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fibs t r a c t  

T h i s  r e p o r t  p r e s e n t s  r e s u l t s  of k i n e m a t i c  a n a l y s e s  of H u r r i c a n e  F r e d e r i c k  

(1979)  per formed u s i n g  s a t e l l i t e  wind v e c t o r s ,  a i r c r a f t  measurements and 

rawinsonde  d a t a .  The d a t a  were g a t h e r e d ,  r educed ,  p r e l i m i n a r i l y  i n t e g r a t e d  

and used t o  a n a l y z e  t h e  s t r u c t u r e  of t h e  s t o r m  i n  t h e  i n f l o w  and o u t f l o w  

l a y e r s .  The mean s t r u c t u r e  a t  l a r g e  r a d i i  i s  i n  good agreement w i t h  composi te  

a n a l y s e s  of t r o p i c a l  c y c l o n e s .  Changes i n  t h e  s to rm s t r u c t u r e  from 11 t o  12  

SEP 79 s u g g e s t  t h a t  remote s e n s i n g  t e c h n i q u e s  may lx u s e f u l  i n  m o n i t e r i n g  

s t o r m  i n t e n s i t y .  A more s o p h i s t i c a t e d  i n t e g r a t i o n  of t h e  v a r i o u s  d a t a ,  

i n c l u d i n g  d e t e r m i n a t i o n  of optimum h e i g h t s  f o r  s a t e l l i t e  wind v e c t o r s ,  i s  

underway as p a r t  of t h e  c o n t i n u a t i o n  of t h i s  r e s e a r c h .  





1. I n t r o d u c t i o n  

A s  Hurr icane F r e d e r i c k  c rossed  t h e  Gulf of Mexico on 11-12 Sept.  1979, i t  

was probed by a  wide v a r i e t y  of d i r e c t  and remote s e n s i n g  ins t ruments .  These 

i n c l u d e d  cont inuous  moni tor ing of t h e  low l e v e l  co re  by ins t rumented a i r c r a f t ,  

v i s i b l e  s a t e l l i t e  imagery,  ocean measurements from a i r c r a f t - d e p l o y e d  batho- 

thermographs,  rawinsondes from land based s t a t i o n s ,  and s u r f a c e  r e p o r t s  from 

s h i p s  and buoys. Th i s  accumulation of zeasurements is  the  most e x t e n s i v e  and 

h i g h e s t  q u a l i t y  d a t a  s e t  eve r  assembled f o r  a  s i n g l e  t r o p i c a l  cyclone.  A s  

such ,  i t  o f f e r s  a unique o p p o r t u n i t y  t o  e x p l o r e  the  three-dimensional  

s t r u c t u r e ,  dynamics and e n e r g e t i c s  of a  t r o p i c a l  cyclone over an a r e a  

ex tend ing  from i t s  c e n t e r  t o  approximate ly  800 km r a d i u s .  

The a v a i l a b l e  s a t e l l i t e  d a t a  f o r  Hurr icane F r e d e r i c k  included rapid-scan 

v i s i b l e  imagery on 11-12 Sept .  1979 a t  f i v e  o b s e r v a t i o n  t imes .  These s p e c i a l  

o b s e r v a t i o n s  a l low t r a c k i n g  of low-level  cumulus c louds  and upper l e v e l  c i r r u s  

t o  e s t i m a t e  wind speeds .  S a t e l l i t e - w i n d  v e c t o r s  of t h i s  n a t u r e  have been used 

i n  s e v e r a l  p rev ious  s t u d i e s  of t r o p i c a l  cyclones  (Rodgers e t  a l . ,  1979; Rogers 

and Gentry ,  1981). They have o f t e n  been t h e  only  a v a i l a b l e  d a t a  f o r  t h e s e  

s to rms  which a r e  u s u a l l y  f a r  from t r a d i t i o n a l  rawinsonde networks and a r e  

of t e n  beyond t h e  range of ins t rumented a i r c r a f t  . 
There a r e  a  number of problems concerning t h e  a n a l y s i s  of t r o p i c a l  

cyc lones  us ing  s a t e l l i t e - d e r i v e d  winds. Among the  most s i g n i f i c a n t  a r e :  

I n a b i l i t y  t o  e s t i m a t e  winds near  the  c e n t e r  due t o  the  t y p i c a l  

dense c i r r u s  o v e r c a s t .  

