XPCl.-V a n d  V’P G .V  for VVVFL.  S s 

a f t e r  r e s t a r t ,  tor  all s e c t o r s  i n d i c a t e d  in f i g s .  ü . 2 1 h . c  ' In m o s t  se c to rs ,  t h e  per-  

t III h,It lull p i e s s i i r c  ho ld (f i rs t  I i i l i imn in F i g  1.2 11 h a s  h o i i / u n t a l  e x t e n t  l a rg e r  t h a n  

t h e  v e r t ic a l ,  e s p e c i . d l v  w h e r e  t h e  flow is c le a r lv  t i l t e d  hy v e r t i e a l  w i n d  s h e a r  (( ross 

sei t lulls 1 to  a n d  7 '  I ) \ i  rai l ,  t h e  i n d t n c d  X FT l.V ( s e c o n d  ( ( d i i m n  in Fig à 2 11 

is d i s c e r n i h l y  w e a k e r  t h a n  t l u '  V'PG.A I t h i r d  c o l u m n ) ,  even  t l i o u g h  t h e  co nv e c t i v e  

c i r e u l a t i o n  d u e s  not  d i s p l a y  a  c le a r - cu t  luw a s p e c t  r a t i o .  VVlien c o m h i n e d  w i t h  th e  

B  field ( n o t  s h o w n ) ,  t h e  v e r t i c a l  a c c e l e r a t i o n  in V V V FL  for al l  c r o s s  s t a t i o n s  s t u d i e d  

he c o n ie s  s l igh t  Iv s t r o n g e r .  T h e  s a m e  a n a l v s i s  is v a l i d  h a s e d  o n  r e s u l t s  f rom  I  V V EL

i h . i t  i n  V\ ‘ \  F I .  ( h r  i i x i t p  »*«! \ ' I ’ ( i . \  f . i ' . - T s  ‘A i T k . s  a ^ . i i n s t i  t l u *  r f > t t T i i t i ( i r i  « . f  t h*-  m . r r » « t  x ' l u t h d i
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(a)
STRUCTURE OF 

DI\TRGENCE 
FORCING
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divergence 
field press

divergence 
field

o (b)
F i g u r e  Ô 2 3 ;  I i l e a l i / e d  s k t  t c h  iii  a  x z - p l a i i e  u f  t h e  p r e s s u r e  r e s p o n s e  t o  a n  i m p o s e d  d i \ i  r g e i i c e  h e l d ,  a s  

g o v e r n e d  h y  E i p . j  3 ( p r u g n u s t i e  p r e s s u r e  e i p i a t i o n ) .  I n  ( a )  t h e  i l i v e r g e n r e  fore  i n g  i s  v e r t i c a l l y  o r i e n t e d ,  
d i s p l a y  i n g  a  h i g h  t u s p e c t  r a t i o .  . A c c o r d i n g l y ,  t h e  p r e s s u r e  r e s p o n s e  is a l s o  v e r t i c a l l y  o r i e n t e d .  F o r  t h i s  
I .L<e t h e  i n d u c e d  X F G A  i s  s t r o n g e r  t h a n  t h e  c o r r e s p o n d i n g  V P G A .  I n  ( h i  t h e  d i v e r g e i n f o r c i n g  i s  
u h l a t e .  w i t h  n m s n l e r a h l e  h o r i z o n t a l  o r i e n t a t i o n  a n d  l o w  a s p e c t  r a t i o .  T h e  p r e s s u r e  r e s p o n . s e  d i s p l a y s  
f e a t u r e s  t h a t  a r e  a l s o  h o r i z o n t a l l y  o r i e n t e d ,  i e . .  w i t h  c o n s i d e r a b l e  h o r i z o n t a l  e x t e n t .  I n  t h i s  c a s e ,  
t h e  i n d u c e d  \  PCI  A  is s t r o n g e r  t l i a n  X P C I A
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[I p)[Op' /Ox]
( a )  -  (TOSS s e c t i o n  1 - (h) - (TOSS section 1 - (ci - (TOSS section I -

( T o s s  s e c t i o n  2 (el  - c ross  s e c t i o n  2 - I f I - c r o s s  s e c t i o n  2 -

u, I - C I O »  >f ( ' t ion  .5 ( h i  - I I I I »  -'•■rt li 111 1 I I  -  I I I  I-»-'  - ' I ' I I l o l l  5 -

I ' i ^ u r c  Ô 2 1 :  \ t T t i i  a l  c r o s . i  M t t i u i i . s  l u r  s t u r i n - n  l a t i \ c  w i i u i  f i e l d  . n u l  [ i r e s s u r e  p e r t i i r b a t i u t !  i f i r s t  
r o l u i n n i ,  X P C ' i A  I s e o m d  e u l n t r i n i  a n d  \  P C I A  ( t h i r d  c o h i t u n )  f u r  \ V \  E L  a t  S  s a f t e r  r e s t a r t  t i m e .  
T h e  . 'et t u r s  s l u n v n  t u r r e s p u n d  t u  t h e  s . i m e  e i ^ h t  v e r t i c a l  c r u s s  s e i t i u t i s  i n d i c a t e d  i n  E i ^  û  2 2  ( F i g s .  
') 2 1 a . h  i n d i c a t e  t h e i r  p o s i t i o n  i n  t h e  s i m u l a t e d  M C S ) .  I n  t h e  f i r s t  c o l u m n ,  s t m t n - r e l a t i v e  w i n d  
v e c t i i r . '  . l i e  ' h o w n  i n  r n  s ' .  w i t h  .i r e f e r e n c e  v e c t o r  o f  10  m  > ' i n d i c a t e d  u i i  t f i e  h a v e r - l e f t  l u r n e r  e f  
t h e  p a n e l ;  p e r t u r b a t i o n  p r e s s u r e  i s  c o n t o u r e d  i n  P a .  a t  5 0  f’ a  i n c r e m e n t s .  S e c o n d  a n d  t h i r d  c o l u m n s  
d i s p l a y  p r e s s u r e  g r a d i e n t  a t c e l e r a t i o n s  i n  0 . 2  m  s " '  c o n t o u r  i n t e r v t d s  I n  a l l  p a n e l s ,  s o l i d  i d a s h e d )  
l i n e s  r e f e r  t o  p o s i t i v e  i n e g . i t i v e I  v a l u e s ,  w i t h  / . e r o  l i n e s  b e i n g  s u p p r e s s e d .
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p - ( 1 ;  t > n O p \  O f ) - 1 1/  p ) \ O p ' . 0 :  I
KISS scc t i in i  1 - ik)  - (KISS s e c t i o n  I - | (1) - c r o s s  se c t i o n  1 -

(n i l  - cio>> s e c t i o n  i - (n)  - c ro ss  s e c t i o n  •> - ; lo) - c r o s s  s e c t i o n  Ô -

Ip)  - c r o s s  s e c t i o n  li - ' (q)  - c ro ss  s e c t i o n  li - i r)  - c r o s s  s e c t i o n  -

F i u , u r i '  •') 1 (( ( i t i t i i i u a t i o i o

1 Ft



i s i  - c r o s s  s e c t i o n  , - j ( t )  - c r o s s  s e c t i o n I n -  c r o s s  s e c t i o n  < -

\ ) - ( l o s s  x ' c t l o t l  - ; w ) - ( i d s^  >(•( t i o l l  S - (XI - cr(»>S s e c t i o n

4 ^
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I IK it >h()vvn ).

5.7 Summary and additional remarks

l î a . ' f d  oil I h r  if.'iilt.-' til 'III I .xjii'i iiiK-nt,'' \ \  \  KL .UKI I \  \  FI . ,  .ukI  ( iin.-' iiii 'ratii III.-- ftitin 

iu i i i ist ic adji i .st t tu' t i t  11" iud l r t  2002 ) .  tht  coni fctivt' }h>w in onr nnmt ru al ■nniulations 

iippt u r '  tn h a l f  an > ff> i t  in  huf a.<i>i rt ratio, and tfn (prn nil <if thr tltif np nn

fio'cimj and tin corn .•^iiondirui jin .<.<un n .^pon.n' pires us ,t h i t t i r  insujht of trlni this 

I s tin rasf

I hi anahisis ahon is a difji n rit iraii of addn ssito/ aron.'tir adjnst inrnt . Tin

'• 'p-ni.'t nf till prinsun jn id to thr d m  np n n  fon'inij. and its inipln ation of hoir 

tin nr t i ra l  and hori:or.tal trind Jn Ids n spond to nirli otln r. is a rrnrial  plujsiral 

i noipnm nt o f  tin in a a . ' / n  adjintnn nt not irplirithi t i p l o n d  until noir.

It i.s t ' f l fva t i t  t u  i iu tc  t h e  .sittitiat i t \  l a ' twcc ii  t l in p r o s i i r u  tc. sput is f t o  di \r t t t , t  tK r  

|iIII itii! ill .Kui i s t i c  adjit .- ' t t iK' t i t . a n d  tin- r r s p u n s n  o f  t h e  p t u s s n r n  l inld t o  l i i iuvanrv 

l>'i' iiii; in i i \ d t i u t . i t K  .ul ju. ' t  iiK'tit I di.scn.'.M'd in i h a p t i  t 2) I h avt \ i r. . in i t n p u r t a n t  

d i l l t ' t i - n r r  l i f t w r f i i  tiK'M' t u u  adju.stt iK't i t  ttK'i Itattistn.'^ in . i d d t t i u t i  to  t h r  i i r a t  di>- 

tUK t t u n  in furciin> t t ini iati i .stn.s i.s t h a t  in h y dn i . s t . i t i r  a d j n s t t n c n t . t in '  i t idiiccd 

\  l ’( i . \  | h u r i / u n t a l  pn*.s.siur ^ la d i t - n t  acca‘h ’r a t i u n |  a lw a y s  w u t k  a g a i n s t  | f a v u i s |  vert ica l  

n iu t iu t i .  W h e t h e r  t h e  \  P U . \  h a m p e r s  ur  f a v u i s  ve r t ic a l  m u t i u i i  in a c o u s t i c  adj i i s t -  

tnet i t  d e p e n d s  e s s e n t i a l l y  u p o n  t h e  si^t i  o f  t h e  d i v e r g e n c e  f o r c i n g  w h i c h ,  in t u r n ,  is 

d r [ i i - n d en t  ii[)on i n f o r m a t i o n  i o n t a i t i e d  in t h e  w i n d  held.

It is in te re s t i ng ,  t h a t  h y d r o s t a t i c  a d j u s t m e n t  i n d i c a t e s  t h a t  d e e p  c o n v e c t i v e  s t o r m s  

d o  h e h a v e  as  h i g h  a s p e i  t r a t i o  s y s t e m s  m  t e r m s  of  h i t o \ a n c y  (e.g . l l o u / e  I'JO'J. 

B9-â). C o n v e r se ly ,  a c o u s t i c  a d j u s t m e n t  i n d i c a t e s  t h a t  s i m u l a t e d  i o t i v e c t i \ e  s \ s t e m s  

c a n  a n d  d o  d i s p l a y  low a s p e c t  r a t i o  s t r u c t u r e  in t e r m s  o f  t h e  d i v e r g e n c e  h e ld .  U n i s .

1IÜ



tfu dijinitian nf an i f f n t i v t  a.-̂ p>ct ratio for  a conrrct irr  stonri lirprnds upon tin 

adjnstnu nt nu cliani.'^in ht ukj <tudit d.

I )iir (li>cu>siiiti a l su  r a i s e d  t h e  <}uestitui o f  t h e  i i i echa t i i s t i i s  t h a t  e o t i t r o l  t h e  as[)eet 

ra t  lo o f i t e e j )  eo i ivee t iv e  s t o r m s  in t h e  p e r s p e c t i v e  o f  a c o n s t i c  a d j u s t m e n t . O n r  r e su l t s  

>'aipii .-'t t h a t  t h e  o r i e n t â t i,ni o f  d i v e r g e n c e  a n d  c o t i v e r e e n c e  p a t t e r n s ,  i n t l u e n c e d  hv 

\ e r t i c a l  w i n d  s l iear .  p l a \  s <unie lo j e  in d e t e r m i n i n g  t h e  e f f ec t i ve  as{>e( t r a t i o  o f  the  

flow w i t h i n  a  c o n v e c n v e  s \ s t e m .  Oti  t h e  o t h e r  h a t i d .  e v e n  in t i re p r e s e n c e  o f  ve r t i ca l  

m o t i o n  rn>t tilt,d  l»v \erti> al  w in d  >liear (e .e , .  c r o s s  s e c t i o n s  (j a n d  s i .  ( l iverireni e 

p a t t e r n >  >till di>[)la\  >e\ e r a l  o l i l a t e  feature.s .  espe t  ra l ly a i o f f .  w i t h i n  r he  a m  i l- | eve|  

f low I tills. It is r e a s o r ia h le  t o  e x p e c t  h o r i / o n t a l l y - o r i e n t e d  d i v e r g e n c e  f ields even 

w h e n  v e r t i c a l  w i n d  s h e a r  d o e s  no t  e f f ic ien t ly  t i l t  u p d r a f t s  a n d  d o w n d r a f t s .  F u r t h e r  

w . a k .  " p a n n i n y  severa l  e n v i r o n m e n t a l  c o n d i t i o n s  for  v e r t i c a l  w i n d  s h e a r ,  is n e c e s s a r v  

t o  a i l d i e s s  thi.' '  (|Ue>iioii f r o m  t tie ai o i i s t i c  a d j u s t m e n t  s t a t i d p o i n t

.\> an  a d d i t i o i n i l  c o n s i d é r a i loii a h o u t  t h e  pos.xilile i n f l u e n c e  o f  \ e r i K  a! w i n d  ' h e a r  

111 1 he  re.siilts f o u n d  for e x p e r i m e n t s  \ \  \  F I ,  a n d  F \  \  F I , ,  w h e n  t h e  i on ve i  t i \ e  i ircu- 

lat ii '11 i '  \ e r t  it a i lv  . sheared  Ie. e i t h e r  e n v i r o n m e n t a l  o r  c o m c c i  i v e l y - e e i i e r a t e i l  wi nd  

a  la ry e r  p o r t i o n  o f  t h e  l u o t n e n t i i m  field (k i n e t i c  e n e r g y )  is p r o j e t  t e d  i n t o  t h e  hor - 

i / o i i t a l .  d r a m a t i c  e x a m p l e  o f  s i l t h  s t r u t  t u r e  is d e [u t  t ei l  in h i i ;u res  .'>.d2a a n d  

t h u s ,  u n d e r  \ e r t i t  a l l v - s h e a r e t l  t tuivect  ive c m  i r t m m e n t s .  it is n a t u r a l  t o  e x p e c t  t h e  

wit  h d r a w a l  of t he  p e i t u r l i a t i o i i  l u u i / o i i t a l  win t l s  1 1 \  \  l i t ,  I  t o  renn.i\ 'e a  lary,er a m o u n t  

of i i i f o r i n a t i o n  f r o m  t h e  k i n e m a t i c  field t h a n  if t h e  c o n v e c t i v e  s y s t e m  w e r e  rt it al lv 

e r e c t .  Idle w i t h t l r a w a l  o f  \ tu  tit al  m o t i o n  ( \ \ ' \ ' F I , ) .  o n  t h e  o t h e r  h a n d ,  m a y  h a v e  a 

g r e a t e r  i m p a c t  for v e r t i c a l l v  u n s h e a r e d  c o m ' e c t i v e  f lows,  s i n c e  t h e  i n o m e n t u t n  field 

h a s  a  m o r e  siu;nifit a n t  \ t ‘r t i c a l  c o m p o n e n t .  In th i s  c a s e ,  a  m o r e  e v i d e n t  " s i g n a t u r e "  

of t h e  k i n e m a t i c  s t r u c t u r e  o f  t h e  M C S  is p r e s e n t  in t h e  v e r t i c a l  t l i m e i i s i o n  F u t u r e  

w o r k  e x p l o r i n g  t h e  m u t u a l  a d j u s t m e n t  b e t w e e n  h t u i / o n t a l  a n t i  v e r t i c a l  w in t i  f i tdds in
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ndivtH tivt '  s tmr ii .s  s h o u l d  addrus. s  ( h r  iuspt'ct r a t i o  i s s u r  in a  r i ior r  ( | i i a n t i t a ( i v r  wav  

hv (irt ininu, . i s p r c l  r a t i o  in t r r i i i s  o f  in r a . s u r a h l r  ( | u a n t i t i r s .

In s t i i d v i i m  ai oiiNtii . id j i i s t i i i r n t  o n r  must  a l so  r n  a ll  t h a t  t h r  a n a l v t i c a l  a p p n l a i  It 

a s s n t n r s  a  r o n v tx  t i v r  t iow h r h a v in ;^  as a  s i n u s o i d a l  p a t t r r n  o f  v r r t i r a l  m o t i o n  lr.%.. 

I iu, 2 12 ' .  whi ( 'h  is r;<'t n r r r s s a r i l v  t h r  r a s r  in r r a l  s t o r m  s y s t r m s .  F o r  r x a m p l r .  iso

l a t e d  s to f t i i s  ( a n d  r v r t i  s ( |ua l l  l in rs .  w h r n  o h s r r v r d  a l u n ^  t h r i r  r r o s s - l i n r  d i m r n s i o n )  

i r p r r s r n t  a  di-M i f t c  p r a k  m  t h r  v r r t i r a l  m o t i o n  l i r ld .  M o r r o v r r .  t h r  r n v i r o n m m -  

ta l  r r s [ )o! i s r  t o  t h u n d r r s t o r n i s  o f t r n  in vol ves  t h r  t t r n r r a t i o n  o f  r o m p r n s a t i m ;  suhs i -  

d r t i i  r  t h a t  t r a \ r | >  s r v r r a l  t e n s  o f  k i l o m e t e r s  f io in  t h r  l o c a h / r d  h e a t i n g  s o u r e r  ' r . i ; . .  

B r r t h r r t o n  a n d  S m o l a r k i r w i c /  l ' )S9. M a p r s  199'5. Fov r l l  21)1)2) T h u s ,  even  in t h e  

ah . s r r i r r  o f  \ r r t i r a l  w i n d  ' h e a r ,  o t h e r  im [) or ta i i t  p r o r r s s r s  m a y  h r  p r e s e n t  t h a t  t e n d  

t o  I w W r r '  t h > '  f l l fCt iN r  ,i.>pv( t l a t i o  o f  i.", i l a t r d  n  u i \  «  <  t ive n t r t i i s  f r o m  an  ai oii.-.tn 

a d j u s t m e n t  -̂ t a n d p t  ant  i B  I t r d l n .  p e r s o n a l  e o i n m u n i e a t i o n  ). 1 h r s r  c o n s i d e r a t i o n s

poin t  til - u n io  II i t n p h i  a t  m e  la< t o t s  w h e n  d r t i n n n n y  t h e  t r u e  a s p e c t  l a t i n  "1 t h ' -  d e e p  

( ( invec t ive > t i i rms .

For  now.  t h e  hes t  . i s s e s s m r n t  t h a t  we c a n  t i i ake a h o u t  t h e  r e p r e s e n t a t i v e n e s s  of  o u r  

ics i i l t s  i.-̂  h a s e d  on  t h e  w o rk  o f  \ \ V v i ; a n d t  et al i 1 9 9 9 1 a n d  S u n  a n d  C'roi ik (2(K)lhi 

lot a  s i m u l a t e d  s u p e r c e l l  I he y  f o u n d  s i m i l a r  r e s u l t s  r ey , a r d i n^  t h e  i m p o r t a n c e  of  th e  

spe( i h c a t i o n  o f  t h e  h o r i z o n t a l  w i n d  lield I his  in d ic t i t es  t h a t  o u r  t ina ly s i s  o f  a c o u s t ic  

a d j u s t m e n t ,  v i a  t h e  p r o g n o s t i c  p r e s s u r e  e q u a t i o n ,  s h o u l d  a l s o  h e  val id  for  o t h e r  m o d e s  

o f  c o n v e c t i o n .

F i e d l e r  12 0 0 2 )  i iot i 'd  t h a t  h i ^ h  a s p e c t  r a t i o  f lows m a y  h e  o b t a i n e d  in t h e  s i m u l a t i o n  

o f  ( ( i nvec t ive  .^toriii.^ w i t h  hiy,h r e s o l u t i o n .  How eve r ,  t h e  d e g r e e  w i t h  w h ic h  t h e  aspe i  t 

rat i ( j  o f  t h e  flow c h a n g e s  w i t h  g r i d  s p a c i n g  ( w i t h i n  t h e  s t o r m s c i d e )  is iicjt eiit i rely c lear .  

In recent  w o r k .  B r \ a n  a n d  Frit.-'ch (21)1)2,' e.xami i ied t h e  s e n s i t i v i t y  o f  a  n i i m e r i i id ly -  

s i m u l a t e d  S(|iiall l ine  t o  d i f f e re n t  h o r i z o n t a l  a n d  v e r t i c a l  r e s o l u t i o n s .  .Am ong o t h e r
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ü n p u r t a n t  t i u 'v  showtni  t h a t  w h o n  ve ry  l i igh re suh i t i o t i  w a s  us ed  h o r i z o n t a l

a n d  v e r t i c a l  ^ r i d  spaein>^s of  123 in t h e  flow h e c a i n e  m o r e  i i p s h e a r - t i l t e d .  T h u s ,  an 

incn (i.<i' in riu)dtl rf solntinn do» s  not nt rrssanlij had  to .■nrnalatf'd roninctirt .■<tnnns 

■ I ' i t l i  l i i i / l i  a ^ p t ’ t  I ' , i t  1 ( 0  A> m  id >[)ai iiiiz, is decrea.-'eii,  a  l a rg e r  >pee t r t i n i  nf t in biileiit 

eddie.s la i tinie-. e x p l i c i t  l\ r o n l v e d  i n s t e a d  o f  p a r a m e t e r i z e d  hv  t h e  s n b - t ’r id t u r b u l e n c e  

p a r a m e t e r i z a t i o n  s c h e m e s .  I h i s  is o n e  i m p o r t a n t  p r o c e s s  t h a t  e f fec t i ve ly  c h a i m e s  t h e  

b e | i a \  lor o[ s t , , rm si  a l e  - t r i i c t i i r e s  iti " i m u l a t e d  c o n v e c t i v e  s y s t e m s  ( D r o e ^ e m e i e t  a ml

W i l l i e lm sou  I! '<7. .Xdlerrnai i  a n d  D r o e a e m e i e r  2t)02. B r y a n  a n d  Fri t .sch 20021.

1 he  \ e r t i c a l  a n d  h o r i z o n t a l  g r i d  s p a c i n g s  e m p l o y e d  in o u r  s i m u l a t i o n s  i se e  Table 

1 2 1 is s u l f ic ie n t lv  t in e  to  c a p t u r e  convc( t iv e - sc a le  p r o c e s s e s  w i t h i n  a  bow  e< h o  We 

d o  not  i m p l \  t h a t  t h e  gr id  ' .[«acnig used  he re  is idea l  I B r v a n  a n d  T'ritsch 2l)02i .  but  

oi i r  choj( e o|  m o d e l  i c so l i i t io n  t u r n s  ou t  to  be  a  cone» n o a d  o n e  for  addre.vsing issues  

a.s.\o( ia te i l  w i t h  m o d e l  i n i t i a l i z a t i o n .
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Chapter 6

“Transient Evolution ’ in Experiments 

WVEL and UVVEL from a Wave 

Propagation Standpoint

1 Ilf \ f i t i ( ; i l  (ii[)(i[c III [ i c f t u i h u t i o i i  prt 'SMiff «l ixuhM'd p r c v i u u l s v  in e x p e r i m e n t s  

\ \ \ K I .  a n d  I \  \  III. I Fit^s. â 1 II) a n d  â l d b i  i> pa r t  o f  t h e  " t r a n s i e n t  e v o l u t i o n "  

in d v n a n i i e  a d j u s t m e n t  i n d u c e d  l,v wit h d r a w a l  o f  k i n e m a t i c  f ields I l r r e  t h e  e x p r e s 

s io n  tnui.^itnt I fi>liiti(in is u s e d  w i t h i n  (p io te s  b e c a u s e  no  f ina l  s t e a d y - s t a t e  s o l u t i o n  

e x i s t s  in o u r  s i m u l a t i o n s  t h a t  a l l ow s  us to  d i s c r i m i n a t e  c l e a r l y  b e t w e e n  t h e  r e s p o n s e  

of a convei  l iv e  s t o r m  to  t h e  i m p u l s i v e  w i t h d r a w a l  of  f ields  a n d  i ts n a t u r a l  e v o l u 

t i on .  I l iu s .  t h e  t e r m  tnuiMrrit < volution d e n o t e s  t h a t  p a r t  o f  t h e  n u n ie r i i  al  s o l u t i o n  

e v o l u t i o n  th a t  is d o m i n a t e d  by  la rye  a m p l i t u d e  s p u r i o u s  w a v e s }

In c h a p t e r  à we  e x a m i n e d  t h e  a d j u s t m e n t  pr o c e s s  in e x p e r i m e n t s  \ \ ' \  FI .  a n d  

l ’\ ’\ ' E L  w i t h o u t  maki iyj ,  a n v  ex p l i c i t  r e f e r e n ce  t o  wave  p r o p a g a t i o n .  In descr ibing,  

a c o u s t i c  a d j u s t m e n t .  P ' i edler  (2U02) i n d i c a t e d  t h a t  h i eh  f re t j i i em y s o u n d  waves  a r e

‘ ’inn- t n n i i  iii i f s  isirl> ui th e  w u h ( l r . iw . i l  runs i .in .ilsn lie u.sni tu  i fu i r .u  t e r o f  t h e  t r a n s i e n t  e v u lu t iu n

l.jU



t r i ^ g i T r i l  owii i i ;  t o  ;i j x T t t i r h a t i o i i  in t h r  w i n d  l i r l d  t h a t  d r v i a t r s  f r o m  t h r  r r l a t i o n  

i i i i p o s r d  IIV ma>> i o n t i n u i t \  i s r c t i o i i  2 1! Ih-tu r ,  (irir s h o u l d  r x p r c t  s o u n d  wavr s  to  

h r  r x r i t r i i  in \ \  \ ' K L  a n d  l ’\  \ ’h'[.. a n d  w r  r x a n i i n r  t h r i r  r v o l u t i o n  h r r r .

F i i i u n - s  li 1 a n d  ti.2 d o p n  t t h r  t i r n r  e v o l u t i o n  a t  1 - in in  i n t e r v a l s  o f  t h r  p r r t i i r h a t i o n  

p r r s s u r r  d i t f r r r n r r  l i r ld.  w i t h  r e sp ec t  t o  C' . \  I HL .  a t  /  200  rn in  t h e  l irst  lO-inin

l o r  r x p r n m r n t s  W \  1:1. a n d  l A A  KI. ( r r  . \ W  KL m i n u s  CW T R L ;  l \  \  KI. m i n u s  

C . \  I H L ) .  I h r  c o n t o u r  i n t e r v a l  is t h r  s a m e  in all  p a n e l s  a n d  rc jua l  to 20 Ha

I h r  m o s t  s t r i k i i m  I r a t u r r  in I'iLts (i.l a n d  0 .2 is t h e  p r e s s u r e  f r o n t  p r o p a i t a t i m ;  a t  

t h r  s p e e d  o f  s o u n d  ( 110 rn s ‘ at /. 200  n o .  mdi« a t i m i  t h e  t r a n s i e n t  e v o l u t i o n "  for

a c o u s t i c  a d j u s t m e n t  ( F i e d l e r  2 0 0 2 i I his  p o ' s s u r r  f ron t  d o r s  n o t  c h a r a c t r r i / r  a Ivm 

s h o c k  wa ve ,  t h o u g h .  S h o c k  w.ives.  a s  in a n  e x p l o s i o n ,  a re  at c , < in p a n ie d  hv -'iü.nilit ant  

I l iai i i te 11! eu t  1 1 ip\  a n d  \ e j o i  i i \ ,  a n d  a r e  a s s o c i a t e i l  w i t h  p r e s s u r e  «l istu i h a n c r s  prop-  

a e a t i n u ,  at  s t i p r i s i m i c  s j i e e d s  I L i r p n i a n  a n d  H o s h k o  10' ,7.  ( I r a i m e i  1 0 0 ' ,  Kui id i i  a m i  

C o h e n  2 0 0 1 S u c h  is not  t h e  ca se  iti o u r  s i m u l â t  ions.

1' I'J, Ul  es  t, .1 a n d  ti 1 ' • h o w  t i m e  ' e l l e ^  o f  [ l e t  t UI h a t  l o l l  | i |  e ^ ^ U l  e.  pe t  t U I h ,  11 l oH [ l o-  

t e i i t i a l  t e m | , e i a t l i r e  a n d  t h e  / o i i a l  w i n d  c o m p o n e n t  a t  e r i d - p o m t  i x.  \ .  / )  ( I ID.O.

20  1.0.  0 . 2 )  k m .  j u s t  i i p s t i e a m  o f  t h e  m a m  h o w  e c h o  s e g m e n t  a t  1 h i  i s e e  Fi t i .  I l ia) .

s h a r p  v a r i a t i o n  in p o t e n t i a l  t e m p é r a t u r e  a c c o m p a n i e s  t h e  p r e s s u r e  [ l e r t i i r h a t i o i i s  

I 1 ill. t i .d).  as  w o u l d  h e  ex[,e< t e d  if su ch  d is t  i i r l ia t ices  we re  r e p r e s e n t a t i v e  o( shock  

w a v e s  l u o p a e a t i r i e  t h r o u g h  t h e  selet t e d  r eg i on .  1 h e  w i n d  h e ld ,  o n  t h e  o t h e r  h a n d .  

diH > r e s p o n d  t o  t h e  p r e s s u r e  | ) e r t i i r h a t i o n s  in t h e  f irst  â - m i n  o f  i n t e g r a t i o n  ( Fi[r,. G.-l). 

h u t  w i t h  veiw w e a k  a m | , l i t t i d e  n o t e  t h a t  ve lo c i t y  o r d i n a t e s  in Fiü,s. tj. l a - h  cover  a  2 

111 s ‘ r a i i y e  o n l y  .A l t h o u g h  t h e  p r e s s u r e  p e r t u r h a t i o n  r e a c h e s  e x t r e m e l y  h ig h  va lues  

( u p  t o  Û000 Ha in a  few l o c a t i o n s )  niinu liiatvlij aftvr n sturt  in h o t l i  e x p e r i m e n t s ,  it

'  Ht Ti '  vsr  i - m p l u y  t h f  »*vprfsMt. -n i h c c k  wai t .Ls r n n i ;  t u  W r o n y  s h u c k  U tuA: s h u t  k w.iv»*s ar»* a l s u  pussifjU*.
l u r  hi t  h  t ht  p r u p a ^ a t i u r i  spt-i-i l ts n r . i r i v  e q i u d  ' .u t h r  s p r r v l  <d .sui irul .  a i j i l  v a n a t i u t i >  m  « ! i t r u | >\  a i n i  v r l i u  i t s a i r i , s s  
t h r  a . U r  l' r«dil a i r  . r r \  . smal l  I - . r p r n a n  a r u l  K,  s h k . ' I ' * ' , " .  Kt i t ni ' . i  a r o l  < ’u h r i i  JUCI
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(a) WVEL-CiNTRL ( l:01-hri (b) W V E L -C N T R L  (4:02-hr)

(i ) W V E L - C N T R L  ( l:03-lir) ((Ï) W  V E L - C N T R L  ( 1:0 l-hr)

() 1: E a r i y  f \ o l i u i o i i  u l  t h e  i l i l f c n  i u c  h e l d  ut '  p c i l u r b a t i o n  p r c » i i r c  i n  W \  E L  w i t h  i c s p c c i  

t u  C N ' T R L  (i  t ‘ . \ \  \  E L  m u m s  C ' N T H L i  a t  /  J u u  m  I h c  e n t i r e  h u i i / . u n t a l  d o i n a i n  i s  s h o w n ,  ( a )  

t L U l d i i .  I  l o  l O ' J d n .  U I  l . U d h i ,  d ;  l U L h i .  e , L' JÛ h r .  i f  1 . 0 0  h r .  y,i 1:07 h i .  h ;  1 OS h i .  d i  
L o o  h r .  I j i  L l O - h r  (.’u n t u u r  i n t e i \ a l  i.-- J o  P a  i n  a l l  p a i i e L  S o l i d  i d a s h e d  i l i n e s  m d i i  a t e  p o s i t i v e  

I n e i i a t  i v e  I v a l u e s .



(e) W V E L -C N T R L  ( l:05-hr) (f) W V E L -C N T R L  (4:06-hr)
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(a) U V V E L -C N T R L  ( J:01-hr) (b) U V V E L -C N T R L  ( l:02-hr)

(c) U V V E L - C N T R L  ( l:03-hr) (<t) U V V E L - C N T R L  ( l:()l-br)
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(i) U V V E L - C N T R L  ( l:üU-hrl (j) U V V E L - C N T R L  ( l : lü-hr)
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d i s s i p â t e s  ( juickly a n d  a  t r u e  s l m e k  wave  is n e v e r  furrne<l. r i i c  a t t é n u a t i o n  is d u e .  in 

p a r t ,  t o  t h e  d iv e r y e r n  e d a m p i n y  t e r n i  in t l i e  i n o i n e n t u t n  ec ju a t io n s  ( X u e  et  al .  2()()l)).

In e x p e r i m e n t  \ \ ' \ ' E 1 .  l F i^s .  ti. l a - j  ). t h e  p e r t u r b a t i o n  p r e s s u r e  d i l f e r e m  e u r a d i i a i l v  

w e a k e n s  d u r i i u ;  t h e  first lO- in in .  indii  a t i n ^  t h a t  t h e  s o l u t i o n  e o n r e n / o s  t o  t h a t  o f  

( ' . X f R F .  In c o n t r a s t ,  e x p e r i m e n t  f \  \  F F  i Fiujs. 6 .2a - j )  d i s p l a y s  si<>nificant p r e s s u r e  

d e v i a t i o n s  at  l O -m in .  as  t h e  s o l u t i o n  dc/tutf.s f r o m  t h e  C’N ' T H F  c o u n t e r p a r t .

. \ i io t  h e r  mt ,  r o t  m y  bi h a \  loi i, \ ,  ah d in 1 t, 1 a n d  t, 2 is t he p m  i, „h( w>, dl. it  ion 

' 'f t h e  hi 'M F, a c x . tm p lc ,  f . l l o w i n y  t h e  ■Msjucncc f rom  p i i d - h r  to  IDS-I i r  in

\ \  \  f. 1. I f  iys. t) I f  to  ( i .  1 h ). t he p r e s s u r e  d i f f e r e n c e  field c h a n  yes fn un im ist Iv n e y a t  ive 

at  1 I)') h r  to  n i o s t l v  p o s i t i \ e  a t  l:t)G-hr. b a c k  t o  n io s t lv  n e y a t i v e  a t  l :( )7-hr .  a n d  t h e n  

bac k a y a i n  to  m o s t l y  p o s i t i v e  a t  bOSdir .  S i m i l a r  b e h a v i o r  is f o u n d  in f \  \  F L  i F iy .  

ti 2 e e x c e p t  t h a t  i he  pe l t 111 b,It loll p r e s s u r e  d i f f e r e n c e  field d o e s  iiol d e c a \  as m  W \  I'd., 

as  t h e  s o l u t i o n  d i v e i y e s  f r o m  C.X TRl . .

l o  b e t t e r  c h a r a t  t e r i / e  t h e  o s c i l l a t o r v  r e e i i i i e .  F i y i i r e s  t i . â  a t l d  b . b  s h o w  t h e  f i r s t  

1 0 - m i l l  e v o l u t i o n  o f  p e r t u r b a t i o n  p r e s s u r e  a t  y r i d - p o m t s  i x .  \ .  / !  I  I It) .I) .  2 t )  I.II. 

(i 2 ‘ k i l l  . t n d  I X .  \ .  / I  ( 1 ID.I).  2 U 1 . 0 .  1 . ( 1 1 k i n  ( i . e . .  a t  d i s t i n c t  l e v e l s |  f o r  \ \  \  FI. 

a n d  I \  \  F L  T h e  s o l u t i o n  f r o m  C . \  I R l .  a l s o  i s  i n d i c a t e d  f o r  c o m p a r i s o n ,  d  f i e  f i r s t  

e r i d - p o i n t  Is t h e  s a m e  o n e  a n a h / e i f  m  F i y s .  b. -d a n d  tj. |  a n d  i s  l o i  a t e d  . i t  t h e  s u r f a c e ,  

w h i l e  t h e  se (  o l i d  o n e  i s l o i a t e d  j U s t  . i b o V e  t h e  l o W -  t o  t l l l d - l e \  e |  n i e s o l o W  e v i d e n t  i n

Fiy .  d . 7 l / .

Idle p r e s s u r e  p e r t u r b a t i o n s  in e x p e r i m e n t s  \ V \  F L  a n d  I  \  \  F L  a r e  o u t  o f  p h a s e  by 

r a d i a n s  (F iys .  G . l  a n d  G.G). r e p r e s e n t i n g  a  l i n e a r  b e h a v i o r  t h a t  is c o n s i s t e n t  w i t h  

t h e  mi l  I 'o i - im aye  p r e s s u r e  r e s p o n s e  found  i m m e d i a t e l y  . i f t e r  r e s t a r t  t i m e  for t h e s e  

r u n s  (e.y. .  c o m p a r e  Fiys.  1 .1 1 b  a n d  l . l - l b ) .  . \ s  d i s c u s s e d  in c h a p t e r  1.  t h i s  b td ia v io r  

is a s s o c i a t e d  w i t h  t h e  d i v e r g e n c e  fo rc in g  in t h e  p r o g n o s t i c  p r e s s u r e  e i p i a t i o n  h a v i n y

* I’h iT . '  o  i n ' t t i i n i t  I ' . i r t i i  u l a r l y  . s p o o . i l  . i l i .m t  tl ic s i -  ^ r u l - p u i n t . s .  b u t  t in -  u.s. i l l .H i . r y  r.  i t u iu '  i l r ^ o i t . e . i  a t  t h r s t '  lu . a t i . n o  
IS . | u . i l i l a t i v ( ' l y  ' r . ' p r i ' s e t i t . i t i M '  .) f t l i t “ b tU ia v h . r  fimiici iii U i l t iT iu i t  n n . i - p . . m t s  lu  t h e  l U  Uiiiiutiii

160



: u u

lOU

00

(a)
300

4 00 4 01 4.02 4 04 4 05
rim e (hrm in)

100 ;

 VVATI.
- rvvM. 

• - ( 'N T R I.

100

(b)
300

4 05 4 0 "  4  08
Time (hr min>

4 :10

200

 VVATL t
—  I"V '\T L  I 

• • • C N T R I. JlUO

2 min1

\

4 i: 4 13
Tune vKi.nun/

I ' i i ; i u c  6 - 0 .  I u u f  h , i  t h e  1 - j - m i u  . t f t i T  r t - s t . i i t  u i i u *  a  l - ! i r i  wf ] ) f r t i i r l > . i t i u n  | i n  s > u n -  u i i
I ’a l  a t  ^ r i d - { ) o i r i t  ( x .  y.  / )  i 1 ID (). 2D-1.1). 0 . 2 )  k i : i  f o r  \ V \ ' E L .  ( \  \  E L  a n d  C N T R L .  ( a )  0  t o  ô - r n i n .
( 1)1 j  t o  l U - t r u i i ,  (I  I l u  t o  l â - t m n .  I ' h o  p t ‘r i u r l ) a t i o n  p r e s s u r e  t i v l d  is s a m p l e d  a t  t a i  li hiy,  t i m e  s t e p
I I s)

161



:uu

lUO —

(a)

 V̂ VEL
tV'VT-L 

- -CNTRL

lOU

1 1

:oo

4 Q l 4 0 :  4 0 3
rim p (hr* min)

4 04

 W'V'EL !
L"VaTL

• CNTRL

3ÜÜ
(b)

4 U" 4 US
[ mit* (hr nun)

4: 10

i I  W"VEL !

: ; nA-EL

2 m in

4 1Ü 4 .11 4 1 : 4 ;13
lim e  (h rm m )

4 14 4 ; 15

F i t ; u r c  tj (j . \ s  in  Fi .mi r t -  G -j. Gu t  a t  j ; r i ( i - [ n i i n t  i x .  y.  / 1 ( I  lU I ) .  2 UI . ( J ,  j  Ü I  k m

I G J



( m a t ^ n i t u d r  h u t  o p p o s i t e  si>j;iis for  \ V \ ' K I ,  an<i l ' \ ' \ ' E L  a t  l - h r  ev i dent

in M ^ s .  ' j . l l c  a n d  j . l 3 c .  F i g u r e s  t i .â a n d  fj.(3 revea l  t h a t ,  a f t e r  a  h i g h e r  f recp ieney  os

c i l lâ t  o t v  re y i tn e  in t h e  first â - m i n  i d i n t e g r a t i o n  a . ssuc ia ted  wi t  h t h e  a r r i v a l  o f  p r e ss u re  

front.-' a t  t h e  l o c a t i o n  h e i n ^  c o n s i d e r e d ,  t h e  wave  a m p l i t m l e s  in \ \  \  E L  a m i  l ’\ ’\ ’EL 

a r e  ç;radt ial lv d a m p e d  The  p e r i o d  o f  o s c i l l a t io n  in b o t h  r u n s  is a p p r o x i m a t e l y  2-mit i  

a t  th i s  s t a e e .  a n d  t h e  o s c i l l a t i o n  is in p h a s e  v e r t i c a l l v  for  e a c h  e x p c ' r i m e n t .  In fact,  

r e g a r d l e s s  of  t h e  l o c a t i o n  c h o s e n  in t h e  .3D d o m a i n ,  t h e  2 - m i n  o s c i l l a t i o n  is e s t a h l i s h t ' d  

a l t e r  aj jpi  o . M i i i . i t c h  â - m i n  o f  i n t e g r a t i o n ,  a n d  t h e  pi e-'.-iire field i i l l a t e s  in p h a s e  i n ,[ 

a  e ive r i  e x p e r i m e n t  c

h i irure t).7 d e p i c t s  \ e r t i c a l  p rofi les  o f  t he h u o v a n c y  f re c |u enc y  ( .V ) a n d  t he  aco i is t ic -  

c u t o f l  i r e i j u en cv  i . \ ( i ) .  as  de f in e d  hv  Eps.  2 .13  a n d  2.1!). re sp e c t iv e ly .  1 h e  2-ni in

o.s( i l l a t io n  in t h e  p r e s s u r e  l ield in W \ ’F-d. a n d  l \  \  f. l .  i o r r e s p o n d s  to  a n  o s c i l l a to rv  

t r ep u e i i cv  o |  a p [ ) r o x i n i a t e | \  (I Ilâ2 s ' .  which  is t o t i s i d e r a h l v  h i y h e r  t h a n  .Va iF iy .  (J.7) 

I h  callimi, t ha t  . \<i re fe i s  t o  t he  I r e p n e m  \  , w hi ch  \ e |  t it a l l y - p r o p a y a  t in y  a c o i i - ' i  i,

w a \ ’cs a r e  p o s s ib le  ( s u b s e c t i o n  2 .3 .1) .  th i s  resul t  s u y e e s t s  t h a t  t h e  f / o m i n u n f  wave 

r e g i m e  in \ \  \  E L  a n d  1 \  \  E L  c o n s i s t s  o f  h i e h - f r e ( |u e m  v s o u n d  waves,  in a g r e e m e n t  

w i t h  t h e  de . s c r ip t ion  o f  a c o u s t i c  a d j u s t m e n t  bv E i e d l e r  121)02).

How eve r ,  b e c a u s e  t h e  d y n a m i c  a d j u s t m e n t  ts realizeci in a n  e n v i r o n m e n t  t h a t  is 

s t a t t c a l l v - s t a b l e .  it is i m p o r t a n t  t o  a.sses.s t h e  in f lue nce  o f  R l W 's  on  t h e  o sc i l l a t io n s ,  

l o  th i s  etui ,  s i m u l â t  lotis of id e a l i z e d  i/fi/ c o n \ e c t  ton were  p e r f o r m e d  usiny,  a  iitutnil 

s o u n d i n g  I c o n s t a n t  p o t e n t i i d  t e m p e r a t u r e  epi ta l  t o  303  K ) .  a n d  i n i t i a l i z e d  w i t h  a  • 1 

K t h e r m a l  b u b b l e  p l a c e d  a t  t h e  c e n t e r  o f  t h e  d o m a i n  t h e s e  wil l  be  r e f e r r e d  to  as 

iK utral .All o t h e r  p a r a m e t e r s  a re  t h e  s a m e  as  in s i m u l a t i o n  CDs E R L  a n d

t h e  w i t h d r a w a l  c x [ ) e r i m e n t s .  T h e  i n i t i a l i z a t t o t i  t r i g g e r s  a c o u s t i c  m o d e s  t h a t  c a n  be 

e x a m i n e d  in t h e  l irst l â  t o  2 0 - t m n  o f  i n t e g r a t i o n .

Eig i t r e  G.S s h o w s  t i m e  ser ie s  of  p e r t u r b a t i o n  p r e s s u r e  for  t h e  first 1 â - m i n  o f  a  iieit-

1 0 3
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t r a l  s i m u l â t  inti at  t h r  - a m r  u r i d - p o i n t s  a n a l y z r d  in F i^ s .  6 . 6  a n d  6.7. T h r  \ \ a \ r  

a t n p i i t u d r  i> lint t i ra t  l\  a' '  lar t i r  a s  iti W \ ’FI ,  a n d  I \  \  F F  I m t .  >imilai  to  t h r  w i t h 

d r a w a l  ti i i i" a n d  fn i ln w un ;  a l imh f m n i r t i i v  n s c i l l a t n r v  r r t r i t n r  r a t  Iv iti t h r  >iiiiiilat inti 

I lirst ' )  t n  l(i-ttiiti I .  t h r  p tr->surr  p r r t i i t  h a t m t i s  t r t i d  tn  n s c i l h i t r  w i t h  ati a p f i r n x i t i i a t r lv  

I I i t is tan t  [ i r r in d  of  I 1-tiiiti ‘ I his is Irss t h a n  t h r  2-ni it i  [XTind fnitt id in F F  a n d  

r \ ’\ ’F F  Finis,  t h r  r n v i r n n n i r t i t a l  s t r a t i l i r a t i n n  a p p e a r s  tn  in i [ )a r t  t h r  IVrtjiirtirv nf  

t h r  ai nii.stK t t in dr s  iti t l i r  w i t h d r a w a l  runs .  B r c a u s r  t h r  w a v r s  d r s c r i h r d  ui Fitts, li.6 

a n d  () 7 di .splav frr( |Urt i i  ir> wril  a h n v r  .Vit. it is t r t n p t i t i i t  t n  l a F r l  t l i r tn  as  ! p u r r  | liiith 

f r r i |u r i i i  \ .' 'niiiid wavr.s I h r  r r s u l t s  fm n i  t h r  n e u t r a l  s i t i iu la t in t i .  I m w rv r r .  \iitttt,rst 

t h a t  t h e s e  w a v r s  p ; i t t i c i i l a r l v  a f t e r  5 tn 10-t i i in n f  i n t r i t r a t i n n  have  a st t iall  hut  

i i n t i - t i r y lm ih l r  'j,ta\ 11 a t  int ial  i ntii p n t i r t i t . i h a t a r t r t  i / i i i t t  a liljth f r r i | n r tn  v . \ ( ! \ \ ’ i Hr- 

I all fn 'til - 'Uhsr t t in t i  .1 1 t h a t  . \ ( i \ \ ’s i r p r r s r n t  a r m i ^ t i i  w a r e s  t h a t  a m  tn n d i f i rd  la 

- t a h l l l t  \ r | | r i t > .  w i th  t h r u  t Wi i-i 11 t l ir  llsinlial D H  t t i \ r t |  hv F](| _M fnf all i s n t h r r i n a l  

at tin i s [ ) h r i r  I

It In i m p '  n tat i t  tn t m t r  t h a t  t h r  w av r - r ad ia t in t i ,  l a t e r a l  a n d  t n p  hn i i i i d a rv  m i i d i t i n t i s  

u s r d  in t h r  iiiiiiirrii a l  r . v p r t i n i r i i t s  , i r r  d r s i t t n r d  t n  h a n d l e  im pimt i t i i t  H ! W s  11 )iitrati  

a n d  K l r t n p  I6<:F K l r t n [ )  a n d  D i t r ra i i  I'JS.'F D u r r a i i  1969.  .Xtir r t  al JliOtll. tint 

SIiiind wari 'N | n  a s s e s s  t h e  in t l i i r n c r  n f  dnt i iai t i  h n i i t i d a r i r s  i tpnt i  t h r  a r n t i s t i r  t n n d r s  

n h t a i t i r d  in mil  ru n s ,  a d d i t i m i a l  t i eu tr t i l  s i m u h i t i n n s  w e r e  r n n d u r t r d  w i t h  d i l f r r r t i t  

d n i n a i n  s i / r s  a n d  l a t e r a l  h u n n d a r y  rn t i d i t i n n s .