Large a r e a s  of suppressed convect ion wi th  few o r  no v i s i b l e  

c louds .  

Limited v e r t i c a l  r e s o l u t i o n .  

. S i g n i f i c a n t  problems i n  d e t e r n i n i n g  t h e  h e i g h t s  of the  s a t e l l i t e  

winds. 



T h i s  s t u d y  was des igned  t o  improve upon p r e v i o u s  s a t e l l i t e  a n a l y s e s  by m k i n g  

u s e  of t h e  u n u s u a l l y  abundant  a i r c r a f t  d a t a  n e a r  t h e  s t o r m  c e n t e r  and 

rawinsonde  d a t a  around t h e  p e r i m e t e r  t o  a l l e v i a t e  some of t h e  above problems.  

The proposed  p rocedure  was t o  o b t a i n  s a t e l l i t e  winds u s i n g  NASA's i n t e r a c t i v e  

computer  sys t em and t h e n  t o  i n t e g r a t e  t h o s e  winds w i t h  a i r c r a f t ,  rawinsonde ,  

s h i p  and buoy d a t a  t o  o b t a i n  a  comprehensive d a t a  set .  The g o a l  was t o  

a n a l y z e  t h e  i n t e g r a t e d  d a t a  set t o  de t e rmine  whether  t h e  obse rved  s low,  s t e a d y  

s t r e n g t h e n i n g  of t h e  c o r e  on 11-12 Sept .  1979 cou ld  be r e l a t e d  t o  obse rved  

c i r c u l a t i o n  f e a t u r e s  a t  l a r g e r  r a d i i .  



2 .  Summary of Work Completed 

The major d a t a  r e d u c t i o n  t a s k  was t o  o b t a i n  t e n  s e t s  of s a t e l l i t e - w i n d  

v e c t o r s  ( f i v e  from low-level  cumulus and f i v e  from c i r r u s ) .  S e v e r a l  d e l a y s  

were encoun te red ,  due i n  p a r t  t o  a  r e c o n f i g u r a t i o n  of t h e  NASA AOIPS 

(Atmospheric and Oceanic In fo rmat ion  Process ing  System ) computer system. The - - - - - 
t e n  s a t e l l i t e - w i n d  sets were completed nea r  the  end of t h e  o r i g i n a l  r e s e a r c h  

p e r i o d  (30 Nov. 1982). Rawinsonde d a t a  were ob ta ined  and analyzed accord ing  

t o  procedures  o u t l i n e d  i n  s e c t i o n  3 .  The p r i n c i p a l  i n v e s t i g a t o r  (P . I . )  had 

completed a  composite a n a l y s i s  of the  core  of Hurr icane F r e d e r i c k  u s i n g  

a i r c r a f t  d a t a  (Frank,  1983) ,  and t h a t  a i r c r a f t  d a t a  was ready f o r  

i n c o r p o r a t i o n  i n t o  t h e  i n t e g r a t e d  a n a l y s i s .  Powell (1982) performed a  s u r f a c e  

l e v e l  a n a l y s i s  of t h e  s t o r m ' s  winds us ing  s h i p ,  buoy and a i r c r a f t  d a t a ,  and he 

provided h i s  d a t a  s e t  f o r  i n c l u s i o n  i n  t h e  c u r r e n t  a n a l y s i s .  

A t  the  end of t h e  o r i g i n a l  p r o j e c t ,  a l l  of t h e  a v a i l a b l e  d a t a  s e t s  had 

been reduced and analyzed independen t ly .  The remaining t a s k s  were t o  

i n t e g r a t e  t h e  d a t a  and t o  analyze  t h e  f i n a l  wind f i e l d s .  During t h e  e i g h t  

month e x t e n s i o n  pe r iod  t h e  d a t a  were combined us ing  composit ing t echn iques  

s i m i l a r  t o  those  used i n  previous  t r o p i c a l  cyclone s t u d i e s  (Frank,  1977a,b;  

Frank,  1983; HcBride, 1981).  The a n a l y s i s  procedures  a r e  d e s c r i b e d  i n  s e c t i o n  

3 .  S e v e r a l  i n t e r e s t i n g  r e s u l t s  were ob ta ined .  However, i t  became c l e a r  t h a t  

t h e r e  were s i g n i f i c a n t  problems i n  a s s i g n i n g  t h e  a p p r o p r i a t e  h e i g h t s  t o  t h e  

s a t e l l i t e - w i n d s .  T r o p i c a l  cyclones  e x h i b i t  s t r o n g  v e r t i c a l  s h e a r s  of t h e  

r a d i a l  wind component i n  t h e i r  in f low and ou t f low l a y e r s ,  and wi thout  a c c u r a t e  

v e r t i c a l  ass ignments  of the  wind v e c t o r s  i n  t h e s e  c r i t i c a l  l a y e r s ,  many 

q u a n t i t a t i v e  ana lyses  cannot be performed. A d e t a i l e d  a n a l y s i s  of a l l  

a v a i l a b l e  d a t a  sources  t o  e s t i m a t e  t h e  h e i g h t  of sach  wind vec to r  is necessary  

t o  o b t a i n  an i n t e g r a t e d  d a t a  s e t  which makes optimum use  of t h e  a v a i l a b l e  

measurements. Such an a n a l y s i s  i s  being performed a s  a  c o n t i n u a t i o n  



of t h e  c u r r e n t  s tudy  under NASA sponsorship .  The c u r r e n t  r e p o r t  focuses  on 

t h e  p re l iminary  r e s u l t s  ob ta ined  us ing  "bulk i n t e g r a t i o n "  techniques  where a l l  

of the  low l e v e l  s a t e l l i t e - w i n d s  were ass igned  t o  a  s i n g l e  l e v e l .  The upper 

l e v e l  winds were analyzed i n  a  s i m i l a r  f ash ion .  



3. Data and Analys is  

3.1 A i r c r a f t  Data 

Research a i r c r a f t  from t h e  Na t iona l  Hurr icane Research Laboratory  

(NHRL) were deployed i n  a  long-term moni tor ing made on 11-12 Sept.  1979. 

Rather  than sampling l i m i t e d  a r e a s  a t  s e v e r a l  v e r t i c a l  l e v e l s  simul-  

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

of 560 m and 1600 m. Th i s  provided n e a r l y  cont inuous  m n i t o r i n g  of t h e  

s to rm from 11 Sept. 1979 1200 GMT through 13 Sept.  1979 0000 GMT. During 

t h i s  36 h  pe r iod  the  s torm c e n t r a l  p r e s s u r e  deepened on ly  s l i g h t l y  (F ig .  

I ) ,  t h e  l a r g e  s c a l e  d ive rgence  f i e l d  remained n e a r l y  c o n s t a n t  (shown 

l a t e r )  and t h e  l a r g e  s c a l e  area-averaged v o r t i c i t y  changed g r a d u a l l y  

(shown l a t e r ) .  There fo re ,  t h e  a i r c r a f t  d a t a  were s u i t a b l e  f o r  composit- 

i n g .  Table 1 c o n t a i n s  a  summary of the  a i r c r a f t  r econna i s sance  f l i g h t s  

i n t o  Hurr icane Freder ick .  The a i r c r a f t  p r i m a r i l y  f lew r a d i a l  l e g s  i n t o  

and ou t  of the  s to rm w i t h i n  about 150 km of the  c e n t e r .  