F i g u r e  6 .9  s h n w s  t i m e  ser ies  n f  p r r t u r h a t i n t i  p r e s s u r e  a t  K r id - p n in ts  (x.  y, / )

(70.9.  ION.I). 0.9)  k m  a n d  170.0. lOS.O. .TO) k m  fnr  a  n e u t r a l  s i m u l a t i n i i  in wli i rh 

t h e  h n r i / n i i t a l  d n t n a i i i  is r r d i n  r d  hy h a l f  in h n t h  t h r  xnt tal  a n d  m r r i d i n t i a l  d i r en t  inns

r e l a t i v e  t n  t h r  nt iu, i t ial  d n t n a i n  s i / r .  t h r  I n r a t i o n  o f  t h r  s r i r t  t e d  j ; r id - p n in t s  a re 

é q u i v a l e n t  tn  th n s e  in F ig s .  6.7. 6 .6  a n d  6.8.  . \ g a i n .  a f t e r  r e l a t i v e l y  h igh  a m p l i t u d e

‘[)r> with damping liirn»*ti *>tj werr .1 1 8 0  ci,nduiTcd As rxptx 1% d. ua'.r afupliUidrs ar»-

iaiL’tT aittimiit divrr r̂nt r «lainpiim. btu tht* ph.isr aiid f ,d u.mtII.iInm’i .ir*' rn't « luiin’rtl

I G G
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w a v f s  ar t '  (iain[)t ' t l .  t in '  prt ' ssi i ri '  tliu f i i a t it>n cst  i i iat t ' s  at a n  a p p r o x i r n a t r l v  r t 'mi ia r  

p tTi ix i  Ilf To s iFii i .  ti.'Jii; / iKiiiit 'd in for  t l i r  t i i n c  s r r i r s  at  /  2 0 0  ni) ,  w i t h  ve ry  weak

a t i ip l i t  iiiii'-'

\ \  Ill'll till '  i lo i i i a in  SI/, '  is r n l i i i  i d  hy  h a l f  in t h e  ver t i ca l  as  wi ll (Fis^. (j . lO).  wavi 's 

w i t h  h i^ h i ' i  fri 'niit ' tii \ a n d  lari ; i ' r  a in [ ) l i t i id i '  a n '  I 'vidi iit a a r l y  in th i '  s i m u l a t i o n  (F i n  

t i . l d a ) .  As  tlii'M' wavi 's  a m  da n i [ ) i 'd .  a  Io w i t  fri ' ijiii ' iicy ri ' i t imi'  is I ' s t a h l i s h c d  as  in t in '  

pi ' i ' vioi is riitis I hi '  osi  i l l a to r \  pi r i o d  at  t h i s  s t a ^ i '  is a p [ ) r o x i n i a t i ' l y  c o n s t a n t ,  a r o i i n d  

2 - n i i n  I Fi n s  t c  lOc.d '

Iti ■'iiiiimatV. hy n n i i p a r i n n  t h e  r i ' s i i l ts  f r o m  t h e  n e u t r a l  s i m u l a t i o n s  a n d  n o t i n g  

t h a t  I he  iiiilv d i l fe ren i  I' b e t w e e n  t h e m  is d o m a i n  s i / e  it s c c n i s  e v i d e n t  t h a t  t h e  

l i e , | i ien i  V 111 I h f  a r o i n t i i  n n 'des iiilliietii e d  l a  t h e  111r i indarie>.  I h n  -'lioiiid tint b, 

a " U r p r i ' e  b e e . u i ' e  ii !lei t iiin "I ' o i i i i d  u a \ e >  i> e x p e c t e d  tn  n i c i i r  a lo iin  b o u n d a r i e s  

o i i n m a l l v  des iu i i i ' d  11 1 r a d i a l  e" sit i \ver-i i io\  in n  K l W s  i [ ) u r r a n  lbb! )t .  I h e  i n c lu s io n  of  

d iv e i  neiii e d a m p i i i n  iti t he nii iiiient Util eq i ia t  l ous .  a n d  I he n u m e r i c a l  i n t é g r â t  ion  of  t h e  

M i l II a! I 'nua t  Ion I il n u ' t  a ui a n d  pit  lynos t  ic pres.^ure e q u a t  ion usinn,  a n  im p l i c i t  ( ' r a n k -  

.Xicofsoii s( he n ie ,  e lf iciet i t lv d a m p  a c o u s t i c  m o d e s  i.Xiie et al 21X11)I. t h u s  t n i m m i / i t i n  

t h e  spiirioii .s I ' lfects u f  r e l le c t in n  s o u n d  w a \ e s .

It is i n t e r e s t i n n  to  n o t e  t h a t  t h e  i m p l i c i t  n u m e r i c a l  s c h e m e  a l l o w s  t h e  i n t e n r a t i o t i  o f  

t he  I o m p r e s s i b l e  e q u a t  loiis w i t h  a  l a r n e r  t i m e  s t e p  t h a n  t h a t  i m p o s e d  by t h e  C 'o u ra n t -  

F r e d r i c h s - F i ' w y  (C’F L )  t iun ie r ica l  s t a b i l i t y  c o n d i t i o n  for a ful ly  e x p l i c i t  s c h e m e  in t h e  

p r e s e n c e  o f  s o u n d  w ave s  ( D u r r a n  1999) .  F o r  e x a m p l e ,  in o u r  s i m u l a t i o n s  a  sm a l l  

t i m e  s t e p  o f  I s is e n q , l o v e d  i see  F a b le  1.2). w h e n  t h e  C F I .  c o n d i t i o n  for t h e  leap-  

I ron  s c h e m e  i m p o s e s  a  d dti s t i m e  .s tep to s t a b l y  so lve  a c o u s t i c  m o d e s  w i t h  o u r  gr i d  

s p a c m n  H e n c e ,  a l t h o i i n h  s o i m d  w a v e s  a r e  a l l o w e d  in t h e  c o m p r e s s i b l e  m o d e l ,  t h e y  a r e  

n o t  c o r r e c t l y  r e p r e s e n t e d .  I 'his is n o t  a  m a j o r  p r o b l e m  for m e t e o r o l o g y  s in ce  a c o u s t i c

id'j
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waves du nut play a siyniticant mie on the d'p.aeu' - uf atna'Spherir phen,anena' 

Huwever. t he elfeets uf nut (orreetly representiint: them appear tu have some impact un 

the pressure fliictuatiuns discussed in this cha[»ter. fur instance, while the réduction 

uf dumain si/e in the neutral simulatiuns led tu the generation uf hi”h fre(|uency 

acuiistn wa\e,> early in the mtcyratiun. the frepnencv i,f usi illati,m varied in a rather 

unpredictahh' way at later times. I he simulation with domain si/e eijiial to half the 

original \ertii al and liuri/untal fxtents produced acoustic wa\es with lower frc(|uency 

I Fiy. (i.iOdi than in the urminal diunaiti i f iy (i '̂ ci. while the run with half the 

uriyinal huri/untal dutnain si/e yeiierated sound waves with the hiyhest frepuencv 

.liter Id-rnin i Fiy. ti.'tdi, .such hehaviur is not 'cnsuive to the mamiitnde uf the 

thermal l'ul,l,|r -'[«■i iti.'d ,it tune /cru I In- ■'imyests th.it the tie.ir-J-iiiin <'s( ill.itiun in 

the pressute held I.mild I I I  expriinients \\ \ |d. ,uid I \ \ I.L <ijt> r uf ^nnnlntmn

(I'iys ti.ül).( I has no sp,-, ial [ihvsi, .d nie.ininy. and is .i result of the experimental 

desiyn . sti .it ificat lull, domain si/e. hound.irv cuiidit ions I.

Iu ( I'lK hide, the exaniin.lt lull of pres.-'Ure llm t ll.lt lulls .dluWed Us tu \l.sll.lll/e the 

essence uf d\ ti.imic adpist nient ' tiiute spcciticall v. acoustic adjustment I in the con

text ut wave prupayatiun. .\s the spurious acoustic modes are dam[)ed. the solutioti m 

\\ \  hi. 1 I \ ’\ l\Li coti\eryrs to i departs from) the ( '.\ dlfl. countei part 1 his .idjti t̂- 

tiient mechanism is conceptuallv similar to yeostrophic and hydrostatic adjustment 

with respect to the yrtirration uf spurious hiyh fre<|uencv waves when spei ifyiny IC's 

that do not s.itisf\' the phvsical relation yo\e|tiiny (unstraininy the atniospherii tno- 

t ion.

' I’h fv  d o  pl. iv  a n  i m p o r t . i n f  r-'U* un  rht- n u  ryn-tu _s o f  . itm«uspf .r ru  fl«av.s. t h iu i i i h .  a> diM’usM-d in » h.ipl**r J



Chapter 7

Withdrawal of Thermodynamic Fields

i l a \ i n u  r x a t i i i i i c d  ( ivt iai i i ic  a(lj i i>tti ieii t  in t h e  ( (H i t r x t  u f  u i r l i l iu ld in i ;  i r d u r t n a t i u n  

alxHit  t ! i i ‘ w i n d  field fruii i  t h e  s n n u l a t e d  h u w  e- hu  s v s t e m .  we riuw t u r n  uiir  a t t e n t i o n  

t o  t h e  re>| ,un.se a.s.sui i a t e d  w i t h  t h e  w i t h d r a w a l  u f  t h e r n i u d v  i ian i ie  fields, . \un ie r un . s  

(lue.st iut is a r e  a d d re s . s ed  i t iel inl irm t h e  fuHuwinu:  l l u w  i n i p u r t a n t  i> t h e  spec ifi( a t i u n  

u f  t h e  I , , n \e t  t i v e l \  x e i i e r a l e d  t h e r m a l  s t r m  t l i r e  a n d  niui.^ti ire fields in t h e  h u w  eehu  

s i m u l a t i o n  ’ l l u w  d u e s  t h e  w i n d  field l e s p u i i d  to  t h e  wit  hd r . iw al  o f  t h e i n n x l \  n a m n  

( p l a n t i t i e s  ' .And w h a t  p h y s i c a l  p r o c e s s e s  i ; u \ c r n  sin h r e s p o n s e s  ' W h a t  is t h e  rule 

p l a y e d  hy l a t e n t  h e a t  ini; a n d  ( o u l i m r  ill d \ i i a m i c  a d j u s t  iiieii t . '  W h a t  is t h e  i i i p x i r t a n c e  

o f  s()ecifyin<; t h e  r e g i o n s  of s a t u r a t i o n  a n d  s i i h s a t u r a t i o n  w i t h i n  t h e  . \ | ( 'S ' . '  D o e s  wave  

{ i r o p a g a t i o i i  p l a y  a n y  r e l e v a n t  ro le  in d y n a m i c  a d j u s t m e n t  i n d u c e d  l)v t h e r m o d y n a m i c  

fields. '

7.1 Experiment THETA: General results

In e x p e r i m e n t  1 I I F  I.A. t h e  pt rttirhdtum p o t e n t i a l  t e m p e r a t u r e  field if)'\ is se t  to  

z e r o  a t  r e s t a r t  t i m e  a c r o s s  t h e  e n t i r e  d m n a i n .  In o t h e r  w ords ,  t h e  t o t a l  p o t e n t i a l  

t e m p e r a t u r e  field is rese t  t o  t h e  h a s e - s t a t e  s o u n d i n g  ( F i g u r e  1.2) e \ ( u y w h e r e  r i a p t

i : ; t



irfirn thr u'itlidnin al nf it.-- pi rtnrfxitiori fr,uipont nt pii'ld.> .-inpi rsutnration.  l ' h r  mois -  

riirt '  is tiot n i o d i l ic d  Iti t h i s  p m c i ' s s .  dc t ‘[) l a v c i s  of s int i i t icai i t  s i i [ , r t s a t u r a t i i , t i  

(wi t l i  a r t i f i c ia l  d c u p o i n t  d e p r e s s i o n s  a s  s t r o n g  a s  - I d ' C ’ ) a r e  f d r t n e d .  es | ) ec ia l lv  in t h e  

m i d d l e  leve ls  o f  t h e  c o n v e c t iv e ly  a c t i v e  rey;ion o f  t h e  s i m u l a t e d  M C S .  W'e c h o o s e  to 

a v o i d  c r e a t i n e  su ch  a  c o n d i t i o n  h e c a u s e  o n e  o f  t h e  o b j e c t i v e s  o f  t h e  t h e r tn o < |v n a tn ic  

w i t h d r a w a l  e x p e r i t n e t i t s  is to a s s e s s  t h e  n d l n e n c e  o f  t h e  sp ec i f ic a t i o t i  of  r e e j u n s  o f  

<iiturntII"! a n d  n[)oti < t " t i n  < \ , , | n t i , m  I his i> m o t i v a t e d  bv  mie in-

\e>t i ' j , a t io ns  I 'f h o p p l e r  r a d a r  d a t . i  ret  r i e \ a l  t e chn i ( | i i e s ,  in w h ic h  lavers  of  ^ntnnttinri 

a r e  p a r a n i e t ' n / e d  m t e r m s  of  t h e  r a d a r  reflcc t i v i t v  field a n d  r e t r i e v e d  v e r t i c a l  m o t i o n  

(e.e . .  W e v y a n d t  et al .  21X121)I iisimj, r a t h e r  a r l ) i t r a r v  t h r e s h o l d s  In st i idvint^ t h e  mi-  

t i a l i / a t i o n  o f  a  c lo t i d -s ca le  m o d e l  u s i n e  Do [)p | e r  r a d a r  d a t a  o f  a n  o c e a n i c  , \ I ( 'S .  Bielli  

a n d  Hoi ix  I Id!)!)) f o u n d  t h a t  r e a l i s t i c  s im u la t io n .^  w ere  o n l y  p o s s i b l e  when  ree io t i s  of  

s a t u r a t i o n  ' ' i i b s a t  m a t  ion > w he re  c i n r e c t b  spei d i ed  m  t h e  ip el ra f t  ' ' r a ihm r  ' aies of 

tf ie s v s t e m  f h e r e f o r e .  o n e  of  t l i e  i s s u e s  t o  i)e e x a m i n e d  m  o u r  r u n s  is t h e  e x te n t  

t o  wfiic h m o l l i f i c a t i o n  o f  l a \ e r s  o f  s a t u r a t i o n  a n d  s ub s . i t  m a t  ion  affect  s t o r m  s v s t e m  

evoli i t  ion

In e x p e r i m e n t  I ' l l K T A .  a  s i m p l e  ctiei k is [ l e r fo r rn e d  a t  eai  h y ,r id-point  u / b  r  tfie 

d'  field IS set  t o  zero:  d t h e  r e s t i l t in u  a i r  t e m p e r a t u r e  /  is less t h a n  th e  d e w p o i n t  

t e m p e r a t u r e  t h e n  t h e  p o t e n t i a l  t e m p e r a t u r e  a t  t h a t  p o in t  is reset  to t h e  c o r r e 

s p o n d i n g  s a t u r a t i o n  \ a l u e  (i.e.. i m p o s i n y  I 1', )̂ I hus .  not  all  o f  t h e  p e r t u r b a t i o n  

t h e r m a l  field is e l i m i n a t e d .  In f ac t ,  in s o m e  s a t u r a t e d  la ye rs  in t h e  mi d  levels o f  th e  

MC’S.  t h e  f}' f ield m a y  n ot  )*e c h a n g e d  a t  all .  It is i m p o r t a n t  t o  n o t e  t h a t  an  a d d i t i o n a l  

s i m u l a t i o n  w a s  p e r f o r m e d  in w h ic h  s u p e r s a t u r a t i u n  w a s  a l l o w e d  t o  r e m a i n  a f t e r  t h e  

t h e r m a l  field w as  reset  t o  t h e  l iase s t a t e .  The r e s u l t s  w er e  not s i e n d i c a t i t l y  d i f f e r en t ,  

a n d  d \  n a m i c  a d j u s t m e n t  p ro c e ss e s  t o  b e  d e s c r d i e d  for  e x p e r i m e n t  I l i b  I . \  e x h i b i t  

o n l y  a  .' l̂ujht d e l a y  o w i n e  t o  t h e  p r e s e n c e  o f  s u p e r s a t u r a t i o n  a t  r e s t a r t  t ime .

171



F i s u r o  7.1 (li 'pii t s  t in '  i n i p a i  t u n  tln> t l u “n n u « l \  i ia inic p r u t i lu  u f  snt t inu,  t u  / r r u  t h u  

0' a t  r e s t a r t . "SuiUKl ines" f r u m  C’N F R F  a n d  I H F  l A  a r e  s h u w n  a t  1-lnr .it | x .  y l  

(Hit),  20(11 k m .  u h i i l i  is j u s t  u p s t r e a m  u f  t h e  h u w  é c h u  s e r m e n t  s l i u w n  in F i g u r e  

l .ha .  N u t e  t h a t  in I H F F A .  t he  e n v i r u n n i e n t  is w a r m e d  a t  lu w  levels ,  w i t h  t h e  c o ld  

p u td  h e m g  e i im i t i t i t ed .  a n d  c u u l e d  a t  m i d  levei.s. w h e r e  w a r m i n g  d u e  tu  l a t e n t  h e a t i n g  

is c u n s i d e r i i h l y  r e d u c e d .  In u t h e r  w o rd s ,  i i n d - le v e l  s u h s a t u r a t e d  i a v e r s  in C W T R L  

(F ig .  7 .1a )  m a y  h e c u t n e  s a t u r t i t e d  in I ' l l F  I . \  (F ig .  7 . 1 h ) .  i m p l v i n g  t h a t  r e g i o n s  

u f  m i d d e \ e l  s a t u r a t i o n  in FI I F  I . \  co ve r  l a r g e r  a r e a s  t h a n  in ( W ' F R h  a t  t h e  r e s t a r t  

t i m e .  In th i s  ( a. ' ic p h a s e  c h a n g e s  in t h e  d i r e c t i o n  of increa.>ing m o l e c u l a r  o r d e r

e g ,  c o n d e n s â t  lull a n d  d e p u s i t i u n  a r e  e \pe< t is l  to h e  e n h a n i c  d a t  m i d  levels in

a.ssut l a t i u i i  w i t h  i c e - w a t e r  s a t u r a t i o n  a d j u s t m e n t  i l . in ei al  lOx.l. Fao et  al  l o s ' p  

I h e se  proce.s.ses sin.uild a l low t h e  [ la i t i a l  I o r  p e r h a p s  t o t a l  I r e s t o r a t i o n  o f  m id - l eve l  

l a t e n t  h e a t i n g  as t h e  s i m u l â t nui  [ u u c e . s i s

.At low levels,  p a r t i c u l a r l y  w i t h i n  t h e  s u r f a c e  co l d  p o o l ,  t h e  d e w p o i n t  s p r e a d  is 

inc r e a s e d  w h e n  t h e  t iehl is se t  t o  ze ro  (see low levels in F i g  7 1 h ) .  t h u s  rediic ing  

t h e  r e l a t i v e  h u m i d i t y .  lA ' s p i t e  wi th<lr ; iwing  t h e  t h e r m a l  s t r u c t u r e  of  t h e  c o l d  p o o l  a t  

r e s t a r t  t i m e ,  it is r e a s o n a h l e  t o  expec t tnlimictil  low- leve l  e v a p o r a t i o n  o f  r a i n  (aiicl 

a c c o m [ ) a n y i n g  c o o l i n g )  in F l l E T .A  a n d  t h u s  r c - s to ra t io n  o f  a t  leas t  p a r t  o f  t h e  co ld  

po o l  I h e  pioc I s s es  desc r i h e d  in th i s  h r ie f  "t l u n i g h t  e x p e r i m e n t  a r e  e v a l u a t e d  m o r e

ful ly  in t h e  a n a l y s i s  o f  t h e  n u m e r i c a l  r e s u l t s  h e lo w .

F i g u r e  7 2 s h o w s  t h e  s o l u t i o n  f r o m  e x p e r i m e n t  FFIF'F.A a t  Ô a n d  h - h r  ( c o m p a r e  w i t h  

F i gs  1.(1 a n d  I I) D e s p i t e  r e s t a t i n g  ()' at res t inr t .  t h e ' s u r f a c e '  c o l d  p o o l  is g r a d i i a l l v  

r e c o v e r e d  (F igs .  7 . 2 a . c ) .  a n d  a t  G-hr.  it is a s  ex te ns iv e '  as  in C'A F R F .  In te r c ' s t in g ly .  

t h e  s u r f a c e  m e s u h i g h  a n d  o u t l l o w  m  the' c e n t e r  o f  t h e  d o m a i n  a t e  s t r o n g e r  m  1 I I F  F.A 

t h a n  in C . X T R F .

Flit'  s o l u t i o n  a t  /  2 .G k in  ( F i gs .  7 .2 h .d )  d i s p l a y s  a  s o l id  s((uall  l i n e  w i t h  tw o
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F i m i i f  7  2:  l i uu-  f i  h u  . ■' i rnul .uiui i  i n  c x p c r i r n c r i t  T H F  TA.  F i i > !  r u w :  5 - l i r :  s t r o i u l  r iAv:  G- l i r .  u i i . l i  i 
s u r f a c e  c o l d  p o o l  a n d  u i i t H o w :  v e c t o r s  a r e  g r o u n d - r e l a t i v e  w i n d s ,  t h i c k  s o l i d  l i n e  r e p r e s e n t s  - 2  K  

p o t e n t i a l  t e m p e r a t u r e  p e r t u r b a t i o n  i n d i c a t i n g  t h e  b o u n d a r y  o f  t h e  c o l d  p o o l ,  t h i t i  s o l i d  u h i s h e d i  
c o n t o u r s  i n d i c a t e  p o s i t i v e  ( n e g a t i v e )  p r e s s u r e  p e r t u r b a t i o t i s  p l o t t e d  a t  e a c h  lUO P a .  i b l . ( d )  s t o r n i -  
r e l a t  i \ e  w i n d s  i vec t o r s  1 a n d  m a g n i t u d e  o f  v e r t i c a l  v e l o c i t v  i c, u i t o u r c d  a t  e a c h  2  m  '  ' : a t  h e i g h t  /  
2GUtJ m .  S o l i d  ( d a s h e d  i l i n e s  a r e  u p d r a f t s  I d o w n d r a f t s )



m a i n  b inv  rc l io  s c s i n c r i t s  a t  ô- l i r  ( rc .srrnhl ing t t i r  s i i n u l a t t 'd  s t o r m  in C N T R L ;  F a t

l . - lhl .  h u t  t 'volv iiu ;  i n t o  a m o r e  l i u r a r  s t n i c t u r r  iu t l ic l as t  h o u r  (F iu .  7.2(1). I l i c  

m a i t u i t u d c  o f  u p d r a f t s  a t  t h i s  h'vol is sli>;tliiv st r o u t e r  t h a n  iu C N  I'R I . . i u d i c a t i i m  

t h a t  t h e  ( ( l u t i u u o u s  n\t;(‘u»‘r a t i o u  o f  utnv c o u v a c t ic c  cel ls  alotitt; t h e  t^ust f ron t  is not 

j e o p a r d i z e d .  As  a  r e s u l t ,  t h e  f o r w a r d  m o t i o n  o f  t h e  M C S  iu T H F T . A  is s i m i l a r  t o  t h a t  

III C.N TRL.

s t r o u u  r e a r - t o - f r o u t  How (s a t  r im ;  uio>t of  t h e  i c u t r a l  d o m a i n  is e \  u l r u t  iii Fiitiin- 

7 2d  ! his  IS i l l u s t r a t e d  b e t t e r  in h imire  7 1. w h ic h  i u t i i p a r e s  e .x pe r im e i i t s  ('.N I b’ l. 

. l ud  I I I F I . V  at  I. 2 .b kill a t  b -hi  for  t h e  bo.x d r p i t  i, d  in 1 lu, 1.1c o h o u i i o t  ' t o i m -  

r e l a t i v e  w i n d s ,  r a i n w a t e r  m i x i n g  r . i t io  I iudii  a t e d  bv  s h a d i m ; )  a n d  u ia u ,u i t u d e  of  the  

Zonal  ( o u i p o u e n t  o f  t h e  w i n d  l i n d i c a t i s l  bv c o n t o u r s  1 1 In ( ’N T R I .  (Fi'j,. 7 l a i  two 

l)ow Cl ho  s e r m e n t s  a r e  loi a t e d  w h e r e  t h e  r e a r - to - f ro i i t  t low i.s > t r o n u e s t .  i h a r a i  t e r iz imj  

111.Is. w h e r e a s  in 1 I I F  1 .A t l  i%. 7..1bi.  t h e  n ie r id i i m a l  i r rad ien t  in t h e  >nal l i e m i e i i t u i n  

Held is less p io i iou iK I (1. a i c o i i n t i m r  for  a m o r e  l i n e a r  ■ ' t ru c tu re  o f  t h e  x p i a l l  l ine 

r i i u s .  t l ie  yini >ti'uctnrf o f  t h e  r e a r - t o - f r o n t  How is in o d i l i e d  x u n e w h a t  in e .xper iinei i t  

r i l F T . A .  e.-' jieciallv in t h e  last  1-hr  o f  s i m u l a t i o n

well ih l ine d  , \1 C \  is i ! ,enerated in e x p e r i m e n t  1 11F  I A  ( Fiu, 7..’i b | .  w h i c h  d i s p l a v s  

\ e r l i l  al \ o r t i c i t v  i i m i p a r a b l e  t o  t h a t  f o u n d  m e x p e r i m e n t  C.N l 'R I .  (o f  t h e  o r d e r  of  

10 ‘ s ' .  not  s h o w n )  1 he  MCA l o c a t i o n  in 11 I F  1 A is c o n s i s t e n t  w i t h  t h a t  in 

C N  1 R L .  a n d  i n d i c a t e s  t h a t  t h e  M C S  s i m u l a t e d  m  t h e  w i t h d r a w a l  e x p e r i m e n t  s h a r e s  

m a n y  o f  t h e  n ie s o s c a le  f e a t u r e s  o b s e r v e d  in s t r o n g  s( | t iall  l ine s ,  e v e n  t h o u g h  no  bow  

e c h o  st 'gniei i t  is e v i d e n t  a t  G-hr.

B e c a u s e  t h e  s i m u l a t i o n s  a r e  n o t  e x t e n d e d  b e y o n d  G-hr.  we  c a n n o t  s t a t e  w h e t h e r  

b o w  e c h o e s  a r e  f o r m e d  l a t e r  in T H E T . A .  a l t h o u g h  t h e  scjuall  l i n e  in th i s  e x p e r i t n e n t  

d(M‘s r e p r e s e n t  a s t r o n g  M C S .  T h i s  is a l so  e v id ent  w h e n  a n a l v z i n g  t h e  v e r t ic a l  proHles

o f  m o m e n t u m  ( n ' u ' )  a n d  h e a t  (tr'O') llu.xes for t h e  l i rst  h o u r  f o l l o w i n g  r e s t a r t  I F i g u r e
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7.1) .  ( R e c a l l  f rurn cha [ ) t ( ‘r 4 t h a t  ( j u a t i t i t i r s  tr'u' a n d  w'f)' p r o v i d e  i n f o r i n a t i o n  a b o u t  

t h e  ovtviill s t r e n g t h  i»f t h e  MC'S).  In [ H K I A .  t h e  h-'h' h e ld  d i s p l a v s  a n  é v o l u t i o n  

s i m i l a r  to  t h a t  in ( ' . X T R L  ( Fi^s.  T. l a . b I .  At t i m e s ,  t h e  mi d-  t o  u p p e r d e v e l  m o m e n t u m  

tlii.x in I I I E  I.A is v i s ib ly  -, t ronf;er t h a n  in ( X T R L .  e.^. .  a t  t I . lOdi r .  1; Ki-hr  a n d  

•AOb-hr P a r t  o f  th i s  b e h a v i o r  is e x p la i t i e d  in m o r e  i l e ta i l  b e l o w .  T h e  v e r t i c a l  hea t  

tlii.x in T H E  r . \  a t  lO D -h r  ll'i%. 7. Id I is weaker ,  o w i n ^  to  t h e  e l i m i n a t i o n  weaken i ru j  

I it t h e  d'  field at  t h e  r e s t a i t  t i m e  Ih i w e \ , i . a f t e r  [U-riiin. t h e  h e a t  llii.x is r e s t o r e d  to 

v a l u e s  C o m p a r a b l e  to  t h e  C'.X I R E  .solutioti ,  a n d  b\  â - l i r  it i.s sHi rht lv  s t r o n g e r  t h a n  iti

C N T R L ,

T h e r e f o r e .  <il thour’ll t h e  s i m u l a t e d  M C S  in e x p e r i m e n t  T H E T . A  d o e s  n o t  m a t c h  

e x a c t i v  t h e  C.N E RL  s o l u t i o n ,  it <l isplays th e  s t r u c t u r e  of  a  r o b u s t  sq u a l l  l in e  I he 

o v e r a l l  s t r e n g t h  o f  t h e  i o m e c t i \ e  s \ s t e m ,  a n d  i t s  a b i l i t y  to re e e i i e r ; i t e  new ce l l s  at i ts 

t e a i l i n y  e d y r ,  a l e  not  ( hatej ,ed to  a  s im n l i c a n t  d e y r e e  in I H E  I A U e  e m p h a s i / e  th a t  

s i m i l a r  r e s u l t s  were  f o u n d  w h e n  r u n n i n y  .i v e r s io n  o f  I H E  I . \  in w h ic h  t h e  O' he ld  is 

w i t h d r a w n  e v e n  w h e r e  it y e i i e r a te s  s u p e r s a t u r a t i o n .  I m p o r t a n t  r e s u l t s  r e y a r t l i n y  th e  

e v a p o r a t  ion o f  r a i n  a t  low levels a n d  t h e  re s p o n s e  a n i o i i y  w in d ,  p r e s s u r e  a n d  bin wa nc y  

f ields a r e  d i s ia i s se d  in s i ' ct ioi is  7.4 a n d  7 1

7.2 Experiment VAP: General results

In e x p e r i m e n t  \ ’.AP. p e r t u r b a t i o n s  in w a t e r  v a p o r  n i i x i n y  r a t i o  (t / ' , ) a r e  .set t o  ze ro  at  

r e s t a r t .  .As in I I I  E T A .  s u p e r s a t u r a t i o n  is not  a l l o w e d ,  a n d  for  (‘v e r y  y r i d - p o i n t  wl iere 

t h e  w i t h d r a w a l  o f  (/[. v ie lds  T / ’;. t h e  w a t o r  v a p o r  m i x i n y  r a t i o  field is r e s e t  to  th e  

c o r r e s p o i i d i n y  s a t u r a t i o n  va lue  ( i/i </, J  ' w h i l e  t h e  t e m p e r a t u r e  t ield r e m a i n s

* T h e  « l e t e r r n i r u i t c r i  v-I s . i t u r a t i u n  w a t e r  \ a p o r  m i x i n g  r . t l i - »  «p , ' i n  . \  K P S  H ' l l u w s  t h e  . u l j u s t r n e n t  m  i t e m » *  d e v e l u p e t l  

b y  I a u  e t  a l  l a  h e r e  t p  ,  i s  i l e h i i e t l  a  r i i a s s  w e i g h t e d  i i . - r n b i n a t u t n  u f  t h e  s a t u r a t i o n  \  a l u e s  . > \ e r  l u p i u l  w a t e r

a n d  H e  v M t h i n  t h e  t e t n p *  r . i M i r e  r a l a t e  l u  ' ( ' /  • U ' T  ’ K'  a  T U'  (  '  | I -  l u ’f ’ | c p  ,  !.■> d e h l i e d  , . ’. e r  i n { u n i  w a t e r

IM)
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Figure 7.4: T i i i i f  I’vulutiuri. fruin 4-lir to .3-hr ' . i t  KJ-riiin iruTeriu'iit.s), o f  sy,stetii-.iver;ii;('(i p r o f i l e s  

o f  v e r t i c a l  r i i o i i i c t i t i i i i i  tiiix ( i v ' t i ' j  i n  n r '  s “ - ( f i r s t  r o w ) ,  a n t i  u f  v e r t i c a l  h e a t  Hux { w ' t ) ' )  i n  rn s “ ‘ K 
( s e c u t u i  r o w ) .  ( a ) , c )  C W T R L .  (h).(ii) T H E T . \  T h e  a v e r a j t i n ^  is a p p l i e d  f o r  t h e  r e g i o n  e n c l o s e d  h y  
a  r e c t a n g l e  i n  F i g .  4 I h

I s l



u n c h a n g e d .  T l i c r a f o r c .  no t  all  o f  t h e  7 ,. field is r e s e t  to  t h e  b a s e  s l a t e ,  a n d  t h u s  th i s  

p r o c e d u r e  1 h a u t e s  t h e  t o t a l  a m o u n t  o f  w a t e r  in t h e  d o m a i n

Fi j^ure 7.3 s h o w s  h ow  t h e  w i t h d r a w a l  o f  7 ' c h a n g e s  t h e  t h e r n i o d y n a m i c  prof i le  m 

t h e  M C S  a t  r e s t a r t  t i m e .  .-\t low levels,  t h e  a t n i o s [ ) h e r e  is m o i s t e n e d ,  w i t h  s a t u r a t i o n  

o c u r r i n ^  a t  s o m e  l o c a t i o n s  w i t h i n  t h e  t o l d  p o o l ,  a s  is t h e  c a s e  in t h e  e r i i l - p td n t  

e x a m i n e d  in F i^ .  7 .3b .  .At m i d  a n d  u p p e r  levels ,  t h e  a t m o s p h e r e  bet  tu n e s  d r i e r ,  

w i t h  an  im rease t l  t i e w p o i n t  s p r e a d .  T h u s ,  m i d -  a n d  u p p e r - h ' v e l  s a t i i r a t e t l  l ayer s  in 

C N I b l .  b e c o m e  i m s a t i i r a t e t l  iti \  Al' .  a rn l  p h a s e  t h a n s e s  su t  h as e v a p o r a t i o n  a n d  

s u b l i m a t i o n  a r e  e x p e t  tetl  t o  be  e n h a n t  t i l  at t h o s e  levels.  ( R e c a l l  t h a t  t h e  m i x i n g  

r a t i o s  o f  t h e  r e m a i n i n g  w a t e r  spe c ie s  (c i tun i  w a t e r ,  r a i n w a t e r ,  c l o u d  ict>. s n o w  a n d  

hai l  I a r e  r e t a i n e d  as  in C N  FR I . )  In a t ld i t i o t i  t o  t h e  d i a b a f i c  e f fec t s  r e s u l t i n g  f rom  

t h e  w i t h d r a w . d  o f  7 ' ,  i i t i s a t m a t e d  a scen t  will f.ivoi a d i a b a t i c  c o o l i n g .  I his r e s f x m s e  

m.iv h a v e  " l e m t i c a n t  i inpl i t  a t l on s  f  u t h e  m a m t e i i . m c e  of p o s i t i v e l v  bii<e.ant  .111 .it 

m i d  levels.

I he  s o l u t i o n  f r o m  e x p e r i m e n t  \  Al '  is d e p i c t e d  in F i g u r e  7 ti. .A l t h o u g h  t h e  tin r- 

iiKil S t r u c t u r e  of t h e  co l d  p o o l  is not  c h a n g e d  a t  r e s t a r t ,  it is a f f e c t e d  s u b se ip ie n t lv .  

Spec i f ica l ly ,  a t  3 - h r  I F ig .  7 .Hal .  t h e  co ld  p o o l  is w e a k e r  a n d  s l i g h t l y  less e x t e n s i v e  in 

h o r i / o n t . i l  a r e a  c o n i [ ) a r e d  t o  ( W T R I .  I F i g  1.3b). M o r e o v e r ,  i ts  e a s t w a r d  [ i ro p ag a t io t i  

Is not  .IS r a p i d  .is m  C . X T R l ,  a n d  11 IFF! .A.

F i g u r e  7 6 b s h o w s  t h e  c o r r e s p o n d i n g  s o l u t i o n  a t  z 2 .6  k m .  In c o n t r a s t  w i t h  

e x p e r i m e n t  T M E T .A .  t h e  .MCS a t  th i s  t i m e  c o n s i s t s  m o s t l y  o f  i s o l a t e d  m u l t i c e l l s ,  w i t h  

a ve ry  s h o r t  l i n e a r  o r g a n i z a t i o n  at  t h e  c e n t e r  o f  t h e  d o m a i n .  I h e  w e a k e n i n g  o f  t h e  

s u r f a c e  c o ld  p o o l  a n d  o u t f l o w  in \  AR a p p e a r s  t o  i i a ve  i n f l u e n c e d  t h e  o r g a n i z a t i o n  

o f  n ew  c o t i v e c t i \ e  ce l l s  a l o n g  t h e  gus t  f ro n t .  N’e v e r t h e l e s s .  t h e  v e r t i c a l  m o t i o n  in 

t h e s e  ce l l s  is as  s t r o n g  a s  in C X  F R F .  I h e  r e a r - t o - f r o n t  Mow. o n  t h e  o t h e r  h a n d ,  is 

c o n s i d e r a b l y  w e a k e r ,  a n d  t h e r e  ex is t s  no  i n d i c a t i o n  o f  a  d e v e l o p i n g  M C \

isg
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[•rom ■') t u  ü-l i r .  t l ic s iniulat ( ' ( l  MC’S in \  A P  d i s p l a y s  s ig n s  o f  n ' d u v n l u p n a ' n t .  An 

t 'x tcn s iv t '  c o l d  p o o l  is p r e s e n t  i Pig.  7.Gei.  a l t h o u g h  n ot  as  s t r o n g  a s  in C’N I R L  in 

t e r m s  o f  d'  I lie s u r f a c e  m e s o h i g h .  w hi< h covers  l a r g e  a r e a s  in C’N T R L  a n d  T H P T A .  

is r e l a t i v e ly  co t i l in ed  in \  A P  As e x p e c t e d  f rom th i s  s t r u c t  tire,  t h e  s u r f a c e  o u t l l o w  is 

no t  n e a r l y  as  w i d e s p r e a d  a n d  in te n se  in t h e  c e n t e r  o f  t h e  d o m a i n  a s  is in C.X PR L 

a n d  I H P  IA  Alof t  ! Fiir 7 fid), t h e  d o r n i t i a n t  m o d e  o f  c o n v e c t i o n  is m o r e  e v i d e n t ,  

m c l i i d i t m  m ul t i c e l l s ,  s h o r t  conv e c t i v e  l ines,  a n d  a  s h o r t  h o w  e c h o  s e g m e n t  ( o m p a r e d  

to  t h e  si i l i i t ioti  a t  ô -h r .  t h e  . \K'S s e e m s  to  he  r e o r c a r i i / i i m .  a l t h o u g h  t h e  r e a r - to -  

i roii t  t low is w e a k  a n d  t h e  s tor t i i  s y s t e m  fails to  g e n e r a t e  ati M C ' \  w i t h i n  t h e  J- l i r  

s i m u l a t i o n .

P ig i i r e  7 7 (o m p a r e s  t h e  t i m e  e v o l u t i o n  o f  ve r t ica l  p rof i les  o f  u 'lt' a n d  a 'd '  h e tw ee t i

\ . \ P  a n d  C . \  IRI .  In un 1 t o  > h r .  I h e  ir' i i '  held  r e m a i n s  w e a k e r  t h a n  t h e  C N P R L  

( ( i i i n tc rp a r t  d u r i n g  tiiost o f  t h e  lirst h o u r  of  s i m u l a t i o n  (P ig .  7 .7 h ) .  How eve r ,  at 

' d l l . 'i'll' s h o w s  c o i i s i d e r a h l e  s t r e n g t h e n i n g ,  in a g r e e m e n t  w i t h  t h e  p r e v i o u s  l i n d in g  

( d e s c r i h e d  lor  f i g .  7.G) t h a t  a f t e r  a  p e r i o d  of  w e a k e n i n g ,  t h e  s i m u l a t e d  M C S  sh o w s 

s i g n s  ot r e o r g a n i / a t i o n .  S i m i l a r  b e h a v i o r  is f o u n d  in t h e  t i m e  e v o l u t i o n  of  ti'f)'. as 

re v e a l e d  hv P i g u r c  7.7(1 S h o r t l y  a f t e r  r e s t a r t ,  t h e  ov e ra l l  u'O’ h e ld  in t h e  M C S  

W e a k e n s  I u n s l d e r a h l v  i t  1 I P  hr  m  Pig.  7 7d ;  l I c W i  \ e r .  a s  t i m e  e v ,  , | \ e s .  t h i s  h e l d

is g r a d u a l l y  r e s t o r e d  to  va lu es  c o i i i p a r a h l e  to  t h o s e  in C X  I R L .  a n d  hy ô - h r  u-'O' i.s 

ac t i i a l lv  s t r o t i g e r  t h a n  in C'.X"PRL. i n d i c a t i n g  a s ign o f  s t o r m  r e d e v e h , 'p m e n t

P i g u r e  7.G s h o w s  t h a t ,  hy  t h e  t i m e  t h e  s i m u l a t e d  M C S  in \ . A P  r e g a i n s  s t r e n g t h ,  

t h e  s o l u t i o n  h a s  d e v i a t e d  s ign ihc t i i i t ly  f r o m  C . X T R L  a n d  d o e s  n o t  r e p r o d u c e  c o r r e c t l y  

t h e  i m p o r t a n t  n i e s o s c a le  f e a t u r e s  t h a t  c h a r a c t e r i z e  a  h o w  echo .  .Again,  it is p o s s i b l e  

t h a t  t h e  M C S  ( l a i l d  r e g e n e r a t e  t h o s e  f e a t u r e s  if t h e  s i m u l a t i o n  w e r e  c o n t i n u e d  p a s t  

t ' - h r  How eve r ,  it is c l e a r  f r o m  t h e  2 - h r  r u n s  s t u d i e d  h e r e  t h a t  t h e  w i t h d r a w a l  o f  t h e  

t i io i s t i i re  field h a s  a  g r e a t e r  i t i ipact  u p o n  t h e  s i m u l a t i o n  t h a n  d i d  t h e  w i t h d r a w a l  o f

18.Ô
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o' . In t h e  f o l l u w in ^  sct  t i o n s  \vc a d d r e s s  t h e  d y n a i i i i e  a d j n s t n i e n t  m e e h a n i s n i s  b e h i n d  

t h i s  h e h a v i u r  F i r s t  w e  f o e n s  on  t h e  low devel  f e a t u r e s  o f  t h e  M C S .  fo l lowed by  a n  

a n a iv s i s  o f  t h e  r e s p o n s e  a i i ioni i  in e t e o ro lo u ic a l  t i e lds a t  n i i d d i e  a n d  u p p e r  levels.

7.3 Evolution of the surface cold pool and the role played by 

evaporation at low levels in experiments THETA and VAP

In th i s  s e c t i o n  we  f o c u s  o n  t h e  p h y s ic a l  p rocesses  i n t i u e n c i n g  t h e  b e h a v i o r  o f  ■<nrf(icr 

i e a t u r e s  in t h e  s m i u l a t e d  M C S  in e x p e r i m e n t s  I I I F I  A a n d  \  .AP

F i g u r e  7  S d e p i c t s  t h e  e v o l u t i o t i  witliiti  t h e  first h o u r  a f t e r  re s t a r t  o f  t h e  

- ' i irtacc (d i d  p o o l  for ^itiiul.It  lolls ( ' \  I 'HI. ,  T H F  I a n d  \ ' . \ P .  / o o i i i e d  in to  t h e  a r e a  

et ic losed by a  r e c t a n g l e  iti F ig  1 . lb.  In expe r i i i i e t i t s  C .X d ' R L  a n d  I I I F  I . \  I Figs.  

7 <a-c a n d  7 >><l-f). t h e  p o t e t i t i a i  t e m p e r a t u r e  s h o w s  a  s h a r p  g r a d i e n t  a lo n g  t h e  gus t  

f ron t ,  h ig h l ig h t  m g  t h e  "t l e i ig t  h of  t h e  adva t ic i i ig  c o l d  pool .  A g a i n ,  it i.s i m p o r t a n t  to 

e m p h a s i / e  t h a t  m  I HI] I . \ .  t h e  O' field withi t i  t h e  c o l d  po o l  is t nttrilij  w i t h d r a w t i  at 

r e s t a r t  1 wet i t \  m m i i t e s  l a t e r  i F ig  7 Sdi .  the  m a g n i t u d e  o f  is tiot on ly  c o m p a r a b l e  

to  t h a t  m C X I HF.  b u t  sligfit  1\ s t r o t i g e r  .As t h e  i t i t e g r a t i o n  p r o c e e d s  I Figs.  7.Se-f ).  

t h e  gus t  f ron t  111 r i l F  I .A a d \ a t i (  es  e a s t w a r d  at  t h e  s a m e  r a t e  a s  in C X  I HL.  a n d  th e  

c o ld  pool d i s p l a y s  f m l g i n g  s e g m e n t s  a. ssociated w i t h  b o w  echo  s t r u c t u r e s  in t h e  M C S .  

The su r f ace  o u t f l o w  in T U F T . A  is s t r o n g ,  wi th  d e r e c h o - l i k e  w i n d s  a p p r o a c h i n g  10 tn 

s '

In I x p e r im e i i t  \ . A P .  I F ig s .  7 .8g- i)  t h e  (o ld  p o o l  is weake r ,  a n d  t h e  g r a d i e n t  in 

p o t e n t i a l  t e m p e r a t u r e  a l o n g  t h e  g u s t  f ron t  is no t  as  s h a r p  w h e n  c o m p a r e d  to  C . X T R L  

a n d  T H F T . \ .  In a d d i t i o n ,  t h e  g u s t  f ron t  lags b e h i n d  i t s  C . X T R L  a n d  T H F T . A  c o u n 

t e r p a r t s .  Llie s u r f a c e  o u t f l o w  is c o m p a r a t i v e l y  w e a k  d u r i n g  m o s t  o f  t h e  first h o u r  of  

i n t e g r a t i o n ,  b u t  g r a d u a l l y  r e g a i n s  s t r e n g t h ,  e s p e c i a l l y  n e a r  t h e  c e n t e r  o f  t h e  d o m a i n

1^;
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M u ; u r f  7 K v c j l i i t i u i i  u f  t h e  s i r r i i i l i i t f d  g u s t  f r o n t  i /  J l IU m l  f o r  t i i e  S f c t o r  i t u h i  n t i  <1 b v  ;i r u c t a n g l t '  

in  I-' ig. 1 III: i . i i - u  I C’N T R L ;  u i ) - ( f l  T H L T A .  a n d .  I g l - t i )  \ ' A P .  F i r s t  r o l t i t i i n :  l :2l*-l i r ;  s e c o n d  
c o l u i n n  I: l l i - h r .  t h i r d  c o l i i t n n :  3 I t u d i r  L ) a s h e d  l i n e s  i r e f e r r i n g  t o  n e g a t i v e  v a l u e s  i a r e  t u n t o u r s  o f  
p o t e n t i a l  t e m p e r a t u r e  p e i t u r h a t i o n .  p l o t t e d  a t  - 2  K  i n t r e r i i e n t s .  T h e  f i r s t  c o n t o u r  f r o m  r i g h t  t o  l e f t  
is t h e  -2  K  l i n e ,  i n d i c a t i n g  t i i e  l e a d i n g  e d g e  o f  t h e  a d v a n c i n g  c o l d  p o o l  \ e c t o r s  a r e  g r o u n d - r e l a t i v e  
•.vimls in  t n  s ' . u : t h  a  r e f e r e m  t> v e c t o r  o f  It* m  s '  i n d i c a t e d  o n  t h e  h a v e r  l e f t  c o r n e r  o f  e a c h  p a n e l .  
A  l i n e  s e g m e n t  a l o n g  .\ I TU tt k m  is i n d i i a t e d  m  a l l  p a n e l s  a s  a  r e f e r e n c e  t o  c o r n p a i e  t h e  e a s t w a r d  
p n i g r e s s i o n  o f  t h e  g u s t  f r o n t  f r o m  b o t h  e x p e r i m e n t s

ISs
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( I ' m .  7  '<11 u h i ’i c  ( > i i [ ) [ i i i r t s  ; i c f  l \ f  ( i i t l V f C t U i t l  I P i 'j; . 7 f i h l  l i r t w r c i i  V 12 '<

k t n  a n d  1 ' I 2  k i n

P<‘( aust> t l i r  > u i t a c f  ni t‘M)liiali owes  it.s r x i s t c n c c  m o s t l y  t o  t lio l i y d r o s t a t i c  rt’spons t -  

ot  t h r  i irr-^smo field t o  n i ' i i a t ive lv  b u o v a n t  a i r  w i t h i n  i h r  co ld  p o o l  ( i \ c  . l o h n s o i i  

2(M)l).  s i m i l a r  « v o l u t i o n  ot t h e  M C S ' s  s i i r t a i c  > t r u c t u r t ‘ is e v i d e n t  in t e r m s  of  p e r -  

t i i r b a t l o l l  p r e s s u r e  iki i i .  7.!)i \ \  h e r e a s  a s troim,  m e s o h i g h  is efhi i e n t I v  c c n e r a t e i l

in 1111.1 A i l  i^s, 7 d d d ) .  s i ipp or t imt ,  t h e  d e r e c h o - l i k e  w i n d s  m e n t i o n e d  e a r l ie r ,  t h e  

d e \  I lo pni en t  ol a  i i i esohiyh  I.s d« l a \ c d  in \  . \ P  i Fiy.s. 7 . ' J ^ - i i . In f a c t . t ie-  m . i ^ m t  m ie  of  

t h e  p r e s s u r e  p e r t  i i rha t  ions  in t h e  first lO-mi i i  in \  . \ P  a c t u a l l y  ( /c rn u . sc  I not  s h o w n )  

h c f o i e  r«".;aininy i n t , ns i tv  as  t l ie  i n t e g r a t i o n  p r o c e e d s .  W i t h  a  w e a k e r  m e s o h i g h  a n d  

o u t f l o w ,  t l ie g e n e r a t i o n  of  n e w  « «m\«'ct ive cel ls  alon;^ t h e  e n s t  f ront  is less i ff icient .  

t h u s  hav in i t  a n  i m p o r t a n t  i m p a c t  u p o n  t h e  s i m u l a t i o n  o f  t h e  h o w  e c h o  . \ o t  o n ly  d o e s  

t h e  M C S  e x h i b i t  a  d e c r e a s e  in c o n v e c t i v e  a c t i v i t y ,  bu t  i t s  p r o p a g a t i o n  s p e e d  a l s o  is 

rediK ed.