The r e s e a r c h  a i r c r a f t  sampled a  number of k inemat ic  and thermodynamic 

parameters  a t  1-s i n t e r v a l s  (Table 2 ) .  Radar d a t a  was a v a i l a b l e  on some 

f l i g h t s  a s  we l l .  Frank (1983) composited t h e  f l i g h t  d a t a  a t  a l t i t u d e s  of 

560 m, 1600 m and 6400 m. A b r i e f  summary of t h e  composit ing procedure  i s  

p r e s e n t e d  below, and a  more d e t a i l e d  d e s c r i p t i o n  i s  p resen ted  i n  t h e  

r e f e r e n c e d  r e p o r t .  The composi t e d  a i r c r a f t  d a t a  were needed t o  provide  

d a t a  w i t h i n  about 150 km of the  s torm c e n t e r  where c i r r u s  o v e r c a s t  

prevented the  d e t e r n i n a t i o n  of a  s i g n i f i c a n t  number of wind v e c t o r s .  

Rawinsonde r e p o r t s  were u n a v a i l a b l e  i n  t h a t  r eg ion .  

A l l  r a d i a l  l e g s  a t  each a n a l y s i s  l e v e l  were combined i n t o  a  s i n g l e  

composite f o r  t h a t  l e v e l .  A l l  p o r t i o n s  of a  l e g  w i t h i n  150 km r a d i u s  were 

used except  those  where t h e  a i r c r a f t  was t u r n i n g  f a s t e r  than lo of 



F i g u r e  1 P o s i t i o n s  and c e n t r a l  p r e s s u r e s  (mb) o f  Hurr icane  F r e d e r i c k  a t  12 
h i n t e r v a l s  froin 1200 GMT, 10 SEP 79 ( o p e n  c i r c l e  o v e r  Cuba) t o  
0000 @IT, 1 3  SEP 79. The l a r g e  c i r c l e s  c o n n e c t e d  by l i n e s  show 
t h e  network o f  rawinsonde  s t a t i o n s .  
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TABLE 2. 

Parameter 

F l i g h t  Data Parameters .  

Uni t s  
Approximate 

Accuracy 

Time 

P o s i t i o n  

Heading 

Track 

Radar A l t i t u d e  

P r e s s u r e  A l t i t u d e  

P r e s s u r e  

Wind D i r e c t i o n  

Wind Speed 

V e r t i c a l  Wind Speed 

Temperature 

Dew Point  

I s 

degrees  l a t . / l o n g .  

degrees  

degrees  

degrees  

k t s  

degrees  C 

degrees  C 

0.1 deg 

0.1 deg 

0.1 deg 

- 0.6OC 
(10 s r e s o l u t i o n )  



heading per second. There were a  t o t a l  of 16 whole o r  p a r t i a l  l e g s  a t  t h e  

560 m l e v e l ,  26 l e g s  a t  1600 m and 10  l e g s  a t  6400 m. 

Each r a d i a l  f l u x  l e g  was d iv ided  i n t o  10 km segments based on 

d i s t a n c e  from t h e  c e n t e r .  Center  p o s i t i o n s  and t h e  a i r c r a f t  d a t a  t a p e s  

were supp l i ed  by David Jorgenson of NHRL. Values of each parameter were 

averaged f o r  each 10 km segment. I n  a d d i t i o n ,  v e r t i c a l  f l u x e s  of each 

parameter  were ob ta ined  a t  1 s  i n t e r v a l s  f o r  each segment and averaged t o  

g i v e  t o t a l  segment f l u x e s .  