.As r eco 'g n i /e d  bv S a w v e r  (P JU i)  a n d  F u j i t a  (1 9 5 9 )  s e v e r a l  d e c a d e s  a g o .  t h e  e v a p -
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o r a t i o n  o f  r a i n  a t  low lovols lo ad i rm  t o  c o o l i n n  o f  r n \  i r o n i n o n t a l  a i r  is t h e  m a i n  

p h y s i c a l  tiiec h a t i i sm  r e s p o n s i b l e  for  c r e a t i r n :  . i tid m a in t a in i t i . e  t h e  su r f ace  c o ld  poo l  

in M C S s  I J o h n s o n  JUOl i .  I h n s .  it is i m p o r t a n t  t o  (p lan t  ify t h e  i m p a c t  i ipot i  t h e  

low- leve l  e v a p o r a t i o n  r a t e  iti T H E T A  a n d  \ ’A P  o f  s e t t i n g  a n d  c/', ecpial to  zero .

F i g u r e  7 Id  s h o w s t i m e  series,  frotii  1 to  1 -h r .  o f  r a i t i w a t e r  e v a p o r a t i o n  r a t e  a v e r 

a g e d  o v e r  t h e  lirst tw o  v e r t ic a l  m o d e l  levels  | i c .. /  20 0  m  a t i d  /  GOO m  I for  t h e

a r e a  e m  loseil  bv a rec t a i m l e  m Fin  I lb  I 'he l io ' t  iM-min is <amplecl  everv 1-miti .  

w i t h  t h e  reiiiainiii ' j ,  l O - m m  >.imple<i a t  l u - m i n  i n t e r v a l s  I he  e v a p o r a t i o n  r a t e  ( FV i 

IS c ( » n ip n te d  u s i n e  t h e  fo l lo wine  A t y u r a  a t id l a k a h a s h i  1071.  Klet i i[)  a n d  \ \  i l h e l m s o n  

107S. X n e  et al. 1 0 0 1 1

I'r -  f ' ( 1 p' / r j" ’■■’’( 2.0.10 .s 10' ^  — I  * J  - ) ‘ . (7,1)
t> s ' / e s  p

w h e r e  (■ Is t h e  \ (  i i t i l a t n m  <n e t l i c  i e n t .  y i v e t i  b v

C = I G -  .10.1022 ip'/rl"-""" . 17.2)

In 17 1 ) a n d  (7 2).  t h e  ni ixinu,  r a t i o s  a r e  in ky; ku, ' .  a n d  FV h.is u n i t s  o f  ky ky ' s F 

F r o m  F  i e n  re 7 .10a .  it is ( l ea r  t h a t  FI  is sienitic a n t  ly e n h a n c e d  < w e a k e n e d  i s t a r t i n g  

a t  1-hr III c“. \ [ )e r iment  I ' H F  l .V i \  .Al’ ) o w n i e  t o  nn r e a s e d  ( rec lnced  i c lewpoint  d e p r e s 

s ion  a t  lo w - l e \ e l s .  as e \  id en t  in Fiu, 7 1 I F i e  7.1) In t h e  l irst  10-n i in .  FV in I H F  FA 

Is m o r e  i n t e n s e  t h a n  iti ('.N THL. i n d i c a t m y  t h a t  e v a p o r a t i v e  cooliiii^ at low- leve ls

p la y s  a n  i m p o r t a n t  role in r e s t o r i n e  t h e  s u r f a c e  colei p o o l  a t id  main ta in ing^  a  s t r o n g

m e s o h i e h .

T h e  r a t e  o f  c h a n g e  in p o t e n t i a l  t e m p e r a t u r e  i n d u c e d  by  t h e  e v a p o r a t i o n  o f  r a i n 

w a t e r  l A A /  /,') c a n  be  e s t i m a t e d  via  Ie .e . .  T a o  et  al .  10,SO. X n e  et al .  1901):

-^14/,' =  - F , .  (rrc») 'F"r . (7.1)

I'Jl



20

L  N T R L V A P

16
T H E T A

8

4

0

o
A
9

im .

6 o o
6 ,
o6 9Ut 9 9

Time (hr:min)

c n t r l V A P

T H E T A

Time (hr:min)

F i g u r e  7  10:  T i m e  o f  e v a p o r a t i o n  r a t e  o f  r a i n w a t e r  ( £ V )  a v e r a g e d  f o r  t l i e  t i r s t  t w o  m o d e l  l e v e l s
w i t h i n  t h e  d o t n a i n  e t i e l o s e d  h y  a  b o x  i n  F i e .  j .  l b  f o r  s i m u l a t i o n s  C N  F K L .  I ' l l F  I 'A a n d  \  A P  I ' t n t s :  
1 0 “ ^A ' s  ' ( a )  t i m e  e v o l u t i o n  i n  t h e  f i r s t  l O - t n i n  a f t e r  r e s t a r t  t i m e ,  w i t h  FV s a m p l e d  a t  e v e r y
1 - i n i n ;  i n  i b )  is i n d i e a t e d  f r < , m  -1:10 t o  5 : 0 0 - h r .  s a m p l e d  a t  e ' . e r y  l O - m i n

1 0 2



whtTi '  I., 2 j  t i l l "  .J ki; ‘ is t l n ‘ la tc t i l  li('at o f  v a p o r i z a t i o n  (or  t>nthal[)v of

va[ )oriz.Uiot i :  B o l in a i  a n d  A lh r c c h t  r„ 1 0 0 1  .1 ku ‘ K ‘ is t h e  sp ec i f ic  licat

o f  a i r  a t  c o n s t a n t  p r e s s u r e ,  a n d  t is t h e  K x n e r  f u n c t i o n ,  m v e n  hy:

^  =  1/1 . 17 . 1 1

In I 1 . 1 ). p is t h e  hase->tate pre>snre. /;,, is a I'oristaiit reference pressure ( 1 0 '  I’a).

and R,i i S O . o l  .1 ku ' K ‘ is the n a s  constant for d r v  ;iir.

f o r  l:'r 1 2 0  < 1 0  " ky  ky ' s ‘ which  is a p p r o . x u n a t e l v  t h e  m e a n  d o i n a i n -  

a v e r a y e d  v a l u e  d u r i n y  t h e  first l O - m i n  in e x p e r i m e n t  I HK T.A i Fiy.  7 10a) a n d  

-  -- 02)^7 .  we  find t h a t  AO,,/; 11 \  10 ‘ K > whii  h t r a n s l a t e s  t o  a  I)' o f

a p p i d x i m a t e | \  - 2 . 0  K a f t e r  10-miti  The  c o i r e s p , , n i h t i y  \ a l i i e  for  ( ' .X d ' HI .  is - 1 2  K

( I u i v e r > e | \ . Ill e x p e r i m e n t  \ . \ P .  I'r i- hilnif t h e  a \ e r a y i  v a lu e  f o u n d  in ('.X I KI. 

iti t h e  first 1 0 - n u n  1 h i s  c o i n c i d e s  w i t l i  t h e  p e r i o d  d u r i n y  wlii< h t h e  d e v e l o p m e n t  of  

t h e  co|(j  p o o l  a n d  tne<,d i iyh  d e l a \ e , l  1 he  a \ e r a y e  A h /  /■ in \ ' \ 1 ’ d u r i n y  thi , '  t i m e  

p e r i o d  is a r o u n d  - 1 .Ô x 1 0  * K  ̂ ‘ . l e a d i t iy  to  a h '  n f  -O 0  K a f t e r  1 0 - m i n  l liiis. as

ex p e l  t e d .  t h e  loW-leVel eVapi  i latlVe c o o l i n y  111 \ A I *  i> l e »  elficieli t

. \ s  t h e  m t e y r a t i o i i  p r o c e e d s .  AV in e x p e r i m e n t s  1 H P  1 \  a n d  \ . \ P  co t iv e ry e  to 

C’N I R I .  v a l u e s  (Fiy.  7.1(11'I . Bv t h i s  t i m e  ( a r o u n d  t l :2 0 - h r l .  t h e  c o l d  p o o l  a n d  

n i e s e h i y h  m  I H F I . A  a r e  s l iy tu lv  > t ro i iy e r  t h a n  m  t .X l 'HI.  (F'lys. 7 s d  a n d  7.0(1). 

w h e r e a s  in \  . \B .  su ch  s u r f a c e  f e a t u r e s  a r e  less i n t e n s e  t h a n  t h e  ( X F R F  i o i i n t e r p a r t s  

I Fiys .  7.8y a n d  7 . 0 y l . l i e n e e ,  in \ ’.AP. t h e  cont inuoi i . ' lv  i n c i e a s i n y  f av o r s  t h e  le- 

. ' ' t r e i i y th e n in y  o f  th e  s u r f a c e  co ld  p o o l  a n d  m e s o h i y h  ( a n d .  con.se(( i iently.  t h e  s u r f a c e  

o u t  f low I. h u t  o n l y  a f t e r  a  s i y n i l ic a n t  d e l a y  (F iys .  7 .8y- i  a n d  7 .9y- i ) .  a f t e r  w h i c h  th e  

s t r iK t u r e  o f  t h e  MC'S in \ ' .A1’ dif fers s u b s t a n t i a l l y  f r o m  t h a t  in C’.X F R F .

“ N o t e  i fui l  t h i s  r**siilt und t T i ' s t i r nc i t r s  thi* [ n a ^ n i t u t l f  u f  i t 6 / \ ^ r i i r r a t n i  in t h e  m i d  p u o l  af t e r
i D- i n m  of  m i e ^ r a i i u n  iii I H K  I w h i c h  r ea i  hes  - ' >0 K  ( n u l  shuw n ) Th i s  I'v hr ,  atiM* ( 11 t h e  J U K  f o u n d  u s i n ^  i T .h 
IS a n  a v t r a i j t  v a l u e  tor  t h e  d o m a i n  i n d i i a t r d  in F i ^  7 S. not  tfie mm i r r i u i n  \ a lu, -  i i , t h r  r \ a p o r a t o ' i i  " f  c l o u d  wa t r r  

I,’, a n d  a d v r c t i o f i  r t f e c t s  a h u  c on i r du i t »*  to  n»-^at s \e  . a n d  a re  not  t a k e n  into a i c i - u n t  in t his  s i m p l e  i | u . i n t i t a i i \ , *  
a n a l s s i s  I fir sa i i i e  c o n s u l e r a t oui  a p p l i e s  lor t h e  v a lu e s  ot  ohta in«-d tor (' .N i KL  a n d  \  . \ !' . m e n t i o n e d  later

l ‘J3



( i m i r r  7 I I  st i i iws till '  t i tnt '  c v o lu t i o t i .  t m n i  t 1-lir t u  1-Iir .  o f  s v s t c t i i - avcr i iu rd  

|>rotilt's ol f/' h , r  s i m u l â t iotis C’N I I U , .  I H h I A  a m i  \ A 1 ’ lofr i r i t iu,  to  rlio a r ea  

(UK lost (I l)V a  ICC t a t i ^ l c  in F i^ .  1.1b. P a n e l  d s h o w s  t h a t  p o s i t  ive (n e i i a t i ve )  values 

o f  (j[. a r e  e v i d e n t  a b o v e  ( Ixdow)  /  Ô. 0  kin.  i n d i c a t i n g  m o i s t e n i n t i  (dryin>^) of  th e

m i d  a n d  u p p e r  levels  ( lo w e r  levels I in t h e  M C S  In T UFT.A .  t h e  e v o l u t i o n  of  th e  

s y s t e m - a v e r a g e d  q[ f ield fo l lows  t h e  C N T R L  c o u n t e r p a r t  ( j u i t e  well ,  a n d  by t h e  end  

o f  t h e  first h o u r  t h e  l o w - | e \ c |  (harness is a c t u a l l v  m o r e  i n t e n s e  t h a t  in ( ’.N'i'RI. In 

\ ’. \ P .  I/', is (‘( jua l  to  z e ro  e v e r y w h e r e  a t  t 1-hr. e x c e p t  a t  | o u  level.-- ( F ie .  7 H h i  

b e c a u s e  wi- d o  not  a l l o w  s u p e r s a t u r a t i o n .  W i t h  t i m e ,  t h e  m o i s t u r e  field ten ds  

t o  b e  r e s t o n s  I. bu t  t h e  low- level  d r y n e s s  is c o n s i d e r a b l v  u n d e r e s t i m a t e d  Because  

ell', i r o i i m e n t a l  dryne--.^ is al.--o an  imlii  . i tm  of  t h e  t o ld p o , , | \  >ti i  i iyll i  om;  . F l ' t i h .  

t h e  t i n d i n e s  f,,i I | | F  I \  a n d  \ ’A P  a r e  m aLtreeri;et,t w ,( h t h e  resu lt - .  i|i-( in^i-d , ,be \ ,  

Fac tot 's o t h e r  t h a n  m a i  -^ur la i  c  p io i  cs.m-s a re ( « ait r ibi i t  imj, t o  .-m h l i e h a v n a  m the  7 ,’ 

field in ex[ )e r i i i i en t s  I I I F  I . \  a n d  \ ' . \ P .  a n d  will b e  di--( us>ed la t e r .

S u m m a r i z i n g .  111 e x p e r i m e n t  1 H F  I A.  e n h a m c d  lo w - le \c l  r a i n w a t e r  e \ a p o r a t i o n  

espe t  i a i lv  d u r i n y  t h e  first l l l - m i n  fo l lowiny  r e s t a r t  i-- ( a ie  o f  t h e  im-( ha ni sn is  

a i (  t a int  m y  lot t h e  j m  >eiu c  o f  a  .--troiiy .MCS w i t h i n  t h e  first h o u r  o f  m te y r . i t i o i i .  par-  

t n u l a r b  as  t h e  t h e r m a l  > t rm  t u r e  of  t h e  su r f ace  ( o l d  poo l  e- efln n nt l\ l e y e i i e r a te d  

O n  t h e  o t h e r  h a n d ,  in e x p e r i m e n t  \ ’A P .  th e  r e d m c d  e v a p o r a t i o n  in f lu e n c e s  t h e  in 

t e n s i t y  of t h e  c o ld  p o o l  a n d  a c c o t n p a n i n y  m e s o h i y h  e a r l y  in t h e  s i m u l a t i i a i .  leadii iy 

t o  a  d e l a y  in t h e i r  i n t e n s i f i c a t i o n .  S u c h  f e a t u r e s  a r e  y r a d i i a l l y  r e y e m - r a t e d  in \ ' . - \P as 

t h e  i n t e y r a t i o n  p i i a c e d s .  b u t  w i t h  t h e  s i m u l a t e d  s t o r m  a l r e a d v  d i s p l a y m y  s t r u c t u r e s  

t h a t  d if fe r  . -- i ibstaii t iallv f r o m  lho>e m  C.N’LHL

C s i n y  t h e  s a m e  i d e a l i z e d  .--oimdiny as  111 o u r  s t u d v  bu t  w i t h  a  d i f f e re n t  ver t ical  

w i n d  prof i le  ( f a v o r i n y  t h e  s u p e r c e l l  m o d e  of  c o n v e c t i o n ) .  W e y y a n d t  et al .  ( I'JIJ'Jl 

a l s o  f o u n d  t h a t  t h e  s u r f a c e  c o l d  p o o l  was  e f f ic ien t ly  r e s t o r e d  w i t h i n  2 0 - i n in  in an

l'J4
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niici i t  iri w hn  h ua> st*t to  / c r o  1 ho 11 ( i r r n l  co ld  [looj ' i i rut-d f u r t h e r  

d o u r i . ' t r c a t i i  co i i i [ i a rcd  to t h e  e o r r e s p o t i d i n o  eo i i t ro!  rtiti .  s i inecs ti tm,  t h a t  siicli s u r f a c e  

I c . i tu ie  litMdtiie s t r o u e c r  t h a n  iti t h e  c o n t r o l  > i i u u l a t lo i i .  in General  a g r e e m e n t  w i t h  

t h e  p r e s e n t  r e su l t s .  I hev  d id  no t .  h ow eve r ,  e x p h u e  in d e t a i l  t h e  in t l u e n c e  u p o n  t h e  

' 'Upeia ell  s i m u l a t i o n  o f  w i t h d r a w i n g  , h u t  t h e i r  s t a t i s t i c a l  r e s u l t s  s u ^ ^ e s t  t h a t  su r l i  

w i th dr .a w a l  a l s o  uenera tec l  a co ld  p o o l  t h a t  d e v i a t e d  s i e n i l i c a n t l v  f r o m  t h e  c o n t r o l  

r u n .  espe t  i a l ly  a l t e r  dd-nur i .  I imi re  7 12 s h o w s  t h e i r  t i m e  ser ies o f  m e a n  s a r / u c c  O' 

e r r o r  to r  e a c h  w i t h d r a w a l  e x p e r i m e n t . I he s i m u l a t i o n  w i t h  t/' set h a c k  t o  hase  s t a t e  

' ind it  s i t e d  hv  t/r in his;. 7.12) h a s  re la t i v e lv  l a r g e  m e a n  e r r o r ,  e s p e c i a l l y  a f t e r  tiO-rniti 

1 he se  r e s u l t s  a g r e e  wi th  the  ge t ie ral  n o t i o n  t h a t  a c o i u t ' c t i v e l v - g e n e r a t e d  co ld [)ool 

1-' i m [ ) o r i a n t  t o  th i '  d v n a n i i i  s at id p r o p a g a t i o n  of x i u a l l - l i i i e ' '  a n d  l iow echoes  i e . g . . 

Ih ' t  until  I et al I ' l ^ ' ' .  WeiMiiati I' t ' t.l.  M o m  riet f  a t id  I . iu  I'.Cgl. [-'ritsch a n d  f ' o r h t x  

2 1 1 0 1 . 1.1 )(tl.  ( ' o i t i d i  2 0 1 )2 . a n d  o t h e r s )  .M oreo \c r .  t h e \  h i g h l ig h t  t h e  i i t i p o r t . i m f  

ot >pe( liv ing hiw level m o i s t u r e  a t id t e m p e r a t u r e  |ield.> uifhin  ( u n v e c t i v e  ce>t ems  

he( aii>e t h e  mten.>i t \  ol i m p o r t a n t  s u r f a c e  f e a t u r e s  c a n  h e  >tr iuigl \  m l l u e n c e d  1 )V 

e v a p o r a t i o n  r a t e s  a t  low levels,

( >11 t l ie  o t h e r  h a n d ,  t h e r e  is e v id ent  t' t h a t  t h e  i m p m  t u p o n  co ld p o o l  e v o l u t i o n  

ot w i t h d r a w i n g  </' m a v  d e p e n d  r a t h e r  s i g n i h c a n t l y  u p o n  t h e  e n v i r o n m e n t a l  t h e r i n o -  

dv t iami i  p ro l i le  In s t i i d v in g  t h e  s e n s i t i v i t y  o f  a  s u p e ta  tdl t h u n d e r s t o r m  s i m u l a t i o n  

I m i t ia l i / e t l  w i t h  d a t a  r e t r ie ved  f r o m  D o p p l e r  r a d a r )  t o  t h e  s p e c i l i c a t i o n  o f  w a t e r  v a 

p o r .  W e v g a n d t  et al  (2l)()2h) p e r f o r m e d  a  t e s t  iti w h i c h  t h e  (|, Held w a s  set h a c k  

to  t h e  h a s e  s t a t e  as  d e te r tn i t i e d  f r o m  a  p r o x i m i t y  s o u n d i n g .  T h e y  f o u n d  t h a t  m o s t  

ol t h e  Cldd p o o l  . s t r u c t u r e  was r e i o o i i a h l v  r e c o v e r e d  a l t e r  j u s t  .dO-niin ol  s i m u l a t i o n ,  

i ind t ha t  t h e  pos i t  ion  o f  t h e  gust  f ron t  was  no t  s i g n i l i c a n t  tv id tc K 'd  di i r i t ig  t h i s  p e r i o d  

in c o m p a r i s o n  to  a  c o n t r o l  s i m u l a t i o n ,  d 'h e se  r e s u l t s  i n d i c a t e  t h a t  t h e  weak) n i n g  o f  

" u r l a c e  lent  l i res lot  t h e  de lav  in t h e i r  d e v e l o p m e n t  i d u e  t o  t h e  w i t h d r a w a l  o ld / '  w a s

1 %
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I' l- 'ui* 7  1 J  l iiiii- - - n i  '  < I 111' - . I l l  ' M i t . n f  |H,ti iiti .ii  !> i n in - i . i t u i ' -  ' - i r < t"i '  v. i thdr . iu' . i i
'■xpt ri i i i 'Ti t  '  III \ \ i - \  ' j,.itii|î ' r ,il I 'Cip : I ' i riif / r [ ,  > n-fci  '  r , , r i - ' t . i r t  I iiii'- - .Vil.ipt'-ij I'l i ' in \ \ i  \ li.u k Ii

' t ,il

( <' t i f i i i c d  t ( i  a  t n i i c h  s h t a i i  r [ i r i i o d  t h a n  i n  m i r  h o w  « , ! n ,  " i i n n l a t n m .  .Mich t h a t  t h e  

■' t ui t n  M t i i u l a t c d  l i v  W c v n a t i d t  c t  a t  ( 2 0 0 2 1 ) 1  d i d  n u t  d e v i a t e  I n  m i  t l i e c u t i t r o l  r u n  a.s 

ni iK h  a.'' i n  u u r  c . i . ' c

I n  a i i d i t i u t i  t i l  ( i l ) \  i ( i i n  l i i t f e n  r i r e  i n  t h e  w i n d  p r o f i l e ,  t h e  Oai  k u r o i i n d  e n \  i r o t n n e n t  

i n  W e v n a n d t  , i a l  s  ( 2 0 0 2 1 ) 1  >t t i d y  h a d  h i g h e r  t a r o i i n d  ‘i l O O  .1 ku, ‘ I t h a n

t h e  i d e a l i / e d  >1 a i n d i t i ^  ii-'ied i n  t h e  p r e s e n t  r e s e a r c h .  M o r e  i m p o r t a n t  l y .  t h e  p r u x i n i i t v  

. ' o u t i d i i i i ’ i n  W e v g a n d t  c t  a l  ( 2 0 0 2 h |  w a s  n a t  n i o i s t  t h r o u g h o u t  t h e  e n t i r e  t r o p o s p h e r e .  

h u t  d i s p l a y e d  a  p r o n o u n c e d  d r y  l a y e r  h e t w e i m  TOO a n d  Û00  I d ’a .  T h i s  p r o f i l e  s h o u l d  

t a v o i  t h e  d e v e l o p m e n t  o f  s t i u t i L t e t  d o w n d r a f t s  a n d  t r a n s p o r t  o f  l o w  I), a i r  i n t o  t h e  

s u r f a c e  c o l d  p o o l ,  t h u s  1 o n t r i h i i t i n i i ,  t o  a  t i i o r e  r a p i d  r e c o v e i \  o f  t h e  l o w - l e v e l  i/' f i e l d  

a n d  c o n s e q u e n t  l y  o f  t h e  l o w - l e v e l  Er  a n d  a l l o w i n ' ;  a  t ; o o d  r e p r e s e n t a t i o n  o f  c o l d  

p o o l  e v o l u t i o n ,  r t i e r e f o r e .  f u t u r e  s t u d i e s  t i i i i s t  a d d r e s s  t h e  . s e n s i t i v i t y  o f  r e s u l t s  i i p o t i

I'JT



t t i r  a m l u f i i t  f i i \  ire i t i int ' t i t . (>[)(■( w i t h  rci^ard t o  t h e  i tnpai  t o f  t l n ‘ t i io i> tu r r  l i f ld 

n po t i  c o l d  poo l  cvo in t l o t i .

Bc( aii.''C th e  >urfai  c cold p o o l  ( low-lcvc l  e v a p o r a t i o n ) i> not t h e  o n l y  f e a t u r e  (phy.s- 

K al  [)ro‘ e » i  a t f e c t e d  hv r e s e t t i n g  t h e  t h e r t n o d y i i a r t i i c  fields t o  t h e  ha se  - t a t e .  it is 

ne cessa iV  t o  e x a m i n e  t h e  respon .se o f  n ie te o ro lo K ic a l  field.s in o t h e r  reg ions  a t i d  a n a -  

I v / e  t h e i r  i m p a c t  o n  t h e  s i i n u l a t i o n  o f  t h e  h o w  echo .  In t h e  next  s e c t i o n ,  e x p e r i t n e n t s  

1 I lK I.V a n d  \ . \ 1 *  a r e  a t i a l y / e d  s e p a r a t e l y ,  fo l lowe d hy a General  d i s c u s s io n

7.1 Dynamic adjustment aloft: experiment THETA

I ' i ' - iure 7 h'5 i d t n p a r c s  v e r t i c a l  c r o s s  s e c t i o n s  ( x / - [ ) l a r i e )  o|V>, a m i  w i n d  lielcis fo r  ex-  

pc r i r n e n t s  ( ' X ' f l ^ I .  a n d  I HK I'.A at  t I: Ut. I .111 a m i  hôD-l i r  '. a c r o s s  t h e  m a i n  h o w  

ec I n , see r I  l ent  1 h e  d o m a i n  s h o w n  h a s  a n  SI I k m  ! 1 2  k i n )  hor i /c  uit  a l  I  \  e r f  ic a h  e x t e n t  

I Ml I  I he i_Mi Ix a l l d  i - > 1 i \  1 st rit l | ' p e s  ,il t 1 n d  1 ' .it ec j SI -I ■ I ,1 pt li ui ' . \  de l  . 1 1  leii , 1 1 1 . ll ■' s| '

o f  t h e  ( ’. \  I 'HI .  s i i l i i t io t i  wa.s p e r f o r m e d  in c h a p t e r  1 le  u,.. F iu  1 7 )  a n d  is h r i e t l v  re- 

p e . l t e d  h e r e  fu|  c c itUi rile Mice F i g u r e s  7. h h l . c . e  shoW t h e  S o l u t i o n  f r o m  ( ' .\” I H I., w h i c h  

d i s p l a \ s  a n  u p s h e a r - t i l t e c i  u[>ciraft  t h a t  t r a n s p o r t s  h o u m l a r v  l a y e r  m o i s t u r e  ( h i u h  I), 

.ill ! a l o f t ,  w i t h  s t t o t i u  h o M / o n t . i l  cli\c r e e m e  a t  u[)pc r l e \ c | s ,  A  BI . I  ;d so  is e \  n h  tit 

f r o m  low t o  n i i d  li-vel.-s. c r n h e d d e d  in  t h e  low f ) ,  a i r  t h e  dJf i  K  i s e r i t r o p e s  u p s t r e a m  

f r o m  t h e  u p d r a f t s  h a s i c a l l y  i n d i c a t e  t h e  v e r t i c a l  e x t e n t  o f  t h e  r e a r - t o - f r o t i t  f low.  Fh e  

t r a n s p o r t  o f  d r y  a i r  t o  t h e  s u r f a c e  c o l d  p o o l  t h r u u u h  d o w r i d r r d t s  is c l e a r  a s  t h e  RI.J cle- 

s c e n d s  t i e a r  t h e  c o n v e c t i v e l y  a c t iv e '  reuieui .  T h i s  is a n  i t n p o r t a i i t  p r o c e s s  c c n t r i h i i t i n u  

t o  e n h a n c e d  / h  a t  lo w  levels .

Iti expc rirnc rit F I IFT .V .  (F ius .  7 . i ' l h . e l . f ) t h e  u p e i r a f t s  rc'triaiti s treuiu-  w hi ch  a l s o  is 

re v e a l e d  h\  t h e  i t i tet lse hot i /o t l t . l l  c l iverue ticc  .it UppcM levels,  espee iai lv  f rom h lO-lir

'  i l . f s f  1 i t : ; i - .s  . i r r  . h . . s , . . i  . i i ; . , , .  t i ; , - . .  U r s t  . - u u i r n . i n . ’ f  C l . r  ■ . l . i l  . i . . 1 l l . i -  ' i n i u l . i t . ' . l  . ' .M s  i U K  1 . \

. i i i i l  \  . \ l ’ i r .  r h f  l i r s t  l u . i i r  . i l t i  r  H ’s l . i r t  t i i n i '

I'JS



I, .11 - ( ' . \  I HI.  I 1 11) hr ) (1.) - T H F . T A  ( 1;10 hr)

M I - ( 'N [ ' H 1. ( h r  ! (<l! - r i l K  I A ( 1;3() hr

(' \  [ HI,  1  111 In' III.  I A ' 1 ’iiI hi -

7 1.1 , I' ' i(tiMii> I t'roiii 'Urf.ici’ Id /. I'J kiii. uf potfii tKii
t r in p i r . i l u i c  \f).. 'dIkI l n a > , and  - ' lurm-n l.ilivt- ui iul  li, Id i v c U n s )  .it d i s t l iu t  l inn it 1:1U. 1.30 
.iiid l i t )  In I I'di I xp, I nil, ni.< C'.\ I H L  ( lirst i,)liiriiii ) .ind IHFT.X l .scuiul  CDlurniii Only tin- 326 K 
iiliiri ' (did lin, I .ind 3.31 K i i h i tk  solid lint') iscntropt 's a m  plot ted.  .-\t 1:10 an d  1 :.J()-lir (a-di  the  
vertn al e r u »  'eetinri is a k .ne 20.1 km.  while at I 10 hr le-f) it is aloiiK y 197 kin ! followinK 
the  y,l.idil.il .'Dili hw.ird di.^pl.n einent .,f t he  .ipe.X of the main how et  ho segment  in C.N’TIII.)  T he  
!.. It 1. Diit.il . xti iit ..f t h e  dDi iLa i i i  . 'howu 1-' ' 0  kill Idiii;. I'l. ,Ill X 120 kin tu X 200 km I), in.tin 
ti.in>lati<in is e.istwar.l .it 2 2  0 m  s

199



t(i l:.'5()-lir At th<‘ su r f ac t ' .  t h e  l io r i / o i i t a l  e x t e n t  o f  t h e  l a y e r  w i t h  0,. 32G K is n a r r o w

a t  I: lO-hr  ( Fiy,. 7 . 131») as  a  ( ot isecinence »»1 t h e  in c r e a s e d  s u r f a c e  p o t e n t i a l  t e n i p i ' r a t n r e  

a t  n > t . i i t  l low i  vcr .  a.'- t h e  i n t e y r a t i o n  p io i-eeds.  t h i s  l a v e r  h e c o n i e s  l»n»ader (F iys .  

7 F3il.f t. ( ,<n\i r y i n y  t o  t h e  ( ' N  I HL s o l u t i o n .  I 'he HI.I in e x p e r i m e n t  T H F  l.A is well  

rep ie .- ' en ied  111 Hot h i i i ayn  11 IK le a n d  . " t r n c t n re  in t h e  l irst  h o u r  *. a n d  coii tr iHii te> to  

t he  lei o \ f i \  III d i \ n e ^ '  wit li i i i  I lie ■'iiil . i if i iild po o l  d i ie  to  t h e  d o w i i w a r d  t r a n s p o r t  

ol hiw fl, al l  1 hi.^ l i eha M oi  hel|».> e x p l a i n  th»' p r e p  uce  o f  r e l a t i v e l y  int i  li>e lo wdev el  

drvric.s.^ leM 'a h  d in F iy  7 1 IH, a n d  t h e  e lhc ien t  r e y e n e r a t i o n  o f  t h e  s u r f a c e  co ld  p o o l  

111 l l l F l . V  I a.'"! i c ia te d  w i t h  ' t i n i i y c r  e \ a p o r a t i o i i  at lou  le\  efs i

\ i i i i i h e i  i i i tci  c -t  m y  l e a t n i e  m c x p c r i i n e n i  111 F l A  is t h e  p r e s e n c e  o f  a r e l a t i v e h  

> t ro t iy  in i d  le \ i  1  d o w n d r a l t  t r a i l i ny  t h e  c o n \ e c t i \ e  reyiot i  I  Fiys .  7 . 1 3 H .d I .  at t i m e s  

c h a t a c t e i i / m y  a me>ii>cale r o to r  as it i n t e r a c t s  w i t h  t h e  H 11 D o w n d r a f t s  a l so  .ire 

e \  idei i t  j i i . ' - t  a h e a d  t h e  l e a d m y  u p d r a f t s .  W i th  t i m e ,  t h e  t r a i l i n y  d o w n d r a f t  Hecoines 

w e a k e r  a n d  p f o p a y . i t e s  r e a r w a r d  I he  ye i ie ra t io t i  o f  c o t n e c t i v e - s c a l e  m i d d e v e l  dowr i-  

d r a l t s  i >  dmcimM'd m . ' . e \ cr . d  ime.^ t i y . i t ioti.' i  K n n p p  . itid ( ' o t t o t i  I ! k S 0 .  Sriva.-^tava 1 ! ) S 7 .

1 oM'll . m d  t t y  l i ra  Il»s,s, S i m  et .il. 1H!H3. ly.iil ct al l l i ' jd.  \  l i t e r  a n d  H o i i / e  IHdâa.H. 

W a k m i o t i i  2 l H ) l , a i i i o p u  o th e r> i .  a n d  m o r e  t h a n  o n e  m e c h a n i s m  c a n  He re>[»on>iHle 

loi t h e m  . r . m y m y  l i o n i  n i e l t m y  .m d  e \ . i p o i . i t i o t i  o f  p r e c i p i t . i t i o n  Ie.y. .  Sriva.-^tava 

l H s 7 i  to  d \  n . i t n i c a l l y  i n d u c e d  d o w n w . i i d  \ 1 ’C;. \  le y. .  H o t u n n o  a n d  Ix lenip  l ' J82).  

( t t h e r  s t u d i e s  h a v e  add re s . sed  pioces.M-s asso i  i a t e d  w i t h  y r a v i t y  w a v e - l ik e  p r o p a y a t i o n  

ol I I ornpei i . ’' . i t  m y  ) d o u  n d ia l t . s  aw a \  f r o m  te a t i n y  ' ionrce> in MC'Ss  (e.y. .  B r c t h e r t o t i  

a n d  S i i i o l a r k i e w i c /  l!)s').  M a p e s  1*J'J.3. Fovel l  2111)2). .Mon* t h a n  o n e  o f  t h e s e  p rocesse s  

tn. iy He t a k i n y  p l a c e  in o u r  s i m u l a t i o n  c o n c o m i t a n t l y .

In t h e  d i s c u s s i o n  t h a t  fol lows,  we e x a m i n e  t h e  e v o l u t i o n  o f  Hiioyaney.  [»ressure a n d

’ f { f . a l l  th . i t  Uuri t i i t  t h r  h . i l c a i n t ;  1-hr  .if i n t r g r . i t au i .  th.- r. . i r - tn fr .ni t  thr.v in I’lIK'T.V r r ma i n . s  s t r m . ’ . l int  w i t h  
in . Tk l i . n i a l  ' . . i nat i . i i i  u f  t h r  r . a i a l  tin i t i i r t i tuni  UrUi r u i n p a i r i t  t u  t h .  C N  1 Kl .  m .Iu O . iIu . . c  t n . n t i . a i r . i  m a  t i r i i

r 1 I' l It : i
U  . i k i : n . i  I Jti. e  > , . -nt , u n \  .. . . irn[.r. -h.  ii.'.i\.’ r.". i. w mi  h . i no : n>  . Irr .  iriit t h r  t t . ' i irr. i t  i. in . if t i u . M . a r l  .|. iwii. lraft.s
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w i n d  [it 'Ids t ' a r l v  in I 'xpcr i i i i f t i t  T H E T A ,  a n d  st ' t 'k t o  i d c n t i f v  t i n '  m o s t  i m p o r t a n t  

i iH 'c hani sm s  d r i \  im; t i io g e n e r a l  Ixd iav io r  of  tlit> n u m e r i c a l  s o l u t i o n .

7.4.1 Early  e v o lu t io n  o f  buoyancy,  pressure and w in d  fields

l- ' iuurc> 7 1 Itcu, .show t h e  t i m e  e v o l u t i o n  of  t h e  h u o y a n e v  h e ld ,  as  d e h i i e d  hv  Kc;. TS.  

I' 'I e . x p f iu i i en t  1 11171A at J - m i n  in t e rv a ls ,  f r om  t h e  r e s t a r t  t i m e  t o  h l O d i r .  T h e  

s o l u t i o n  t i ' n i l  ( N 1 111. a t  I l l ' - l i r  a l so  is s h o w n  for c o m p a r i s o n  (h i i i  7 1 la i  a n d .  for 

t h e  p u r p o s i ' s  <'f ' , 111 aiialvsi .s,  i.s r e p r é s e n t â t i \ e  of  t h e  ( ' .Xd'HL s o l u t i o n  in ' he  l l l -min 

p e r io t l  h e i n u  e x a m i n e d  In ( ' . \ 1 H 1 .. t h e  h u o \ a n c \ -  he ld  is 1 1 u is i s te n t  w i t h  an  ac t ive  

.Me'S I l.ali u e  a n d  .Mom I let! I 'K' i .  S im  et al. I'.l'l'h l o h n s o n  a n d  M a p e s  2 0 0 1 1, wi th  

n e y a t  i \ f  I an a m  \ in t h e  s u r t a c e  i , ,ld p o o l  a n d  m  t h e  an v i l - le v e l  l a h o v e  /  0 . 0  kni) .

l ’o s i t i \ e  \ a l u e s  d o m i n a t e  t h e  m i d  le\  el.s. w h e re  l a t e n t  h e a t  in y  p l a y s  a n  in i [ )or tan t  

l o j e  in n i a m t a i n i t m  a p i i s n i \ e l \  h i i o \ a n t  p l u m e ' (e .y . .  P a n d y a  a n d  D u r r a n  lOOfil 

t h a t  e x t e n d s  n i o s t h  r e a r w a r d  Iti o u r  a n a lv s i s .  th i s  r e y i o n  will h e  c a l h a l  t h e  hniniant 

j i hmi '

111 e x p e l n n e n t  r H l M . \ .  t h e  h i io ' . an cv  field at r e s t a r t  (F iy .  7 1 Ih i  is s i y m l i c a n t h  

W eakened ,  h i y h h y h t i n y  t h e  i m p o r t a m  e of  t h e r m a l  h u o v a n c y  t o  t h e  t o t a l  h i i ovancy  

f ield F iy i i r e  7 I Ô i l l u s t r a t e s  t h i s  hv ( o i n p a r i t i y  t h e  m a y n i t u d e  o f  e a c h  t e r m  co m p o s -  

m y  t h e  h u o v a m  V field for  i he  C’N I H L  s i m u l a t i o n  a t  hO o-hr .  I h e s e  t e r m s  a r e  (set' 

l'.(|. l . S o :  t h e i n i a l  h i i o \ a m  y y , / O '  O j .  pe i  t u r h a t i o i i  p r e s s u r e  h u o y a m  y i - <//,', -■[>]. per-  

t u i h a t i o i i  w a t e r  \ a p o i  m i x i n y  r . i t io t e r m  !(/(/' i;  -(jT)).  a n d  c o n d e n s a t e  l o a d i n y  t e r m  

i -f /O/ l  -  I//, I 1 1 • 1/7 )). 1 he  t h e r m a l  h u o v a u c \  c l e a r l y  is t h e  d o m i n â t  iny  t e r m  (n o te

t h a t  d i s t i n c t  c o n t o u r  i n t e r v a l s  a r e  used  in Fiy.  7 15; see c a p t i o n ). fo l l ow ed  hy w a te r  

v a p o r  a n d  I ' o n d e n s a t e  l o a d i n y .  Therefore ,  it is no  s u r p r i s e  t h a t  s e t t i n y  O' t o  zero in 

e x p e r i m e n t  T f l F  T.\ h a s  a  s iy n i l i c an t  i m p a c t  on  t h e  b u o y a n c y  field.

W i t h  t i m e ,  t h e  h u o v a n c y  field y r a d i i a l l y  is res tu rec l  (F iy s .  7.1 Ic-y) .  .At low

->0l
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l i u f  t o  h i i o v a t i i  \ Lt ivrti  l)\- K q  ') ^ I . r o t i t o u r t - i l  a t  O i t a  tii s - i n t e r v a l s .  ; a t  > o i i i t i o i i  f r o t i i  C N T R L  
■'llll ll l. i t  lol l  a t  t l . l l j - l i l  I I t - l i - t ' t a  r  fill I o i n p a t l . - ' O t l ; .  A o - a l , , t i l > t  l O- lI UI l  i - \ o l u t l o l i  i n  e x p i - n i l l c t l t  
L H K r A .  w i t h  > o l i i t i o i i s  > l i o w t i  a t  2 - i i i i n  i t i t t - i a a l s .  S o l i d  u l a > l i f i l  ) l i n e s  i i u l i c a t e  p o s i t i v e  I n e g a t i v e  I 
vaille.--,  wi t  h  , ' e l . . I n i l '  hel l l f ;  ' l l p p i  I ' . ' I I I  I hi-  h o i  l . ' o l l t a i  i-.Xtelit  ■ f  I h e  ' l o l n a l l l  ' h o w  II 1'  Ml  k m  I' ill;;, 
a n d  1.' t h e  > a i u e  .u-> iti f l ü ,  7 I d .  I t o i a a i i i  t r a i i . ' l a l l o i i  ii- e . u - t w a i d  a t  2 2 . 0  iii  s ‘
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I a  ) I (jH' !>\ I hi I -(//> - f>\

I' i u , u i r  7  I ' l  A>  III F i ^  7 I I ,  i i i i t  fill t h e  .ii r r l c r a t i d i i  i i u l i i c f i i  h \  i l i . ' t i i i c t  ;» r m >  n i r i n " ' . - n a ;  t h e
I m o v i i i i c v  til III ( i ; iv tTi  l iv Ki | .  1 s,i f o r  C M ' R L  - ■ i t i n i l a t i o n  a t  l : O j - i i r :  ( a i  t i n  r m a l  l ) u o \ a i i c v ;  i l o
p c i t u r l i a t u i i i  ptr . ->MUi- l i u o y a t u  v ,  ( c i  p o r t i i r l i . i t l u l l  i v . i t ,  r  \ . i p u r  l u i x i i i j ;  r . i t i o  t f i i i i .  o h  i o i u i f i i . - - . i t c  
l o a i l i n ^  t c r t i i .  I n  l a l  t i n -  c o n t o u r  i n t e r v a l  i-- n i i . j  i n  > “ ' .  w h i l e  i n  1 1, i. r o d :  a i l l i I J a  n i  -- '  l o n t o i u
i n t e r v a l  i s  i i se i i .  I h e  l i u n i a i n  - - l i o w n is i t i e  s . m i e  a s  i n  F l i t .  7 11.
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a n d  u p p e r  levels,  n e g a t i v e l y  h i iu v a n t  a i r  is i n e s t l y  r e g e n e r a t e d  hv  e r d ia n e i ' d  ev ap -  

( i r a t i o n  s u h l i m a t l e i i  r a t e s  whiel i  l e ad  tu e u u l i n y .  wliili- t h e  m i d  level  h n o v a n t  p l u m e  

is r e s t o r e d  hv l a t e n t  h e . i i in u  a s s o c i a t e d  w i t h  e i i h a n e e d  c o n d e n s a t i o n  d e p o s i t i o n  I h e  

h u o v a n t  p l u m e  p i o p a y a t o  r e a r w a r d  u n i t e  ,dhei ,  nt lv.  p, o.sihly .i,> a i f s u l t  ot’ h o t h  ad-  

vc( t iv e  e t l e e t s  (v.y. .  [ . a tore  a n d  M u n e n e t i  IPS'.». W e iM i ia n  I ' tP' i i  a m i  p r o p a g a t i o n  ol 

I C W ’s f o rc e d  hy a n  u p s h e a r  t i l t e d  e o n v e i t i v e  l ine (eat,.. P a n d v a  a n d  D u r r a n  lltpti. 

N a e h a m k i i i  a n d  C o t t o n  JdOOV A m o r e  d e t a i l s !  a i i a h s i s  o f  ■'iieh m e e h a n i s n i s  i> p r«- 

x ' U t f d  ht-h,w It i> in te i i - . ' t nm ,d>o to  not . '  i he  ' ' l y n a t  u i e "  . .f ,i r a p e l h  d e \ e f  .piii'j, < ' ,|<I 

[)ool m terril ' - of n e u a f n e  t u n a t i e v  at  low levels

A verv  i m p o r t a n t  pr< m e »  r e y a r d i i m  d \  t i a m n  a d p i s t  nn nt t he ies [n  ui se o f  [ i ressure 

t o  t h e  e \ o l i i t i o n  of t h e  h i n a a i n  \ field In ' c e i i o i i  J J  we  <|e'( r ih ed  h o w  a h i n a a i i e \  

S o u rc e  i n d u c e s  p e r t i i r h a t i o t i s  m pr« s s u i e  d l o u / e  iPPd.  \  l i t e r  a n d  l l o i i / e  iPPÔhi .  a n d  

d is e i i s s e d  t h a t  ,i h <w ( l i iyh • p t e s s m e  per t  iit l)at loti is e x p e c t e d  to  form pts t  u n d e r n e a t h  

' a l e  a  e ' reeii u i '  of p o s i t i v e  I un a a m  \ 1 his t espi  ui-e is c l e a r  in o u r  r e s u l t ^  I iyttre

7 111 Is s i m i l a i  t o  f l y  7 1 Î, lutt s h o w i n y  t h e  e \ o l i i t i o n  lot p t e s s u t e  a n d  w in d  fields 

tti l l l f .  l . \  I f  lys 7 l t d e y i ,  as well as I he i n r r e s p o t n h n y  s o l u t i o n  f r o m  ( ' . N l I l L  at 

h l l ô - h r  I F t y .  7 Kiai

• \ t  t h e  r e s t a r t  t i t t ie.  t l ie p r e s s u r e  field in I I lK 1 A is t h e  s a m e  as in C . \  I HL.  w i th  

a  s u r f a c e  m e s o h i y h  asso< l a t e d  w i t h  t h e  co ld  p o o l ,  a low- t o  m id - h w td  m e s i d o w . a n d  

a n  uf ipe t - I twe l  hiyl i  p r e s s u r e  s\  --teni 1 his st m e t  m e  is c o n s i s t e n t  w i t h  t h e  uniitm:! 

d i s t r i h u t i o n  of  t h e  h i n a a i n  y field, as  s h o w n  in f  iy. 7.1 l a  for  C.X I 'HI . .  h u t  nat w i th  

t h e  m o d i f i e d  h t i ova in  v field .it r e s t a r t  for 1 I lK  I . \  iKiy 7.1 Ih).  \ \ '  hi le t h e  pr e s su re  

p e r t u r b â t  io ns  t r a i l  r e a r w a r d  for a [ i p r o . \ i m a t e l \  It I t )  k m  la h i n d  th e  l e a d i n y  edye  of  

t h e  h o w  ec ho ,  t h e  h u o v a n c v  p e i t u r h a t i o i i  is < otdinecl  t o  a  m u c h  t ia t row ,  r rey ion  As 

t h e  s i m u l a t i o n  s t a r t s ,  t h e  p r e s s u r e  field r e s p o n d s  to  t h e  m o d i f i e d  h t t o v a m v  fitdd. as 

e v i d e n t  in Kiy. 7.LGc. The s u r f a c e  m e s o h i y h  is s u h s t a n t i a l l y  w e a k e n e d  a f t e r  2-tniti.

.Ml.',
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a n d  t h e  lnw- t o  m i d - l e v e l  r ne so io w  a n d  i i p p e t - le v e l  me>o l i i ^h  h e c o m e  n i o i e  h o r i / o n -  

t a l l y  eo n l in ed .  A s  t h e  s i i n n l a t i o t i  pro(  eeds  ( Fi.ys 7. Hid-y) .  t h e  p r e s s u r e  f e a t u r e s  a r e  

r e s t o n s !  follow inu, t h e  e \ o l u t i o n  o f  t h e  h u o \ a t i e v  field.  N o t e ,  fo r  e x a m p l e ,  how etti- 

I ient  is th e  r e o f i i e r a t i o u  o f  t h e  sttrfae*'  m e s o h i y h  a n d  how it a g r e e s  w i t h  t h e  r a p i d  

r e d e v e l o p m e n t  o f  i i e e ; i t iv e l \ - In io N. m t  a n  w i t h m  t h e  . o ld  p, ,ol  ( Fi>j,s 7 1 I d - m  .Sttoim 

n e g a t i v e  po. ^ i t i ve i  p e r t  i i r h a t  i o i n  m p r e s s u r e  ,,i e f . e . i t e d  p n t  i i m l e r t i e a t h  i a tn a e  ; th e  

l 'H o \ a n t  p l u m e ,  a e n  e i n e  w i t h  t h e  a d j u s t m e n t  d e s e r i h e i l  m  a n  n l e a l i / e d  w a \  in >e( - 

t i o n  J .2.  O u r  r e s u l t  a l s o  is c o n s i s t e n t  w i t h  th e  t i t idi t iy  f rom  W e i s t n a n  I l!t't.( i t h a t  t he 

p r e s s u r e  field s t r u c t u r e  a l o n ^  t h e  a p e x  o f  t h e  h o w  e c h o  is t n o s t l v  forcei l  hy  h u o v a m  v

e f l e e f s .

1 he  i i s i i l i s  a h o \ e  s i iye i ' s t  t h a t  < o / ; , , / >i" < J u  i i t i ' ln i . f  t fn p n  fh hi  t itl iui an

Ml 'S  , ' i f  till hnoi jain i/ j u  hi  n c f  ,hl, (jmil t  lij . - p t n f u d .  1 he \  a l s o  h iy h l n ih t

t h e  i m p o r t a n c e  o f  t h e  speci f i i  a t io t i  o f  reyiot is  o f  s a t u r a t i o n  a n d  s u h s a t t t r a t t o n  in th e  

s t o r m  s v s t e m .  yivet i  t h e  r e s p o n s e  of t h e  h u o v a m  v field to  l a t e n t  h e a t i n y  cooi i t iy  

. \ t i o t h e r  i m p o t  ta t i t  i lv t ta t t t i c  a d j u s t m e n t  e\  tden t  in F iys  7 I t lh -y  in vo lv es  t he w in d  

he ld  W htle t h e  t l l . iynt tUile o f  t h e  U | t , h a l t s  oil t h e  l e a d m y  e d y e  o f  t h e  s\  s t m t  is not 

stymf il  a t i t l \  a l t e r e d ,  d o w t i d r a f t s  a t e  m o d i f ie d  at ,  a tm 1 th e  tan a  an t  p l u m e  < l ior t l \  

a l t e r  r e s t a r t  i f i y s .  7 I h c . d ) .  a we l l - de f in ed  m t d - h w e l  d o w n i l r a f t  f o r m s  j u s t  u ps t  t e a m  

of  t h e  leadi t iy U p d r a f t s ,  d i s p l a y i n y  a st r i i i  t u r e  s i m i l a r  t o  t r a t i s i t i o n - / o t i e  d o w n d r a f t s  

o b s e r v e d  in m a t u r e  scpial l  l ines  (e.y. .  B i y y e r s t a l f  a n d  H o u z e  l 9 ‘.Jd. S u n  et al .  199d. 

Brai i t i  a t id  I h a t / e  1991)  .-\s t h e  i n t e y r a t i o n  p r o c e e d s  I Fiys.  7 .  l l i e -y  ). t h e  d o w n d r a f t

y r a d t i a l l v  p t o p a y a t e s  r e a r w a r d  fo l lowiny  t h e  s a m e  h e h a v i o t  des i  r i h e d  for h u o \ a i i c v  

a n d  p r e s s u r e  f ie lds  a t i d  e v e n t i t a l l \  h e c o in e s  d e t a c h e d  f r o m  t h e  lead i t iy  u p d r a f t s  

(F i y .  7 . Idy l .  .Note t h a t  t h e  m i d - l e v e l  d o w t i d r a f t  c o r e  d u r i n y  t h i s  p e r i o d  fo l lows t h e  

u p s t r e a m  e d y e  o f  t h e  h u o y a t i t  p l u m e  d e s c r i b e d  in F iy .  7 . 1 1

" Iv. u i f [ i t ! \ . ti ll- u .n ’ u f  ,i lu w  t l i r t s l i u l i l  ' . . i l i i i '  uf 1 III s ' t o  I h . i r . u  t u r i , r f  tf ic  l i u ' . v iu l r . i f t  . ir i ' . i  p u t o i t  i. i ll ' . r u i m o i - ,  

i i . a i M i l u . i l  . l . ' - i i i . l i . i l f  > 11. '.U .1 >i:.i'.l>' 1 u i i n l . . i i u - r , i ' c  C u t  l l . u  I r . t i u u '  w h i . l i  v.u  ,ir.- m t ,  r,  .^1, U in  is il l ' -  .;t r;f r a l  [ i . i t l i - rn

■Jus



Ill Fi '^un* 7 17. (lu\vn<lraft a r r a s  ar<‘ s i i j x T i n i p u s r d  un  t h r  r r r i u n  wi t t i  r u i u i r n s . i t r  

l u a d i n u  a r i  r l r r a t i u n  t - </('/! "  '/s I I 1 '77' I r e l i a i  tu  u r  less t l i a n  -0.t)2') in s i d a s h r d

r u i i t u i i r l .  . \ r r a s  w i t h  r l o i i d  w a t r r  <irui c lu i i d  i r r  niixiiiu; r a t i o s  r , | u a t  t o  o r  r r r a t r r  t h a n  

0.1 ki> ' a lso a r r  s h o w n  (so l id  l inr>;  s r r  r a [ ) t io n  hoi d r t a i l s l .  T h r  t i m r  s r ' i u m r r  

'F i t ' s .  7 17a- fl  d o r s  not  d i s p l a v  a r l r a r  r o i i n r r t i o i i  h r t w r r n  I h r  r \ o l u t i o n  o f  t h r  

r o n d r n s a t r  loadiinj; t r i m  a n d  t h r  r r a r w a r d  a in [ ) l i f i r a t i o n  o f  t h r  t r a i l i n u  d o w n d r a f t  

a i ' r a  l-iirt l i r r i i iur r .  i n i d d r \ , I l a t r i i t  h mf r f j .  r a t h r r  t h a n  ruu l i in r .  is r n h a n r c d  r a r l v  

in r .xpci  iiiiriil I I I  F  I . \  I hn  to  in r i f a .> fd  ' a t u r . i t i u n  a [«as .  a.- i l i>ni>sf ( |  in '<■( riuii 7 1 

I tins,  p r r i  i p i t a t i u n  l o a d i n g  a n d  l a t r n t  ruuliinj ,  do  imt s m n  to  h r  i i n p u i  t a n t  fuK iim 

niri h a n i s i U '  h r h i n d  t h r  ht li'U h ' f  u f  t h r  1 1 a i l i im if  a\ n<liaft  ' In f a r t . u in  ii-~ult.^ du  

' h u w  a t i a i l i i m  in id- lrv i ' l  d u w n d r a f l  w i t h i n  a p u o / u  , /,/ hn,^i;,iiit l a \ r i  i ( < ' i n p a i r  Fit;.'' 

7 1 l h - ' 4  a n d  7 10-h-^i

I h r  pr> s“ i i r r  u f  p ( » i t i \ r l \ -  hi iuv. inf  i n i d - l r \ c l  d u w n d r a f t >  i> nu t  a n r w  t in d i i m  

S l n d v i n i i  t h r  > t i u r t n i r  u f  r a i i a r - r r t  r i r v r i j  l i r ld s  fui a m a t  n i r  i n i d - l a t  it u d r  Mpi.ill l inr .  

■Sun r t  al .  ( lOOdl fu i ind  m i d d r v r l  d u w n d r a f t s  w i t h i n  r r ^ i u n s  uf p u > i t i v r l v  h u u v a n t  a ir  

ju s t  u p > t r r a i n  of  t h r  h a d i in j  u p d r a f t s ,  ind i ra t i in j ,  t h a t  t h r v  ronsi.^t o f  a i r  h rm u,  f u i m l  

d o w n w a r d  h r io w  i ts  n p i i l i h r i u m  I rvr l .  .A l th oug h not  rx p l i i  i t l \  r r p o i t r , | .  p o s i t i v r l y  

Ian a an t  tiailiinj,  dow nd ra f t . ^  at  m i d  t o  u p p r i  l r \ r | s  al . 'u w e r r  yi n r r a t r d  in a  J I) 

' ' i inu la t iu i i  o f  a in id - la t  it u d r  scjiiall l i n r  hy Fovr ll  a n d  ()u;ur;i (l ' ).SS) I  f f i i p j r i s t a f f  a n d  

H u u / r  I'JO.'J). O t h r r  s t u d i r s .  s u r h  as T r i r r  r t  al. ( 1907) .  W r i  r t  al .  ( lOOSi a t id  I r a n  r t  

al i 199!').  furiisiiiy, uii t r u p i r a l  si j i iall  l i n r s .  r r p i a t r d  m i d d r v r l  h i i o v a n t  d u w n d r . i f t >  

as  well

' d  U . u l i n t ' ,  ‘ I w ' . Mi ' . s . i f i i  r i i u C u ' i i  r t . i r v . . t r > i  K " \ r l l  . i i u l  O t ' i i r a  \ I ' ) ' ' ' ' , .  I . ' f  o l m n M * x i  t h r  l i r t i r - . i v * T . m r ' l

df t p r r - l f ' . f i  Mi Us u l r r u r  un tl io r r . i r  t l . mk u( ,i n u r n r r u  .ill> -MriinlaU' i l  J l )  Mjti.ill l i ne  h c i n ^  t h e  ru-t r e f i l l  ol t ori\»*v t i \ f  
. i l»-  <1 r i i l r  . l i t r t ; . o .  i ri i ;  r r . i f  v.  . i f !  r r l . i t  i'. r  N  ; t h«  I r . i i j i r i i ;  « < \  "i  t r .  »• . n  i t  i t  v I '  t.s t p . d  , , n r  ■ i f  o  , <t  %i l \  t ft , -

hrie (let . Il ls (,i i f ns  . s t ructure  we m o s t l y  a i m  a t  n l e n t i t v m ^  t h e  m o r e  ^ m e r . i l  i l v n a m u  . u l j i i s t me n l  pnaes. :>
I his  .SIS rrtrr.s to  t i i r  mi l l  Iryel  - o r i p M f n ’f  -i ti/e i l o w n dr a l l  t h a t  l e a d s  t h r  i r . i r w a n l  p r opa i t . i t i on  ot  t h e

'iovvnsyarvt m o t i o n  area ,  e v n i e n l  in h'n’h 7 a i u i  Kit; 7 I hi  a t  l a t r r  t i m e ; ,  nu t  t o  a  u i t M t m i l f  i l owinl r . i l t  typu. i .1
" f  t r a i l i ng  prei  i p i t a t m n  area> in .MC'S.s Xi ps e r  I ‘. )77'  for  wf i ich h i t t r i t  c o o l i n y  n n d e r n r a l h  i l ie  t r a i l i n g  a n \ i l  i l o m l  i> 
i m p o r t a n t  i K > a n  a n d  ( ’arsterus I'»7S. Le a r y  a n d  Mouze  l h7 ' L S l e n s r u d  et  .il Vane,  arul  H o n / e  l ' t ' tûL.  W a k u n o t o
J'M)1 •
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r i , t ; i i r f  7 17 A> III Kill, 7 11.  I i t i i  f u r  i f . i n !  w a t i T  i ( | c i  a n d  < l u m i  it r  i i | i  t i i i i x i n u ,  r a t  a « . - - i i l i d  l i i i f - s i ;  

i i >iui t ‘n s a t t ‘ I t iat l in. i ’ t i ' i i i i  u f  t h f  a t  t f  I c r a t i n n  t in t -  i d  b i i u y a n f v  I - y l t / J  +-' // ,>/( 1 i - t T):  t l i i s h t  tl l i n t  I :  a n t i  
di  a v n i l r a l t  a n  a." i - i n ^ l f  s K a i i i r i i ' i  O n l v  t h f  (I 1 a  kji; ' t n i x i n u ,  r a t  it < l i n r  i.s t rn l i t  a t f t !  f o r  t j r  a i n l  t | i .  
u i t h  t h f  l iAVfi i i i p p f r )  t t i n t t n i r  r t - f f r r i n g  t o  t | t  ( cj i i .  T h f  t l a . t h i ‘ti l i i i f  f i i t l t i . t f s  a r r a s  w i t h  t t i t i d f t i s a t f  
I t t a t h n g  t f i i n  t t p i a l  t t ,  t , r  l f>s  t h a n  -(J.O-’ j  t n  ,s v  A r r a s  w i t h  t i t i w i u l r a f t s  f t j i i a l  t t ,  n r  s t r t i n g r r  t h a n  -1 
t n  .s ' . i r r  s h a t i f t i  i s i n g i f  t a i l o r  s h a t l i n g )  l a l - ( f )  f i r s t  l U - r n i i i  r v t i l n t i t m  in f x p r n i n r t i t  T H E  I 'A .  w i t h  
. - t i hi t i Di is  s h o w n  a t  2 - n i i t i  i n t r t v a i s .

>10
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I - 1I n  ' 7 17 11 'lit iiiu.it li . [1

I )i iwiiilt a lt  -- r a n  h r  > i \ i i anin ,ill\- i u l a t n l  tu  tun A'.int pi u n i t s  t h n  lUiili p i f s - u r i '  m a d i -  

f i i t  f o r e t s  It ( | i n n i l  to  sat i>fv tna.ss e o n s iu  va t io t i  I ' i u t e r  .nul  i l o i i / e  l 'Mille W a k i i u t t t o  

JDDI).  whi t  h is a  et)n>t'(|iifti( f  o f  t h e  a d j u s t  n ien t  l u t  ween l u i t t v a n c v  a n d  p n s M i f e  

litjtj^ d i x  iissi tl in set tit,ti 2 2. F i g u r e  7. IS.  a tia [) tet l  f r o m  Ht , i i / t '  ( IDd.’H a t i d  Waki-  

n i o t o  dOltl i .  i l iu - ' t r a t f s  t h e  I,inI'.atit p r e s s u r e  e r a t l ient  ,iet i - l e ra t lo t i  lit hi

int l iKf i l  hv ,ni n le . t l i / et i  p o > i t t \ f  ly h u o y a t i t  a i r  [ l areel  o f  f ini te  i l i i i i tuisioii  I i .e.. hiu;li 

a s p e c t  r a t i o ) .  I 'he  > t ru t  t u r e  . \hown is t d i t a i n e d  a i ia ly t i t  a l l y  frt,tii F t p  2.7 ( l l o u z e  I'J'J.'h 

\  l i t e r  aiitl  lloiizt* iO'Jl l )) .  .-Mthtuigh t h e  s t r e a m l i n e s  in Fitr. 7. IS th)  iit,t ne cessa r i l y  

r e p i t s e i i t  t h e  a c t u a l  t i i s p la c tune nt  o f  in t l i v i t i ua l  a i r  p a rc td s .  t h e v  intli t  a t t '  t h e  i l irec- 

t loll  ill w h n h  t h e  B l ’( i . \  h u t t s  a t n i o . s p h e r i c  t in , t i t ,n  . \ i , t e  t h a t .  t ,n t h e  - a / , s  i,f th e  

h i iovant  \ p e r t  111 ha t  ioti. ih’u iin ard a c c e l e r a t i t u i  (co tn p en sa t i i iü ,  s u h s i t l e n c e l  is ini iucetj  

I n t e i t s t i n y l v .  t h e  n u m e r i c a l  Mi lu t ion  > ho w n  in F iy .  7 1  I a m i  7 Ih  revea ls  t h a t  f/i.

'  \  u t t r  i l l u t  H ' U Z r  I 1 H V ' h  I i d r r . t i H r t l  t h i s  pf;V s u  All Ill t ' i  h . t r u s t  II i s  t h e  h r s t  t . t l n l l t l . i l r "  t») ♦• .XphlHl  t i n-  , , h s , T \ . i t  1"H *'t 

i i i i i l  . i i i t i  u p p » - r  i f .  c l  > J. ,.s i p l r . i l t . s  i, a . i i c t l  . i t  t h e  .n i u *’s ' <! r i i . t l  . i t n i  . i p p c i  I f . c i  t s i t  . i r . t  . ip<l i  . i l t s  . n  a  h F , r u i . i  « l o i . c t  t . . .  

h u e  i H u i e r  s v e . i k  w r t u  .il w i i u i  s h . c . i r  , \ ' u t c r  . u u i  l l o u z e  I H V o . i )

i l l



\

t • *t
T i

+ \  +  i +  / + . 4 — .
rrmTTTTT
Buoyant

I f l i ü l
Parcel
i U l i i i

WlU

n

f i f

h y j  /
' ! -  / v;

I" i m i r r  7 1 ' '  l'i ,K r  t i i ' M 111 t h r  x / - | i l a i i c  i )f  t h f  I h k i m i i k  v  [ Hf s . - , i i r f  i ; r . i ( i i f r i t  .k < d f  r a t  k .ii ' [ i l ’CJA i 
i t n | i i i  f i t  l ' \  a  h '  ai i " i ;< !ii ' 111'  a t n l  | n l ' i t  i \ i i \  l n u i \  a t i t  a i t  p . i M f  1 ' < ir l a \  i t ' » <1 t i l i i f f  l i i t i i f i i . ' i i  a i '  l a i i i  '  
l ' t  Ü I ’CI A a i f  ' h i  iw 11 ,1.' ' I  f  a t n h t n  '  I l i i . '  h f h i  is < i h t a i t i ' < (  . i i i a l v t  u a l l v  f r o i i i  Fa p  J  7.  IMu> a m i  
II11 n u s  ' lu, i i> i m l i r . i t f  t h f  ' lu, i i  i if t l i f  l u n  i\ ; iiii v  l ' un i t i ^  • r h  u f  2 . 7  i A i l p a t n l  f r ui i i  U a k i i i i u t u  r j l i o i  i 
" i i ^ i i i . i l h  t ri  'III l | u i ! / f  l ' t ' .hi .  V i i t i i  . u n i  l i u i i / f  l ' J ' J - j l i i .  N u t r  u i i r  F i i ;  J  ( a  is ha. ' i ' i  I u i i  t l m  l i r i t r i '  

aliuvf !

triLiliiiij nttii-h'.il liini inliiift oit tlu iip.^trt iini s id e  of tfn hiioi/diit iilnint . in a

tasfiiiiri t h a t  s r r  n i s  t e  auM''- w i t h  t h e  ilisiiis. ' ii  ai a l "  a  r  Mi ift-i >\i t . uti t tir di avii.'t ica ti i  

l i . ink lit t lin tiiii a aiit  p lu i i i f ,  l inwiiilrat ' t .s al. 'o a l u  tn i i i iud  i i ' i ^  7 ,17 i ,  a l l lm im t i  \M-akui 

t n t i i p a r u d  tu  ttiu n p s t i u a i i i  i u i i n t n r p a i t

I ti(‘ p l ivs ica!  incc l ian is i i i  in v u l \  in^  i nd t i ccd  B P C i A  is va l id  fur  s i t i i a t iu r i s  iii u l i icl i  

tlu* prussiiit* field is n u t  aller t e d  liv d y n a i n i e  furr ing ,  in w l i ieh  e a s e  | 2 .ü) c a n  tu* redi ieei l  

t u  (2 .7)  It i.s we | l -k i iu \vn  tli.rt pressurr* p e r t i i r h a t i u i i s  c a n  tie d y n a r n i e a l l y  i t id i i red  in 

de r 'p  r u t i \ e r  t i \ e  s y s t e m s  iiiidei s ig ii i l i rai i t  \ t*rtir a l  u i t i r l  s h e a r  (e.g. .  H u t i i n i i u  a n d  

K le i i ip  19S2. Kl e i i i p  19S7. Fuvel l  anr i  ( )gi ira  19S8).  T h e  s i n i n l a t i u n s  desr  r i h e d  h e re  

a r e  r n n d i u  terl iti a  e m i r u t i n i e n t  u i t h  s t r u n g  l u u -level  vert  ir al  w i n d  s h e a r  s u r h  t h a ï  t h e  

va l ir l i ty  uf  t h e  nier h a n i s n i  a t iuve  in e x p la i t i in g  tlu* r e s p u n s e  u f  t h e  w in d  h e ld  m a y  tie

2 1 2



qufsrii)i i<il i lc [ I i iu rv i - r .  Mill jilt \ i,,ti> M'Milt." . ' h uuo . l  th . i t  t l i r  f v u l u t i n n  1)1’ till- [ n f » u r f  

IS a s sD C ia t fd  w i t h  l i i iovam v in th*' s t ' c to r  h r i n ^  consu h 'nM l  (F i ^ .  7 .1 6) .

I ht ' r i ' fort ' .  it is n s i s u t i a h l c  tn  i o n s i d r r  t h e  p h v s i c a i  tnr< h a n i s t n  iiivnlvinii, thf* [iPCl.A 

as ))ti<‘ p iD ccss  tiikitiK [i lacc iti <lyii,iniic a d j i i s t t n a i i t .  r s p n  ial ly  e a r l y  in e x p e r i m e n t  

I ' l l  F 'FA.

A s  I n r t h e r  s i i p f i o r t  f o r  t h i s  s f a t e t e i n e n t .  F i g u r e  7 . 1 ! )  c o m p a r e s  t h e  r t i a i ^ t i i t u d e  o f  

v e r t i c a l  a c c e l e r a t l o t i  d u e  t o  h i i o v a t u  v  a n d  v e r t i c a l  p r e s s u r e  i r r a d i e n t  1. 1, a s  d e l i n e d  

in  7 7  ' ' f o t  ( ’N r U l .  a i e l  I 11171 . \ .  J - t n i t i  . i f t - t  r c - ' t . i t t  Iti  I I I F  17 \ .  t h e  r e y i o r i s  o f  

t i e y a t i ' . e  . 1. c o \ e r  a  l a t i r e r  l i o t t / o t i t a l  e x t e t i t  t h a n  iti ( ' N I R L  d u e  t o  t h e  s h a r p  

W) a k e t i i t i i r  o f  t h i  l ' U o \  a t u  \ ‘ l i e h l  .it t h e  O ' t a t t  M o r e  i m p <  'i t a n t  l \ . n o t e  ; h* ' f c t o t  

o f  ti h i t  l \ e | \  , ' t t o i e y  ' l i e e . i t  1\ ,  I . I. .It I I l l d d e M ' l . " .  JU.->t u p s t  r e . l t l l  o f  t i l l '  i | e \ c | o [ ) l t l i ;  

i ) U o \ . i t i t  p l i i t i i e  w i t h i n  1 I I k i l l  - X - I t ) ' ' k m  I c o t i i [ ) a t e  w i t h  I ' l e .  7 . 1  h  i. I h i s  f e a t u r e

i n d i i . ' i t e s  a  s e c t o r  w h e r e  t h e  B P ( ! . \  f a v o r s  d o w t i w a n l  m o t i o n  a r o u t i d  a  d e v e l o p i n g  

l ) i i o \ a t i t  p l u m e .  Ill a y t e e m ' U i t  w i t h  t h e  i d e a l i / t  <1 ^ t t i n  t u r e  .■ 'how n i n  F i e .  7 p s  |  h i s  

[ l a t t e r t l  i s  n o t  1 \  i d e t l t  itl  ( ' . \  I R I .  h e c a u s e  t h e  h u o V a n t  p l u t l i e  i s  f u l l \ '  d e \ e | ) ) p e d  a t  t h i s  

t u n e .  r e t l u i  ttiy, t h e  m a i r t i i t  i n i e  o f  . ( ) t i  t h e  d o w n > t  r e a m  s i d e  o f  t h e  t i i a i t i  u p d r a f t s

ill r  11F  I . \  I F i l l  7  I d h i .  .1 i s  a l s o  m o r e  n e e a t i \ t ‘ t h a n  iti ( ' . \  T R  h .  a l t  l i o i i u h  t o t  a.s 

e v i d e n t  a.s o t i  t h e  t r a i l u e . r  f l . i t i k  I h i s  i s  p n i h a h l y  h e c a u s e  o f  t h e  p r e f e r e n t i a l  u p s t r e a t n  

dt  \ e l o p t n e t l t  o |  t h e  l ) l l o \ . l t l t  p l l l t l i e .

. \ n  a l t e r t i a t i v e  w ay  o f  i t i t e r p r e t i n y  t h e  respoti.s,- o f  t h e  w i n d  h e l d  to v a r i a t i o n s  

in h u o v a n c v  i> t h r o i i y h  t h e  v o r i i e i t v  e q u a t i o n  for a n  i i ivi se id  B u u s s i n e s q  How I e.y . .  

l l o i i / e  Pjd. 'h W’e isn ia t i  1'J‘Jd )  or .  t n o r e  s[,)eeiticallv I . m d  c o t i v e n i e n t l y  ). i ts  tn e r id io t ia l  

c o t n p o i i e n t  :

In (7 .5) .  ij is t h e  z o n a l  c o m p o n e n t  lihr/Oii -  Or / 0: ) .  ^  is t h e  m e r i d i o n a l  c o t n p o n e n t
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l - u ’. n i f  7 1‘) ai  ‘ I’l - r a t  1' .n , In*' t , , l,u< a  a i a  a i i i l  \  ' rt ti a l  [ ir i""- i i rc  v j a i l l '  n t  ( | a . ' h f ' i  l i t i ' 'S'
a t  1 M'J ill  I' a  ' i l a i i l a t  :>'II' a  ' I ' N I H I . .  ati<l Ij I H K  1 . \ ,  I ' Ji i t .  Jiiri-ij a t  d i l l  l u -  i t i t i rval . - -  O l i l v  
i u ^ ; a t r . i  ■.alui - '  ,11.' - lijj' .vii  A d ' a . '  ' .Mth j I ' j wih  i; a f t  > t - i j i i al  t u  < 'r . ' t ru i i a i - r  t h a n  - I  in  -, ‘ ar<- ' h a i h ' t l  
>' i int , l c  - h a i h n c  D i ' i n . i i n  'h u ' . v n  i  ̂ ' a i i u -  a.  ̂ i n  h lit, 7  I I

{ ( ) i i , ( ) :  -  Oi l -  i >r \ .  a n d   ̂ is t l ia  v n t i c a l  c i i r i ipimi ' i i t  i O r . O . r  -  u f  v iu t i c i t v ;  /

is lilt '  vi-rtii  al  iu n i p u n i ' i i t  u f  [ i l a r i f t a rv  v u r r i c i t v ;  a n d  B  r i 'p rcst  n t s  h i iuyancv .

I i u t i i  I 7 1 1 i> t \ idi 'nt  I ha t  t in '  u,fnt r a t  lu n  u f  h u r i / u n t a i  v u r t i c i t y  in t l i f  n i f r i d i u n a l  

d i n  i t lun is. an iu t iy  ut In r t h i n g s ,  p r u p u r t  i u n a l  t u  m i n u s  t lie v a r i a t i o n  u f  lu i u y a n c y  

in tilt '  / u n a !  dinivn.siun ( h a r u t l i n i c  " c i u ' r a t  iiui u f  l i u r i z u n t a i  v u r t i c i t y  I. Hern f .  f ruin 

Fif^urt '  7. l:S it is puss ih l t '  t u  itilVr t h a t  n é g a t i v e  I pu s i t i v t ' )  ^ is i t iduc i 'd  u n  tlit'  west  l e a s t  ) 

>tde  u t  t h e  pu.-^itr:c|\ Im uy an l  l. i\t i , f a v u r i n y  a  t u i i \ et t i \ f  i i n  u la t iu i i  t h a t  t u l l u w . s  t h e  

s a t n e  s e n s e  i n d i t a t e d  hy tilt '  iitit's u f  B P C ! A .  F i y u r t '  7 .2 0 a  s h u w s  a c lu s t ' - up  vi t 'w 

in u \ i ‘i t i i  ;tl i i u s . >  set tit.Jti f runi  t ht'  s u r f a c e  t u  /  !hti k in  u t  t l ie { ~ ( ) U  Ü. r }  lit'lii 

10-rnit i  a l t e r  r e s t a r t  in e x p e r i m e n t  I 'HK i'.A j u s t  u p s t r t ' a m  u f  th i '  t na in  u p t i r a f t  a r e a  

I s ee  c a p t i t u i  1 . I 'he reyi tui  d t i t i i im i te d  liv d t i w i n l r a t ' t s  i n d e e d  i.s assu t  iatt ' t l  w i t h  ne y a t iv t '  

i - O B  UKr) whi t  h. f r u m  17 .â ) .  fa vu is  a c u u n t e r c l u c k w i s t '  h u r i / u n t a i  c i r c u la t i u t i  a t  m i d
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< ■ I ( ( i i i t c i u r t ' i l  , i f

'Ht' 'lit' 'I .it 11 II') :ii
[■ 7  _’n  \ i ' i t i (  , t l  I r " "  a l i ' i i i ;  \  J i t â  k m  " t '  i . i '  <>li d x  i ■ I D '
i i i i i i ' ,  ^ - m t '  i ' . a l ' ,  . i i i ' l  i l l  a i  I ( ■ ! ' r a t i i ' i :  ' ! i i i  t , ,  k i i . a . a i i i  -, m ' . , n  t a  F j |

-■ ■ m t ' i w i l . ' .  I " i  I x [ "  I i i i i ' i i t  l ' H K l A  l i i - i m i i  a f t i - i  i f . - t a i t  n m c  I k u - h t i i  . I h i i i  ' n l i i i i  l i t i»‘> r» [ Ui ' ^ r t i t  
t i ' a l a t  i \  r  [ l ' i ' i t i v c ;  l u  a  '. / ' l u  I mt ' s  a n  [ i l u t t i ' i i  a s  t l u r k  . ' " l u i  r u r i t u i U '  wt ul< '  m  I "  / ,  ri '
i m i ' '  a f  ' ! i p [ i i ' - " ' ' < !  1 11'' I I'  i s '  ■■(■I t i u i i  ' i iuvvi i  I I i \ I  I u n i \  t h i '  j u w i  w i ' ^ n n i  [ i u r t i " t i  " (  ih< i l u i t i . i m

111 F a ;  7 11 t ' n u n  t h ' '  ■ ' i i r f a ï c  t u  /  ‘J ü  k m ,  . u n i  I J n  k m  <  ,\ < 1 7 a  k m  i l u  l > u t h  p . m t ' I s .  a r r a . '  w t t h  
■ i ' ' ' .Mi' .s .11 ' 1 m i ' t i . ' t i  a  t ' ' t a ; ' t  t h . m  ' a  i i | i i . t l  t u  -1 m  '  F i n '  ' l i . n i ' i i  l ' i t i ' ; ! ' '  ^ t i . i i l i t i ^  '

ii‘\t'l.s 1 Ills ti 'mi m I (i t raspinit l .s  tu t h e  up.st r t 'aiii  su la o f  t h e  Imov. in t  p iu i i i c  iFiu,. 

7 ’JUt)).  It i.s i i it i 'K' stuif ;  t o  nii t t '  tlwit l - O B  iKr) i.s p o s i t i v e  c los e  t o  t h e  s u r f a c e  ion t h e  

l o u e f  ri'j,ht ( o r n e r  ol I i^. 7 2l la) .  a.ssot i . i ted w i t h  t h e  w e s t e r n  e d x e  o f  t h e  d e v e l o p i n g  

c i l d  p o o l .  I t' . ne '_;nt ivelv- ti i iovant  ;iir a t  low levels iti Fit; .  7.21)1). C l o c k w i s e  h o r i z o n t a l  

I i r c i i l . i t loll Is t h u s  f a v o r e d  in t h a t  reg ion  1 hesi  t w o  h o r i z o n t a l  c i r c u l a t i o n s  c o t n h i n e d  

p l a y  a  role in n i a i n t a i n i t n ;  t h e  ' cor re c t"  s t r u c t u r e  o f  t h e  r e a r - t o - f r o n t  How ( W e i s t n a n  

1 '»‘):Fi

In ta c t ,  a n  i n t e r e s t i n g  r e s p o n s e  in vo F  iny  t he r e a r - t o - f ro t i t  How ot  m o r e  specit i-  

t al ly,  t h e  HI.I is pn-se t i t  in T H F  1W. Fhe  t i m e  s e ( | u e n c e s  d e p i c t e d  iti F iys .  7.11 a n d  

7 . Id  s e e m  to  i n d i c a t e  t h a t  t h e  s t r u c t u r e  o f  t h e  Hi d  is a f fec te i i  hy t h e  e v o l v i n y  h u o v a n t  

p l u m e  a t id  t h e  at a o n i p a t i i n y  mid- leve l  d o w t i d n d t . F a r l y  iti t h e  s i m u l a t i o n ,  t h e  w i n d

■Jl'O



tit ' ld t r a i l in g  th*' **uivc* tiv*» «.ells h a s  a  s t ruax,  < * rtictd ,c a i p a a *  nt assnciat*'*! w i t h  t h f  

d o w n i l r a f t  a r e a  i Fiir. T . l d d ) .  d u e  t o  th*‘ d u w n w a r d - o r i i  t i t i 'd B[^C!A d i s c u s s e d  ea r l ie r  

W hi le t h e  HI.I IS still  c h a r a c t e r i / e d  a t  th i s  s ta i ie .  i ts  s t r u c t u r e  is m o r e  diffii.se t h a n  

t he C N  1 H L I o i i i i t e r p a r t  ( F i ” . 7. I d a ) .  , \ s  t h e  d o w n d r a f t  a r e a  p r o p a g a t e s  aw av f r o m  

t h e  convei  t i v c  ret i ion.  t h e  h(in:ont(il '-oriipont ut o f  t h e  w i n d  u r a d i i a l l v  d o m i n a t e s  t h e  

tlow in t 11*' low to  m i d  l*‘v*'ls j u s t  u p s t r * ' a m  o f  t h e  coiivei t i v e  a r e a ,  a n d  a  ch'ar-* ut RM  

liecoiiii 's evid*'iit  au,aiii il ' iu,.  7 . l0i ; ) .

. \  F e t t e r  * h a r a c t e r i z a t i o i i  o f  t h i s  r e s p o n s e  is iti\i ii in F i g u r e  7 . 2 F  win* h s h o w s 

ve r t i c a l  cros.s se c t i o n s  o f  th*' e v o l u t i o n  o f  t h e  zo n a l  w i n d  c iu np iu ie i i t  {s t o r m  re lat ive ;  

' / . r '  111 an t l .ot idi r  to  }:2 l i -hr  m  *'.\[)*'i iiiieiit I l l l f  I . \  .Solid i Da.slicil i l ines ei ichise 

l e m o n s  w i t h  II,r s t t o i i m  r t h a n  < iii s  ‘ i- 12 m  s ' i ' . F o c u s i m ;  l i rst  o n  th e  HI.I. 

I lote how t h e  h o r i z o n t a l  e . \ t ei i t  o f  t h e  se c to r  w i t h  u,r ^ m  s ‘ F e c o n ie s  a n c h o r e d

t o  t h e  u p s t r e a m  e d e e  of t h e  m id - l e v e l  i l l iw ndra f t  a r e a  In te r es t in u , |v .  th*' r e a r w a r d  

p iopa ' j , a t  loll ot t h e  t r a t l i n e  ui.ipi r I, ; > i o i i t l low afso  fol lows  t h e  m i d - l e v e l  fea tu re .  It 

Is >hi,wn Fe low t h a t  tlii.s i m p o r t a n t  a i l j i i s t n u  iit in t h e  w i n d  field is t h e  re su l t  o f  th e  

ptopa' j . at  lou o f  a h y d i o s t a t i *  | ( IW  i F a t i d v a  a n d  D u r r a n  I ' lPF.  In i i cefoi t  h FD F F i

7.4.2 .Manifestation o f  IGWs in e x p e r i m e n t  THET.A

I he  a n a l v s i s  a F o v e  d* s* r i F e s  p h v s i c a i  p r o c e s s e s  t h a t  a r e  i m p o r t a n t  to  u n d e r s t a n d i n g  

th*' G en e ra t i o n  o f  v* i ti* a l  nioti*ui a i o t i m l  th*' d e v e l o p i n g  F t io v a n t  ( i lui iu '  in e x p e r i 

m e n t  I I I F  l . \ .  Fut  d o e s  n o t  e x p l a i n  t h e  r e a r w a r d  p r o p a g a t i o n  o f  t h e  t r a i l i n g  fea turi ' s .  

B e c a u s e  o t i r  sini i i lat* 'd M C S  r e p r e s e n t s  a  h e a t i n g  . source in a  s t a F l y  s t r a t i l i e d  atm*)- 

.s()her*'. it IS r e a s o i i a h le  t u  e x p e c t  t h e  t r i g g e r i n g  o f  ICiW’s. e s p e c i a l l y  Fecaii .se of  t h e  

r a p i d l y  e v o l v i n g  t h e r m a l  s t r u c t u r e  o f  t h e  F*,vv eclu) s h o r t l y  a f t e r  r e s t a r t .

In e x a m i n i n g  t h e  g r a v i t y  wave  *o in p o i ie i i t  o f  d y n a m i c  a d j u s t m e n t  in T H F T . \ .  it

' I h r > p  I h r r s h c l M s  a r c  * w m s r  r h t w  fh»* »* \» , ! i iLF»n u t  ' . v . i h  i r . - s p f i  i  f u  ih»* ‘i u ' . v r . i l r a t ' t
.it • .1

■JIÜ



(a! - IHKTA (4:06  hr) - II.) - THETA (4:08 hr)
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I HI TA (4TÎÜ hr) :  r i l i A f  A T T n z  h r y :

I:  A,-- in  
friiiii I

E-ii; 7  1 1 .  n u t  l i , r  t h e  / i m . i i  n i r n p n n i ’Ut n f  t l i e  . > t ( i r m - r f l a t i v u  t i u w  i n  n i  ,s
l:()G t o  l : J ( ) - h r  in  i x p i  r i n i r n t  I H E T . \  O n l y  < u n t u u r s  f o r  ti - 1 2  i n - 1 iliLsht'il

l i n e !  a n i l  i n  s  * ( s o l i d  l i n o  a m  s h o w n  \ ' f i  t o r s  a r c  s t o r i i i - r c l a t i v c  w i n d s  i n  i n  s ‘ . a n d  s h a d i n g  
i i i di i  a t ,  > area , - '  w i t h  d o u  i i d i a f t >  ' t i o i n i c r  t h a n  -1 i n  > '
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i" i i t i [ x » r t a t i t  t o  a t i a l v / c  t l i c  t v o l u t i o n  o f  tii<‘t»‘o r o l o ! ; i c a l  M o l d s  n o t  o n l y  i n  t l i o  v o r t i c a l  

c r o s s  s o o t  i o n  a l o i i * ;  t h o  l i o w  o c | | o  a p o x .  h u t  <i l so  i n  a  h o r i z o n t a l  s e c t i o n .  F i . m i r o  7 . 2 2  

. ' ' h o w s  t h e  f i i . ' t  2 t ) - r n i n  o v o l i i t t o t i  o f  v o r t i i  a l  m o t i o n  i n  o x [ ) o r i i n o n t  T H E  l A  a t  z  I S  

k m  . o n c l o - ' i n y  t h o  m a i n  h o w  e c h o  s t m e t i i r o  I l i o  l i n o  s o >j ; mo nt  p l o t t e d  n e a r  t h o  

( e n t e r  o t  e a c h  p a n e l  m d i c a t o s  t h o  |o« a t i o t i  o f  t h o  v o r t i c a l  c r o s s  s e c t i o n s  e x a m i n e d  

p r o \  l o i i s h '  I \  2 t IÔ k m  i

h i s t  i i p s t r o a m  o f  t h e  h o w  o( h o  i i o  . a t  t h e  t , - n t o r  o f  a l l  p a n e l s  i n  F i n n r o  7  2 2 .  

w e s t  o t  X 17t) k t n  I. t h e  o a r l \  t i m e  s, ( p i o n ,  o i F i y s .  7 . 2 2 a . h i  s h o w s  t h e  p r e s e n c e  o f  

r e l a t i \ e | v  s t r o m y  d o w n d r a f t s  f l i e v  r e p r e s e n t  t h e  d e s c e i i d i m ^  r e a r - t o - f r o n t  H o w  a n d  

t h e  ( o n \ e i  t i \ .  --i a l e  ( " t r a i i s i t l o i i - z o i i e ' )  d o w n d r a f t s  i m i i i c e d  i n  T H E T . \  . \ s  t h e  s i m 

u l a t i o n  p r o (  i f ( | s  i l ' i ^ s  7 22i  - e l .  t h e  d o w m l r a f t  a r e a  p n « p a y â t e s  r e a r w a r d .  Ro( a l l imj ,  

l i e  7 IP .  t h i s  l e n t  l i r e  s o i m w h a t  r e s c t n h h s  t h e  d e e p  e f a \ i t v  w a v e  m o d e  d e s c r i h e d  

i n  . \ n  III ' I l s  e t  a l  i l ' i ' d i  a n d  .M. ipes  i I ' . i lki)  f o r  t h e  r e s p o n s e  o f  a  s t a h i v  st  r a t  d i e d  

a t  n i o s | i h e t e  t o  i d e a l i z e d  h e a l  m y  s o u r c e s  o f  l o t i y  d u r a t i o n ,  f h e v  f o u n d  t h a t  t h e  e a r l v  

r e s p o n s e  c o n s i s t s  o f  a  h i v e r  o f  d e e p  c o n i p e t i s a t i n e  . ^ u h s i d e i u  e  ( a n d  p o s i t i v e  h t i o y a m  y  i 

I in ' p a  e a t  imz a w a v  In  mi  t h e  h e a t  m e  s o u r c e  a t  t h e  s p e e d  i , f  a  l u j i l n i ^ t n t i c  l (  IW i l l K I W  i 

. M a p e ^  , I ' l p . p  I a i l e d  t h i s  f c a t i i i e  a  " h u o v a n c v  h i , i e "  W ’e  w i l l  r e v i s i t  t h i s  t o p i c  l a t e r  m  

t I l l s  -M'Ct l o l l

S h o r t  Iv a f t e r  i D - n i i u  i F i e s  7  221' .” ). a n  u p d r a f t  h e c o m e s  w e l l  d e f i n e d  i n  t h e  c e n t r a l  

d o m a i n  a n d  a l s o  p r o p a e a t e s  u [ ) S t r e a m .  t r a i l i n e  t h e  h o w  e c h o .  B y  I h - n i i n .  a  n e w  

c o i i v e c t i i e - s c a l e  d o w n d r a f t  is f o r m e d  n e a r  t h e  l e a d i m ^  c e l l s ,  c h a r a c t e r i z i n g  a  w a v e  

t r a i n  ( Fi . ys .  7 2 2 h - j i  F i e i i r e  7 2 ) s h o w s  t h e  v e r t i c a l  s t r u c t u r e  o f  t h e  w i n d  f i e l d  18-  

n i i n  a f t e r  r e s t a r t ,  w i t h  <i w e l l  d e f i n e d  w a v e  t r a i n  u p s t r e a m  o f  t h e  l e a d i n g  c o n v e c t i o n .

f i l e  c o n i | ) l e . \  p a t t e r n s  i l l u s t r a t e d  m  F i g .  7 . 2 2  i n d i c a t e  t h a t  t h e  g r a v i t y  w a v e s  

d i s p l a v  S o m e  m e r i d i o t i a l  i o m p o n e n t  a s  w e l l ,  l l ie c o n v e c t i v e  c e l l  s o u t h  o f  t h e  h o w

"  I III.', h f U ' . i i t  A l l s  i h u s r i i  l i f t . t u M '  .1 I h . i r . u  t c n / . i t i o i i  ■ i f  t h e  a . i ' . * '  r r g i f i u '  t r . i i h i i t t  t i e '  o m . o  I r . r  . u t i ' . i t .

;■! > .- 'a ilr  . i l  m u !  I r ' . i  l.'
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1-i ^ u i f  7 _’J  I I I . ’i M i i i n  i i <1 m i r i c a l  n u / t i o n  f i e l d  a t  /  I ' '  k i i i  i n  e . x p e r i i n e t i t  T H E T . X .
' t a r t i n x  a t  t l . O ' J d i r  .Sol id  ( i l a . - l i e d i  l i n e s  d e n o t e  u p d r a f t s  i d o w n d r a f t s i  c o n t o u r e d  a t  it à  i n  > ' 
i n t e r v a l s ,  w i t h  z e r o  l i n e s  h ei i i f ;  s u p p r e s s e d .  O n l y  \ e r t i e a l  m o t i o n s  h e t w e e n  ± d  m  s  ‘ a r e  p l o t t e d .  I n  

a l l  p a n e l s .  I a ; h t  ' h a d i n t r  i n d i c a t e s  a l e . us w i t h  h a i l  ni ixin^i ,  r . i t i o  n , r e . i t e r  t h . i n  1 ^  a n d  a n  E - \ \

o r i e n t e d  l i n e  s e g m e n t  atoi i i i ,  v 21)3 k m  i l l u s t r a t e s  t h e  l o c a t i o n  o f  v e r t i c a l  c r o s s  s e c t i o n s  s t u d i e d  i n  
p r e \  i o t i s  p l o t s .  I ' h e  h o r i z o n t a l  d o m a i n  s h o w n  is t h e  s a m e  ms i n  E i ” . 1.Ü, . i n d  t r a n s l a t e s  e a s t w a r d  a t  
2 2  111 s '

2 2 U
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il - THKTA 14:18 hri - - THKTA 14:20 hr)

7  J ' J  1 1  i i i t i i i i i a n i  . n  ;

- rHKI A (4:18 h n

:  : :  Î V

F i ^ u i o  7 . 2 ' , ] :  A.- i n  F i i ; .  7.1 1, h u t  f o r  t lu* v t T t i f a !  r r i u t i o n  t iol t i  a t  t l : l < - l i r .  O n l y  f o n l o u r s  f o r  w  

-1 i n  s  * ' ( i a*shtA|  l in t ' s»  a n d  w  I i n  s ( s o l i d  l i n o s )  a r o  p l o t t t ' d .  \ o c t o r s  a r e  s i o r r n - r o l a t i v o  w i n d s
i n  i n  s - 1



t'clio s(\niii('tit I smith (if V 192 kiii and jnst ca>t df x l(i() km) ncnt'ratcs its nun 

ua\t‘ train, with a svmcnic nf downdrafts and updrafts propagating northwestward 

relative to the .\K "S. whi( h is partieiilarlv e\ ident from l:OS-hr to 1:16-hr ( Fi ŝ. 7.22d- 

h I Interestirmlv, wave fronts emanating frotn the apex of tlie how «x ho and from the 

'oiithern "torm mterai t at the center ot the (loiiiam isee time seijnence tor updrafts 

in Fi'j,s. 7 22f-j ' It is important to mention that tlie mavitv wave response (lex rihed 

aho\c is re[iresentaii\e of experiment I 111 ! \ tot other sectors ,,f the st.ain, not 

sliown

F a s t  l i e  , d o w n s t r e . i t i i  ) o f  t l i e  l e a i l i i m  e i in e  o f  t h e  . \ [ ( ’S.  w a v e  [ i rof i iUial  loti is l ess  

i i c t i v e  F i e i i r e  7 111, for  e x a m p l e ,  s h o w s  d o w n w a r d  m o t  loti a h e a d  o f  m i d -  t o  i i p p e r - h u e l  

i i p i I r a t t  s. h u t  in ,i iuik h t i n a e  i , a i t t n e d  a r e a  f  n ; u i e  7 2 1 i n d i c a t e s  t h e  s o h i t  mti a t  t 

l : 2 l ) -h r  lot e .xpet  itneti t  1 11171 \ .  h u t  s h o w i m ;  a  l a m e r  h o i i / o t i t a l  d o m a i n .  . \ l t  In 'U^h 

s t r o t i e  p e t  t i i r i i a t  lolls a r e  e v i d e n t  ju s t  a h e a d  ot  t h e  .MCS.  t h e v  d o  n o t  d i s p l a v  t h e  

s a m e  c o m p l e x  s t r u i  t i i r e  p r e s e n t  o n  t h e  t r a i l i t i e  s id e .  S e v e r a l  s t u d i e s  h a v e  r e p o r t e d  

e ( | u i \ i i l e t i t  h e h a v  lot ill o h s e i  v e d  a n d  i d e i d i / e d  .M CSs  (ea ; , .  S( l i i n id t  a n d  ( ' o t t o t i  l')'.*U.