The segment averages  were ass igned  t o  t h e  c e n t e r  p o i n t  of each 

segment and were placed i n  b ins  of t h e  composit ing g r i d  accord ing  t o  

p o s i t i o n s  r e l a t i v e  t o  t h e  s torm c e n t e r .  There were f i f t e e n  r a d i a l  bands 

of 10 km e x t e n t  d iv ided  i n t o  e i g h t  e q u a l  s e c t o r s  i n  the  az imuthal  

d i r e c t i o n  (120 t o t a l  g r i d  s p a c e s ) .  A l l  va lues  of a  parameter f a l l i n g  i n  a  

g r i d  space from t h e  v a r i o u s  f l i g h t s  were averaged t o g e t h e r  and ass igned  t o  

t h e  c e n t e r  of t h a t  space .  Only 20 of t h e  120 spaces  a t  560 m and 2 of t h e  

spaces  a t  1600 m l acked  d a t a .  These were l i n e a r l y  i n t e r p o l a t e d  i n  t h e  

az imutha l  d i r e c t i o n .  Composites were performed i n  both s t a t i o n a r y  and 

s t o r m - r e l a t i v e  c o o r d i n a t e s .  For the  l a t t e r  the  mean s torm motion v e c t o r  

over  t h e  composit ing pe r iod  was s u b t r a c t e d  from a l l  h o r i z o n t a l  wind 

va lues .  

The composited a i r c r a f t  d a t a  were i n t e g r a t e d  i n t o  t h e  l a r g e r  s c a l e  

a n a l y s i s  of t h e  c u r r e n t  s tudy .  The mean va lue  of each parameter f o r  each 

a i r c r a f t  composite g r i d  space  was t r e a t e d  a s  an o b s e r v a t i o n  a t  t h a t  l e v e l .  

These o b s e r v a t i o n s  were then combined wi th  s a t e l l i t e  wind v e c t o r s  and 

rawinsonde o b s e r v a t i o n s  a s  d i scussed  i n  s e c t i o n  3 .  

3.2 Rawinsonde Data 

Rawinsonde r e p o r t s  from the  s t a t i o n s  shown i n  F i g .  1 were ob ta ined  a t  
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1 2  h  i n t e r v a l s  from 1 0  Sept .  1979 0000 GHT t h rough  1 3  Sep t .  1979 1200 GMT. 

A t  each  1 2  h  o b s e r v a t i o n  t i m e  a s u b s e t  of rawinsondes  s u r r o u n d i n g  t h e  

s t o r m  was chosen  ( i n d i c a t e d  by t h e  l i n e s  c o n n e c t i n g  s t a t i o n s  i n  F ig .  1 ) .  

The winds were f i t t e d  l i n e a r l y  t o  a  p l a n e  by l e a s t - s q u a r e s  r e g r e s s i o n  

a n a l y s i s .  The f i t t e d  d a t a  were used  t o  compute area-averaged v e r t i c a l  

p r o f i l e s  of d i v e r g e n c e  and r e l a t i v e  v o r t i c i t y .  These  p r o f i l e s  were 

smoothed v e r t i c a l l y  and t h e n  i n  t i m e  u s i n g  a  1-2-1 w e i g h t i n g  f a c t o r .  

I n d i v i d u a l  rawinsonde o b s e r v a t i o n s  a l s o  were u t i l i z e d  i n  t h e  composi te  

a n a l y s e s .  

3.3 S a t e l l i t e  Data 

S a t e l l i t e  winds were o b t a i n e d  a t  low l e v e l s  and a t  t h e  c i r r u s  o u t -  

f l o w  l e v e l ( s )  f o r  t h e  1600 and 1900 GXT times on 11 Sep t .  1979 and f o r  

1300 ,  1600 and 1900 Q4T on 1 2  Sep t .  1979. The winds were o b t a i n e d  u s i n g  

c lose-up  (5 '  x 5' l a t i t u d e )  images at  i n n e r  r a d i i  f o r  optimum r e s o l u t i o n ,  

w h i l e  l a r g e r  (- 10' x  10') images were used  f o r  t h e  o u t e r  r a d i u s  areas. 

Rapid-scan v i s i b l e  images were a v a i l a b l e  a t  7 .5  minute  i n t e r v a l s  a t  bo th  

l e v e l s .  The wind v e c t o r s  were de t e rmined  by manual t r a c k i n g  of c l o u d s  

u s i n g  t h e  AOIPS sys t em a t  t h e  NASA Goddard Space F l i g h t  Cen te r .  An 

example of low l e v e l  s a t e l l i t e  winds i s  shown i n  F ig .  2 ,  w h i l e  upper l e v e l  

winds a t  t h e  same t i n e  a r e  p r e s e n t e d  i n  F ig .  3. F i g s .  4-5 show o b j e c t i v e  

a n a l y s e s  of t h e  winds i n  F ig .  2 and 3 r e s p e c t i v e l y .  . T h e  v e c t o r s  were 

smoothed u s i n g  a  Lackman scheme (Rodgers and G e n t r y ,  1981).  E x c e s s i v e  

smoothing  and u n r e a l i s t i c  f l o w  T a t t e r n s  a r e  c l e a r l y  v i s i b l e  in r e g i o n s  

where few wlnd v e c t o r s  cou ld  be o b t a i n e d  (e .g .  no r thwes t  of t h e  s t o r m )  

i l l u s t r a t i n g  t h e  need t o  i n c l u d e  o t h e r  d a t a  s o u r c e s .  



3.4 I n t e g r a t i o n  of k i r c r a f t ,  Rawinsonde and S a t e l l i t e  Data 

A pr imary  g o a l  of t h i s  r e s e a r c h  program was t o  i n t e g r a t e  d a t a  from 

t h e  s e v e r a l  a v a i l a b l e  s o u r c e s  t o  produce plan-view a n a l y s e s  of t h e  i n f l o w  

l a y e r  and o u t f l o w  l a y e r  winds.  .h e i g h t - o c t a n t  g r i d  similar t o  t h a t  used  

i n  F r a n k ' s  (1983) a i r c r a f t  a n a l y s i s  was employed. R a d i a l  bands were 20 km 

wide between 10-150 km and 50 km wide between 150-800 km r a d i u s ,  w h i l e  a  

s i n g l e  0-10 'an band was used n e a r  t h e  c e n t e r .  S a t e l l i t e  wind v e c t o r s ,  

rawinsonde  o b s e r v a t i o n s  and g r i d  p o i n t  d a t a  from t h e  a i r c r a f t  composi te  

were a s s i g n e d  t o  t h e  g r i d  box i n  which they  f e l l  and were ave raged  t o  

y i e l d  a  g r i d  box mean. The a i r c r a f t  composi te  d a t a  were weighted  a s  two 

o b s e r v a t i o n s  e a c h  s i n c e  t h e y  r e p r e s e n t e d  a v e r a g e s  of l a r g e  numbers of 

p o i n t  measurements and were c o n s i d e r e d  t h e  most r e l i a b l e  o b s e r v a t i o n s .  

I n  o r d e r  t o  combine t h e  t h r e e  t y p e s  of d a t a  i t  x a s  n e c e s s a r y  t o  match 

them a s  c l o s e l y  a s  p o s s i b l e  i n  t ime and space .  The a i r c r a f t  composi te  

cove red  t h e  36 h  p e r i o d  f rom 1200 C;MT 11 Sep t .  1979 -0000 QIT 1 3  S e p t .  

1979 and t h u s  l a c k e d  any t ime r e s o l u t i o n .  T h i s  was done p r i m a r i l y  because  

t h e  d a t a  d i s t r i b u t i o n s  on e i t h e r  11 Sept .  o r  1 2  Sep t .  a l o n e  were judged 

i n a d e q u a t e  f o r  o b t a i n i n g  smooth wind f i e l d s .  The p o s s i b i l i t y  of u s i n g  

winds s e p a r a t e l y  from 11 and 1 2  Sep t .  is be ing  s t u d i e d  d u r i n g  t h e  

c o n t i n u a t i o n  of t h i s  r e s e a r c h .  The s a t e l l i t e  wind v e c t o r s  were a v a i l a b l e  

o n l y  d u r i n g  t h e  d a y l i g h t  hour s .  They were ana lyzed  bo th  s e p a r a t e l y  f o r  11 

Sep t .  1979 and 1 2  Sep t .  1979 and as a  two-day mean c o n t a i n i n g  a l l  f i v e  

o b s e r v a t i o n  windows. 