1 I 'Veil et al  I ' t ' cJ ,  Ya t m a t n l  H o i t / e  19‘)'»a. I ’ ltDfi.  . \ a c h a t i i k i t i  a n d  ( ' o t t o n  2n()ili

I n  i n v e s t  l e a t  i t m  t he  i m p . i c t  o f  \ 1 (  ’S - l i k e  h e a t  i t u i  s o u r c e s  o t i  t h e  e t i v i r i i t i n i e t i t . I ' l ) 9 h  

i n d i i  s i t e d  I h a t  o t d v  h e a t  m e  s o u r c e s  d i s p l a v  t t ie  a  vs r t i c a l  t i l t  a t e  i i i p a h l e  o f  e e t i e t a t i m ;  

r e a l i s t i c  "t r a i l i t m  ' t n e s o s c a l e  f e a t u r e s  I s i i i  h  a s  t h e  r e a r - t o - f r o i i t  t iovv) .  I l i e v  s i i e e e s t  

t h a t  t l i e  v e r t i c a l  l e a n i n g  o f  t h e  l i e a t i m i ,  s o i i r i c  i n d u c e  p r e f e r e n t i a l  p r o p a u , a t i o t i  o f  

e r a v i t v  w a v e s  in  t h e  d i r e c t i o n  o f  t h e  t i l t ,  a c c o u n t i n g  fo r  t h e  a s v  t n t n e t r i c  r e s p o n s e .  I n  

a g r e e m e n t  w i t h  s u c h  r e a s o n i n g ,  o u t  s i m u l â t  t o n s  d o  s h o w  a n  i i p s h e a r  t i l t e d  h e a t i n u ,  

s o u r c e  I F i t ;  7  1 I t .  i .e. .  l e a n i n g  i n  t h e  s a m e  d i r e c t i o n  o f  t h e  m o s t  i n t e n s e  w a v e  a c t i v i t y .

r i t e  s t o r m - r e l a t i v e  | s r o i i n d - r e l a t i v e |  z o n a l  p r o p a g a t i o n  s [ ) e e d  o f  t h e  t r a i l i n u ,  u p d r a f t  

i n  t h e  c e n t e r  o f  t h e  d o m a i n  e v i d e n t  f r o m  1 :12  t o  l : 2 0 - h r  a l o i i t ;  t h e  l i n e  s i 'K t n e n t  i n  

F i n s .  7 . 2 2 f - j  is a p p f o x i m a t e l v  -21) tti s ‘ | X m  s *|. a s  i n d i c a t e d  i n  F i y i i r e  7.2Ü.  I n

2 2 . {
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7 25 F i m r  st (|tn l u  r f i o i n  t - M 2  t o  I 2t)-lir o f  v e r t i c a l  m o t i o n  a t  /  1 S k m  a i o i i f ;  y 205
k m  t l i n e  s c i ; m e i i t  i n  Fi^ 7 2 2 )  i n  c x | x  r i m e n t  T H E T A  f o r  a  h o r i z o n t a l  l i o m a i n  c o v e r i n g  112 k m  <  
X <  IGS k m  I t h e  a h . s c i s s a  in  t h e  p a n e l s  a l i o v e t  T h e  i l o i n a i n  m o \ t * s  e a s t w a r d s  a t  22 tti s  ‘ w h i c h  is 
a p p r o x i m a t e l y  t h e  p r o p a i ; a t i o t i  s p e e d  o f  t h e  h o w  e t  h o .  s u c h  t h a t  t h e  p h t t s e  s p e e t l  intlit a t e t l  a b o v e  i s  
S t u r m - r e l a t i v e .



a  s i i i i u l a t f d  S ( | u a l l  l i n e ,  \ a t i u ,  a n d  H o u / t “ ( l ' J D â a )  f o u n d  s t o r r i i - r o l a l i \ i ‘ [ ) l i a . M'  > | M ‘o d . s  

f o r  I C i W s o f  t h i ‘ o r d e r  o f  - dO  t o  - IIi i n  < ' i n  t t i e  11 a i l i n u ;  >r r a t i f o r i n  r e g i o n ,  w h i l e  s l o w e r  

w a v e >  d o i n i n a t e d  t h e  r e g i o n  n e a r  t h e  m a i n  e o i i \ e e t i \ e  a i  t i v i t \  T h e  s i n i n l a t e d  M C S  i n  

t h e  [ I | e < e n t  I ' e ^ e a i e h  i> a  I l l U e h  l i a i  1» a v e r  " t e r n ,  a n d  t h e  l e l a t  i \ e | \  h | e h  p h a s e  " p e e i l  

o f - d l )  111 s  ' i s  f o u n d  j n s t  u p s t r e a m  o f  t h e  l e a d i m ’ <u n v e c  t i v e  u p d r a f t s  It i s  n o t  i l e a r  

i f  t h e  d i f f e r e n t  p i i a s e  s p e e d s  f o u n d  i n  Y a i m  . u n i  H o i i / e  ( i ' I ' t d a i  . i r e  s e n s i t i v e  t o  t h e  

e x t e n t  o f  t l i e  t i . u l i i i e  p r é c i p i t â t  l o l l  a r e a .

B a s e d  o n  t h e  t h e o r v  o f  h y d r o s t a t i c  a d j u s t i n e n t  r e v i e w e d  i n  c h a [ ) t e r  2. o n e  (p i e s -  

t i o n  t h a t  a r i s e s  is w h e t h e r  t h e  u r a v i t v  w a v e  r e g i m e  d i s c u s s e d  h e r e  c o n s i s t s  o f  I C W S  

i n  t h e  ' l o n - h t / d r o . ^ t i i t i f  l i m i t .  I ' h e  a d j n s t n i e n t  d e s c r i h e t l  ui  B d ' i .  i n f e r r e d  f o r  t h r e e -  

d i t n e i i s i o i i s .  p r e d i i  t s  ' t h a t  a n  i m p u l s i v e  h e a t i m ;  s o u r c e  o f  h i y h  a s p e c t  r a t i o  ( t h e  s i t 

u a t i o n  i i s u a l h '  c o n s i d e r e d  f o r  d e e p  I O l i v e ,  l i v e  s t o r m s  I i n d u c e s  l t n ; h  f n i j u i n i i i  K i W ’s 

If t h i s  IS ,  a s e  111 e x p e r i m e n t  1 11 f. I A . t h e n  t h e  f o l l o W i n e  e x p r e s s i o n  I  a n  h e  u s e d  l o  

e s t m i a t e  t h e i r  e r o l l l l d - l ' e l a t  l \ ' e  Z o n a l  p h a s e  s p e e d  c .  h a s e ,  | o n  l i l i e . t r  t h e,  u \

-  \c.  -  ,1 - . 1 , l o

w h e r e  U  ( y i o u n d - r e l a t i v e i .  .V a n d  k  a r e  a s  , i e f i n e d  i n  c h a p t e r

l a | u a t n u i  ( 7  61 is o h t a i n e i l  f t , u n  ( 2  2 6 )  h v  ne e | , - ,  n n e  t h e  t ,  r m  . \ n '  , a s s u t n i n ü ,  

k ' : >  111'  ( i . e . .  t h e  n , u i - h y , l r o s t a t i ,  l i m i t ) ,  a n d  , l i v i , i i n y ;  ~  hv  k .  T h e  u i i i i u s  s i y i i  , , ii 

t h e  r f e h t - h a n d - s i d e  ,,f i 7 . 6 1 is c l m s e i i  h e c a u s e  we  a r e  e x a m i n i n g  w e s t w a r , l - p r o p a " a t i i m  

w a v e s .  W i t h  t h e  a i d  o f  F i j ^ s .  7 . 2 2  a n d  7 . 2 d .  t h e  z o n a l  w a v e l e n g t h .  A^.  is e s t i m a t e d  t o  

h e  a p p r o x i m a t e l y  U) k m .  y i e l d i n g  k ( I t: A^l  e q u a l  t o  1 Ô7 < U) ' m  ‘ F i g u r e  7 . 2 6  

s h o w s  i i r o f i l e s  o f  h u o v a n c v  f r e q u e n c y  s q u a r e , l  ( . V ' l  a n d  » r o u n d - r e l a t i v e  w i n d  s p e e d  

( i l l .  1 0 - n i i n  a f t e r  r e s t a r t ,  a v e r a g e d  f o r  t h e  a r e a  , ‘i i c l o s e , l  h v  a  r e c t a n g l e  in  F i ^  7 2 2 e .  

.At a  h e i g h t  , , f  z 1.8 k m .  . \  % 0 . 6 1 1  s “ ’ a n d  77 ^  2Ô in s ‘ . S i i h s t i t i i t i i i u ,  t h e s e  

v a l u e s  i n t o  ( 7 . 6 )  y i e h l s  , =  - I ' l  m  s ‘ r e l a t i v e  t , ,  t h , ‘ y r , i i i n , | .  w h i ,  h  is a  s u h s t a n t i a l
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I I . J t )  \  • 1 1 1' , i l  [ 11 ■ ' t i i i  ' ' t .1 ! '> . i l ; i  '. t i  >■'I' i> ;ii  '. "  l ' i . i i  > 11 \  ■ 1 n  ' .  - . . n . d  1 < ' i i . d
' ' • n i [ i " I l c | i t  ■.! .J,r. 1 ; .  l.it ■.Miiil.' ' / . I l l '  ■ ■. II: • lliifir 1 1 1 1  1 \  It I [H-Ii.iii ,r.'  1,1̂> 'I ih>
,111 ,t • III 11 .'I ' I ||\- .1 I l'i T ,lllU,|r III IJ 7 J_'i-

wVfii 'ht  iiii.U lull  w l i f i i  ( u i n p . U f i i  w i t l i  i h f  Cul i('>i)(iii(li[ii; \ a l i i c  i u i u i d  [ui a  m a \  i! v w a \ c  

I ) i o p a ^ a t i t i i ;  ju.'it u p s t i t  a n i  u t  t tic I m w  rel i t i  ( -S m  s ' i I lii^ t l i x n  p a i i t  v i i i av h a v f  

t i i i i i t i p i r  u r i r i i i s .  i a r i ‘j , i n r  t ru t i i  t l i r  i n a d r t i u a c v  u f  i i i t r a i  t l i r u r v  iri « x p l a m i n r  w a v r  

p c u p a r a t i u i i  iti ri '^iutis w l i r r r  t u r l t i i l r i i c r  tni .xi im a n d  r i u n d i i i r a r  r t f r c i . s  a r c  i i i i p u r t a n t .  

t u  a n  inact  i i i a t r  « " i t i i n a t r  u t  t l i r  / u n a l  w a v r t i i i m l t r r  I Fn>>. ~ 21  a n d  7 _'di a n d  pl ia .^r  

s p r r d  (P i^ -  7 . d û )  l)a.srd u n  a  s i n g l e  p u l s r  H u u f v r r .  t h r  niu.si l i k r l v  . su i i i i f  ut  t h r  

l a i r f  (list r« p a n c y  c u t i i r s  l ' i u in  t h r  a s s n n i p t i u n  t h . i t  k" r  n r ’. a> . -ihuun I t r i u u  .

F i m i r r  7 . 2 7  s h u w s  t i i i i r  s r r i r s  o f  v e r t i c a l  r n u t i u n  a t  ( x .  y )  ( K i t ) .  2 ( ) â )  k m  I j i i s t

i i p s t r r a i n  ut  t l u '  l i u w  et l i u  i n  l i" .  7 . 2 2 )  a t  ) d i l h  r e n t  l r \ « d s .  f u r  t h r  f i r s t  2 l ) - i n i n  u t  

s i m u l â t  i o n  i n  1 H F  I .V . X u t r  t l i â t  h m l i  a n d  l o w  f r r « n i r n «  v  u x  i l l a t  i o n s  a r e  s i i p r r i m p t i > « ' « l  

iti  t h r  w a v e s ,  w i t h  t h r  t o r t i i r r  b r i n ” . i s s o c i a t r d  w i t h  a c o u s t i c  m o d r >  t u  b r  r x a m i n r d

•• \ i i u t h . T  1111(1.,r t . u i t  l i i i i i t . i t i i . t i  111 t l i f  iiM- T i> i h i ’ L u t  i h . a  ii ls il, ri . n i  l u t  ,iii . t l n u i ' c L ,  t i '  u i t h  . ' , n . ' [ . mi  
ü  . n u l  .V, wl i i l i '  thi -  m u i i i - r u  .il n r i i i i U l u j i i . i  , n t  t , i i i l i u  li-il L , r  .i r l u  . t ! l . . t m l  , -ir.  i r ' ü t i u ' L t  . u l h  a  «l ' t i i t . i i . t  \
I h is  [triihlt'iti is i n i i i i i i i i . 'u l  u  lifii tak i r i i ;  v.iliu-s for r , .  û ,  V .nul k  .tt thu  s.itiit- Iom-I. .issuriinm; t h a t  iï a n d  .V d o r s  n o t  

v,.r> Mt'iiit 'uantl> in a  s h a l l o w  l . u r r
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-2.5
—  T= 1800 m (line A)
—  z= 4600 m

z= 7800 in (line B)
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F i g u r e  7 2 7  I i m r  s c m o  u f  \ i  i t u  a l  \ f l o t  i t y  m  m  s ‘ a t  i x .  > ) i k m  a r n l  /  F \  k m .  I ti
k m .  7  \  k m .  f m  t h e  f i r s t  J O - m m  u f  c x p c r i r i i f r i t  T H F  I \  T h e  v e r t i i  a !  v e l o c i t y  f i e l d  is - . a mp NMl  a t  ea i  h
Is.
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l a t e r .  F o r  n o w .  it  is i m p o r t  a t i t  t o  n o t e  t h a t  t h e  p e r i o d  o C o s e i l l a t i o t i  o f  t h e  g r a v i t y  w a v e  

l o n i p o n e n t  i n  F i j ; .  7 . 2 7  i.s a r o u n d  l â - n i i n .  wh ic  h  is l o n g e r  t h a n  t h e  h u o v a i u  v p e r i o d

( )I !t 1 - t n i n  a . s s o e i a t e d  w i t h  N  l > t ) l l  s  ' a t  m i d  l e v e l s .  T h e r e f o r e ,  t h e  o x i l l a t o r v

r e » , i m e  lines rint  C on s i s t  o f  t h e  liKjhest  f r e i p i e n c v  I G W ’s  t h a t  a r e  s n p p o i t t s j  i n  t h e  

e n v i r o i i t n e n t  m o d i f i e d  by  t h e  b o w  e c h o  It i  o t h e r  w o r d s ,  t h e  w a v e s  d o  n o t  r e a c h  

t h e  u p p e r  l i t i i i t  o f  i i o n d i y d r o s t a t i i  i t y "  i t n p l i e d  b y  t h e  a . s s i i m p t i o n  k* ■■ n r  H e n c e ,  

n r  I a n t e  a b e  n e y l e c t e d  in  F i )  ( 7  t i i .  . ' i m u e s t i n y  t h a t  v e r t i c a l  s t r u c t u r e  is p r e s e n t  

It IS i n t e r e s t  m y .  l u i w e ' . e r .  t h a t  t h e  w a \  e  t r a i n  ' I n  w n  in  F iu .  7  2 f d r p b r  '  \  e i  \ 

l i t t l e  v e r t i c a l  s t r u c t u r e  wr t i l t  i n  a l m o s t  t h e  e n t i r e  t ’npi'-jih, r> . }\is\ w e s t  o f  t h e  m a i n  

u [ ) d r a l t s .  1 h e  l a c k  of  • . e r t i c a l  s t r u c t u r e  a l s o  is e \  n l m t  i n  F i y .  7 2 7 .  w h e r e  t h e  o s 

c i l l a t i o n s  a r e  v e r t i c a l l v  in p h a s e  I h i s  b e h a v i o r  is p o s s i b l e  in  t h e  c a s e  o f  v e r t i i  a l l \ '  

t r a p p e d  K l W ' s  l e y . .  D i i r r a t i  l ! f> t i | .  I n  a n  i d e a l i z e d  s e t t i n y .  . \ i c h o l l s  e t  a l  i l b ' t l i  

l o u i i ' l  s i y n i f i c a n t  t r a p p i n y  o f  w a r e  e i i e r y r  i n  t h e  \ e | t  n a l  a s  a  r e s p o n s e  o f  t h e  a t i i i o -  

s p l i e r e  t o  t h e r m a l l v  f o r c e d  y r a \  i t y  w a v e s  In  t h e  n u m e r i c a l  s i m u l a t i o n  o f  a  s ( | i i a l l  

l i n e .  \  a n y  a n d  l l o i i / e  ( I ' t ' J . ' iai  i n d i c a t e  t h a t  v e r t  i c a l t v  t r a p p e d  K l W s  a r e  p ,  i s s t b l e  o n  

t h e  t r a i l i t i y  p o r t i o n  o f  M C S s  w h e n  a  d e c r e a s e  i n  .V- a n d  i n c r e a . s e  i n  w i n d  s p e e d  a r e  

o b s e r v e d  c o r n  i u n i t  a n t  Iv  in  t h e  u p p e r  t r o p o s p h e r e  o n  t h e  u p s t r e a m  s i d e  o f  t h e  s v s t e m  

' ' F l i y s n  a l l \  s p e a k i t i y .  a  s h a r p  d e c r e a s e  i n  s t a t i c  s t a b i l i t y  a t  u p p e r  l e v e l s  m e a n s  

t h a t  h i y h e r  f r e ( | i i e n c y  m i d - t r o p o s p h e r i c  I C W ’s i a n t i o t  t r a v e l  t h r o i i y h  t h e  i i | ) p e r  h i v e r s  

I w h e r e  .V Is r e d i K e d i  a n d  t h e r e f o r e  b e c o m e  e v a n e s c e n t ,  o r  v e r t  i c a l l v  t r a p p e d  C o m 

b i n e d  w i t h  a n  i n c r e a s e  o f  w i n d  s p e e d  w i t f i  h e i y h t .  t h e  S e o r e r  para in t  t e r  i S c o r e r  I b - l b .  

D i i r r a n  lU S b .  Y a n y  a n d  l l o u z e  I ' J ' J a a )  i s  r e d u c e d ,  i i i c r e a s i t i y  t h e  l i k e l i h o o d  o f  t r a p p e d  

I C W s .

 ̂ '  I I I I . I V  t h i i t  i h r  huityani  \ t' rtMjutTK v tri>rri  Kik* 7 is ru»t lu s  *‘.vsanl> .»f Uir
[im* i h t *  |( iW s  , i r “  i n i t i . i t t  tj i  v  . tu*ar t l u*  s n  t > > r  ul'  ai t c . »• l u r u n  t d h  ’ H o a r . r r .  t l u*  v r r t u  .tl prul i lu  \  “ 

C*-t*-i  riiJ t . t nl  l i ' f a  I . .11 r f r o n ' d t l u -  ‘ ■•••A f . « d  s h f A  -irit < - ' r n c . i m l  t . ic

7 Jt'r.i j U ' t  s h ‘ »At l  . f \ t  r p l  . i t  lr\i*ls A l u  rc  a  s h a r p e r  <irr A l t h  l i r i ^ t h  I S f V U l f t l l  tor  N* l»«‘l i>A th*- f r>-pi'pali.M'
 ̂ ‘ I'lu*M* art- t h e  sariu* a t t i iu sp luT ic  i tH u I i t iu n s  t h a t  f a \ o r  v r r t u  a l ly  t r a p p m i  ICÎWs c jowtis t rfa r i i  ut' r i i u tm ta in s  fS v u rc r  

i-M'< [ ) u r r a i i
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I I l f  ' it  r r f . i . x '  i n  X '  ,>i iu\vn i n  F i i ’ . 7  _'U.i f ' l u i n  7,i) t o  1(1.U k t n  a  h i n t  t h a t  t h e  

a t n i o s p h t ' i i c  p r o l i l r  is f a v o i a h l f  f o r  t r a p p e d  I G W ' s .  a t  l e a s t  i n  t e r m s  o f  s t a t i c  s t a b i l i t y  

O n  t h e  o t h e r  h a n d .  ï ï  (F i t ; .  7 . 2 â h l  d o e s  i n c r e a s e  a h o v e  8 . 0  k i n .  a l t h o u g h  t h e  l a v e r  o f  

d e c r e a s i n g ;  .V‘ t irul  i n c r e a s i i p ^  77 is s h a l l o w .  T h e  s t r u c t u r e  o f  t h e  t r o p o s p h e r i c  w a v e  

t r a i n  s h o w n  in F i t r .  7 2 J  e s p e c i a l l y  c l o s e  t o  t h e  l e a d i t m  e d ^ e  o f  t h e  h o w  e c h o  is 

v e r y  s i m i l a r  t o  t h e  o n e  f o u n d  i n  \ a t i u ;  a n d  l l o u / e  ( l ' J O â a l  f o r  t r a p p e d  g r a v i t y  w a v e s .

I h e r e l o r e .  c o m l i t i o n s  s c e i n  f a v o i a h l e  f o r  t h i s  s p e e i h c  w a \ e  r e g i m e .

7 . 1 .2 . 1  In terpreta t ion  o f  th e  results

B a s e d  o n  t h e  d i s c u s s i o n  a b o v e ,  w e  n o t e  t h a t  t h e  s o l u t i o n  i n  I H F T . \  i s  n o t  d o m i n a t e d  

h v  K i W ' s  111 t h e  n o n - l u d r o s t a t i i -  l i m i t  | k ‘ , t i r ’ c  He i  a l l imt ,  t h e  a n a l y s i s  o f  h y d r o s t a t i c  

a d j u s t  I I I ' ' l i t  I I V T )  1 . 1 i ^ i i r r  2 7  m ' i i c a t » ' ^  t l i a t  t h e  i t t a v i t \  w a \ «'  n - ' p o n ^ » '  t o  a n  . ' / ' / / / / / o . - 

h e a t i t i y  s o i i H  •• w i t h  hinji  hor izon ta l  w . n f t i u t i i h e r  a t n l  .-innll vertical  w a v e n u t i i h i  r  is 

i l o r n i n a t e d  h \  i i o i i - h v d r o s t a t  ic  I G W ’s i . e  . t h e  r e g i m e  c l o s e  t o i  f a r  f r o m  ) t h e  a h s i  i .ssa 

I o r d i n a t e !  in  F i y .  2 . 7 .  W h i l e  t h e  h o r i z o n t a l  e x t e n t  o f  t h e  h e a t i n g  s o u r c e  i n  e x p e r i -  

t n e t i t  I H F  r . \  is l i m i t e d  in  t h e  z o n a l  d i r e c t i o n  ( c r o s s d i t i e  d i m e n s i o n  ). it  i s  c o n s i d e r a b l y  

e l o t m a t '  il in t h e  t i t e i i ' l i o t i a l  ( i i r e c t i o n  | a l o n u , d i n e  d i t n e n s i o n I .  I h i t s ,  t h e e l f c  t i v e  l i o t -  

i z o t i t a l  w a v e n m n b e r  i n  I ' H F  F.-V is l o w e r e d .  I n  a d d i t i o n ,  l a t e n t  h e a t i n y  c o o l i m r  i n  o u r  

s i m u l a t i o n  d o e s  h a v e  v e r t i c a l  s t r u c t u r e ,  c o n s i s t i n g ,  o f  l o w  a n d  u p p e r - l e v e l  c o o l i n e  a m i  

m i d - l e v e l  w a r m i n g  ( Fij".  7 . 1  1) I h e s e  f a c t o r s ,  c o m b i n e d ,  d e t i n e  a  r e g i m e  t h a t  d o e s  

n o t  r e s i d e  v e r v  c l o s e  t o  ( f a r  f r o t n )  t h e  a b s c i s s a  ( o r d i n a t e )  o f  Fi t".  2 . 7 .  I n  t h i s  c a s e .  

I G W ’s  w i t h  p e r i l  i d s  c l o s e  tic t h e  b u o y a n c y  p e r i o d  a r e  n o t  t h e  d o m i n a n t  m o d e  “

. A n o t h e r  \ e r \  i m p o r t a n t  p o i t i t  is d m m /  i rul t  rii i t f ,nt po int . -  to  c ,  c /  Itoo f o i j w  n n i  

l a w . -  II I . / C / l l A  iin tht hin l id . - ia t ic  l i m d .  loith k~-\ n r   ̂ also f n o o /  p n nt in ili/- 

n a n i i c  adju.^t im n t  dt .-icribtd i n  T H E T A .  T h i s  e v i d e n c e  c o m e s  f r o m  t h e  e x a m i n a t i o n  o f

• ' .N u t i ' .  tin.M-.iT. tli.it t h f  ^ r . iv i ty  w.ivi-s c ibt.i iii fil  in I ' l lK  1 . \  . in - .s t i l l  .if r i ' l . i t io ' ly  h n ;h  f r « | i n  ii( v .mil t l ic r i - fo rf  .irt- 
11. it h \ . I r . ..st.itII
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F IK 7 . 2 1 .  w l iR ' l i  . s l unvs  t h a t  t h e  s t n i i t u r r  o f  t h e  t r a i l i n g  i n o s o s c  a h '  f r a t i i n - s  (R I . )  a n d  

f r<»nt - t i ) - r t  a r  n p p n  h vc!  uu t [ K» \ v l  i> l i n k r d  t , ,  t i n-  p r o [ j . i g a t i u n  u f  t h e  I n n a  a n t  p l n n i r .  

R( ' .<nl ts  h u t i i  I 'D UG  " i i gg f . s t  t h a t  t i n  t r a i l i n g  f n a t u r f . ' '  r f > u h  f r m n  t h e  p r a p a g a t i n n  u f  

a  H I G W  i n d i i c n d  h v  t h e  I tn r - fn  ijUf rici/ < o inpuru  n t  o f t h n  i m i v r i  f i vn  t h n r t i i a l  f u n  i n g  i>f 

a  M L  S .  l i>’ " l i iw lr« ( p n  t n  \  n n n p a n r n t  \vc m e a n  t h r  ( / ( / ( / t x /nO s t r u c t i m  d f  t h r  I m a t -  

i n g  s u u r v t '  m  t h r  M C S .  f u r  w h i c h  t h e  i m p u l s i v e  h e h a v i t n  o f  t h e  d i s c r t ' t e  c d i i v e c t i v e  

e l e m e n t s  is  i i d t  r e l e v a n t . T h i s  l a t t e r  c o i n p o n e n t  is  m o r e  c l u s e l v  a . s s d c i a t e d  w i t h  l i v d r o -  

s t a t i c  a d j i i s t m e n t  in  t h e  [ i r e s e n c e  o f  t n i l l v  i t n p n l s i v e  h e a t i n g  S d i i r c e s  o f  h i g h - a s [ ) e c t  

r a t i d .  w h i t  h  t r i g g e r  t h e  h i g h e r - f r e ( | i i e n c v  ICiW' s i R D ' J h i .  T h e  " I d i i g  d n r a t i d n "  c d i n p d -  

r ie i i t  d f  t h e  t h e r m a l  hn< i t i g .  o n  t h e  < i t h e r  h a n d ,  e x c i t e s  h v d r n s t a t i c  p u l s e s  t h a t  p l a v  a n  

i m p o r t a n t  r u l e  i n  d e t e r m i n i n g  t h e  r e s p t n i s e  o f  t h e  e n v i r o n m e n t  t o  t h e  M C S .  iiit t i n l i n g  

i h ' t ' j )  l a v e i  s d |  Cl i m p e t i s a t  i n g  s i i h s i i l e n c e  I B r e t  l i e r t u n  a n d  S n i d l a r k i e w i t v  I h S p ,  Ni t  h o i  Is 

f t  a l  Ma pe . >  I h h ' L  ! ' d \ i  II 20(121.  a m i  t h e  f d t i n a t i o n  o f  t r a i l i n g  r e a r - t d - h u n t  a n d

f r o i i t - t d - r e a r  l l dw> i l T ) h G i .

I ’Dhf)  u n l i t  a t e d  t h a t  t h e  e a r l v  r e s p o n s e  o f  t h e  e n v i r o n m e n t  t o  a  t i l t  et I s t e a d v - s t a t e  

h e a t i n g  s o u r c e  r e p r e s e n t i n g  a  m a t u r e  , M ( 'S  c o n s i s t s  l i r s t  o f  a  f a s t - t n o \  i n g  p a i r  

o l  p u l s e s  p r o p a g a t i n g  l a t e r a l l v  a w a v  t r o i i i  t h e  so i i r c t '  a t  t i n '  s p e e d  o f  a  I I I C W  w i t h  

c e r t  it a l  w a M ' l e r i g t h  t u i r t  t l u  ,1, ptfi  o f  t h e  t h e r m a l  f o r c i n g .  I h e s e  a r e  f o l l o w e t j  h v  

a n o t h e r  p u l s e  m o v i n g  a t  t h e  s p e e d  o f  a  H I G W ’ w i t h  v e r t i c a l  w a v e l e t i g t h  c o r n p d i d b l i  t o  

t h e  d e p t h  o f  t h e  h e a t i n g  s o u r t  e .  1 h i s  s e c o n d  w a r e  t r a v e l s  o n l y  i n  t h e  d i r e c t i o n  o f  t h e  

h e a t i n g  s o u r c e  s t i l t .  .Ml t l u ' s e  p u l s e s  a r t '  I ' v i d e n t  w h e n  a n a l y z i n g  t h t '  h o r i z o n t a l  w i n d  

f i e l d .  .-\.s t h e  se t  o n d  p n l s t '  p r o p a g a t t ' s  a w a y ,  i t  h ' a v e s  h e h i n d  t h t '  s t r u c t u r e  u s u a l l y  

f o u n d  i n  t h e  t r a i l i n g  s i t l e  o f  M C S s :  a  f r o n t - t o - r e a r  a n d  a  r e a r - t o - f r o n t  f l o w

I n  e x p e r i m e n t  T H l c ’l \ .  w t ' t l i d  in>t n i a n a g t '  t o  c a p t i i r t '  t h t '  f i r s t  [>air  o f  puLst ' s .  p r t »h -  

a h l v  h e c a u s e  o f  t h e  t j e s i g n  o f  o u r  s i n i u l a t i t m .  T i n '  w i n d  f i t ' hl  a t  i i ' s t a r t  t i m e  a l r t ' a t h '  

is c o n s i s t e n t  w i t h  a  we l l  d e v e l o p e i l  M C S  in  I H K  l . \ .  a n i l  t h e  s i g n a l  o f  t h e  f i r s t  p a i r
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o f  pu l s « ' s  m a y  1>»' m a s k t x i  b y  s t r u n g  ( i n i v a c t i v o  c i r n i l a t i o n s  i n  t l i» '  b o w  r i  h o .  H o w t ' v o r ,  

t h e  . s e c o n d  p u l s e  s e e m s  t o  b e  t h e  o n e  a s s o c i a t e d  w i t h  t h e  p r o p a g a t i n g  b i i o v a n t  p l u m e  

a n d  m i d - l e v e l  d o w n d r a f t  a n a l y z e d  i n  t h e  p r e v i i u i s  s e c t i o n ,  a n d  a s . s a  i a t e d  w i t h  t h e  

a d j u s t m e n t  d e s c r i b e d  in  F i t ; .  7 21 .  T o  c h e c k  t h i s  p o s s i b i l i t é  i n  a  ( p i a n t i t a t i v e  w a v .  we  

f i r s t  e s t i m a t e  t h e  s t o r m - r e l a t i v e  p r o p a g a t i o n  s p e e d  o f  t h e  u p s t r e a m  i -d ^e  o f  t h e  s e c t o r  

h a v i n g  w i n d s  s t r o n g e r  t l i . i n  ' '  m  s ' i n  t h e  Hi . )  s l i o w n  in  Fiii;. 7 . 2 1 .  W i t h  t h e  a i d  o f  

t h e  t i m e  . ' . e t p i e n c r  i n  F m  7  21 .  w c  f i n d  a  v a l u e  u f  - 2 2  m  s F  ( ) n  t h e  o t  h e r  h a n d ,  t h e  

s y s t e m - r e l a t i v e  ^ r o u p  v e l o c i t y ,  o r  p l u m e  s p e e d ,  ( ' u i c w -  f " f  a  w e > t w a r d - p i o p a u . a t i i m  

H I G W ’ is i’i \ e l l  b v  ‘ :

< i l  h A \ \  I I I  . i 7 . 7 i

w h e r e  .V a n d  in a r e  a s  d e f i n e d  b e f o r e .

1 h e  v e i t u  a l  w a \ e n u m b e i  c a n  b e  e > t i m a t e d  f r o m  t h e  ~ t i i n  t m e  o f  t h e  b u o v a n c v  

f i e l d  i n  Fie ,  7 11 .V fu l l  v e r t u a l  w a v e l e i m t h  \ .  ( i . e  . l o w  l e v e l  c o o l i n e ,  - m i d  l evel  

w a r m i n u  - u p p e r  l eve l  , o o l i n e , i  i.-' . ' p a n n e d  in a n  a p p r o . \ i m a t e l y  I d . 2 k m  d e e p  h i y e i .  

y i e l d i n y  m  % 1 .7b  < 1 0  ' m  F F r o m  F m  7 2 b a .  t h e  b u o v a n c v  f r e c | u e n c y  a t  m i d  l e v e l s  

i s  a p p i d . x i m a t e l y  0 . 0 1 1  s F S u b s t i t u t i t m  t h e s e  i t i t o  ( 7 . 7 )  y i e l d s  l u i i i v :  %-2. ' l  m  s F 

w h i c h  m in  \ e i  v " o o d  a e i e e i n e n t  w i t h  t h e  p r o p a g a t  i o n  s p e e d  e s t i m a t e d  f r o m  Fie; .  7 21 

H e n c e ,  t h e  r e a r w a r d  e v o l u t i o n  o f  t h e  b u o y a n t  p l u m e ,  a n d  t h e  r e > p ( u m e  i n v o h i n ^  t h e  

R I . I  a n d  t h e  t r a i l i i m ,  i i p [ ) e r - l e v e l  o u t f l o w  in e . x p e r i i n e n t  T H F F A .  a r e  c o n s i s t e n t  w i t h  

t h e  t i i a n i f e s t a t l o l l  o f  a  H I G W .  m  a e , r e e m e i i t  w i t h  l ’ L ) % .  .N o t e  t h a t  t h e  e x p r e s s i o n  

■ g r a v i t y  w a v e ’’ is  r a t h e r  m i s l e a d i i m ,  i n  t h i s  c a s e  b e t  a i i s e  t h e  r e s p o n s e  r e f e r s  t o  a  s imp le  

p u l s e ,  r a t h e r  t h a n  a n  o s c i l l a t o r y  r e g i m e  ( e \  i d e n t l y  t h a t  t h e  o s t  i l l a t i o n s  d e s c r i b e d  

e a r l i e r  a r e  n o t  H l G W ' s ) .

1 h e r e f o r e .  t h e  a d j u s t m e n t  p r o c e s s  i n  I H F I . A  i n v o l v e s  a  c o m p l e x  r e s p o n s e  i n -

■ .Nuti' Oi. it.  m  t h e  Im l ru ^ t . i tK  l i m i t .  Iiotti t h r  [jh.i- 'f spct-il .itul i i ' l u i ' i t y  .,1 .iii I t l W  r r i l m e  tii tht> .saini'
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i l u i i i i i i ;  l o w  a n d  l i i » h  I r o t i u o n i  v K I W ’s I'ht* f o r t i i c r  a r c  a>so< i a t c d  w i t h  t h e  s l o w l y  

c v o h  iriii a ^ i ^ r c y . t t c  s t r u c t u r e  o f  t h e  h o w  e c h o  < t h e r r i i . i l  f o r c i n g  11 e  . h e a t i r i t :  - o i i r c e  o f  

l o t i y  ( i i i r t i t i o i i )  t h a t  i i n [ ) l i c i t l y  is p r e s e n t  m  t h e  p e r f e i  t s p e c i f i (  a t i o t i  o f  t h e  m o i s t u r e  

a n d  c o n d e n s a t e  f i e l d s  a t  r e s t a r t ,  [ ' h e  l a t t e r  a r e  r e l a t e d  t o  t h e  t r a n s i e n t  h ' c h a v i o r  o f  

< e l l  r e e e n e r a t i o n  a l o n ^  t h e  l e a d i n g  e d g e  o f  t h e  h o w  e c h o  ( i . e . .  i m p u l s i v e  [ l e a t  s o u r c e s ) .

.As e x p e e t e < l .  h i g h  f r e (}u t ‘iii V K i W ' s  a r e  [ i r e s e n t  i n  C.X I ' H I ,  a s  w e l l ,  a s  i n d i c a t e d  in  

[• i g i i r e  7  J s  f o r  t h e  s a m e  g n d - p o i n t - '  a n d  t i m e  p e m n l  a n a l v / c d  i n  F i g  7 2 7  l o t  I f l F  I'.A 

I h i s  m e . i n s  t l n i t  t h e  "t r a n s i e t i t  e \ ( , l n t i o t i  ' in  I M F  1 A ( a n t i o t  e a s i l v  h e  s e p a r a t e d  f r o m  

t h e  r e g u l a r  h e f m v i o r  o f  t h e  s o l u t i o n  i n  t e r m s  o f  h i g h  I r e t j u e n c v  IClW' s.  w h i c h  a r e  

i i h i ( | i i i t o i i s  i n  M C S s .  I h e  l o w  f r e i p i e n c y  r e g i m e ,  h o w e v e r ,  d o e s  p r o v i d e  a  s i g n a t u r e  o f  

t h r  t i a n - ' i e i i t  ( S o l u t i o n  he ,  a u " e  It is a . s s o e i a t e d  w i t h  i r r e v e r s i h l e  p r o c e s s e s  ( M a p e s  

Ih ' t . ' h  f o r  e x a m p l e .  , un  e t h e  l u i l f o s t a t K  p u l s e  i t i o v e s  , a i t  t h e  d o t n a i l i  o f  i n t e r e s t . 

t h e  o v e r a l l  k i n e m a t i c  s t  t i n t  m e  t r a i l i n g  t h e  h o w  e, h o  , a n t i o t  s i g t i i f i c a t i t  Iv h e  a l t e r e d  

w i t  la a i t  a  c h a n g e  in  t h e  h e a t  i n g  s i a i n c  m  t h e  c, u i v e c t  i \  e  s e c t o r  o f  t h e  s v s t e m  ( I 'U ' J G  I

He ,  ai i .se t h e  t h e r m a l  f i e l d  in I H F I . A  is r e s t o r e d  w i t h  i t s  c o r r e c t  p h a s e ,  t l i e  o v e r a l l  

s t r i i i  t i i i e  of  t f i e  M C S  is Ho t  n i t a l i f i e d  h y  ' f i y d r o s t a t i c  w a v e s ' .  , i n d  a  s t r o n g  s i p i a l l  l i n e  

r e s u l t s .  1 h e  d i f f e r e n c e s  f r o m  C . \  I ' l H ,  a r e  i i i o s t l v  i n  t l i e  f i n e  s t r u c t u r e .  I ' l i i s  i m p o r t a n t  

fUKl ing  i n d i c a t e s  t h a t  a  n a - ^ n n a h l i /  a n  n r a t i  i i j u  a t m n  o f  t h t  r e l e v a n t  t h t  n n a i  

J i t  I d  o f  a n  M C ' S  t.' n o t  n t  i t  o h t a i n t  d  f r o m  t h t  t t  n i p t  r a t n r r  J i t  I d  a l o n r .  h u t

f r o m  t h f  i p i a n t i t i f s  t h a t  c o n t r o l  t h t  c o r n e t  p f i n . ^ t  o f  l a t m t  h i a t i m j  a m i  c o o l i n i j  w i t h i n  

t h t  s i / ^ t c r n .  T h i s  r e s u l t  i s  i n  c o n c e p t i n d  a g r e e m e n t  w i t h  s t u d i e s  i i d d r e s s i n g  d i a h a t i c  

i i i i t i a l i / a t i i u i  o f  i i u i n e r i c t i l  m o d e l s  i n  t t i e  l a r g e -  a n d  s t o r m s c a l e  ( e . g . .  I x r i s h n a r n u r t i  e t  

a l  19!)1.  Z h a n g  1 9 9 9 ) .  i n  w h i c h  l a t e n t  h e a t i n g  c o o l i n g  r a t e s  a r e  u s e d  t o  e s t i m a t e  

\ e i t i c a l  m o t i o n  t f i a t  is c u i s i s t e i i t  w i t h  t h e  [ i r e c i p i t a t i o i i  d i s t r i h i i t i o n s .

T h e  d i s c u s s i o n  a h o \ e  r a i s e s  t h e  c r u c i a l  ( | i i es t  i< ui , , f  t h t  i m p o r t a n c t  o f  o l n t  r v t  d  r t  f r i t  n  d  

f t  m p t  l a t u r i  f u  I d  w i t h i n  c o n r t r t i n  . < i i s t t  m s  i m o r c  s p t c i j i c a l l i i .  s i j u a l l  l i n e s  a n d  h o w
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2.5

z= 1800 m (line Â) 
z= 4600 m 
z= 7800 m (line B)

-2.5
4:00 4:05 4:10 4:15 4:20

Time (hr: min)

F i ü u i i -  A s  III F i i ;  7 _’7.  1)111 i n r  - - i i i iul . i tKJH ( \  T N I .

I c h i l l i  I i f  c a n d i  a n d  i c a t i  r  i < i i > o r  j n  I d s  a c e  n o t  a d i  i j u a t i  h i  ^ [ i i n f i t d .  O u r  r<‘s \ i l t s

l l i a t  t f i u p f i a t u r < ‘ c u i i t a i n s  [ f d u i i d a i i t  i i i f o r i i i a l i u i i  n  ^ a r d i n x ,  t i n -  rlFi t ( i v r  t l i n -  

i i i a l  l i f l d  ol '  a  M (  ' S.

7.4.3 .Manifestation o f  a co u s t ic  m o d e s  in e x p e r i m e n t  T H E T A

O i v i ' t i  t l i a t  t i l l '  A i l l ' S  IS a  t' l ii ly c o m p r e s s d i l e  i i i o d t  I. a c o u s t i c  m o d e s  a l s o  a r e  e x p e c t e d  

a s  a  r e s p o n s e  in  e x p e r i m e n t  I H K  I.A ( B ' J â .  . \ P 9 l a . i ) ) .  1 i ü , m e  7 . 2 7  s i i o w s  t n ^ l i  I r e -  

( j u e t i c v  o s c i l l a t i o n s  s u p e r i m p o s e d  o n  g r a v i t v  w a v e s ,  d l i i s  v e r y  l i i ^ h  IV t a j u e n c v  r e g i m e  

is n o t  p r e s e n t  in  t h e  C ' . \ T R L  s o l u t i o t i  a n d  r e p r e s e n t s  t h e  m a t i i f e s t a t i o n  o f  a c o u s t i c  

m o d e s  a s  p a r t  o f  t h e  d v n a i n i c  a d j u s t m e n t  p r o c e s s  i n  e x p e r i m e n t  T H E T . - \ .

F i i r u r e  7  2 ‘J  depi< t s  t i m e  s e r i e s  o f  p e r t u r h a t i o t i  p t e s s u r e .  [li '^hii.i’ h t i n g  t h e  a c o u s t i c

‘' . \ i  tu .i ll> . .lo-ii.sth ,iri'  pri'M til iii Mii iii la liuri  I' .N I'HI.  im 'H. Imt w i t h  . iT \  .■-iii.ill . t i i ip l iuu if .s  t h a t  a r e
eHu ierit ly a t t e iu i a t e i i  h> il ive r i te ru  e ila riipi iii; In  1 UK l . \  t h e  i t r e t i a  an.) a r l i t u  lai î t h e r m a l  p e r t ' i r h a t n ' t i  a t r< i-tart 
t i m e  t r in i te r s  sm in i l  iva'.es uf la ri^er a m p h t i n i e
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m o d e s  f o r  t h e  f i r s t  J D - m m  a t  t f i r e e  d i f f e r e n t  l e v e l s  f o r  t h e  s a m e  e r i d - p o i n t  s t u d i e d  in  

f  ii; 7 . 2 7 .  I n  t l i e  f i r s t  ô - m i n  i F i ^ .  7 . 2 9 a ) .  h i f î h  f r e q n e n e v  s o u n d  w a v e s  a r e  e v i d e n t ,  

w i t h  a m p l i t u d e s  e o m p a r a h l e  t o  t h e  \ V \ ' E L  a n d  L \  \  E L  e o u n t i ' r p a r t s  ( e . ^  - IFi#. G.o) .  

1 h e i r  a m p l i t u d e s  d e e r e a . s e  w i t h  h e i g h t ,  w h i c h  i s  a  p a t t e r n  q u a l i t a t i v e l y  s i m i l a r  t o  

l . a m f i  w a v e s  i l . i i i d / e n  a n d  B l a k e  1 9 7 2 )  a n d  T C ' W ’s i N f ’O l a . h ;  s e c t i o n  2 L B  H o w -  

e \  e t  . t h e \  . l i e  II. u q u i t e  ce [  t i c a l l v  iti p h u s c  111 t l i e  f i r s t  f e w  [ n i i i u t e s  a i i d  t h e i r  f r e i j u e n e v  

IS ( o n s i d e r a f i l v  . i L n v c  t h e  a c o u s t i c  i u t t o f f  f r e q u e n c y  ( f ' i j ; .  f i . 7 | .  T i m s ,  v e r t i c a l  p r o p a -  

e . i t i i u i  s c e n t s  ev i d e n t ,  wl i i i  il is m c o i i s i s t e n t  w i t h  L a n d )  w a v e s .  .A t t a i n ,  t i a s e d  , , n  l i n e a r  

t h e i , r \ . t h e  l i e a t i m ;  s o u r c e  i n  I T I E  I.A d i s p l a v s  s o m e  v e r t i c a l  s t r u c t u r e  a n d  t h e r e f o r e  

d i s p l . i i  e s  t h e  e.\[)C( t e . l  u . i v e  f e y i t t i e  a w a v  f t o t i i  t h e  a h s c i . s s a  i n  Fi t ; .  2 . 7 .  h e t n t ;  s u f f i c i e n t  

O '  . l l h ' U  l " t  t h e  v e l t i e . d  p i  " p . i t t a t  l o l l  lit s o u n d  VV.iVes.

W i t h  I l i n e .  1 h e  w a l e  . t i i i p l i t u d e s  d e c a v  in  r e s p (  i i i se  t o  d i \  I r t ;en(  e d a m p i r i t ; ,  a n d

a f t e r  ô - m m  t h e  w a v e s  . i c q u i r e  a  s t  t i l d e  o . s c t l l a t o r v  r e t ; i m e .  w i t h  a  [ l e r i o d  o f  a r o u n d  

2 - m i t i  1 h i s  | s  t h e  s . l i n e  - t a h l e  p e r i o d  o f  <)sci l la t  i o t i  f o u n d  f o r  t l i e  a c o u s t i c  m o d e s  in 

e . x p e t  i n n  t i t s  W \  f . L  . i n d  I \  \  E L  F h i i s .  t h e  h e h a v i o r  o f  t h e  s o u n d  w a v e s  i n  \ \ ' \  E L .

1 \  \  I d .  a n d  r i l f i  l ' . \  Is v e t \  s i m i l . i r .  d e s p i t e  t h e  d i f f e r e n t  f o i c i n t ;  m e c h a t u s m s  | t t  

a i i a l v / i t i t ;  t h e  a c o u s t i c  m o d e s  in i h a p t e r  Ü. w e  s i i t ; ^ e s t e d  t h a t  s t a t i c  s t a l i i l i t v  i n f l u e n c e s  

t h e n  f t e ( | u e i n  V o f  o s c i l l â t  i o n .  i .e . .  t h a t  t h e s e  w a v e s  a r e  i n  i t i e  .ACIW r e g i m e  ( l a h l e

2 I ; ( )n  t h e  o t h e r  h a n d ,  h e c a u s e  t h e  C’r a n k - . X i c o l s o n  i m p l i c i t  n u m e r i c a l  s c h e m e  a l l o w s  

t h e  Use  o f  .1 t i m e s t e p  l a t t e r  t h a n  r e q u i r e d  t o  s o l v e  f o r  t h e  s o u n d  w a v e s  c o r r e c t l y ,  

a n d  h e c . i i i s e  t h e  f i o i m d a i y  c o n d i t i o n s  a l s o  a f f e c t  t h e i r  l i e h a v i o r  ( s e e  c h a p t e r  h i .  it is 

p o s s t f d e  t h a t  t h e  s i m i l a r  i e t ; i m e  f o u n d  i n  t l i e  d i f f e r e n t  e x p e r i m e n t s  n i a v  t i e  a n  a r t i f a c t  

I i f  t h e  l l l l i n e l  I c a l  s c h e m e s

Id l e  p h y s i c a l l v  i m p o r t a n t  p o i n t  i s  t h a t  t h e  a c o u s t i c  m o d e s  a r e  t l e a r l v  p a r t  o f  t h e  

t r a n s i e n t  e v o l u t i o n "  i n  e x p e r i m e n t  T  Id E T A .  a s  e x p e c t e d  f r o m  t h e o r y  ( c h a p t e r  2 ) .

H o w e v e r ,  i n  c o n t r a s t  w i t h  e x p e r i m e n t s  W V E L  a n d  I  \  \  E L .  t h e  s o u n d  w a v e  c u m p o -
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t i i ' i i t  o f  t h ( '  a d j u s t m e n t  d o e s  n o t  c o n t r o l  t h e  t i m e  s c a l e  w i t h  w h i c h  t l i c  a d j u s t m e n t  

i> p e i f i - r t u e d .  t l i i> l i e i nu ,  c o n t r o l l e d  l)v t h e  K . i W s .  d h e r e f o r e .  d y n a m i c  a d j u s t m e n t  i n  

e x p e r i m e n t  I H I  1 A h a s  a  i h a r a i  t e r i s t i c  t i m e  s c a l e  t h a t  is l o r m e r  t h a n  i n  e x p e r i m e n t s  

\ V \  KI .  a n d  I \  \  l-;i.

7.5 Dynamic adjustment aloft: experiment VAP

l l a \  t n y  s t u d i e d  < l v t i a m i c  a d j u s t m e n t  a t  m i d  a n d  u p p e r  l e v e l s  i n  e x p e r i m e n t  I ' H K  l A ,  

w e  n o w  ( o t n l u c t  a s i m i l a r  a n a l v s i s  t o r  e x p e r i m e n t  \  A P  F i y u r e  7 III c o m p a r e s  v e r t  i c a l  

c r o s s  'Ci t i o n s  ( x / - p l a i i e )  o f  d. a n d  t h e  w i n d  f i e l d  f o r  e x p e r i m e n t s  C ' A T H h  a n d  \ ’A P  

a t  t 1 III. 1:11) a n d  l : ’ l l - h r .  a c r o s s  t h e  m a i n  h o w  e c h o  s e g m e n t .  T h e  l o w - l c . e l  

111' u s t e n i n e  i n d u c e d  a t  r e s t a r t  in  \  A P  is  e v i d e n t  h v  t h e  i n c r e a s e d  I ) ,  a t  l o w  l e v e l s  a n d  

h \  t h e  ju  o ' c i i i  o ( J  a  ' h a l h  ex e t  m i i  h l e \  e l  d i  \ l a \ e f  t r a t l i n e  t h e  c< u a e c t  i \ e  a c t  i \  it \ '1 ly

7 .Itlh.d.f'

I p d i a l t s  a t  m i d  a n d  U p p e r  l e \ e l s  <ire ' i i h s t a n l i a l l \  w e a k e r  c o m p a r e d  t o  C N I H P .  

. i i i d  d o  r iot  d i s [ ) l a \  a n  ove r  s h o o t  i n i ;  t o p " ,  w h i l e  t h e  s i i r f a c e - h a s e d  u [ ) d r a f t s  a r e  s t i l l  

s o m e w h a t  a c t i v e  a t  l : l l J - h r  ( P i e . 7 I t l h  t. 1 h i s  i s  h e c a u s e  t h e  h o t i n d a r y  l a v e r  a l u a d  

o t  t l w  h o w  e c h o  Is Hot n i o d i t i e d  h v  r e s e t t i n e  (/' t o  t h e  h a s e  s t a t e ,  a n d  t h u s  s u r f a c e  a i r  

p a r c e l s  t i a v e l i m ;  u | i  a n d  o v e r  t h e  e t i s t  f r o n t  r e a c h  t h e i r  l e v e l  o f  f r e e  c o n v e c t i o n  j u s t  

a s  i n  ( ’\  I l \ h .  ( ' o m e r s e l w  t h e  i m p a c t  is s i > ; n i t i c a n t  a l o f t  o w i m ;  t o  t h e  d r y i m ;  o f  t h e  

o r i e i n a l l v  s a t u r a t e d  l a y e r s  i n  t h e  u [ ) d r a f t  s e c t o r ,  w h i c h  p r o r m j t e s  u n s a t u r a t e d  a s c e n t  

I l e a d i m ;  d o  a d i a h a t i c  c o o l i n g )  a n d  e n h a n c e d  e v a p o r a t i o n  a n d  s u h l i r n a t i o n  I l e a d i n g  t o  

l a t e n t  c o o l i n u , ) .  C o m h i n e d .  t h e s e  p r o c e s s e s  f a v o r  t h e  g e n e r a t i o n  o f  m i d - l e v e l  n e g a t i v e l y  

h u o v a n t  a i r ,  w h i c h  w e a k e n s  t h e  i i f i d r a f t s .

A  s t r o i i i ;  c o i i v e c t i v e - s c a l e  d o w n d r a f t  is [ u e s e n t  j u s t  u p s t r e a m  f r o m  t h e  s h a l l o w e r  

u p d r a f t s  a t  I: l U - h r  (Fi. i;  7  - lUh) .  w h i l e  a  w e a k e r  d o w n d r a f t  a l s o  is e v i d e n t  i n  t h e

23.S



‘ .11 -  (  ' . \  r i \ I .  I 1 :  i n  h i  I - i 1 )  I -  \  A P  ( 1 1 0  h r  I

I ' - (  I H  [ .  I I :  111 i l l  I i ' l  -  \ ’A P  I 1 1 1 ) h r

hmurt' 7 As ill Fig. 7 13. but ci.uip.irms fxpiTimf'rit.s C.N'TRL and \ A P
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i l i w i i s t r i ' i u n  s i d t '  I n  c o n t r a s t  w i t l i  t l>c t r a i l i i m  i n i d - l c v c l  d o w n d r a f t  d i s c u s s e d  i n  c x -  

p c r i n u  iit I 'HF.  l 'A.  t l i c  \ ' A P  c o u n t c r p . n t  i s  l o c a t e d  c l o s e  t o  t h e  l e a d i n g  ed i^e  o f  t h e  

h o w  e c h o  a t  l l O d i r .  f h e  R I . I  a l s o  is w e a k e r  i n  \ ' . \ P  t h a n  i n  C N  I ' H L .

, \ s  ( h e  s u n u l a t i o n  p r o g r e s s e s ,  . - ' u h s t a u t i a l  n i o d i t i c a t i o n  o f  t h e  M C ’S  s t r u t  t u r e  o c c u r s  

i l ' i ^ .  7 -lOd I 1 h e  u p s h e a r  s i d e  i if  t h e  m i d d e v e t  d r v  l a v e r  h e c o t n e s  s h a l l o w e r  i n s t e a d  o f  

l i e i rm r e s t o r e d  h e c a u , " i ‘ .1 l o w -  t o  n i i d - | e \ f |  u p d r a f t  f o r m s  h i  h i n d  t h e  w e a k e r  e u s t  f r o n t  

a n d  a d \ f c t s  n i o i . - t e r  a i r  a l o f t  1 h e  ■ ' ha l l ow  s u r f a c e - b a s e d  u p d r a f t s  e v i d e n t  J l i - r n i n  

h e f o r e  a r e  n o  | , u m e r  p r e s e n t ,  ( ' u r i o i i s l w  t h e  u p | i e r - l e \ , 1 u p d r a f t s  i n  t h e  l e a d i im ,  e d ^ e  

s h o w  > m n ' '  o t  r e - > t f e t e ^ t h e t i i i m . e \ e n  t h o i m h  t h e \  a r e  u r i d e r a u t  f r o m  t h e  s u r f a c e  A 

e o t n p l e x  w a v e  p a t t e r n  I pi  i.-' .-iblv d o m i n a t e d  h v  K I W S i  fo l l ow . "  a n d  t h e  f l ow  " t r u c f u r e  

i n d i c a t e "  a  d i" . " l p . i t  i i m  " \  "t e | n  ' i l t - n i m  a l t e r  l e " t  a r t  t i m e  I l i e  7 .jl tf I r i ie ." e  f e a t u r e . "  

a r e  i n v e s t m a t e i l  w i t h  t n o i e  d e t a i l  i n  t h e  n e x t  >e( t i o i i .

It I" i m p , 'I t a n t  t o  m e n t n m t l i a t .  in  e , , n t l a s t  w i t h  1 I l f '  1 A .  t h e  h e h a v  n u d e s c r i b e d  

i n t l i e  e i v c n  Ver t i ca l  ( IIIS." "t'( t i o t i  I." r n i f  a  e o o d  r e p r e s e n t a t i o n  o f  w h a t  h a p p e n . "  in 

o t h e r  sei t o r s  o l  t h e  . M C S .  A." m d i c . i t e d  m  f  m  7 ti. s o m e  ( ( i n v e c t i v e  c e l l s  r e d e v e l o p  

i n  l(i( a l i / e d  r e i r i o n s  o f  s t i o i i e e r  e o n v e m e t n e  a l o t m  t h e  " l i s t  f r o n t  ( p a t t i c u l a r l v  w h e r e  

t h e  ( i i ld [Mini a c ( | u i i e s  a  s t r u c t u r e  " i i i i i l a r  t o  1 1 i l l idinu,  o i i t l l o w  b o u n d a r i e s ;  s e e  F i t r s  

I s ^ - i  I H o w e v e r ,  w e  c h o o s e  t o  hK u s  o n  t h e  s e c t o r  w h e r e  t h e  M (  S  w e a k e n s  b e c a u s e  it 

w i l l  i i i d i e a t e  a d j u s t m e n t  p [ o c c " " e s  t h a t  le. id t o  a n  e v o l u t i o n  t h a t  d e v i a t e s  f r o m  t h a t  

i n  C . X l ' H L .  e s p e c i a l l v  w h e n  c o m p a r e d  t o  e . x [ ) e r i m e n t  I H F  1

7.5.1 Evo lut ion  o f  b u oyan c y ,  pressure and w ind fields in t h e  first lO-inin

k i s n r e s  7 . 311 ) - "  ( h ' p i c t  t h e  f i r s t  l U - m i n  o f  e v o l u t i o n  o f  t o t a l  b u o y a n c y  m  \ ' . \ P .  I ' h e  

i n i t i a l  f i e l d  ( F i y .  7 . . H b |  is v e r v  s i m i l a r  t o  t h a t  i n  C ' . \  F H L  (Fi>;.  7 . 3 1 a ) .  B e c a u s e  

t h e r m a l  b u o v a n c v  { < / f f  ' I h  i s  t h e  l a r i ; e s t  c o n t r i b u t o r  t o  t h e  t o t a l  b u o y a n c y  f i e l d  (Fiy; .

7  1' )).  t h e  w i t h d r a w a l  o f  i j [ .  h a s  o n l v  a  s e c o n d a r y  i n i [ ) a c t  n t  t e s t a i t .  H o w e v e r ,  a s
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t i l l -  s i m u l a r u i t i  p r ' , i n  , | s .  nt  i ; a t i v t ‘l\- l a i o v a i i t  a i r  is u r n ,  r a t r d  i n  r l i c  u [ ) i l i a f t  d u r  t.» 

i i n > a t  l i r a i r d  l i f t  uni, a n d  iTih. i iK i d  d i a l i a t  i t k h  )lin>j, I t i n s ,  t l i r  n i i d - l r v r j  Imi  a  a n t  [ l i i i r u r  

t r a d i n u ,  t l i r  . \ l (  S  i.s r . i | ) i d l \  t i m i f d  ' I  i^ .  7 51c i  I t i i >  p r t K i s s  i> w r  II i l i a r a t  t r r i / r d  in  

F i r i i r t '  7 . 5 2 .  w h i c h  s h o w s  t h e  t h a i m r  i n  / / / '  a r n i  - t / i t / '  * (/., i (1 ^  < f  ] ( c i n i i i r n s a t r  

l o a d i n t i l  ' d  t h e  t o t a l  I n i o v a n r v  f i e l d  f r o m  t l ; UO -h r  t o  l : ( ) 2 - h r  I n o t e  t h a t  d i f f e r e n t  

c o n t o u r  i r i t e r v a l . s  a r c  ii.scif i I ' h c r e  i.s a  d i s c c r n i h l e  d i c r i i i . < r  i n  i m u i n i t n d t '  i n  - t / ( t / !  -  

' /  ' I  - 1/  ' f i n s  7  5 2 I m I i  in t h e  f i r s t  2 - n i i t i  of  i t i t e i i , r a t i o n .  iti a n r e e t t i c t i l  w i t h  t h e  

' I c c r c a . s c  in  ( j O '  0  11- i^.s 7  52 a . c  i . I hi.s l i c l i a \  i o r  h m h l i g h t s  t h e  r o l e  p l a \ c d  l a  c n l i a t n  11 | 

d i a h a l i t  t t i o l i nu , .  w h i c h  is d r i v e n  l , y c v a j i o i a t l u t i  a n d  s u h l i n i a t i o n .  i n  t h e  w eak »  t i i t iy  

o f  t h e  I m o y a n t  p l u m e  in  t h e  c o n \ t ' c t i \ - c  s e c t o r .

W i t h  t i t i i e  : F i y s .  7 5 1 i | - ^ i .  t In h av h a t  I u p t  h a f t s  f u n  f t  I , ih a i y  t h e  y i i s t  f r o n t  r e s t o r e  

,1 ' h a l h i w  l a ' o ' t  ' if s a t u i a t i m i .  w h e n -  l . i t f t i t  la a t  n m  n t  i a c t s  t h f  I a n  a  a t n  a  hi I d  h f a l l v  

I n  I I  i[it l a s t . , i | , i \ i ' i  of  i i i ' a a t i ’. i ' h  t i i i i a a n i  . u i  , ih  d t  ■ " i i t i i n d  ,tl "  a  i /  ' ' o  k m  in

C ' . \  I H I .  d e s (  ( l i d s .  ( h a r a t  t e l  i / i n y  t h e  p r e s e n t  e  i .f s h a l h a v e t  u p t i r a f t s  r \  n l e t i t  iti f  iu  

7 .'5llh . \ t  h av  | e \  e l s .  U In I e  i \  a p t U a t l V e  i I m i l l t i y  i s  W i - a k e n e t l  l s e t  t n 111 7  5 I.  t h e  [)| I I  | |  I if  

n e y a t i v e l v  h i i i  a  a n t  <iir y r a t f u a l l \  l o s e s  t | e | u h  a n d  s t r e n g t h  it u t i i p a r e  w i t h  F i y  7 . ' 51 a)

It is c l e a r  t h a t  t h e  e a r l \  r e s p , u m e  i n  \ ' . \ F  d e s t  r i l i t  s a  s | r u t  t i n i '  in  t h e  I n t o v a t n  v 

f i e l d  t h a t  is i i u f a v o i  a i d e  fi u t h e  m a i n t e i i a n i f  I if d e e p  l e a d i n y - e t | i r e  u p t i r a f t s  . u n i  st ri u i y  

s u r f a t f  o u t f l o w ,  . u n i  is u n  o n s i s t e i i t  w i t h  a t i  at  t i \ f  . \ I (  ' S  I e . y  . S i m  e t  a l  l!»d.'5|. i h i s  is 

i n  e o n t r . i s t  w i t h  t h e  t t u r e s p o t i d i n y  t a t i l u t i o u  i n  I I I F  I. \ .  w h e r e  h u o v a n e y  is y r a t l i i a l l v  

r e s t o r e d  t o  i t s  . i p p t o x i t n a t e l y  c o r r e e t  d i s t r i l m t i o i i  i n  t h e  f i r s t  lO- t t i i t i .

I h e  r e s p o i i . s e  o f  t h e  p r e s s u r t '  f i e h i  f t d h a v s  c l o s e l y  t h e  ( v t d u t i o n  o f  t h e  h i t o y a n e y  

f i e l t i .  a s  t a  i d e n t  i n  F i y i i r e  7 5 5. .At r e s t a r t  I F i y .  7  '5 51)1. t h e  p r e s s u r e  f i e l d  d e s e r i h e s  

t h e  n o r m a l  s t  n u t  l i r e  of  t h e  h o w  et h o .  S h o t  t i v  t h e r e a f t e r ,  t h e  r e l a t i v e l \  s t i o t i i ;  l o w -  t o  

n i i d - l t  v e l  t n e s o l i a v  a t n l  i i [ i p e i - l i a e l  t u e s o h i y h  w e a k e n  t i e a r  t h e  l e a d i n y  u p d r a f t s  i F i y .  

7.'5'5( ). i n  r e s p o n s e  t o  t h e  e r o s i o n  o f  t h e  m i d - l e v e l  h i n a a n t  p l u m e .  . \ o t e .  h o w e v e r ,  t h a t



I h i  I - ( / ( f/|  ^  (/,. ) ' i 1 -  i(, l |  I l : ( ) ( ) - h n

K i K U i f  7 . \ f r t i ( a l  . k  r i ' l c r a t i u i i  i r u l i u f d  b y  t l i c rr i i a i  l a u n a m  y  ( f i r s t  c i / l i u i u i i  a n d  t I ' l i d r i i ' a t r  l u . u i -  
iriK i s f c u n d  t < ' l i i t i in i t t - r i ns  u t ' f h f  t u t a l  l ) i i u v a i u \ -  t in l d  a t  t I i i i l -f i r  i f i r s t  r o w  i a n d  I H j - t n  , x t o i k I  
r o w '  f ur  i ‘X[ ) cr i i i i c i i t  \ ' A F '  I n  i a i . ( c i  t h e  c u n t o i i r  i t i t t - rv a l  i> U n û  t n  > w i i i l c  i n  i t u . i d i  a  ti O l . ’ü  in 
s ■ I o i i t o i n  i n t f i A a l  i> u - t - d  I h f  d o t i n u n  ' h o w n  i -  t In ^ a i m -  a.> in F i y  7 d l

■JM
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t h t ’sc pr t ' s sur t '  f c a t i i r c s  r e t a i n  | )a r t  u f  t h e i r  s t r u c t u r e  u'cu;/  f n u i i  t h e  l e a d i n g  e d ^ e  of  

t h e  h o w  eelio.  This  is w h e r e  t h e  h i i ov an t  p l u m e  u n d e r g o e s  a  m o r e  g r a d u a l  w e a k e m m ; .  

in c o n t r a s t  t o  i t s  i m p u l s i v e "  d i s r u p t i o n  in the  u p d r a f t  s e c t o r  (Ki^s .  7 .d l l>-c |

1 h e  s u r f a c e  i n e s o h i u h  a l s o  loses i n t e n s i t v  w i t h  t i m e ,  h u t  a t  a  s lowe r  r a t e ,  as a 

h v d r o s t a t i c  r e s p o n s e  t o  t h e  w e a k e r  c o ld  po o l  or.  ecjuivale t i t ly .  w e a k e r  Er a t  low levels 

I Fiif. 7 .10 a) .  I he  m i d -  a n d  u p p e r - l e v e l  p r e s su re  f e a t u r e s ,  on  t h e  o t h e r  h a n d ,  h e i o m e  

a c t i v e  a y a i n  as t h e  h i io v a n t  p l u m e  re d e v e l o p s  f r o m  lower  le \e |>  ! Fii^s. 7 ddd-ii,t  I h«' 

d e v e lo p in i i  h i u h - o \ e r - l o w "  pa t  t e r n  in t h e  u p d r a f t  is s h a l l o w e r  t h a n  t h e  ( ' , \ r [ { [ ,  ( ( J i i i i -  

t e r p a r t  i i i i d i c a t e d  in F i ” . 7- '5dai.  a n d  is c o n s is te n t  w i t h  an  e t p i a l F  s h a l h  av h m a a i i t  

p l u m e  a t  th i s  t i t i i e i c o t i i p a i e  I-'iys 7. .11d-ü w i th  7 I ' h l - y l  I h e s r  resu l t^  i a t i f \  mit 

p r e \  to us  a t i a l \ s i s  t h a t  t h e  p r e s s u r e  h e ld  in th e  h o w  e c h o  r e s [ ) o n d s  s t ro t i u lv  t o  hiiov- 

a n c v  It is p o s s i b l e  t h a t  a t  l a t e r  t i m e s .  whe n  a  s t r o i m  M ( ' \ '  is f o r m e d  ie.u, . Fiys 

1 ll)-( I .  i h  iiaiiiit p r e s s u r e  p e r t  iii ha t  ions  m a v  l i a \e  a  m o r e  dis< e r n i h l e  (u n t  r ih i i t  ioti to 

t h e  low- to  m i d - l e v e |  m e s o l o w  (W'eisti iaii  10!):p, espe i  iail  v iti t h e  in 111 h e rn  p o r t i o n  of 

t h e  h o w  ech o  w h e r e  t h e  \ [ (  \  is c e n t e r e d  . \ e \ 'e r t  In ' less .  e \ c l l  111 t h a t  case ,  h m n/dnr 1/ 

n rmuris mi inipnrtmit (Irtciru/ in> litmiisrn fur  tlir pn  . s snn  Jii hi that irin^t In mii tjunt' Ip 

.^pii /ji’ ii in tin >tunn si/.'^tfin.

B e i a i i s e  p r e s s u r e  a n d  h u o v a t i c \  a r e  si>;nific;intly a l t e r e d  iti \  . \ I ’. t h e  w i n d  field 

r e s p o n d s  as  well I he  e \ o l u i i o n  s h o w n  in Fiys.  7 Id h -y  h i y h l i y h t s  th e  g e n e r a t i o n  

o f  a s i i o n y  d o w n d r a f t  on  t h e  u p s t r e a m  s ide of  t h e  leatiinu, c o n \ < ‘c t i v e  a c t u i t v .  In 

t on t  l a s t  w i t h  t h e  m u i - le v e l  d o w n d r a f t  iti 1 H F  l . \ .  t h e  ( o u n t e :  p a r t  in \ . \ F  f o r m s  at 

low l e \e l s .  w i t h  g r a d u a l  d t w e l o p m e i i t  u p w a r d  as t h e  s i m u l a t i o n  p ro y re ss e s .  I his is 

t h e  s a m e  h e h a v i o r  d i s p l a y e t i  hy  t h e  h u o y a n t  p l u m e  ( Fii^s. 7 .d lc -ü , ) .  su^,u,est ina t h a t  

t h e  d o w n d r a f t  is a s s o c i a t e d  w i t h  t h e  h t i o v a n c y  s o u r c e ,  [ lo ss ih ly  t h r o u g h  a  d o w n w a r d  

BPC;.-\  a s  dis( i is sed for e x p e r i m e n t  T H E T . A  (Fi^ .  7. IS) .  W'e r e t u r n  to  th i s  t o p i c  iti 

I he  ne xt  sect ioll



r i i f  ( iDwndraf r  oii th*' u p s t n ' a i n  si,It- , if tin- M ( ' S ,  l idwevcr .  d u r s  imt  shnw  a  r l r a r  

r r a r w . i r d  | i r , i | , a^ar i , i i i  iii t l i r  lirst m  \  A P  I tin.',, it is n r r r s s a i \  to  r x a n i i i i r  t l i r

r r s p o i i s r  o f  t l i r  r i i r t rorolo,u; ir ;d fit ' lds as  t l i r  s i m u l a t i o n  p r t a  r r d s .  In f a r t ,  it is s h o w n  

l i r low t h a t  t h r  m o s t  r r u r i a l  p i o r r s . s r s  affri tinu, d y n a n i i r  a d j n s t m r n t  in r x j i r r i t n r t i t  

\ . \ P  0 1 ( 1 1 1  n i o i f  t h a n  l l l - i n in  following; r e s t a r t ,

7.5.2 Evolution o f  buoyancy, pressure anti wind Reids in the first 20-inin

F i i t u r r  7 -d 1 s h o w s  t h r  é v o l u t i o n  o f  t h r  t o t a l  h i i o y a n r v  h e ld  f r o m  t l :1 2-hr  t o  l:2d- 

hr  in r x p r i i n i r t i t  \ ’.-\P. T h e  s o l u t i o n  for C . \  I H P  a t  P l ô - h r  is s h o w n  for r o i n p a r i s o n  

I Pi'j, 7 . d i a l  P \  1 I ' J -hr.  t h e  m a y n i t u d r  , if | ) i ixi t i \ ' r  l iu o \ ' . in r \ '  ; n / / a  / / / i , / / , ; / / is  a r t  u a l h  

-t 1 ' 'iiitri t h a n  in ( \  I P l .  a in l  i> I m a t r d  at mi, l - l r \  rf-, i f  m 7 d I to  H r i i r r .  u p d r a f t s  

[ r r a i i i  st i r n y t  h l o i . t l h  a n d  la te n t  hea t  iny lua o t i i r s  ( | i i i t r  s t i o n y .  W i t h  t u n e ,  p a r t  of  

t h r  1,11, i\ an t  p l u m e  t r a i l s  t h e  I r a d i n y  rd y , '  of  t h e  .\|(  S. w i t h  a  w e s t w a r d  p i o p a y a t n m  

w i t h  r e s p e c t  t,i t h r  s t o r m  s v s t r i n  (P iys .  7.d Ih- f  I I' liis r r s n l t  i n d i c i i t r s  a  d r  hr. in th e  

r e y r n e r a t l o l l  , if t l i r  m i d - l r v r l  hea l  iny  s o u r r r  in \  . \ P  w h e n  r , i i n p a r e d  t o  r x p r i i i n r t i t  

1 H P  1 A In f a r t ,  t h e  t i rhav  ioi , ,f t h e  Iniovaiit  p l u m e  in \  A P  is s i m i l a r  to t h a t  fouinl  

111 t h e  first l l l - m in  in I H P  I . \ ,  e x c e p t  t h a t :  (ii t h e  m a y i i i t u d r  o f  t h e  t r a i l i n g  mi d-  

l r \ t ' l  p o s i t i v e  l i u o \ ; i n r v  is r o n s i d e i i d i l v  s t ro t i y e r  in \  . \ P :  (l i i  a w el l -d e t i i i rd  l a \ c r  of  

iniiiirnitni in h u o y a n t  y d e v e l o p s  j u s t  u p s t r e a m  o f  t h e  l e a d i n y  r o n v t a  t i v e  l ine,  a s  t h e  

s f i o n y  h i i o v a n t  p l u m e  m o v e s  r e a r w a r d ,  t h a r a r t e r i / i n y  t w o  m a x i m a  in h u o v a n e y  ( Fiys,

7 d i d - t  I r i i e s e  p o i n t s  will h e  spe t  i f ir tdlv a d d r e s s e d  l a t e r  in t h i s  s e c t i o n ,

I he  , ot r e s p o n d i n y  e v o l u t i o n  m  t h e  p r e s s u r e  a n d  w i n d  l ie lds is s h o w n  m F i y u r e  

7 d ' r  F r o m  p a n e l s  h-f.  we n o t e  t h a t  d e e p  u p d n d t s  a n d  d o w n d r a f t s  a r e  pre se n t  in \ . \ P  

a f t e r  l : 1 0 -h r .  I b l lo w in y  t h e  d e v e l o p m e n t  of  t h e  h iuyvant  p l u m e ,  .Ayain.  t h e  s t r o n y e s t  

p r e s s u r e  p e r t i i r h a t i o n s  in t h e  low-  t o  mi d- lev e l  m e s o l o w  a n d  u p p e r - l e v e l  m e s o h i y h  

r m n a i n  ( o n t i m a l  t o  t h e  r e y io n  w h e r e  t h e  h u o y a n t  p l u m e  (‘Volves ( F i y s ,  7 , d ô h - f }, . \

2  I S
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i n u H '  i i i U ' i i S ! '  [)n'-s(]uall  1 d \ v  f o r m s  in \ ’AP.  »'sp»>( ia l lv  a f ro r  l lO -h r  I low lovols.  w i t h i n  

17ti kin ^  X < 1!)J k i n  in Figs .  7 lôd - l  ). in a g r o o i n r n t  w i t h  s t r o n g e r  a t n l  d e e p e r  

d o w n d r a f t s  a h e a d  of  t h e  MC'S.  C o m p e n s a t i n g  s n b s i d e n e e  d o w n s t r e a m  o f  c o n v e c t i v e  

s v s t e m s .  a s s o c i a t e d  w i t h  n n s a t n r a t e d  de scen t  t h a t  l e a d s  t o  w a r m i n g ,  is r e c o g n i z e d  

a s  t h e  p r i n c i p a l  m e c h a n i s m  in t h e  g e n e r a t i o n  of  p re -s t j i i a l l  lo w s  t h r o u g h  h v d r o s t a t i c  

c o n s id e r a t i o n ^ '  ie g.. H o x i t  et al. l 'J7G. l o h n s o n  a n d  H a m i l t o n  l'.)8S. . l o h n s o n  2(H)1). 

S t r o n g e r  d ow ndra f t . "  f o r m  m  \ ' . \ P  i in com par i . "o n  t o  ( W r P L  a n d  r i l F . T . \ i  on  tin- 

l e a d i n g  H ank  ot t h e  c o n v e c t i v e  s v s t e m  in resp(a i s e  t o  a m o r e  u p r i g h t  o r i e n t a t i o n  of 

t he  h u o y a in  V >ource.  a s  d i s c u s s e d  h e lo w .

f i g u r e s  7 . f lh - f  i n d i c a t e  a  r eg i on  o f  s t r o n g  d o w n d r a f t ,  tmiliiuf  t h e  e o t i v e c t i v e  up- 

d r a i t s .  t h a t  p r o p a g a t e s  r e a r w a r d  a t  a p p i o x m i a t e l v  m ." ' r e l a t i v e  t o  t h e  s t o r m  

I f  ' in I 12 hr  to  1 2li h r  In e x p e r i m e n t  1 I lf ,  l . \ .  we  tou in l  t h a t  t h e  t r a i l i n g  m i d - l e \ e l  

d o w n d r a l t  p r o p a g a t e d  a t  t h e  p h a s e  s p e e d  | o r  giiai[> \ e l o c i t \  I of  a  H I C W  w i t h  \ e r t n  al 

w a v e i i u m h e r  c o m p a r a h l e  t o  t h a t  o f  t h e  h e a t i n g  s o u r c e  in t h e  c o n v e c t i v e  a r e a  If th i s  

is c a s e  in \ . \ P .  t h e n  we  m a y  use  e i p i a t i o n  (7.7)  t o  e s t i m a t e  t h e  ve r t i c a l  w a v e l e n g t h  

a s s o c i a t e d  w i t h  t h e  h e a t i n g  sou rc e .

f i g u r e  7 d h a  sh o w s t h e  v e r t i c a l  p ro t i le  o f  .V' a t  t l : l 0 - h r  for  \  . \ P  a v e r a g e d  

t o r  t h e  s a m e  a r e a  e n c l o s e d  hy  a  r e c t a n g l e  in Fig.  7 .2 2 e  f r o m  w h ic h  t h e  h u o v a n e y  

( re rpnuiey  at m i d  levels c a n  h e  e s t i m a t e d  t o  h e  a p p r o x i m a t e l y  I).OH) s ' . S u h s t i t i i t i r i g  

' / / / o n  -23 111 s ‘ a n d  N 0 .0 1 0  s ' m t o  (7.7)  y i e l d s  tn % 4 .0  x  H) ' m  ' .  w h ic h

l e a d s  t o  \ .  ^  13.7 k m .  Fli is  r e su l t  is a n  o v e r e s t i m a t e  of  t h e  v e r t i c a l  w a v e l e n g t h  of  

t h e  h e a t i n g  s o u r c e  at  t h e  l e a d i n g  e d g e  o f  t h e  M I ' S  a t  l : 1 2 - h r  (F ig .  7 . d 4 h ) .  h u t  i.s

c o n s i s t e n t  w i t h  a  d e e p e r  h e a t i n g  So u rc e  m i n u t e s  l a t e r  ( F igs .  7 3  Id- f ) .

d o  ga in  m o r e  ins igh t  i n t o  t h e  h e h a v i o r  of  t h e  p r o p a g a t i n g  d o w n d r a f t ,  ii i." usefu l  

t o  i n v e s t i g a t e  t h e  r e s p o n s e  f r o m  t h e  z o n a l  c o m p o n e n t  of  t h e  w i n d  in t h e  u p s t r e a m

H a n k  of  t h e  h o w  echo.  If  t h e  t r a i l i n g  d o w n d r a f t  a n d  h u o y a n t  p l u m e  a r e  in fa c t  a

gj.d



16000 -16000 7
N“ (10 ■* s ‘) ground relative (iM  S )

14000 14000

1200012000

10000 -r10000

S 3000 ^C 3000

6000 6000

4000 ' 4000 -

2000 -2000
i

00 0.0 20.0 30.010.06.0

I' T .it) III Kii; 7 _H>. h u t  i# ^  )'.\[)i-i iim iit \  . \ ! ‘ .it t | | . l  rn m

ui.iiiilc.stat ii III Ilf a I I K i W  ituliu f( |  l)\- t l i f  | , i[nrm ln 'a t i tm  x i i i i a c .  l l i r t i  we >li()iilil

t a  < IiiiiHTtii)ii t )f t \vt‘t‘ii ( Ilf > t n ic t t i r t '  d I t l ic HI.I a n d  u p j a ' i - l f v i ' l  l a i t l io w  a n d  tin- 

|)H)[iaj;atiiiy, l io w i i d ia f t  a r e a  iF^D'Jfj). as  f o u n d  for t xp i  r ini t  nt I H K  I.V ( f  ii;. 7 .21) .

[• jui i i t '  7 17 s h o w s  t he  f  v o l u t i o n ,  f r o m  t 1:1(1-hr  t o  l :2 0-hr .  o f  t h e  / '  m a l  fo tu jx tn i ' t i t  

' il t h f  w n n l  in i xp ,  r i n n  tit \ . \ H .  , \ o t f  t h a t  f rom  I:It) h r  t o  1:11-hr ( h ii;s. 7. .57a-cl t h f  

rt'>;ior) w i t h  s t o r m - r d a t i w  w i n d s  s t r o n g e r  t h a n  s  m s ’ i sol id  l inv l  w i t h i n  t l i f  H I )  

is r . i t l n '1 l im i t i 'd  i o n i p a n  il to  i ts  v o u n t i  r p a r t  in I HK I . \  tlhi%. 7 .2 1 ) .  In a d d i t i o n ,  

t h e  timlui'i  o u t t l o w  a t  u p p e r  l e w i s  is c u i i s i d e r a h l v  w e a k e r ,  su ch  t h a t  t h e  rej ; ion w i t h  

w i n d s  s t r o n u e r  t h a n  - 12 m  s “ ‘ ( d a s h e d  l ine)  is riot c l e a r l y  e v i d e n t .  In fa c t ,  t h e  prof i le  

s h o w n  in h iy i i r e  7 3GH s h o w s  t h a t  t h e  avera i ;e  zo na l  c o m p o n e n t  o f  t h e  w ind  in t h e  

t e f l o n  of in te res t  d o e s  n o t  l eac l i  t h e  s a m e  p e a k  va lues  a s  in l l l H  1 \  (Fi t ; .  7.2ÜH). .At 

th i s  s t a y e .  t h e r e  is n o  c l e a r  i n d i c a t i o n  o f  a  l ink  Hetweeii  t h e  zona l  w i n d  s t r u c t u r e  a n d  

t h e  m id - le v e l  d o w n d r a f t

H ow eve r ,  f rom  t 1:1 l - h r  o n w a r d  (Fiu,s. 7. '37c-f).  w h e n  t h e  w e s t w a r d  p r o p a g a t i o n

J > 1



(.1 ) - \  AP (4:10 hr) h) - \  A P  (4:12 hr) -

) - \  AP (4:14 hr)

\ \  
\  V

Kiniiif 7 37: As in Fit; 7 21. Init fur fxfjt'ritiu'tit \  AP. from t FlO-lir to 1 20-lir.



■I -  \ . \ P  ( 4 : 1 8  h r ) (f i  - \  A P  ( 4 : 2 0  h r )

/  /  

- ' I I

1 i-tfht
\  ^ a

Kii^iiri '  7  .17 ' c . i i i t m i i . i i i D r i i

I 'I t l i r  iirc[) ( iMwni lraft  l,r< ( imr.s ri iurc é v i d e n t ,  t h e  Inn i / m i t a l  e x t e n t  o f  t h e  PI .J  a tnl  

f i a i l n m  u i> | ) e i - | f \ e !  o i i t t l o w  ■'Inav'. nn*' redt  a t  lopniet i t  eoii .^istent  w i t h  t he  st m e t  a r e  

of t h e  h u o va i i t  [ t lu ine  1 hiis.  it >eenis t h a t  t h e  se( | i iei iet ‘ s h o w n  iti Fi t i  7 57 t a p t i i r e s  

t he  t n ^ u , e i i im  t»f a  H K I W  p u l s e  t h a t  p r o p a g a t e s  i ip.st reani  at  t7 / / , , u  . a n d  th i s  eo i t i e id es  

w i t h  t h e  t l i n e  w h e n  t h e  h e a t  i n ^  .>oiiree het itine> e o n s i d e r a h l v  d e e p e r  ( see  IFi^s. 7 .'5 U - 

h .  iti a f i ree ine i i t  w i t h  t h e  r e l a t i v e l y  lotiu, A, e s t i m a t e d  f r o m  F(p  (7 . 7 ) .  Heea l l  t h a t  in 

t h e  lir.-'t 10-mi t i  ot  i n t e g r a t i o n  in \  .-\P. no  c l e a r  e v i d e n c e  o f  r e a r w a r d  p r o p a g a t i o n  o f  

t h e  h i u n . i n t  p l i i t n e  e x i s t s

I he re fo re .  t o  a  c e r t a i n  e x t e n t . t h e  e v o l u t i o n  o f  t h e  s i m u l a t e d  .MC’S alof t  in e x 

p e r i m e n t  \  A P  is s i m i l a r  t o  t h a t  in T H E T . A .  t h o u g h  d e l a y e d .  H o w e v e r ,  unportant  

difjt n  nrrs Ik tu’t t'ii th( two wtthdniwal r ipennu'nt .‘< are rlrar.  T h e  t r a i l i n g  m id - l e v e l  

h i i o v a n t  p l u m e  in \  AP.  a f t e r  l()-nii t i  o f  i t i t e g r a t i o n .  h e c o i n e s  s / r e n d e r  t h a n  iti T H E T . A  

a n d  C’. \  I HL .  a s  s h o w n  f r o m  Fig .  7.31 ‘ . Pe t  ai ise  t h e r m a l  h i i o v a n t  v t i t u n i n a t e s  t h e

I n  t h r  a r u i l >  t h a i  h  "Ih " ’. v r  r r t t - r  i f p  . t l ’ y t u t  h r  p r o p a y a t t r i g  h r . i r u  h  u f  t i n *  i n i u v a n t  p h i r i i r  h n  h  U r i m  h r >

2ÂG



t u t . il liiiiivaiK V u '. u, . Mi;.  7 1 j i .  >tn)ii,i;t‘r p u s i t i v r  t c r n p i ' r a t u r t '  p e r t u r b â t  ion s  a t  ra id  

li‘\ t ‘ls ill \ ’. \ P  to  m a i n t a i n  a  r e l a t i v e l y  in te n se  I m o y a n t  p l u m e  e v e n  a s  it moves  

a w av f rom  t h e  m a i n  h e a t i i m  ^ o u n  e a n  c o n t r a s t  w i t h  C N T R L  a n d  T H K T A ) .  D i a h a t i e  

a n d  a d i a h a t i e  p r o e e » e s  m a y  he  r e s p o n s i b l e  for sueli  a  r e s p o n s e  c o m o m i t a n t l y

l o  q u a l i t a t i v e l v  i m e s t m . i t e  t h e s e  p roces se s ,  it is i n t e r e s t i n g  t o  c o n s i d e r  a  s im p l i f ie d  

lo in i  o f  t h e  t h c i r i i o d v n a m i c  e q u a t i o n ,  yiveti  by le u;.. H o i i / e  1993) :

I fit ' I "

w h e r e  (L IS t h e  i i ase  s t , i t e  p o t e n t i a l  t e m p e r a t u r e  I w h i c h  is f u n c t i o n  o n l y  o f  h e ig h t ) .  

>>’ t h e  p e r t u r b a t i o n  p o t e n t i . i l  t e m p e r a t u r e .  C is t h e  d P  w i n d  v e c to r ,  tc is t l ie 

ve r t ic a l  c o m p o n e n t  o f  t h e  w i n d .  ( . 2 is t h e  r a t e  of  d i a b a t i c  h ea t  imt  ( oolii iK p e r  uni t  

m a s s  i i n . l k i ;  ‘ s C i n o t e  t h a t ,  for o u r  ( j u a l i t a t i v e  a n a l v s i s .  t h e  e f f ec t s  o f  r a d i a t i o n ,  

m o l e c u l a r  d i f f u s io n  a n d  f i i c t i o n a l  l i e a t i n y  a r e  d i s r e c a r d e i l ). c,, is t h e  spec i f ic  h ea t  at 

( lUi.a .mt p i e s s i i i e  a n d  I Is t e n i p e i a t m e  f i le  first t e r m  o n  t h e  r i y h t - h a n d - s i d e  of  

(7 . ' ' !  Is t h e  c o n t r i b u t i o n  f r o m  adidhdtic heat i t iK ( c o o l i n c )  d u e  t o  co ti ip ress io i i  

i e x p a n s i o t i M n  a  s t a t i c a l l y  s t a b l e  a t t n o s p h e r e  d u r i n g  s u b s i d e n c e  ( a s c e n t  ). ' [ 'he 

' c c o i i d  t e r m  r e p r e s e n t s  t h e  diiihntic c o t i t r i b u t i u t i  a s s o c i a t e d  wit  ft pha. se chanties.

Adia l ia t i i  t , u n p t e s s i o t i  will d o m i n a t e  t h e  r e s p o n s e  if s t r o n g  ( s u b s a t u r a t e d )  d o w n 

d r a f t s  a t e  p r e s e n t  in t h e  t r a i l i n g  s e c t o r  in \ ' . \ P  L im i te  7 3S c o t i q i a r e s  t h e  t t i aç t i i t i ide  

of t h e  s i i b s i d en t  n i o t i o t i  iti I I I L  I \  a t id  \ ’. \ P  at  LOS-hr a t i d  L l l i - h r .  r e s p e c t i v e l y  Dif- 

feretit  t i t i ies  a r e  c h o s e n  for i o t t ip a r i so t i  b e c a u s e  o f  th e  d e l a y e d  e v o l u t i o n  o f  t h e  b i io van t  

p l u m e  in \  . \ i* I h e  s o l u t i o n s  a t  t h e s e  t i m e s  c o n t a i n  well  d e f i n e d  d e e p  d o w n d r a f t s  in 

b o t h  runs .  F r o m  F i g u r e  7 .38  it is c le a r  t h a t  e x p e r i m e n t  \  \ P  d i s p l a y s  s t r o n g e r  tn id-  

l e \e l  d o w n d r a f t s  T h e  t rai l inu,  \ e r t i t  al n i o t i o n  in b o t h  r u n s  is m o s t l y  s u f i s a t t t r a t e d .  

w i t h  well d e f i n e d  i l ry  laye rs  act  o t i i p a n y i t i g  t h e  s u b s i d e n c e .  T h i s  is f i t r t f i e r  i n d i c a t e d

Irijiii thf iiKim l oiui-i tot' i Ir.itl) si iTi in Fiits 7 I k- I I hc rf.usun we (Vmi.s in siuh IVatiirf. is bft aiisf it.s
[•rt-iiKf ••\i'inu,iil> tu .1 Ill'll.t\iur in thf iMini liihl tli.it ih-\i.itrs siilist.inti.illy frurii (W't'Ftl, .ind I'UKI'.A



(al - THETA (4:08 hr) - (hi  - \ ' A P  (4:16 hr)

: : :  

" v
t

F i i ; u i f  7  \ ' c i  r n a i  <a , ,>s ( 11, . t is i . f t l u ‘ luaj ^ni t  m l r  o f  l i o w r i w a n i  i tn i t i m i  I (Lu^i iod l i n e s  i a n d  s t o r n i -  
r e l a t r . e  . e i n d '  \  e,  T"[ s i i-,  ni  '  ' f o r  m i  e x p e r i m e n t  I K F  I A a t  I i K - t i r .  a n d  t u  e x p e r i m e n t  \  \  f ' at  
I i t e l i r  ( ' o i i t o i i r  I n t e l  \ a l  i s  a a r t i n n  a t  - 2  m  - ' T h e  d o t n a m  s h o w n  is t h e  s a t n e  a s  in  Fit;  7 l F

ill F i u u i e  7 .d!i. u  llit h coi i ip i i res  t h e  r a t i o  7 , ,  for  t h e  tw o  w i t h d r a w a l  n u i s  ( T H E  TA 

at FDS-lir a t id  \  A I '  a t  l l l i - h r i .  In ho t  h I I I  K TA a t id  \  A P .  a n  a r e a  o f  in ax i rnntn  

7  7 , .  is e v id e n t  in t h e  t e n t e r  o f  t h e  d o m a i n  s h o w n ,  a s s o c i a t e d  w i t h  t h e  s a t u r a t e d

u p d r a f t s .  I p s t r e a m  o f  t h e  c o n v e c t i v e  a c t iv i ty ,  a h r o a d  d r y  layer  ( w i t h  7 , / 7 , ,  less 

t h a n  u tj |  Is fo iu id  in I H E  T.\ f r o m  low to m i d  levels,  a s s o c i a t e d  w i t h  t h e  r e a r - to - f ro n t  

How a n d  t h e  p r o p a y a t i n y  d o w n d r a f t  1 Ely. T.dha i  In t h e  c o r r e s p o n d i n g  d r y

l a \ e r  is co i i l ined  t o  l e a d i n y  e d y e  o f  t h e  s v s t e m .  w h e r e  d o w n w a r d  m o t i o n  s t r a d d l e s  th e  

u p d r a f t s .

Therefore ,  e i i h a n c i ' d  a d i a h a t i c  c o m p r e s s i o n  in \ ’. \ P  p l a y s  a  s iy n i l ic a n t  ro le  in yen- 

e r a t i n y  a s t r o n y e r  p r o p a n a t i n y  h r a n c h  in t h e  I m o y a n t  p h u n e .  O n  t h e  o t h e r  h a n d ,  

th e  p o s s ih le  ro le  p l a y e d  hy d i a h a t i e  etfec ts in t h e  ye t ie ra t  ion  o f  su c h  f e a t u r e  m ay he  

less s t r a i y h t f o r w a r d .  .As d i s c u s s e d  ear l ie r ,  d i a h a t i e  c o o l i n y  is e n h a n c e d  a t  m i d  levels 

tiuiy  in e x p e r i m e n t  \  AP. w h ic h  c o n t r a s t s  w i t h  t h e  d e v e l o p t n e n t  o f  a s t r o n y e r  Imoyant

25S



Ui) - T H E T A  ( 4 : 0 8  h r )  - 11*1 - \ ’A P  ( 4 : 1 6  h r )  -

I 7 Xi'itK.i! I I." ' f i th. t i . '  Ilf tlic i.itiu 7 : , ' / . ,  .it it J  liiini u>ii iiili-s> intrr\ . iL'  Thii k 'dlid
liiii' in the ( i ritt i . if Itir limn.uri rni ln'i's .iriM.' witli 7 . 7 . , 1 i|u.il to 1. wliilc tiiin xilid line indicates 
• in a,' u itli 7 , 7 , , I ,|ii.d til ' ir li'-'S 1 )i,tn 11 Ii Xdctc n > .ir*- ' t i  a tn-n' l , it  ivc uiiid> in tn s ‘ III ,  ilmnain 
' i i i iun 1.' till ' . u n r  .1,' in k in, 7 11

jtli i i i ir ( I>ii(ii' ii>atf Id.ul i t i^ i> I t ' l i l t  I (I in \  A P  (Fi ' f .  7. ' i2)  in i t ‘>[n*ii.sf

III .1 ill It r iniii-ii  V f j  a t  nii i>[)ht ' i r  at  it .start  t i n i f .  t  I liis ( i r o n  s.s a n o i i n t . s  I'm t lia 111- 

I  i i 'a . ' f  in I / . '  at  ini i ! - l f \ id . i  slmw n in F ia  7 I l f  fur t lia lir.st I t i - in in  i*f t x p t i i n i f n t  \  A P  

i i l i i t t i ' d  i i i i f  in I ill 7 l i t  It 1 Inis, w i t h  t h f  i t i l i n  1 <1 i u n c f t i t r a t i t i n  ul  hvi l run i t  t f u r s  

l a t iT  111 t h f  int i  a r a t l u l l ,  unt '  in a \  i u i i j f c t i i i f  t h a t  t h f  r a t r  tif ( I f t r a i n n i f i i t  u f  i lutid 

fl f i i i fi i t ."  ( whi i  h If a d s  t u  f u t i l i n a  hy f v a p u r a t i u n  s u h l i n i a t i u i i )  u n  t h e  n p s h f a r  s id e  uf  

t h f  cunvtH t i v f  f i r e i i l a t  lull i.s w f a k e n e d  d u e  t u  a  nu*r t‘ r a p i d  i l e p l e t i u n  u f  c un i l f t i sa te .  

If t h i s  is ti l t '  l a s f .  a n  p a r c f l s  w i t h i n  i l u w n d r a f t s  u n  t h f  t r a i l i n g  si t le o f  t h f  MC'S he- 

f u i i i f  s i i h s a t i i r a t f d  i - a r l i f i . a n d  a d i a h a t i c  w a n n i n g  m a y  ucc i i r  in a  d t ' e p e r  l a v f r  t h a n  

in T l l F T A  a n d  C M  H F

F i g i i f f  7. 1 0  f t i i n p a r f s  t h f  t u t a l  w a t f r  m i x i n g  r a t i o  (|„ ( w h e r t ' ( | „  <|,. • t p  • ip ■

ip • (p, ) lo r  f x p f r i i n f t i t s  I H F T A  a n d  \  AP .  In T H F T A .  t h f  h r o a d  a r e a  o f  d o w n w a r d



a l  - T H K T A  ( 4 : 0 8  h r )  - (1)1 - \  A K  ( 4 : 1 6  h r )

H
1-

\  \ \  \  \  \  \

7 l u  Vi i r u  .il  1 -I l t h . I l '  . . t  11. t . i l  w . i t i ' i  n a x i n n  r . i t i i .  ' n l u i  l i n i - s i  . i l i . i i ^  v J<)', k m  fnr  
,i I m u  l i t  ! l i t  I \  . a  ! l " ' '  h i .  . u n i  II > x[H i i m ' i i t  \  A l '  , u  t 1 l l i - t u  ( ' ( i i i t i n u  m t i  i \ . i l  i.-

1 s; ki ;  ‘ \ i i t . . i '  . U"  ' t  ' ni  I • l . u  r. !• w u n i '  m  m  - . u n i  ' i i . n l i m t  u n  ! n , u ,   ̂ , u ' . i . '  v . u i i  .1. .\\ uw  .u <i 
m n t i m i  f i | u . i l  t i .  • .1 ' t i i ’i i in I t l i . u i  1 n i  '  ' P .  i in . i u i  An i'.\ n a  i l m  ' . u n r  .m lu I ' m  7  1 1

iiiiitiori i> ) \ nli ' iii wi t l i  i i i t u i i ' f  (lUtlliiw al i i p p f i  u i i n  ti ai ixm i> i T u i d v  a ir

l i i > n / i )n ta l l \  luiriiiriu, th u  a m  al ' F i n  r ' k ^ a l  I h u  m a x i m u m  tp, m  t h f  i i [ )pf r  i i a cK  

i)[ t l i f  f  Diivi f  : i\ f  i i n i o i i  n a i  hf> 7 u ku ' al llii> l i m e  In \  A I ’ al I: l l i - h t . a  t r a i l i i m  

i l u u n d i a l i  a l i f a i h  xhuwx >inri> ni i i p x i r r a m  | ) i np a t i . i l io n .  l ' i i f  a n  a  wi l l i  c iu idcn .^a ï f  is 

' l i a l l o u f i ' ( o m p a i f t l  11 ) I I I I .  I A. a n d  tp. al n p p f i  I fvr l s  ruai l ies â ^ , w h i c l i i s  jfss

t h a n  in  I H K  TA a t  l:().S-hr. I h i w r ver.  a.s di p i c t f d  in Kiir. 7 'Id. th i s  d o e s  no t  im p ly  

t h a t  a  t i f f  p u r  l a y r i  ol s u h s a t m a t f d  s i i l i s i d c n c f  i> présen t  m  \  AH.  hei aii>e t he  <h [jth o f  

t h e  d r y  l a y e r s  in b o t h  r u n s  is c o m p a r a h l e .  T h u s ,  t h e r e  e x i s t s  n o  c l e a r  e v i d e n c e  th a t  

( p o t e n t  i a l lv  ) w e a k e r  d e t r a i n m e n l  f r o m  t h e  c o n v e c t i v e  r e g i o n ,  h y p o t h e s i . / e d  abov e ,  

p la v s  a n \  s igni t i i  a n t  role  m  d i l f e r e n t i a t i n g  t h e  t w o  ru n s  a t  t h i s  s ta g e .

r i i e  (irtfjtn ol t h e  s t r o n g e r  mid- le\ -e l  d o w n d r a f t s  i.s a s s o c i a t e d  w i t h  t h e  r e g e n e r a t i o n  

o f  t h e  b i i o v a n t  p l u m e  i tse lf .  e s p e c i a l l \  b e t w u e n  b l lS -hr  a n d  1:1 l -h r  ( Kigs 7 H f-g a n d
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7 .3 4 h - i  ). l a t e n t  h e a t i n g  o c c u r s  a t  i iiid levels  d u r i n g  t h i s  s t a ^ e  iti \ A P  as

s a t u r a t e d  i id [ ) ra f t s  re i ia in s t r e n g t h .  F i g u r e  7 , 1 1  s h o w s  t i t n e  sc r ie s  o f  d o u i a i n - t i i a x i r n i i m  

u p d r a f t s  i D M l  s) f,„ s i i u i i l a t i on s  C N T H L .  l 'UK l A a n d  \  A P  In VAP,  t h e  D M F  is 

e o n s i d e r a h l v  r e d u c e d  s h o r t l y  a f te r  r e s t a r t ,  as  disi  u s s e d  e ar l ie r .  _\s th e  o r i ^ i n a l l v  

s h a l l o w  s u r f a c e - h a s e d  u[ )dr a f t s  ( for ced  hv l i f t ing  o v e r  t h e  mist  f ron t  I he co tn e  d e e p e r  

a f t e r  a p p r ' i \ i i n a t c l \ -  ' ' - r u in  l e ^  , I 'm "  7 3 3 f m  a n d  7 3ôl)-c». t h e  I>NU' is r e s t , u e d  N o te  

t h a t  tilt s fn ni/tiii nnit/ "J tin DMI m 1 . 1 / '  nian tihnipt tlniri mrhi  ni > rpt nrrtt rit 

THKTA  I Fit;  7 11 i h, cau."C. in I 111! I . \ .  t he  u i i d - l c \ c l  u p d t  aft." at e " i n i p h  ’ • / 'C . -m / ,  

r a t h e r  t h a n  ruji in nih d . 1 he h e h a v i o r  o f  t h e  h u o y a n t  v he ld  a t  t h e  lead i im ed;t,e of

t h e  h o w  et ho  in \  . \ P  is con.sisteiit  w i t h  t h e  e e n e r a l  e v o l u t i o n  in \ t  rtit al m o t i o n  

1 h e r e f o r e .  t h e  i l u r e s p t u i d i i m  P P l l A  i n d u i f d  . i r o u n d  t h e  h u o \ a n c v  soi i r t i '  le.ü, . Fie.  

7 1 ^! " h i a d d  r e s p o n d  accord i i ie lv .  l e a d i n e  t o  " t r o t i e e r  d o w n d r a f t s  o n  t h e  s ides  o f  t h e  

d e v e h  ip ine  h i io \  an t  p l u m e .

l o  addie . "^  till." p l o t  es.", f  i e m , .  7 .12  d ep i i  t ." vert  It al tit,."." set t It Ills o f area." w i th  

d o w i i i l r a f t s  ( " h a t l i n e )  an t i  n e e a t i v e  I as  t jet ineil  in Ô.7; i l ash e i l  l inesi  for e.xperi-

tneii t  \ ’. \ P  iVotn t I D S d i r  tti M 2 d i r  ( F i e s  7 12h-d)  I he  s t , lu t i t ,n  f r o m  CN 1 P L  a t  t 

h l O d i r  a 1st, I.s s h o w n  for ct i i i iparisoi i  I Fiy .  7. 12a) Iti \  \ P .  t h e  riKK/nitiuT o f . 1 . at  

t h e  r o f  t he  Convec t ive  reejt ,11 o ,r o \ f i " h o t , t  m e  to p ;  ah t iv e  /  11 ti k m  i is less

t h a n  m  ( \  I H F .  o w in e  to  a  weaker  t l o w n w a n l  \  P ( I . \  at  t h i s  t i m e  However ,  a t  initl 

tt,  i i[ )per  levels ,  n e e a t i v e  \  P (  l . \  t l evel t ips  o n  t h e  sn/ t  .s o f  t h e  h i iov a in  v stiiil'ce. w h e r e  

d o w n d r a f t s  a r e  i n i t i a t e d .  N o t e  t h a t  t h e  r e g i o n  o f  s t r o n g e r  .1,^^/; a t  iiiitl levels fol lows  

clt)S('ly t h e  evtil i i t i t t i i  o f  t h e  h u o y a n t  p l u m e  ( r e f e r  t o  F igs. 7.31 f-g a n d  7 -3 l h | .  a n d  hy 

1:12 -h r  I F i g  7 I2d)  i t s  m a g n i t u d e  is l a r g e r  t h a n  i t s  c o u n t e r p a r t  e a r l v  in e x p e r i m e n t  

F f l E  I \  ( F ig .  7.191)).  T i l l s  ag re e s  w i t h  t h e  t i m e  w h e n  t h e  h u o y a n t  p l u m e  in \ ' . \ P  

IS s t r o n g e s t  ill t h e  c ro ss  s e c t i o n  h e i n g  a n a l y z e d  ( F ig. 7 .3 l h | .  T h i s  resul t  l i n k s  th e  

g e n e r a t i o n  o f  m o r e  i n t e n s e  mid- leve l  d o w n d r a f t s  in \ ’. \ P  to  a m o r e  ac t i v e  h u o v a n c v
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7  U  I ' ldn'
i n t r r \ . i l s  ( o i n i M M ' .  ill l i c t w c i  ii ' i i n n l n t  u in s  C.N I'HI,. I HK I A , u k 1 \  . \ K

siiiirc r  ill .1 t;ivfii  tiiiK' l . i t r r  in t h e  s i m u l a t i o n  t h r  in t c t i s i tv  o f  t h e  luiov. int  [ i lun ic  al 

thf  hiulim; ’ tiiji (if thi MCS  is ri'tliK r , |  a n d  l i n  oint  s 1 1 i tnpa tah i» '  t o  t h a t  in ( W  I HI. 

i ind r H K  l A  !i- li . 7 •} If I a c c o u n t  iriij, lot a r n o i c  c | | i c i r n t  a d i a h a t  i< w a r n u m ;  fou nd  

on  III it It iip.st n  a rn a n d  d o w n s t  r e a m  ' i d e s  o f  t he  feadinu, ci mv ec t  loti 1 his  is e s t e n t  lall v 

t h e  m e c h a n i s m  t h a t  e e t i e i a t e s  a l e l a t i v e l v  s tnunt ,  p i o | i a u a t i n u ,  t u a m l i  o f  t h e  luiovant  

p l u m e  , m d  st tone, -I  p t e - s q u a l l  low nietlt  to n ed  h e f o t e

7.5.3 Impact upon  the RIJ. inclination o f  the  convect ive cells, and IGW  

and acoustic  wave activity

In t h e  p r e v i o u s  s e c t i o n  we s h o w e d  t h a t  e n h a n c e d  s u l i s a t i i r a t e d  d o w n d r a f t s  in \ ’A P  

favo r  a  t r a i l i n g  h u o y a n t  p l u m e  t h a t  is s t r o n g e r  t h a n  in C'A T P I .  a n d  I H E  I \  .As 

a  r e s u l t ,  j u s t  eas t  o f  t h e  p r o p a ^ a t i m r  d o w n d r a f t  I on  t h e  u p s t r e a m  s id e  o f  t h e  how 

e c h o ) ,  c o n d i t i o n s  h e c o t n e  f a v o r a h l e  for t h e  g e n e r a t i o n  nï stroiKj uptrdid rnotior>. which
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l a )  - C . \  I 'KI . ( 4 : 1 0  h r ) ,1,1 - W V  ( 4 : 0 8  h r )

“% .

I

L

\  AP (4:iü hr) \ AP (4:12 hr) -

% : .
t . .'i ■ .

t
Li

7 12: A s  m  Fif .̂ 7 l'J. (jut i ini ipariri^ >ul ut iu i is  f rmn s i inulat i oi i  C N  l 'I lL at t 1: 10 - hr  ipai icl  
( a n  a m i  >L[iiul,itu)ri \ ' A P  at t l : l i>-l i f ,  l : l „ - h r  a n d  1:1 2 d n  i pan el s  ( I, l-i d 11.
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is ( 'v id en t  in Fit’s. 7..'5ôd-f. Itecaiist* t in '  t r a i l i n i i  h a o y a n c y  s o u r c e  in \ ' A P  is i n t e n s e  

e n o u t i h  t o  in d u c e  a  s i ^ n d i e a n t  p o s i t i v e  . 1 , a s  d l u s t r a t e d  in F i g u r e  7. t3. Not<‘ t l i e  

p r e s e n c e  o f  tw o  reir ions o f  p o s i t i \ c  a t  low t o  ni id  leve ls  in Fitr. 7. Id: t h e  o n e

t o  t h e  ea s t  is a s s o c ia te ( i  w i t h  t h e  l e a d in g  s u r f a t  t ' -hased  u p d r a f t s ,  a n d  t h e  w e s t e r n  

o n e  is asso t  i a t e d  w i t h  t h e  p r o p a g a t i n g  h i io v a n t  p in n ie .  I he  t r a i l i n g  u p d r a f t s  Imrt no 

nhitno} ifitli till 'jn-f jr-oit.  a n d  t h e i r  h, h a v e  it r e p r e s e n t s  a n  l( 1 \ \  -t v p e

r e s p o n s e  t o  t h e  iipst t e a m  Inn a  a tn \ p e r t  i i rha t  ii ui f h f o i e  add re ^ > i i m  K I W -  ■'[lecifii a l l \

It i" i t n p o r t a t i t  t o  a s s i ' s s  t h e  i t d l u e i i c e  o f  t h e  t r ai l i tut ,  u p d r a f t . s  , ,n t h e  h e h a \  to r  o f  t h e  

s i t n u l a t e d  , \I( S in t h e  reiz;ioti o f  ^ t u d v

F i m i r e  7 d ' )h  s h o w s  t h a t  t h e  ^troiej;  t r a i l i i m  u p d r a f t s  v e n e r a t e d  in \ . \ P  a r e  in o s t iv  

s i i h s a t u r a t e d .  esper ia l lv  a t  lo wer  levels  i west  o f  \  17h klii  I I his i n d i c a t e s  t h a t

s i i h s a t u r a t e d  lift is p r e s e n t ,  w h i c h  favo rs  a d i a h a t i c  i oolinu, a t n l .  thus ,  e r o s i o n  o f  t h e  

p o s i t i v e l v  h u o y a n t  a i r  w i t h i n  t h e  t r a i l i n n  h i n a a t i c v  s ou rc e  I h i s  p r ocess  e .xpla ins t h e  

h u t i i a t i o t i  ol a  local  i i i ini i i i i ini  in h i n a a i n  \ j i is t  h e h i i n i  th e  leadiiut,  i (Jiivei t ioi i .  e v id e n t  

in I ' iys.  7 d Id-t .  a n d  u c c o a u N / o c  u n u i j o r  di^rnptiou in flu >tnii titn of (In MCS.  Not  

ot i l \  is t h e  h u o y a n t  [ i lunie  e r o d e d  loca lly ,  h u t  t h e  trai l inu,  u p d r a f t s  a l so  a d v e c t  mo is t  

a i r  f r o m  t h e  (ar ti l i i  i a l lv  n i o i s t e r )  h o i i n d a r y  l a y e r  t o  h i g h e r  leve ls ,  as  i n d i c a t e d  in Fit^. 

7 dltd lot t hd l t - hr  S u c h  a  t i r c u l a t i o n  p a t t e r n  d o e s  no t  a y r e e  w i t h  t h e  s t r u c t u r e  

ol a m a t u r e  how ech o  for w h ic h  a  di .<i'i ndnni  HFI t r a n s p o r t i m t ,  dm  r a i r  s h o u l d  h e  

p r e s e n t  Fhis  resul t  h e l p s  e x p l a i n  w h y  t h e  r e s t o r a t i o n  o f  a lo w-  t o  m id - l eve l  d r v  layer  

is s l o w e r  in \ ’. \ P  ( F i g  7 l i e )  In a d d i t i o n ,  in t h e  a h s e i u c  o f  a  d e s c e n d i n g  Rl.) t h a t  

t r a n s f e r s  m o n i e n t i i m  t o  t in '  s u r f a c e ,  t h e  lo w- lev e l  o i i t l low l i e i n t n e s  less in t e n s i '  a n d  

c o n v e r g e n c e  a t  th e  g u s t  f ron t  is r e d u c e d  (F ig .  7 .Sg- i i  H e n c e ,  thi '  t r i g g e r i n g  of  ne w  

s u r f a c e - h a s e d  u p d r a f t s  a t  t h e  l e a d i n g  I 'dge o f  t h e  s v s t e m  is weak e t ie d .  a s  evich'iit  in 

F i g  7.dOd. I he  s ig n iH c a n t  i m p a c t  d e s c r i b e d  a b o v e  in l l u c n c e  t l i e  h e h a v i o r  o f  K i W s  

as  well.
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\  A P  ( 4 : 1 6  h r )  -

I-'iiMir'' 7 1.1 A< HI [• 7 lU. l)Ht f i . r  i xpiTiiiunt at t  1 Iti-hr I'u-itiM- 'I'liii Ihh si ami
ii'it.it I'. 1 il.i.'i.i 11 l i i . i '  \ .i|ia '  " f t  ,111' pI'H fill .It I) n j  ai ' ai t i i  \ a l '  Sti ii rn-tflatiM- w huI,-' ■ iii 
t i l  '  ' a i r  l l l i i l i  att il ti\ \ri fi .[ V

I I I  fXpiTit i ici i t  I ' l lK l.V. U f  (ii.sciis.scd t h a t  t h f  11 ina , , f ; i  H K i W  u i t h  v n t i c a l  

u  a v  h n r  ; |i ( v i i i p a i a l i l r  tt i t h a t  it! t la- i t ,n v  a 1 1 V' ta at inu, >1 tiin r  i.- at a . »in jiaiiifi 1 t a  ,i

it>s|)(»ii>f fiDiii t h t “ la t r i / tH i ta l  w i ia l  lit Id t h a t  iiiaiiitairi.s t h f  lorrt  l i  s tr iK t i i i f  t,| t h f  Hi t 

a n d  t l i f  i i p p f i - l f V f l  (HittldW ( I ’OtHil Iti \ ' A P .  s o t u c  f \  id f i n  f  u f  a  p n i p a a a t i n t j ;  H K i W  

( r f p r f S f t i t f d  l)V t h e  t i a i l i n a  l u io van t  p l n i i i f  a n d  t n i d d f V f  I d o u  tal i  a f t  t l i f i i m f l v f s i  i.s 

a l s o  f o u n d  a f t e r  l l P i n i n  o f  s i i n n l a t i o i i .  a s  dest  r i h f t i  in F | f .  7 .17. I l o w e v e r .  t h e  re- 

f s t a l i l i s h n i f t i t  o f  t h e  RI.) is j e o p a r d i / f d  hv t h e  a f t a r a t i o t i  o f  s t r o n i t  s i i h s a t i i r a t e d  

u p d r a f t s  f o l l o w i n g  t h e  p r o p a g a t i o n  o f  t h e  h i i o y a n c v  s o n r c f  a lo f t .  .Apj i lv inn  PDOG’s 

r e a s o n i n a .  th i s  s i i a a a t s  t h a t  a n  elffi  t i v e  c h a n a t '  in th t '  a y a r f r a t e  s t r u t  t i n e  o f  th»' 

h e a t  i l ia s t a i r i f  in t h e  c o n v e c t i w  reaioi i  o c c u r s  in \ .A P.  In fac t ,  u f  t iest r ihc  a h o v c  

h o w  t h e  ( d e la y e d )  f o r m a t i o n  o f  a s t i t u i a e r  m id - l e v e l  h i i o y a m  y he ld  in \ ’. \ P  alfect.s t h e  

r e s p o n s e  f rom t e m p é r a t u r e ,  p r e s s u r e  a n d  w i n d  l ields in s u c h  a  w ay  t h a t  l eads  t o  a 

s i a n i t i c a n t  a l t e r a t i o n  o f  t h e  t tmve t  t iv e  t i n  i l l a t ion .
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A n o t h e r  i r n [ )o r ta n t  i m p l i c a t i o n  r e ^ a r d i n ^  I C W  a c t i v i t y  c o n c e r n s  t h e  v e r t i c a l  inc l i 

n a t i o n  u f  c o n v e c t i v e  cel l s.  .Several s t r u d i e s  h a v e  s h o w n  t h a t  I C W ’ a c t i v i t y  t e n d s  to 

h e  f a w n e d  in t h e  d i r e c t i u n  u f  t h e  t i l t  u f  t h e  c o n v e c t i v e  heat inu ,  s u n r c e  te fuv e l l  ct 

al 199’2. I’ D9(>. N a c h a m k i n  a n d  C u t  t u n  290 0) .  a s  c u i d i r i n e d  in  e x p e r i m e n t  d 'H K  l' .\.  

I he  f o r m a t l u n  of  r e l . i t i w l y  .^tiutiy u p d r a t C  t r a d i n y  t h e  c u n \ c (  t i \ c  ai t i v i t \  in \ . \ l ’ 

d u e s  alFect t h e  in c l in a t iu r i  u f  t h e  cu t iv e c t i v e  ce l ls  F i g u r e  7..'Mf. for  e x a m p l e ,  s h u w s  a 

h i i ova n t  p l u m e  I l e a d in y  t h e  M C S  I t h a t  di s[ ) lays  less n p s h e a r  t i l t  t h a n  it.-, c u i i n t e r p a r t  

in C N T H L  iT . T l a i  a n d  m  T H K T A  (7.1 1 - ) ,

I'u b e t t e r  i l l u s t r a t e  t h e  v e r t i c a l  t i l t  u f  c o n v e c t i v e  l luw. it is d e s i r a b l e  t o  e x a m i n e  

t h e  s o h i t i u n  w i t h  th e  c o r r e c t  a s p e c t  r a t i o  F i g u r e  7 I I <lepi< t-- a  c |<ise-np vi» w , if th e  

w i n d  he ld  a c r o s s  th e  ^ n s t  f ront  in v e r t i c a l  c r os s  .sect ions  s h o w i n g  t h e  c o r r e c t  aspe i  t 

r a t i o  o f  t h e  Ilow m e x p e r i m e n t  \ ' . \ I ’. f r o m  t 1:1 l - h r  to  I 2 0 - h r  ( w h e n  t h e  t i a i l i m ;  

i i p i l r a f t s  a r e  e v id e n t  I N o t e  t h a t  t h e  u p d r a f t s  at  t h e  lea(l i t iy e d ^ e  o f  t h e  sv<te tn  l iecotne  

m o r e  v e r t i c a t i v  o r i e n t e d  a s  t h e  r e a r - t o - i r o i i t  i low a c ip i i r e s  a n  u p w a r d - o r i e n t e d  ve r t ica l  

Clunponet i t  r i m s ,  m t h e  cor r e c t  a.-^pect ra t io ,  t h e  u p d r a f t s  f o r m e d  np.-tndin o f  t h e  

mist  f ron t  m t iiallv le p re se t i t  a n  asi  e n d i m r  HLI . t h a t  favors  a  n r a i l u a l  (U

leaning,  o f  t h e  Ciuivet t i \ e  cel ls

I he p r e s e n c e  o f  m o r e  e r e c t  c o n v e c t i v e  ciri i l l a t i o n  ( a n d .  t h e r e f o r e ,  m o r e  e r ec t  hea t -  

iny, s o u r c e )  a p p e a r s  t o  h e  in a g r e e m e n t  w i t h  e n h a n c e d  d i s t u r b a n c e s  ( ICW's)  nhuul 

of t h e  M C S  in \ ’. \P .  This b e c o m e s  m o r e  c l ea r  in f^igure  7.T9,  w h i c h  c o m p a r e s  t h e  

v e r t i c a l  m o t i o t i  field a t  /. l.N k m  for  e x p e r i m e n t s  \ ' . \ P  a n d  I I l f { T . \ .  Ki-tnin a f t n  

r e s t a r t .  In Ll iFT.A.  a n  a . s y m n i e t r i c  [ l a t t e r n  o f  I C W  a c t i v i t y  is e v i d e n t ,  w i t h  pre f 

e r e n t  itd a c t i v i t y  on  t h e  u p s t r e a m  s i d e  o f  t h e  s y s t e m  ( F ig.  7. l o a ) .  Fh is  b e h a v i o r  is 

o f t e n  a s s o c i a t e d  w i t h  M C S s  d i s p l a y i n g  u p s h e a r - t i l t e d  c o n v e c t i v e  ce l l s  (e.g. .  P D 9 0 ) .  In 

c o n t r a s t ,  e x p e r i m e n t  \ ' A P  a t  1:3 0 - h r  d i s p l a y s  ( p i i t e  a c t i v e  d i s t u r b a n c e s  on  b o t h  s ides  

o f  t h e  s i t n u l a t e d  M C S .  I o r  i n s t a n c e ,  a  b r o a d  s u b s i d e n c e  a r e a  l e a d s  a n d  t r a i l s  t h e  bow
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F i g u r e  7 . -4-1. W r t i c a l  c r o s s  s e c  t i o n s  i n  t he -  x z - p l a i n  a l o n g  y  2 U 5  kni f o r  t h e  s t o r n i - r e l a t i v e  w i n d  h e l d  
a c r o s s  t h e  g u s t  f r o n t  i n  e x p e r i m e n t  \ 'A P . f r o m  t 1:1 l - h r  t o  1 2 t h h r  T h e  d o m a i n  s h o w n  is i s  k m  
X 1 )  k m .  \ 'ec t o r s  r e p r e s e n t  s y > t e m - r e l a t i v e  w i n d s  in  m  s  ’ ‘ . a n d  c o n t o u r s  i nd i c  a t e  m a g n i t u d e  o f  t h c ‘ 
v e r t i c a l  v e l o c i t y  m  i n  s  ' t c o n t o u r e d  a t  2  m  s ^ '  i n c r e m e n t s ,  w i t h  t h e  z e r o  l i n e  h e i n g  s u p p r e s s e d  | 
S o l i d  ( d a s h e d  I l i n e s  i nd i c  a t e  u p d r a f t s  ( d o w n d r a f t s ) .
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t'c luj ill t 'Xpt ' rirnt ' i i t  \ ’A P .  It is i m p o r t a n t  to not*'  t h a t ,  a t  r o s t a r t .  t h o  K ! \ \ '  a* t i \  i tv  

in \  A P  is t h o  - a n i o  as  in s i m u l a t i o n  ( ' N I  HI. w i t h  m o r o  d i s t u r l i a t u  *'< <n * u r imt  on  

I ho  U[)shoar  H ank  o t ' th*  svst t ' tn  l a s  in I ' H E T A ) .  no t  s h o w n ,  rh i ' i t ' f o r o .  a n  a l t é r a t i o n  

o c c u r s  in \'.-\.P a l s o  in t e r m s  o f  t h e  b e h a v i o r  o f  l O W ’s.

In  p n ' v i o u s  a n a l v s i s  we m e n t i o n e d  t h a t  t h e  s o l u t i o n  in V A P  s h a r e s  s o m e  c h a r a c 

t e r i s t i c s  w i t h  t h a t  in I I I P  I t h o u g h  w i t h  a  de lay .  W h i l e  t h e  b i i o v a n t  p l u m e  in 

r H P T . \  is r e s t o r e d  s h o r t l v  a f t e r  r e s t a r t . in \ ' . - \P it t a k e s  a r o u n d  ID t o  I l - m i n  for  t h e  

b u o y a n t  p l u m e  (or .  in a m o r e  y e n e r a l  way. t h e  hea tinu ,  s o u r c e l  to  r e y e m  r a t e  c o n s i d 

e r a b l e  d e p t h  a n d  a  ma .x im i im  b u o y a n c y  [ l e r t i i r b a t io t i  a t  m id - le v e l s  ie. i t . .  Pitt,. 7. .'Me). 

I n t e r e s t i n g l y ,  orilij nftrr nstorim/ thi.< basic structure ilocs the rnid-lcnl  dotrndraft und  

hnoi/dni ii sourci /uopuiyuD rninnird.  m o s t  p r o b a b l y  as . soc ia ted  w i t h  a  Il lCiW i P ig .  

7.:57i

I ' igUI ' -  7 I D  shoW.s t u n e  " f i le s  o f  \ f  1 1 1( al m o t i o n  al t h re e  d l l i e le t l l  h \ e P  I I I  c.xpf r i 

m e n t  \ ' . \ P  a t  I h e  s a m e  g r id  p o i n t  a n a l y z e d  for e . x p e n in e n t  l l l P l . A .  r e  . a t  a l o c a t i o n  

j i is t  u p s t r e a m  o l  t h e  m a m  l>o\v e c h o  s e g m e n t  at  l -h r .  Rec a l l  t h a t  m  I H P  l . \  ver t i c a l  

m o t i o n  a t  th i s  g r i d  [>oint itidii a t e s  t h e  p r e s e n c e  o f  pm/ im/utm*/  d i s t u r b a n c e s  s t a r t i n g  

a s  s o o n  as  t h e  r u n  is s t a r t e d  (P ig .  7 .27 ; .  I his  is not  t h e  c a se  m \  . \ P .  1 he e<irl> 

e i o l i i t i o i i  d e p i c t e d  in I igi tre  7. lb s i m p l y  dest r i b e s  t h e  w e a k e n i n g  o f  t h e  m a i n  u p d r a f t  

m t h e  lirst iD-mi t i .  fo l lowed by i ts  g r a d u a l  r e s t o r a t i o n  s t a r t i n g  a t  low l e w i s .  N o te  in 

f i g .  7 lb t h a t  t h e  lower  t h e  level, t h e  e a r l ie r  t h e  u p w a r d  m o t i o n  is r e g e n e r a t e d  ( a f t e r  

ID-miti  o f  s i m u l a t i o n ). in a c c o r d a n c e  w i t h  t h e  e v o l u t i o n  des* t i b e d  in P ig s .  7..P5 a n d  

7 1Ô. .A l th o u g h  t h i s  * vc le  ttiay b e  i n t e r p r e t e d  a s  t h e  m a n i f e s t a t i o n  o f  K i W ’s (A'arig 

a n d  Ilot i /*'  lODÔal. it d o e s  not r e p r e s e n t  a t r u l y  p r o p a g a t i n g  d i s t u r b a n c e  in a  s t o r m -  

r e l a t i v e  sense ,  w h i i  h c o n t r a s t s  w i t h  e x p e r i m e n t  I I I P  PA O u r  r e s u l t s  i n d i c a t e  t h a t  a  

d e l a v e d  r e g e n e r a t i o n  o f  t h e  full s t r u c t u r e  o f  t h e  h i ' a t i t ig  s o u r c e  s in k  in A A P  is t h e  

m a i n  pro*'ess a* * t a i n t i n g  for su ch  b e h a v i o r .

2G'J



2.5

z= 1800 m (line A) 
z= 4600 m 
z= 7800 m (line B)

-7.5 --

10
4:00 4:05 4:10 

Time (hr:min)
4:15 4:20

F i g u r e  7 tf) A s  III Ki% 7 2 7 ,  h u t  f u r  » x p c r i r i i r r i t  \ ' . \ f V

.Aiidt l icr  i n t e r e s t i n g  d i l f e re nee  h e t w e e n  I HK I A  a n d  \ ' A P  i n v o l v e s  th e  l i eh av io i  

o l  aeo i i^ t i e  i n o d e s .  1 i m i t e  7 Ui ' shows iio ( l e a r  i t i d ie a t i o t i  o f  h i e h - a i i i [ ) l i t i i d e  a c o u s t i c  

wa\e .s  , s u[ ) c i iu ip ose d  in t h e  " m a v i t v  wave"  e v o l u t i o n .  I' l i is is a l s o  e v i d e n t  in t e r m s  

ol  t h e  [U I's.sure l iehi.  i n d i e . i t r d  111 t h e  t u n e  serie> itl Ki ‘J ,ure 7 17 l t ls te .nl  o f  liiith 

t i t ' ( |Ueiiey s o u n d  waves ,  t h e  p r e s s u r e  h e ld  is d o i n i n a t e d  bv  a  r e s p o n s e  to v a r i a t i o n s  

in t h e  b u o y a n c y  lield.  I l i^ l ie r  I r e t p i e t n y o.sci l l at iut is  a r e  p r e s e n t ,  b u t  w i th  v e r y  low 

a m p l i t u d e .  It is tutt e n t i r e l y  c le a r  w h y  t h i s  is t h e  c a se ,  b u t  in e x p e r i m e n t  \ ’.AP. 

l a r ^ e  a r e a s  o f  e n h a n c e d  d i a b a t i c  c o o l i n g  a t  m i d  levels  a r e  (it e s e n t .  w h i c h  w e a k e n s  t h e  

c o n v e c t i v e  c i r c u l a t i o n .  In T H E  I A. e t i h a n c e d  m i d - l e v e l  d i a b a t i c  hidtuuj  a s s o c i a t e d  

w i t h  " i t np i i l s i ve"  e x p a n s i o n  occurs .  I h i s  di l fe re i i t  r e s p o n s e  a l  t h e  v e ry  e a r ly  s t a ‘j,e-s of  

t h e  w i t h d r a w a l  s e e m s  t o  be  th e  m a i n  c a u s e  for  t h e  d i s t i n c t  b e h a v i o r  o f  t h e  a c o u s t i c  

m o d e s .
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(a) —A— 200 tn
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100

0
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200
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100
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Fi'^nn' 7 47  As  m 7 J'J Imt fur tln'  first Itl-iusn in •‘x pr n m t ' i i t  \ ' A P
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7.6 Impact of the Coriolis force

l i rca i i s t '  E a r t h ' s  r o t a t i o n  is iiu'hi<lt'(i in t h o  s i m u l a t i o n s ,  it is i m p o r t a n t  t o  assess  t h e  

fXtei i t  t o  wli ir l i  t h e  Co r io l i s  for ce  p lays  a  d i s c e r n i h l e  ro le  in t h e  e v o l u t i o n  o f  t h e  first 

l l i -min  o f  e x p e r i m e n t s  I ' H E T . \  a m i  \  T h i s  is t h e  t i m e  it t a k e s  t o  t h e  b u o y a n t  

[ i l i ime in THET.-V t o  r e s to r e  m o s t  o f  i ts  s t r u c t u r e ,  as  i n d i c a t e d  in t h e  c o m p a r i s o n  in 

E i ^ u r e  7 18. M o r e o v e r ,  it is w i t h i n  t h e  first  3 0 - tn in  o f  s i m u l a t i o n  in e x p e r i m e n t  \ ' . \ P  

t h a t  m o s t  pro(  esse s  l e a d in y  t o  a  d i f fe ren t  s o l u t i m i  f ro tn  C.X I 'HE o c c u r  (see sei t io n

.Ainotm t h e  v a r i o n s  f o r m u l a t i o n s  for t h e  Ib j s sb y  r a d i u s  o f  d e f o r m a t i o n  A/^. t h e  o n e  

t h a t  p r o v i d e s  t h e  m o s t  r e a s o n a b l e  e s t i m a t e  for o u r  p u r p o s e s  i n v o h e s  t h e  d i s t a n c e  

t r a v e l e d  b \  a d e i i s i t v  c u r r e n t  ( i .e. .  a c o ld  poo ! )  b e fo re  i ts  p i o p a y . i t i o n  is c o i n p l e t e l v  

ijellei t e d  la  t h e  ( 'o i lo l i s  force.  e i \ c i i  b\':

A „ =

w h o re  7  is I he  a c c e l e r a t i o n  d u e  to  g r a v i t y .  / /  is t he  in i t i a l  d e p t h  o f  tfie d e i i s i tv  

e i i r ret i t .  . ' . d  is t h e  a b s o l u t e  c h a r m e  in p o t e n t i a l  t e m [ ) e r a t u r e  a c r o s s  t h e d e r m i t v  

i i ir rei i t .  di, is t h e  p o t e n t i a l  t e m p e r a t u r e  o f  t l ie w a r m  a i r  .d i ead  o f  t h e  de i i s i tv  

c u r r e n t ,  a n d  /  is t h e  Co r io l i s  p a r a m e t e r

F r o m  e x [ ) e r i m e n t  C N  I ' Ifl .  ( Eitr. 1.7) we  e s t i m a t e  t h a t  II 2.1 kin a m i  A d  8  K.  

a n d  f ro m  t h e  b a c k g r o u n d  s o u n d i n g  d„ .3(J() K. I hiis.  w i t h  ji; !).81 m  s ' -  a n d  f 0 .7  

'  1 0  ’s ' ( I 'able 1.2). A,{%301 k m .  I his r e s u l t  is c o n s i s t e n t  w i t h  t h e  R o s s b y  r a d i u s  of  

deforn i a t i (Ui  u s u a l l y  a s s o c i a t e d  w i t h  .MCSs ( C o t t o n  e t  al .  1089) .  T h e  s u r f a c e  co ld  p o o l  

p i d [ ) a ‘’a t e s  a t  a p p r o x i m a t e l y  2 2  m  s ' E  s u c h  t h a t  in t h e  a b s e n c e  o f  c o n t i n u o u s  fo rc in g  

(b u t  h y | t o t h e l i c a l l y  m a i t i t a i t i i n g  i t s  s p e e d ) ,  tfie p r o p a g a t i o n  would  b e  coni [ ) le te ly  

d e f le c te d  a f t e r  l . t i -h r.  which  is a  c o n s i d e r a b l y  h m g  t i m e  c o m p a r e d  t o  t h e  3 0 - m i n
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! '  i L ' j i i r  7  A '  111 K i i ;  7  1 I  Imt  i t h e  f i o i n  ' i i i i u l . i t i w n >  ( ' \  I ' H L  . u u i  I ' H t ' T A  . i t

I .Ul-hi

a d j i i ' t m i T i t  t ir i ic rinfi 'd a l iu vf .  W l idc it is r t ' a s iu ia h l f  it, c x p f c t  t h e  ( ,ri<,ls force  it, 

.iffect t h e  Miliitioii ill a . ' ieni f ica i i t  way  even  t ,eft ,re 1-lir o f  i n t e e r a t i o n ,  in tfie first 

• h ) -n i i n  fo l l o w in g  res t . i r t  t h e  e f f ec t s  o f  E a r t h ' s  r o t a t i o n  a r e  no t  i i i i f i o r t a n t ,

7.7 Summary

r i i e  r e s u l t s  f r o m  e x p e r i m e n t s  TH Fv TA  a n d  V A P  hi^liliÿ^lit t h e  r e l e v a n c e  o f  spe c i fy in t ,  

t h e  i h e r i n a l  s t r u c t u r e  o f  M C S s .  w h ic h  in c lu d e s  t h e  specif i t  a t i o n  o f  reyiori> o f  s a t u 

r a t i o n  a n d  s i i h s a t u r a t i o n .  In p e r f e c t  i n f o r m a t i o n  a b o u t  t h e  t e m p e r a t u r e  field

is p r o v i d e d  a t  t h e  r e s t a r t .  H o w e \ e r .  tfu tnforniation contt tit in ti ni[)tf(itiir> nlorit 

nut .'^nficir tit to niaintain tin c o r r e c t  tht rnial .^triictiifr of  tin hoir ic/io duriroj tin 

■<iniul(ilion. w h e r e a s  l a te n t  h e a t  i n e  a n d  c oo l in g  [ilay a c r u c i a l  r o l e  in e f fec t ive ly  d e 

te rmin ing^ t h e  t e m p e r a t u r e  field w i t h i n  t h e  .MC’S. I his is c o n f i r m e d  in e x p e r i m e n t  

I H E  I.-V w h e r e  t h e  pe r f ec t  " i n f o r m â t iiui a b o u t  w a t e r  v a p o r  a n d  c o n d e n s a t e  a l lo w ed
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th t '  ri'.stt»ratii)ri o f  th t '  t t ' i np t ' a t i i r t '  fit'hl. luri.sisti ' iit w i t h  a  t i i a t u r e  M C S .  O u r  r t ' sul ts  

siurut 'st  t h a t  if a  cl ioici '  m u s t  h r  mai lt '  a m o n g  spt' t i fvi i iK th t '  t i ' m p r r a t u r t ' .  m o i s t u r e  

a m i  (D u d i ' n ' a t i '  s[)t't it's w i t h i n  a n  M C S .  g r e a t e r  t ' Ifort s h o u h l  ht '  f o c u s e d  on t h e  la t t t ' r  

t w o  lit ' lds. In o s t ' i i t  t', t h i s  r esu l t  c o n h r m s  th t '  i m p o r t a n t  t' o f  d i a h a t n  i i u t i a l i / a t i o n  

I' 'I ( o n V f c t  1\ e - M a l e  I loW'  l e g  . Zl ial lg I ' g t d  I

.Among al l  v a r i a h h ' s .  p re s s u r t '  is th e  o n e  w i t h  la rg t ' r  d t ' g r t ' t '  o f  r i ' d u d a n t  i n f o r m a t i o n  

d u t '  to  I ts > t l o n g  respon.M' to  h u o \ a m y .  .A co r r ec t  >pet i h c a t i t u i  o f  tli t '  pre>sur t '  lit hl is 

ust ' l t ' ss if till '  h t i o v a n c y  fit'ld is n o t  a d t 'q u a t i ' l y  i n i t i a l i z e d .

1.1 iw f requt 'n t  \ l O W s  p la v  a  di.sct ' rnihlt '  rolt '  in d v n a r n i c  a i l j u s t m i ' t i t  in T H E T A  

a n d  \  AI a n d  a rt '  a s so c ia t t ' i l  w i t h  t h e  p r o p a g a t i o n  o f  t h e  m i t l - h 'v e l  h u o v a n t  p l u m e  

w h ic h  is a n  i m p o r t a n t  feat  u n '  th t '  how t 'cho.  I hi' k i n e m a t i c  l it 'hl t r a i l i n g  t in '  M C S  

is al.-Mi se ns i t i v i '  t o  tlit '  low fr i 'qut ' t icy ICW's.  Ht t ai isi '  t lit '  h e h a v i o r  o f  such w a \ t ' s  is 

I o n t i o l h  ,| hy till '  e v o l u t i o n  o f  tlit '  h e a t i n g  s o u r c e  s in k  a t  tli t '  f ron t  o f  t in '  svs t t ' tn .  t in '  

n ' s u i t s  siiggi '^t  t h a t  m o s t  a t t e n t i o n  s h o u l d  h e  lot iisetl o n  i n i t i a l i z i n g  t h e  t l n ' t tn a l  tiehl 

in t h e  le .n l ing  e o n v e t  t i \ i '  cel ls  ol a  squa l l  lint '
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Chapter 8

Suniniarv and Conclusions

8.1 Siinimary

I h r  m a i n  r u a l  < i f ih i>  i r s r a n  h w as  t u  invest i ' j ,at t '  t h r  m r r l i a n i s i n s  t h a t  c u i i t ru l  t l i r  

i n u ' u a l  a ' i jU ' t  mr ii t  .uii 'aiv,  ' p n  itir i n r t r u n  rlu^ n a l  \ a r i a l i l e s  wl ir i i  a n  i i np u l - ' iv r  pet  - 

t u r h a t i u i i  Is a p p l i e d  in t h e  dlJ  s t u n n s e a l e  s i n m l a t i u n  o f  a n  i d e a l i / e d  h uw  ecliu.  I his 

w u i k  w as  n i u t i x a t e d  I s t u d i e s  ut <u inusp l ie i  1C a d j u s t m e n t  [Uucesses  i e a t . . neus tru[ )hi(  

a d j u s t  inetit  I .  whieli  e n i p h a s i / e  t h e  i m p u r t a t i c e  ul u n i l e i s t a n d i i n ;  t h e  d y t i a i n i c  r e s p o n s e  

ui t n e t e , u u l u e i c a l  l ields  t o  t h e  spe c i t i ca t iu t i  ut  U ’s t t i a t  d u  nut  s . i t i sfv a j t iven h a l a n e e  

re lat ju r i  le e. ,  [ ihi i i ien 1972.  B a t i n u n  199.7) B v  e x a m i n i n g  su ch  re sp u t i s e .  it is puss ih l e  

tu  ide i i t i l \  v .n i a h ie s  t h a t  l u n t a i n  t h e  m u s t  re l e \a t i t  m f u r m a t i u n  a h u u t  a t m u s p l i t i i c  

l luu t i e .  t h e  \ a i l a h l e s  t h a t  iiulint a  r espu t i s e  I'ruin u t h e r  fields) ,  a n d  w h ic h ,  in t u r n ,  

s h o u l d  h e  e i \ e i i  h i g h e r  p r i u r i t t  w h e n  ini t i a i i / in .n  n u m e r i c a l  m o d e l s .

M o t i v a t i o n  for th i s  w o r k  a l s o  c a m e  f r o m  t h e  d e \ e l o p m e n t  o f  d a t a  a s s i m i l a t i o n  tech-  

ni i j i ies spec i f ic  to r  s t o r m s c a l e  m o d e l s  i n v o lv in g  t h e  u se  o f  Dop})ler  r a d a r  d a t a .  S t u d i e s  

in th i s  a r e a  i n d i c a t e  t h a t  t h e  c a p a h i l i t v  to e s t i t m i t e  r e t r i e v e  i n f o r m a t i o n  a h o i i t  t h e  

in n e r  s t r i i c t i i i e  ol c u m e c t i \ e  s y s t e m s  d o e s  exist  ie .g. .  S i m  a n d  C r o o k  1997.  W e y g a n d t



f l  .il 20 i i2 ; i . l ) i .  h u t  hur t  h, r i i u o t i i ; a t u u i  i> tu'i r s > a r \  t i ,  . u l i l r r s s  t lu '  n u c s t i d i i  <>f wliicf i  

lit ' ld' ;  r n i i . ' t  h e  d h s r r v f i j  a ru l  h e s t  i m t l a l i / f d  m  t i i dd a l s

It i> i f l f \ ; i t i t  t u  i i i f t i t i u i i  t h a t  S h a p i r o  f t  al .  ( 19951)1.  S u n  a n d  C r o o k  I ' JOOIb) .  

W f \  u . i nd t  f t  .li i . ’Oi i J h i .  .ui iuiuj ,  o t l u  rs.  i o n d i n  t, d  M i r s i t n  i t v  t f s t s  i n  n u i n f r i c a i  s i i n-  

u l a t i u u "  ut  r u t i v ( (  1 1 \I- "t ,  u t u \  i i i i t i , i l i / f d  w i t h  I )i i p p l f  r  r a d a r  d . i t a  r f t r i f v c d  h r  Ids  in 

o r d f t  t u  a. - ' sfs^ t h f  f f l a t i v f  i i n p o r t a n c f  <d s p n  ilii i i i f t f o r o l u f i c a l  t i f l d s  in t h f  s i i n u -  

l a t i u t i s ,  1 h f S f  s f i iMt iv i t v  t e s t s  w e r e  [ i f r l o r n i f d  in t h e  c o n t e x t  o f  spcru/ tV r a d a r  d a t a  

r e t r i e v a l  t e i  h n i ( | u e s  I n  t h >  p n  >> n t  n  s t n n  h .  i n  c h n s f  t n  u d d n t f n  s t r i s i t i n f i /  n f  

f f i ’ ' n l ' i t n n '  " /  ’ i l '  n i t  : n l  t > n i f  r r f i n  t i i  i l t j j t  n  n t  d t n t n . < i i f n  n n  H i  l d. <

f r ' ' n r  n  ' / i  r > ' c l  j ”  ’- - p i  r f ' r ,  ■ . . n ’l t f m u f  f h >  i r n p l n i i r r n  n t  o f  a  i / i n  n  m m l ,  I  t n i -

f  : ' i h  : n t  n  n  ’ ' , } , r i . p i ,  u r ' d  fu t i n  m a m .  p l u i ^ i i i d  p r o i i  .< i l n i n n i  t i n  i i  > p n r i . ^ i

a m n i K j  rst  ..-../..i/d id a r a i / ) / ' - ( l u r  . i ppi  u a e h  . i l l u wr d  n u t  ui i l v  t h e  Klent  i l i eat  | u n  u|  

p u t c i i i  i . i i l \  i t i i p u i t a i i t  tii 'U r,  U( ill,'UK .d l i e l ds  hi l t  a l s u  t h e  i i r i d e r s t a i i d i r i e  " f  i r l n j  t h e \  

. i re l l l l pu l t . l l l t  III --t ul  I l l s l . l l e  sl l l iul . l t  lul l s  I Ills Is . 1  I c l f Va l l t  d l s t  lllCt lul l  l i r t Ui Tl i  ul l l  

s t i i d v  a n d  t h e  s e i i s i t i v i t \  t e s t s  p e r f u r t i i e d  in t h e  i n v e s t i g a t i o n s  m e n t i o n e d  a h o \ e .

B e c a u s e  in,  s i m p l e  t , , d a n c e  r e l a t i o n  is k n o w n  o n  t h e  c o n v e c t i v e  sc a l e ,  o u r  a p p r o a c h  

l u i i s l s t f d  ut  d,  tll imv, .111 .111 l l l cia l  1C t h . l t  \ l u l . l t e s  t h e  m I \ ei  llillL!, e ( | U . l t l u n "  I Ills 

a t t i t i c i a l  | (  w a s  u h t . l i n e d  h u m  .i h- l i i  l u i i ^  c o n t r o l  s i m u l a t i o n  o f  a n  i d e a l i / e d  h o w  

ei In I . l i t e r  r e s e t  t iiiu, s e l e c t e d  \ a r i a h l e s  ( o n e  a t  a  t i m e )  t o  t h e i r  u n p e r t u r h e d  ha.se s t a t e  

\ a l i i e s  d i i r i nu ,  t h e  m a t u r e  s t a ^ e  o f  t h e  c o n v e c t i v e  s y s t e m  11 l - h r ) .  B y  d u i n ^  so.  we 

y  H e r a t ,  d  t h r e e u l i n n u i s i u i i a l  ti. Ids  , u n t . i i i i i i i y  i i i c u i i i p l e t e  i n f o r m a t i o n  a h o u t  t h e  i n n e r  

s t r u c t u r e  o l  t h e  h u w  e c h o  w h i c h  w e r e  Used t o  r e s t a r t  t h e  n u m e r i c a l  s i m u l a t i o n s  a t  

l - h r .  1 h e s e  w e r e  ( a i l e d  mthdran'al t xprnnn nt. .̂

F o u r  w i t h d r a w a l  e x p e r i m e n t s  w ere  a i i a l y / e d .  w hi ch  i n c l u d e d  r e s e t t i n g  t h e  fo l lowing  

v a r i a b l e s  t o t  h e i r  u i i p e r t  t i r h e d  h a s e  s t a t e :  h o r i / o t i t a l  w i n d  Held (ex[ )e r imei i t  l A A ' h ' l J .  

\ ( ' i t i c a l  w i n d  Held i \ \ ’\ ' K l . i ,  [ lu te i i t i a l  t e i i i j i e ra t  lire I I H F  d . \  ) a n d  w a t e r  \ a p o i  mixinji,
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r a t i o  Below we s i i t i i t i i a r i / e  t h e  m a i n  ( i r id ings :

1 I he  evoj i i t  i i111 aiiii tiioi [)ho|oii\- of  t h e  s m i i i l a t e d  i o n v e e t i v e  s t o r m  is inodih t 'c i  siih-  

s t a i i t i a l l v  a f te r  w i t l i d r a w i m ;  t h e  p e r t u r b a t i o n  h o r i z o n t a l  w i n d s .  The i n f o r m a t i o n  

e . . n t , i i n i  d  in th e  li<a i / ' ai ta l  d i \ »■ he ld  is c r u e i a l  for forc i t ie  t h e  e o r r e e t  ver- 

t leal  tin a loti.

2 f . l i tn i r ia t lo l l  <,f t h e  ve r t ica l  \ e l< ,e i t \  h a s  v i r t t i a l l y  no  i m p a c t  on  t h e  b o w  echo  

"trtiiilat n a t , ' i t i c  t h e  In a t/i ait al d i \  ei e , t n  <- ti, |, I t I'- t̂, a e s  up,  h a l t s  an,I  d< ,wtn h a l t s  

<|tllte eifu lell t lv

b S i m i i la t  1,Itl l l l K l . V  g e n e r a t e s  a s t r i a n ;  M C S  t h a t  s l i a r es  se v e ra l  o f  t h e  c l ia ra c -  

l e f i s t n  s ol bow ec ln ics W a t e r  v a p o r  a n d  c a i d e t i s a t e  l ields  r e s t o r e  t h e  t h e r m a l  

s t u n  t i i i e  ,,| th e  ' \ ' t , i i i  t l i io i | c | i  l a t e n t  h ea t  m e  a n d  c o o l m e .

I W It I n l r aw a l  ,,| pet  t in ba t  n ai w a t e r  \ a p o t  ttii.xitm r a t  i,i | e a ,B  t o  a "i t t i t i l at , ' d ^t, a tti 

t h a t  I le\  t a t e s  (I insider . ibl \-  In an  a b o w  ech o  M C S .  p a r t i c u l a r l y  d u r i n g  t h e  hrs t  

i - l i t  III s i m u l â t na i  I he l e e e n e r a t i o t i  o f  t h e  t h e r m a l  l ield is d e l a v e d  a n d  t h e  

r a t e s  ol  l.iteiit he,it  me  <uid cool i i i e  a r e  sii; i i i l i can t  Iv a l te r e i l .  alfectiinj; t h e  s t o r m

e \ ,  illlt |, Itl,

I h n  I a i i p l e t ,'  ' p , . ,  ill, a t imu , ,f t h e  ,11 > d i \ e r e e t n  ,' i t n h n  e^  a - t t , a i u  \ ’[ ‘( J \  t h a t  p l a v s  

a n  n t i p i a  t . i n t  r o l e  iti ( o n t r o l l i t i e  t h e  l e s p o i i s e  o l  t h e  v e r t i c a l  m o t i o n  t o  t h e  h o r i -  

/ o i i t . i l  v , ' | i n  it l es  i n  e . xpe t  it ii t t i t s  C \  \ ' f v L  a n d  \ \ ’\  K L ,

IJ. H i e h  h e ip ie t i c v  s i a n n i  waves  a t i d  . \ C \ \ s  o f  laiu,e a t n p l i t t i d e  a r e  t r i e e e r e t l  in e.\- 

p e r i n i e i i t s  I \  \  I d .  a n d  W’\  I'd., c h a r a c t e r i z i n g  a  " t r a n s i t a i t  e v o h i t i t a i "  c o n s i s t e n t  

w i t h  . 1 1 1 iiist it a i l j u s t m e n t  I he  r e s p o n s e  o f  t h e  v e r t  it til i t io t io n  t o  th e  h o r i z o n t a l  

w i n d  fieltl indi t  .ates t h a t  t h e  b o w  e c h o  b e h a v e s  a s  a  low a s p e c t  r a t i o  i t i n v e c t i v e  

How I roni  a n  a c o u s t i c  a d j u s t t n e i i t  s t a n d p t u n t .



7. H \ ( i r o > t a t i (  a n d  r m n - l n i l r u s t a l a  ICW's  a r c  pn ' snr i t  in s i m u l a t i o n s  T H E T A  a n d  

\  A P  B> I aii.'i n i / n - h \ d i o > t a t i i  1C W \  a n -  ul>niuitoi i> to  M C S s  t h e y  d o  not  c l ia rac-  

t i ' r i / o  a t i a n s m n t  r \ o l n t i o n  " c laar lv  i i n.. Iii<;}i f i t a u m n c v  ICW's d o  not r e p r r s n n t  

a  ' / 'M l.'/ I't a t u i f  o f  d \ n . i t n i r  a d j u s t i n c n t  in s i m u l a t i o n s  I I IE  TA a n d  \ ' A P ) .  Pu t  

• In' dft<'( t ioi i  o f  a lo\vdi t ' ( |urn< \  | ( i W '  p u l s r  p r o v i d e s  a n  i n d i c a t i o n  o f  r edeve l -  

o p n i f i i t  Ilf t h e  m a i n  t l i e i i n a l  s t r i a  t m e  o f  t l a  P o w  e c h o  t h a t  d o e s  re p re sen t  a n  

i m p o r t a n t  c o m p o n e n t  « if d v n a m i i  a d j u s t  n ien t  i n d u c e d  Pv t h e r t n o d v n a t n i e  l ields

I n a n i a  a d j u s t  m e n t  in d i a  ed  Pv th e  k i n e m a t i c  f ie lds  h a s  a  c h a r a c t e r i s t i c  t i m e -  

sc a le th . i t  Is I e lai  ivelv sh, lit less I hal l  l U - m m i ,  a s s o c i a t e d  w i t h  f . is t - i i iovim;  

. a o i i s i i i  m o d e s  h ' . n a m i i  .idjUst na  ni i ia lia  e, |  P\  i p e  i t a i  n i o d \  n a m a  lields is 

d o t i u n . i i e i i  li\ |( iWs.  a n d  h.is ,i f  imrei t im e -s i  a le  l a i o u n d  d l i -m in ) .  I he  Co r io l i s  

to| ( e d o e s  not  p l a \  ,1 s m m h c . m t  m le  w i t h i n  t h e s e  t Itm -sc ,iles.

In i ' . \ | i e r im e i i t s  ( \  \  E l .  . ind WA EL we e x a m i n e d  t h e  p r o g n o s t i c  p r e s s u r e  ecpia t ion  

a n d  s h o w e d  t h a t  t h e  sp,  ci ta  a t io i i  o f  .m m c o t n p l e t e  d l )  d i \ e r y e n c e  f ield in duces  ,in 

a r t i t a  i a l l \  s t r o i i y  \  P t i A  u i t h i t i  t h e  conve,  t i \ e  s \ s t e m  w i n c h ,  in t u r n .  i n l lu enc es  t h e  

r e s p o n s e  IIIitii t h e  l e r t K  .il m o t i o n  I Ills a d j u s t m e n t  is s u m m a r i / e d  in l igur e  -s.Ia. 

In I \  \  EL .  h o r i / o t i t a l  convei i ;e t ic e  a n d  d i c e r e e n c e  p a t t e r n s  w e re  w i t h d r a w n ,  a n d  t h e  

m o d i f i e d  ',! ) d i v e r g e n c e  field g e n e r a t e d  ,1 \ ' P C . \  t h a t  ii i i ikin id  t h e  u p d r a d f t s  a t id  

d o u n d i a f t s .  w i t h  s e i i o u s  i m p . a  t to th e  Pow e c h o  s i m u l a t i o n  In W ' \ ' E L .  ver t ica l  

d iv e r g e r a  e . m d  ( o i i v e i c e i a  e p a t t e r n s  were  e l i m i n a t e d .  In t h i s  i ase.  t h e  m od i f ie d  .ID 

d i \ e i  u,eia e field i n d u c e d  a \ P C . \  t h a t  f a v o r e d  .1 r a p i d  ft ^foidtion o f  t h e  ve r t ica l  

m o t i o n  E s s e n t i a l l y ,  th i s  r e s p m i s e  a< c o u t i t e d  for a p o o r  ( y o o d )  s i m u l a t i o n  of  t h e  

P o w  e c h o  ill I \ A  E L  I W \  E I . I  a n d  r e p t e s e t i t s  a  d i f fe re n t  w a v  to  a d d r e s s  a c o u s t i c  

a d  just  m e n t

I h e  t h e r m a l  field wa s  a d e c p ia te lv  re c o v e red  in e x p e r i m e n t  THIv  I . \ .  .At low levels

■J7"
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I ' l m u f  I >\i ini i i . in/ i i i t;  itn' r f spd i i sc  .tniDrii^ ci irlv in t he  wUh<iriiwai
'■x[«-riincnt> m f  . dniHii; "tiaii'HTir fvcdi i t jon"'  F’.trifl i .ii  imii i  a t f s  t l ic  rt'Sfxdisc in >irnulati(iri.' 
W \  KL ani l  r \ ' \ ' K l ,  ( ( l ynani ir  a i i | U ' t n ir nt  indiu i-ii hy k i n m i a t n  titddsi  \ ’i (ilati(in uf  m a s s  c ons fr -  
vath. n,  a.^-i'i lai i 'd wi th me cim[il i ' tf  ' [ x  i itn at tmi  id t h r  thrcf - i i i i nt -ns i onal  divcrgiTU’c t i fhi .  l ea ds  to  
' t i n n y  hut  'hi'I I d r . f d  ' [)n >.'ur-- pi rtui  hatx  in- In tui  ii, t he  mdi i i  ed p i r . ' s u i e  y i ad ie n r  at i e l e i a t i o n  
d ’t l A i  h a ds  tn ii->()tiUM-s m t h e  veliH ity held The r e s p on s e  f r om  t h e  v er t ica l  c o n i j i o n e n l  o f  t he  
w i n d 1'  ' l i n i i y e i  d u e  tn a  tin a e i t i teti 'e I ’t i A  111 t he  vert ical  dut  itm t h e  a d j u s t m e n t  process ,  which  
t r a n s l a t e s  i n t o  t ia n t tn al luni iot i  a d j i i ' t m y  to  t he  h n t i / n n ta l  wand he ld  '[n-t ttieil in t he  tnittal  coti-  
dit ini!  I ’ai iei  in unlit ati ' t i ie i r ' jn  ' toe  111 ' i t i iulat int is  l l l K I . A  at id \  . \ I ’ I d y na t mi  . idj i i stmetit  

ItullK ed h \  t h e  t hel  l î i n d \ tialiili hi 'hl ' i  Wat er  \ a p n i  atid i t i nde i i s a te  l ie lds tin idl l l . l te t he  r at es  o f  

l a t ent  heat  itiy a nd  in. i lnnj ,  w tin h. iti t in n. alfect t h e  t e m p e r a t u r e  field \  a riat io t i s  in t e m p e r a t u r e  
.dfect  h uo vat ic y .  whi l e  t he  p t e s s u t e  he ld  r e s p o n d s  t o  t h e  t l i s t r i hu t i on  o f  l iuowi nc y.  T h i s  o\ 'etal l  re- 

spoti.se e t t i p h a s i / e s  the  i m p o r t . i t u e  i d ' . in a de t p i a t e  spec i l icatioti  o f  t h e  m e te o r c d oy i c a l  var iables  that  
I I 't itm l  t h e  t t i ay ni tude  o f  l atent  he . i t iny , ind c o o l i n y  wi th i n  c o n v e c t i i e  s t o r m s
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i ts  n ' s t o r a t i o n  w as  i in l i i c rd  hv cri l iancfvl  o v a p o r a t i v r  t o o l i n g ,  w l i i l r  a t  m i d  levels  l a t en t  

h ea t  i tm r e m a i ' r a t e d  a liin a  a n t  p l u m e  W i t h  t h e  r e c o v e r e d  t h e r m a l  s t r u c t u r e ,  a  s t r o m j  

.\[( S u a . '  eei ici  at  I'd a f t e r  _*dir of ' i m u l a t i o i i .  In \ . \ 1 \  red i iee i l  e \ a [ r o i a t i \ e  cool in ' ;  

w e a k e n e d  t h e  .-iiif'.ice c o l d  p o o l  a n d  t h e  at i o m p a n i n u ,  o u t f lo w ,  . \ lo f t .  s n i , s a t u r a t e d  

u p d r a f t s  w e re  w e a k e n e d  hy e r d i a m f ' l  l a t e n t  f o o l i n g  ( e v a p o r a t i o n  a n d  s u h l i m a t i o n ) 

a n d  a d i . d i a t i t  c o o l i n g  i l if ' tmg o f  s u h s a t u r a t e d  a i r  p a r c e l s )  i n d u c e d  hv t h e  d r y i n g  of  

t h e  a t m o - 'p h e i ' e  ,it t in r e - t a r t  t i m e  1 h e s e  c o m h i r i e d  e f fec t -  i | e l a \ f d  t h e  recove rv  

o f  t h e  t h e r m a l  s t r u c t u r e  o f  t ht h o w  e c h o  In h o t h  e x p e r i m e n t s  1 H E  hA a n t i  

t l i a h a i i c  e f fec t s  r eg u la i e t f  t l ie t e m p e r . i t u r e  fiehl wlin h.  in t u r n ,  .iffet tetl h u o w i n t  v. 

w h i l e  [ t re s 'Ure  r e s p o n d e d  to  c l ia t ige-  in tiiiii\,ant i E i g u i e ' s  Ih )

8.2 Conc lusions and final remarks

8.2.1 R elative  iniportaiiee of spécifié m eteorological fields

( )iir r e s u l t -  - i ig ge - t  th. i t  h o i i / o i i t . i l  w i n d - ,  w a t e r  \ a p o i  c o n t e n t  a in l  c o n t l e n s a t e  spe c ie s  

a r e  t i le  n io - t  r e | e \ . i n t  f ield-  in dest  r i h i n g  t h e  s t r u c t u r e  o f  h o w  ech t ie s  (a inl  s t |u a l l  l ines)  

a n d ,  t h u s ,  - h o i i l d  r e c e i \ f  p a r t i c u l a r  a t t e n t i o n  in rnot lel  i n i t i a l i / a t i t a i  on  t h e  ctuivec- 

t i \ c  s ca le  I ’r e s - i i r e  r . ' i n p e i a t i i r e  a m i  \ i u t i c a l  m o t i o n ,  on  t h e  o t h e r  h a m i .  c o n t a i n  

r e d u n d . i n t  i n f o r m a t i o n  . i ho ut  t h e  \ | ( ' S .  ( H e r e  we a s s i g n  t h e  e x p r e s s i o n  " r e d u n d a n t  

t o  t h e  \ a r i a h l e s  th. i t  r e s p o n d  to  t h e  . i t n i o s p l i e r i c  fields d e s c r i h e d  hy o th e r  vt i r iahles .  

i m p l v i n g  t h a t  a  g o o d  i n i t i a l i / a t i o t i  o f  a  r e d u n d a n t  v a r i a b l e  d o e s  n o t  n e c e s s a r i l y  i m p l y  

in a g o o d  d e s c r i p t i o n  of  t h e  r e l e \ a n t  s t r u c t u r e  o f  t h e  c o n \ e c t i \ e  s t o r m ) .

I h e s e  r e s u l t s  .He e t ic o u i . ig in g  lot  tw o  m a i n  r e a s o n s :  f irst ,  a m o n g  t h e  m e t e o i o -

logii al va r i . ih les  r e t r i e v e d  f ioii i  D o p p l e r  r a d a r  d a t . i .  t h e  h o t i / o n t t i l  w in d  field is one  

o f  t h e  m o s t  a c c u r a t e  le g . Ciao et al .  2001 .  W e v g a n d t  et .i. 20021)).  S e c o n d ,  t h e  

r i ' l e \ ; i r i ce  o f  w a t e r  \ a p o r  a n d  c o n d e n s a t e  f ields for  t h e  s t o r t n  s i m u l a t i o n  re s ides  on  t h e

.’so



fa r t  t h a t  t II,  \ i i K M l i i I . i t r  l a t o  o f l a t f n t  h c a t i i m  ,l i tm u h u  h d»;» r t t i in r  t h e  t lu t m a l  

> t n i ( t i i r f  ' 'f t lia M ( ’S 1 lii" ra t i f i f> t h e  itii[)i i t t a t i c f  , ,t t ffi a t^ iri d i a l ia t  t<

i t i i t i a ! i / a t 11iti t n  hiiicjU' " •'p.'i ifii fur n i t ivn t i \ r o (  a h '  tiiniit'l> Iri d i a h a l i r  in i t i a l i / ; i -  

t iuii .  l a t e n t  hea t inu,  i . i t o  f>t l i i i a te d  frui i i  id i s r r v t i t iu n>  uf  i lund> a n d  p r é c i p i t a t i o n  a re  

n>ed to  t' e a I ot iM. ' ten i  M it teal u m d  field in pi i  i i p i t at n-n a r e a >  < i . ine lud i in ;  

Cl i tnee t  i \ e  ^\>tein, ' ' i .  < )nl \  l e e m t K  h a s  d i a f i a t i e  itiit l a l i / a t  ion l ieei i  a t t e i n [ i t e d  on  th e  

s t o r i n s c a l e  ie  it,.. Xhanu,  l!tl*'t. B re \v >t er  d o t f j i .  ( j i i r  r e s u l t s  p r o v i d e  f 'urtfier s u p p o r t  in 

t h i s  d i r e c t i o n .  For  i n s t a m  e. in e x p e r i i i i e n t  \  Al ' .  t h e  s h a r p  r e d e v e l o p m e n t  o f  ver t ica l  

11 lot loll all mtr f he l e a d i m r  edt ;e  o f  t h e  l iow e c h o  Ii idi ieed a n  o v e re s t  i u n i t  ion o f  t h e  la te n t  

heat i t i t r  r a t e  w h ich  r e s u l t e d  in a  r e s p o n s e  f r o m  t h e  w i n d  field t r a i l i m ;  d i e  M C S  t h a t  is 

ini oiisi.^teiit w i t h  t h e  t vpn  al > t n n  t i t l e  o f  ,i t ,ow e c h o  s q u a l l  l in e  I h i s  s i i t rees t s  th a t  

if l a t e n t  hea t imt ,  we re  . i d i 'n u a t e l v  e s t i m a t e d  a n d  u s e d  t o  r e t r i e v e  t h e  e o r r e s p i m d i n t r  

\ el t leal m o t  loll M e .  t o  i oi l  ei t t h e  til a till It 111 le o f  t lie l e a d l t m  U p d r a f t s  I. t lie ^ t o m i  

s i m u l a t i o n  eo i i ld  lie s m n i t i e a i i t l \  i m p r o v e d .

* >11 t h e  o t h e r  h a n d ,  o u r  r e s u l t s  a l s o  p o i n t  to .Mitiie e h a l l e i i e e s  f a r e d  m  d e r e l o p i m r  

a d e i | i i a t e  i i l i s e t  \ i t m  w  ^ t e i n s  t m  t h e  ^toi  t n ^ e a l e  W  a t e i  \ a p o r  f ield w i t h i n  i , m v e e t i r e  

s\.>teiiis 1̂  o i i l \  i o i i e | i l \  e s t i m a t e d  lii 'HI i . u l a i  a t id  s a t e l l i t e  d a t a  t e . e . .  Xliamr  a n d  

( ' .lit I ' t l t^ i .  a n d  r e g i o n s  o! > a i u i a t i o n  a n d  s i i l e a t  m a t  n m  a i e  e o i i i n i o n U  p a r a t n e t ,  i - 

i / e d  in t e r m s  o f  r a t h e r  a r h i t r . i r v  t h r e s h o l d s  o f  r a d a r  r e f le c t i v i t v  ;u i d  D o p p l e r - r a d a r  

r e t r ie v e d  \ e r t i e a l  m o r i o n  le e . W'era rand t  et  al 20(121)1 T h u s ,  w a t e r  v a p o r  c o n 

t e n t  IS p r o b a b l y  o n e  o f  t h e  less at c u r a t e l y  spec i f i ed  m e t e o r o l o g i c a l  v a r i a b l e s  w i t h in  

n u m e r ic a l l y  - s i m u l a t e d  co i ivect  i \ e  s t o r m s  B e c a u s e  w a t e r  v a p o r  rni .x ine r a t i o  is o n e  of  

t he  fields i n f l u e n c i n g  t h e  r a t e  o f  l a t e n t  h e a t  i ti" a n d  cool ing;  in M C S s .  t h e  ini t  i ; i l i / a t  nm 

of  such s v s t e i n s  m  co t ivec t  iv e - sca le  m o d e l s  w o u l d  prof i t  s i e n i f i c a r i t l y  f r o m  a n  i m p r o v e d  

e s t i m a t i o n  o f  t h e  m o i s t u r e  f ield w i t h i n  t h u n d e r s t o r m s



8.2.2 \N'ave regim e during dynam ic adjustm ent

i i d f  s o u n d  waves  an-  pis MUit , a i tv in , \p«u  in n  nt> W \ ' K 1 .  a n d  (

I pa r tK  tilai Iv w i t l i i n  t t i e first l - i n i n  ol s i n i u t a i i o n  n t)einu. c o n s i s t e n t  wi t t i  t t ie m a m  

e o i ie e p t  i t e l i ind a c o u s t i c  a d j u s t m e n t  ( F i e d t e r  21)02). A t t l n u i ^ i i  sucli  w a v e s  l iave fic- 

i j u e n c v  well  a l i o v e  t l ie a c o i i s t i e a  u t o f f  fre(| iiericv. we f o u n d  t l i a t  t l ie e n v i r o n m e n t a l  

>t ra t  i l i eat  ion l ias >onic inftm'ii ;  f  u p o n  ttic os< i l l a t o r \  i , m n i o  ol i . ipi t - i  to Idui-', i tm 

I' | [ccl> of m a \  It \ c a n n o t  I it InLllts t e d .  .'imLIfst inv, t ha t  t tic a c o u s t i c  nioi fcs C.wited in 

c \ p e n  i n c u t s  W \  [-.I. a n d  I \  \  I’d .  ( 1 insist  i if t i m l i - t n s j u e n c v  A( ! \ \  s u .c . .  t l icv a r c  ( li isc 

to  t t i c p u r e  s o u n d  w a \ c  ra n im e,  imt  not  i p n t c  ^at isfvinu,  t t i c  < o n d i t i o n  o f  nc^ tn nt i lc  

l i i a v i t a l  lo na t  e f f ec t s  t l i at  c i i a r a c t c i i / c  ' i icli  waves )

In t l i c  ( oiiti xt of i x p c r i m m i t s  I Itiv I . \  a n d  \  .At’, it is i m p o r t a n t  to re, al l  t lm s t n d \  

liv IVf i wlin !i i n d ic a t I  s t h a t  t|i,. m a \  i t\  w a v  i i ' m m c  asso ,  l a t c d  w itli a n  im [mls ive  

licat in g  s o u r c e  ot  t imti a s p e c t  r a t i o  ' r cpr ,  s , ' i i t at  i \ f  o f C o n v t  i \ c  s t o r m s ) is d o m i n . i t ed 

liv n o i i - l i v d r o s t . i t i c  K IWs In a t i i e en i cn t  wit l i  t t i i s  s t a t e m e n t . r e s u l t s  f r o m  I lllv I . \  

a n d  \ . \ l ’ d o  s l iow t i i c p r i s i  ii, ,• of tiigli f rctpn  in \ K i W s  l low,  r. a n  i m p o r t . m t  

r e s p o n s e  f o u n d  in t h e s e  w i t l i d r a w a l  e x p e r i m e n t s  c o n s i s t e d  o f  a  m i d d e v c t  convee t iv e-  

sca l c  i l l i w n d ra f t  tti.it p r o p . ig . i t e s  a w a v  f rom t t i c  m. i i n  l i c a t i n g  s o u r c e  a t  t t i c pti.iso 

s p e e d  of a h i/ilni.-hitii tCiW t i a t  tier I liaii r e p r e s e n t  imt a c o n t r a d i c t i o n  wit i i  n  s p , , t n ,  

ti!)0 s d i s c u s s i o n  iwt iicl i  f m u s c s  mi irnpnl.^nt In a t  imt, sourcc .s i .  t h i s  rcsiitt  ,u t ualtv is 

c o n s i s t e n t  u  it ti t tie r e s p o n s e  e x p e c t e d  f rom  tieat i n g  s o u r c e s  of liuu/ durât tan c m t i c d d e d  

in a  s t a t i c a l t y - s t a l i t e  a t n i o s p t i e r c  (e.g . t h e t t i e r t u n  a n d  Sn io l . i r t c icwic /  t!l,\!h t ’DDfj).

I t ies, '  i m p o r t a n t  r e s u l t s  i n d i c a t e  t t ia t  t t ie g r a \  i t \  wave  c o m p o n e n r  of  d v n a n m  ad-  

j i i s l m e n t  in ex [ > e r im e n t s  t ' t l tv t ' . \  a n d  \ ' . \ t ’ is c o m p o s e d  of  Imt l i  l i v d i o s t a t i c  a n d  iiim- 

t i y d l o s t . i t  1C t l . W s  t h i s e d  oil I tie r e s u l t s  l)\ t ' t J P t ,  a n d  s i m i t a r  st l ldies .n td r e s s in g  tlie 

i m p a c t  o f  l o n g - t a s t i n g  t i e a t i n g  s o u r c e s  in a s t a l ) tv  s t r a t i f i e d  e n v i r o n m e n t  ( B r e t l i e r t o n

'S '



a n d  Sn i i ) la rk i f \ v i ( v  lUs') .  Nn hi)ll> et al ,  I D d l .  M a | a  s là a  i II 2(1021. \vr

laff '  t l i a t  tilt* l i \ ( I r o s t a t I f  K I W ’.s pn ' s c t i t  iti o u r  si t i i i i l at iot i> an* assot  i a to d  w i t h  tin* 

r e c t o r a t  loti ot t In* amin*u,. i tf  t l i f i t n a l  .>t rin t nn* of ' t  In* In a\ ccln » ' i f . .  it.< h a\ fret jut ' in 

t l ift  t iial . s t r i n t i i i f  I. 1 ho t ioi idiV( lro>tat  k K i W ^ ,  on  tho  ot  hoi  h a n d ,  a ro  a.>.*>oi l a t o d  

w i t h  t h o  i n t o t t n i t o n t  n. i t i i ro of di ' -orofo oor iM‘ot i\ 'o oloniotit." h o m o  r o i n n o r a t o d  a l o t m  

t h o  lo adi no  o d o f  ,,f th o  how ot ho  1 hi> p l o t f ' S  iopros ,  n t *> t h o  liii;h t ro( |uoi io\  oor i ipo-  

noiit  of t h o  r h o i n i a l  .^truoii iro of t h o  M C S .  a n d  i> t i ioto t l o s o h  ro la tod  t o  tho  t , nioopt  

o f  i r i ipnls ivo  hoat  i tm « nirot'< ifisoiisstnl in 10)1

fO.)â al.-^o d o x T i h o d  aooi i . s t io n i o t f o s  d i s [ ) h i \ i t i o  p r o f o r o n t i a l  h o r i / o t i t a l  [ n o p a i i a t l o t i  

a.s p a r t  of  t h o  a t t n o . s p l i o r n  ro"p(  'ii.^o t o  inipi i l . ' ' i \ t '  h o n t i t m  ' <n i r t f ^  <if hi i ; h <i.spot t r a t i i • 

. \ l " )  l a . h  sf i i d i od  I ( W  " i i n l u o o d  l a  n h  a l i / o d  f \m i - d i i n o i i s i o n a l  i i io- ' osoalo o i n  nh i t  i on< 

a n d  . showt ' d  t h a t  t h o \  h o h a v o  a.*i I . a n i h  w a \ o > .  w h u  h p i o p . m a t o  o\< hi . " i \ o | \  in t In 

h o r i / o n t a l .  In o . xpor i ni ot i t  T l l F d ' . A ,  hij i l i  a n i p l i t i i d o  at  (iu. ' ' t ic i i i odi ' s  a r o  p r o ' o n t  d i i r i n o  

d' .  t i a t n n  . i d j u ^ t n i o n t  l l o w o \ f  t . o \  n i o n i f  o f  \ f i t n  al  p i o p a o a t m n  o\ i>t > i>oot iot i  7 1 C  

a t i d .  thi i . ' .  It  i> Hot I l oa r  t h a t  t In >o a \  o> h o h a v o  a,> 11 no  o r  pi i ro I C \ \ ' >  ( )n t h o

o t h o r  h a n d ,  hot  ai i>o t h o  h o a t i i m  -'Oiiroo l a t o i l  w i t h  t in-  ^ i t t i u l a t od  h o w  ot h o  doo.'>

ill . ' plaV V t I t n al  .>! I lit I I U l  I i . I 1 ^ 7 I hi  f"I  ill» h t h o  \ o I t H a l  , t \ i I lUinhoI  •/.

IS t i i f f or ont  fit mi  / o n  » it is r o a s o n a h i o  tt,  o x p o t  t a t n i i s t n  t no t f os  w i t h  si mi o  v o i t i o a l  

p r t i p a ^ a t i o n  ha s o t l  t m  t h o  l i t i oar  t l i o t a v  o.Kplorot l  hy  B h l  (Fi .y 2.7) .

8.2.3 R epresentativeness o f  th e  results and future work

R o s u l t s  fl I iiii o.xpoi iriioiit '  I \  \  FI .  . iinl \ \  \  F I ,  .iwioo w i t h  fiinliny.> f i o m  W o vy . i nd t  ot 

al .  ( 1 9 9 ‘J )  fur a  s i tn i i l a to t l  si iport  i*ll. a n d  w i t h  at tm s t i o  a t l j n s t t n o n t  o tm si t lo ra t i t ms  a d -  

t lri 'ssotl in I-ii*t| |or |20( )2) .  l i t  con.^ult r tin p root  .so .< cuntrollirnj dtinainic (uljnstrnt rit 

tniliicnl h<j tht withilnurtd <if kirn rrnitic fit ' t / i ' f  ti.<st 1/ in thi.< rf-ntiichi (i- n pi ' t - 

>> ntiitii’t nf  otfn I' rnn(h < nf f n n n  iiinn.  piiritriihirh/ in thf  p n  st iitt nj i t r t n u l  u'lrni

J ' . i



.'/i( (ir.

I h f  [m^.-'iliif 11 ' If jil.iM'il IIV \ f i r i f . t l  u ' l ini  ■>tif;ir in h 'U f i i i m  t l i f  ftff< t i v f  a > p f r t  r.itit» 

n f  t h f  flnw l)v r . ivn ii t i f  l i n r i / n t i t a l l v - n r i f t i t f ( 1 ( l i v f r f f i i '  f  p a t t f r i i s  was d i x - i i s s f d  

f iu w fV fr ,  im d f t i n i t f  r n i n  lu s in n  r a n  h f  d r a w n  r fu ,a rdinu;  t h f  s f u s i t i v i t y  nf  t h f  r f s u l t s  

t o  t h f  p r f S f U f f  o f  v f f t u a l  w i n d  s h e a r  w i t h o u t  t i i r t h f i  i n v e s t i n a t m n .  f u t i i r e  w or k  

s h o u l d  a d d r e s s  t h i s  top ic .

F a c t o r s  I vt h e r  t h a n  w i n d  s h e a r  a l s o  i n a v  a c c  a i n t  h >r t h e  h f h a \  i. a < <1 t h e  hi iw ei In > as  

a  l o w a s p e c t  r a t n i  l l nw ( f i n t n  a n  a c o u s t i c  < i d | u > t n i e n t  s t a i i d p n i n t  > I h e  v e r t i c a l  m o t i o n  

h e l d  w i t h i n  h n w  e c h n e s  i a n d  I a h e r  s t i  a tn s \ s t  e n i s  1 d o  n o t  r e p r e s e n t  wel l  h e  h a v e d  

s i i i i i sn i da l  p a t t e r n s ,  a s  i i a i s i d e r e d  in t h e  a n a l \  t n a l  a p p m a c t i  t n  a c n i i s t i e  . i d i u s i n i e n t  

I f  l e d l e r  JD O 'J  I  H f f  mi l s  n f  s t  r, Ilie U p d r a t t s  t e n d  t n  h e  ei  a i l l t l ed  t n  I n i  a h / e d  l e m n t l s  in 

t h e  c r n s s - h i i e  d i n i e i i s i n i i .  V. hi  If d i ' | > l a \ i n c  ' m n i t m a i i t  hi a i / '  a i t a l  e x t e n t  m r he  a h a m -  

l i ne  d l l  ect  ii ai In a d d  it i n n . i n i i i p e i i s a i  i n u  s u h s i d e n i e  d n e s  pi  n p a f  at  e st \ i ; a |  t i n s  , 

k i l n n i e t e r s  In a n  t h e  hea t  inu, s m i n  e. < o \e i in u ,  l a r y e i  a n , i s  i h a n  i l m s e  d n i n i i i . i t e d  la  

u p d r a f t s  I f  e . Fit;  7 l td t 1 h e r e f i a e . t h e  v e r t i c a l  i i m t i i a i  a n a i n d  M C S s  d i s n l a y s  

c t a n p l e x  p a t t e r n s ,  w i t h  seve ra l  n f  t h e m  p n ss i l ) l \  f a v n r i n y  a n  e f fec t ive  Inw . ispect  r a t i o  

flow.

D y n a m i c  a d j u s t  m e n t  i n d u c e d  hv  t h e r n m d y n a n i K  f ie lds  n ia v  h e  s e i i s i t n e  t n  t h e  

e n v i r n n n i e i i t . i l  t h e r n i n d v t i . i m i c  pr n f i le  a n d  nt  c i a i v e c t i v e  i im de .  Flie a t n m s p h e r i c  

s o u n d i n y  u t i l i z e d  in t h i s  r e s e a r c h  is i d e a l i z e d ,  a n d  m o i s t  t h r o u y h o i i t  t h e  t r o p o s p h e r e .  

W e y g a n d t  et al .  (_'(H)2hl f o u n d  a  d i f f e r e n t  r e s u l t  r e g a r d i n g  t h e  i m p o r t a n c e  o f  t h e  

spéc i f ien t  mil nf t h e  w a t e r  v a p n i  i i i ix i tm ra t  m w h e t i  s t u d v i n y  a i i u m e i i c a l h - s i m u h i t e d  

s u p e n  ell i i n i t i . i l i / e d  w i t h  D o p p l e r  l a d . i r - d e i  i \ e d  f ie lds  I w h i c h  e v o h e s  in a nil a e r e 

a l i s t  ic e i i v i n a i n i e n t . I lie\ i n d i c a t e d  t h a t  s e t t i n y  t h e  w a t e r  i . i p m  field eijii.i! t n  t h a t  

m t h e  e n v i n a i n i e n t a l  s m i n d i t i g  d i d  imt  a f fect  s i g i u f i c a n t l v  t h e  e v o l u t i o n  nf  t h e  s u r 

f ace co ld  piII if  File s o u n d i n g  in t h e i r  s t u d y  d i s p l a y e d  a  low- to  m id - le v e l  d r y  l a y e r

g s |



t h a t  p d t f i i t i . i l l v  t 'aviif 'd t h e  tii i i c r a t i t m  i d '> t r o i i n c r  d t lu  ri i i raf ts a n d .  t h u s ,  t i a i i s p t u t  o f  

lt>u -d, a i r  til the  >urfai t'. .dlfW itin a  m a i d  n'[ir»‘s t ' t i t at  imi n t ' t l i f  t u l d  | a a , | .  I hi rt hirc.  

fi i tuM' wi irk iiti d v n a t i i i c  a d j u s t m t u i t  m u s t  a d d r e s s  se i i s i t i v i t v  t n  t h e  t h e r i m > d v i i a m i e  

jilt ' t i lf

.As iiitlit a t e i l  in i h a p t t ‘1 I. t h e  > i u i u l a t e d  l a a v  ei hi i  in t lia p r e s t  nt  r e < e a n  h d u e s  

l int  l i i s p l a v  a n  f \ i f n > i v e  t r a i l i t u i  - ' t r a t i l n r i u  pre i  i [ u t , i t m n  a r e a  wh i e l i  is a  f e a t u r e  nf t e i i  

I d i s e r ve i l  in a c t u a l  l i nw eel int -s  ) h i s  is es s t - r i t i a l l v  l i e e a u s e  nf  t h e  e h n i e e  n f  s u i t e l l l t m  

"t i  i ce  n i i c r .  i()h\>K > in n i i r  > i t nu l a t  inn.>. . \ e v i  r t h e l e >s .  , -e\-eral  n f  t h e  t u i p n r t a t i t  f e a t u r e s  

t h a t  t l i a r a i  t c r i / c  d \  i i ani i i  . i d j u s t n i e i i t  i n e . x p e r i n i e i i t s  r i l K  l'.A a t i d  > u c h  a s  t he

[ U ' n p a c a t m n  nf  a Inw f r e ( | Ue t i cv  K i W ’ p u l s e  t r a i l i n g  t h e  I mw  e c l m,  is a l >n f n i i i i d  in 

p r é v i t  Ills w n r k '  >t ii<l\ m u ,  .M('S' -  w i t h  e x t e t i s u f  t r a i l i t i ç ,  s t r a t i f n t i i i  p r é c i p i t â t  m n  a r e a s  

■ c Vi . I ' I  I'Mi I ['111'' -'UL;'j,est> t h a t  t h e  s t r u t  t u r e  n f  t h e  bnilnni "hi'  n f  t h e  I m w  e c h n  

t i t i i t a i i i s  I h e  uiai i i  tiict h a m . ' i i i s  t i r ivi iej ,  t h e  n  s p t , u s e  n t  a t u i n ^ p l i e r u  l iel t | ^ w i t h i n  a r u l  

a m u n d  t h e  M t ’S f u t u r e  w n r k  t i i av  a t h l r e s s  s u c h  t n p i e  l a  e.xatni t i i t i t i  w h e t h e r  t h e  

e x t e n t  id t h e  ti . i ihi iL; ' t i . i f i f n i i n  p n  i i p i t  a t  u ui a n a  ha . '  a n \  ' i cn i t i t  a n t  ui l l ui  tn f  up< ai 

t h e  re. ' pt  i t l 'C n |  t he  m e t  c n l t  dnvi  l eal  lielt | '  ti , p e r t  Uf l i a t  m t l '  w i t h i n  t h e  t t , n \ f t  t l \ c  ' t n l t l l

I ht 11 hi 11 a'.'. ,il ' ■! j It 1 1 Ul 1 lai n 'U tn It 1' .it > liih 1 1 ill ' t  .i'j,t •' I it t \ I il ut n ill el t in t > ui 

\ e t  t i \ c  ' t I u ni I.' a l s t ,  ,in ml  l i t  >t inç, a p p i  n a t  h t n  a.'i.'t il t he icl . i t  i\ c im p i  u t . i n i f  ■ d 

di.'t Hit t lilt 111 iiI iji i^n .li .11 i.di| i '  li ii d \  n.iii 1 n .niju. ' t  tin iit t h .mee . '  du11iivi t l ie  l i h • t \ t le  

(d t he  vitni lli.

. \ i m t l i e r  i m p n i t a i i t  pni ii t  i> t h a t  n i i r  . '^imul.itintis w e re  c n i i d u c t e d  in a  I m r i / n i i t a l l v -  

lmnintj,eiiet Ills t t ivi tnt i tuet i t  111 c h a p t e r  d we hr ie t lv  re v ie w e d  t h e  at  m n s p h e r i e  enii- 

tlit inim e n l ld u i  ive tn  lnni i ,di \e i l  hnW e ch n e>  a n d  d e s c r i h e d  t h a t  well thd ine t l  starfaee 

h n u n d a r i e s  a r e  a lw avs  [ u e s e n t .  It is t int  c l e a r  t h e  e x t e n t  tn  w h ic h  t h e  r e s i d t s  frntn 

ex[)(‘r in ie t i t s  r H K  TA a n d  \ ’.AF’ n ia v  h e  alfei  t e d  hv  t h e  sp i ' c i l i c a t i n n  n f  n m r e  re a l i s t i c  

. 'Ur iace  .It iun>pher i t  ( lu n l i t  intis,  a tn l  t h e t t d 'n re  h d l n w - u p  st indies nii tl \  n a m n  <itiju.>t-



ni f i i t  in M C S s  s lu n i ld  m a d u a l l v  i iicrt 'asi '  flit'  (iei^ren o f  c o r n p N 'x i t y  o f  t h e  a t r n o s p l i r r i c  

f i i \  II. a im ,  ni

D o s p i t r  s o i n , ' [ ) o s s i l ) l , ' l l l u K a t i o r i s  ( l i s c i i s s f d  al)ovt>.  //■> ctinsidf r Ifuit tin ninni n>nlt 

pniii I xp> m m  !it.- l U E I A  and uhn h  ri!tjiha.<i:i s tin rolt plaiji d hi/lati nt In a t-

inij and rnidinij in di ti nnintmi tin tin rnnd ^trnrturt nf tin cnnn  rtivr s tnnn irlinii. 

in turn. d,rirt.< tin jin.'-'uri Jit Id ,/■/,/. S. lh ' .  t.-- ndtu.^t. hi irn/ in n a n t  ptital ai/n t nn nt 

ti lth prt riiiu.- >fndn '  I’U't --tmalnni a hntad 'pt< truni nf <ti’nn --i/ t̂i lO'

A s  il , o n t u m a t i o i i  , <f i l i i> n ' ^f i i r ,  ii. i i i Mi t i o n a l  w i i h d r a w i d  o x p c r i m o n t s  . i dd i t ' s > i nu

t i l , '  i mp . i ,  t ' 'I til l '  , l i m m a T  loll , >f , , ' i id,Ti . "at r  ^ p i ' c i i s  1 1  , ' , i , r  a n d  w a t r r  m i x i n y  r a t ; , , s i  

o n  t l i c  [)o\v 1 1  II, I s i n i n l a t i o i i  s h o u l d  h r  c o r i d u r t r d .  S i r i i n l a t i o n s  I H K  l A  i i i id \  A I'  

r t n p h a s i / r d  I h r  i n i p o l t  , i n c r  , , f  h i i r n t  h r a t i n r  a n d  c o o l i n r  r a t r . s .  w h i r h  a i r  a l f r r t r d  

li\  I h r  d i . ' t i  i h i i i h i i i  , tf h \ d i ' o i n r t r o i s .  \ !>o.  n i i m r r i r a l  r x | ) r i i n i r n t s  u i t h h o l d i n r  n i , i r r  

l l i a l l  ' tlU \ a l l a h l , '  , - p r i  l , l l l \  I l i r  I, t hn i '  l,Ult iill,'.' '. r a ; ,  [ l o t r l i t i a l  t r n i p r i  ill U | f  u n d  

V, I til  id  w i n d  f i r i d:  v n  t i r a i  w i n d  field and  p r e s s u r e ;  r t r  .. I >l i , )uld p r o \  i d e  f u r t h e r  

i i i ' ml i t  I h i m  t h , ‘ m i n i  m u n i  mt ,  ,i n i a t  i, ai u r , , ' ^ ^ a r \  f, a ii i ; , ,, k|  > i mi i l a t  i, ai  i i u i m a  i< al  

p red i ,  t lol l  o f  M( 'S>.

M'  a, ' '  a , a  . h,-, a i m,  tl i , '  i, a r - t o - l i ' i u t  II, ,\i ,, ,i l \ I  f a i u l  t h ,  ' Ur f a i  , ild p,  „ ,l i, pi ,

-M lit i m p , l i t , l i l t  t i i r soscal , '  f e a t u t f s  iti I ' l tm - l ivrd  h ow  ri h o r s  ( r h a p t r r  d l .  it i> d r s i r a h i r

ti, d e M y a  u i t h d i a u . d  r \ p , a  iiiiriit.-> in win,  h <it iiio>p,h,a n t i r ld> a i , '  u i t h i l r a u n  uithm  

t h r > r  mr 'OM  ill,' I r a t u i f a .  I lie ii{, it i> t,i a » r s . s  li,iw i m p o r t a n t  i> t h e  s p n  i l i ea t i , ,n  ol 

t h e  Kl.l  a n d  r o l d  p o o l  for t h e  >t ,)r i i i>ralr  s i m u l a t i o n  o f  h ow  r r h o r s  a n d  s q u a l l  l ines.  

In p a r t i i  u l a i . s u r f a c e  co ld  p o o l s  a r e  o f t e n  n o t  well s a i n p l e i l  hy w e a t h e r  r a d a r s  (e.e. .  

D o v i a k  a n d  Zr ti ic  I'Jd.d), r e d u c i n g  th e  a m o u n t  o f  o b s e r v a t i o n s  a v a i l a h l e  t o  d e s c r i h e  

a t m o s p h e r i c  , o n d i t i o i i s  a t  low levels.  C a n  a  i>ood s p e c i l i c a t i , a i  o f  i n e t e o r o l o e i c i d  fields 

a loft  " spi i i -up a  s u r f a c e  co l d  [)ool t h a t  is c o n s i s t e n t  w i t h  t h e  [ ta ren t  M C S  ' F u t u r e  

-'t I I , l ies s l u n i ld  a, I d r e s s  th i s  q u e s t  n ,n

JsG



T h t '  a>pt ' i  ; r . i t io  issut' .  cxttMisivi ' lv (‘X[)Iurc(l in th i s  r c s n a n  h.  d n s n rv n s  a  t i io r f  dt'- 

t. l i l t 'd . i t i t n t i i ' r i  in I ' lituit'  in\f>tm<irit i i i>.  It in. i \  ht- ■It-.-'iralilf tu  n - t f i  t u  t hn a.-'pti t 

i . i t i u  u! t h f  i u i i \ i ' ( i i \ c  thav 111 if i r i i> ul i i i f a M ir a h l f  ( | i i ant i t i t '>  w i t h  t h a r  phvsi t  al 

int'ariiiiü, I h is  a[)[)iitat h ^linult l  [)n»viiit‘ f u r t h t ' r  ins i gh t  i i i tu th t '  prti t  t 'sst 's f u r i t r u l l i tm  

ad j i i s t t i i t ' i i t  priicfsst' , '- iri cutivi' i  t ivt '  s t u r tn s .
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