The rawinsonde d a t a  were a v a i l a b l e  a t  12  h  i n t e r v a l s .  For  11 

Sep t .  1979 a n a l y s e s  t h e  sound ings  a t  1200. GElT 11 Sep t .  1979 and 0000 G>IT 



1 2  Sept .  1979 were u s e d ,  w h i l e  12  S e p t .  1979 a n a l y s e s  i n c l u d e d  rawinsondes  

f rom 1200 GMT 1 2  Sep t .  1979 and 0000 QIT 1 3  Sept .  1979. A l l  f o u r  l aunch  

times were i n c l u d e d  i n  t h e  11-12 Sep t .  1979 composi tes .  Xa tch ing  t h e  

v e r t i c a l  l e v e l s  of t h e  d a t a  s o u r c e s  was more d i f f i c u l t .  The rawinsonde  

d a t a  were a v a i l a b l e  a t  s t a n d a r d  l e v e l s  and c o n t a i n e d  t h e  g r e a t e s t  v e r t i c a l  

r e s o l u t i o n .  S i n c e  they  were a l l  launched from l a n d  s t a t i o n s ,  t h e i r  d a t a  

a t  t h e  lowes t  l e v e l s  a r e  p robab ly  n o t  r e p r e s e n t a t i v e  of winds ove r  w a t e r .  

The composi ted  a i r c r a f t  d a t a  were a v a i l a b l e  o n l y  a t  t h e  560 m, 1600 m and 

6400 n l e v e l s ,  and t h e  l a t t e r  l e v e l  was not  s u i t a b l e  f o r  combinat ion  w i t h  

s a t e l l i t e  winds s i n c e  t h e r e  were few c l o u d s  a t  t h a t  l e v e l .  

The s a t e l l i t e  winds were a v a i l a b l e  a t  upper  ( c i r r u s )  and lower  l e v e l s  

of  i n d e f i n i t e  h e i g h t .  I n  t h e  c u r r e n t  s t u d y  t h e  upper  l e v e l  compos i t e s  

were composed of t h e  upper  l e v e l  s a t e l l i t e  wind v e c t o r s  and t h e  200 mb 

rawinsonde  d a t a .  A s s i g n i n g  a l l  of t h e  upper  l e v e l  s a t e l l i t e  winds t o  one 

l e v e l  i s  no t  a p p e a l i n g ,  s i n c e  s i g n i f i c a n t  v a r i a t i o n s  i n  h e i g h t  of t h e  

c i r r u s  have been documented from s t e r e o  imagery ( H o r r i s  and Hasler, 1984).  

However, f o r  t h e  pu rposes  of t h i s  p a p e r ,  t h e  c i r r u s - l e v e l  wind v e c t o r s  

w i l l  be assumed t o  be i n d i c a t i v e  of t h e  s t o r m  o u t f l o w  l a y e r .  In f low l a y e r  

compos i t e s  were performed u s i n g  d i f f e r e n t  combinat ions  of 850 mb and 950 

mb rawinsonde winds ,  low l e v e l  s a t e l l i t e  winds and t h e  560 m and 1600 m 

a i r c r a f t  composi tes .  Tab le  3 shows combina t ions  of d a t a  used i n  t h e  

v a r i o u s  composi tes .  I n  some c a s e s  one o r  s o r e  of t h e  t h r e e  d a t a  s o u r c e s  

were o m i t t e d  t o  e v a l u a t e  t h e  impor t ance  of t h e  i n d i v i d u a l  d a t a  s o u r c e s  

upon t h e  f i n a l  a n a l y s e s .  Of t h e  low-level  d a t a  combinat ions  t r i e d  i n  t h i s  

s t u d y ,  t h e  most c o n s i s t e n t  r e s u l t s  were o b t a i n e d  u s i n g  t h e  560 a a i r c r a f t  

composi te  d a t a ,  t h e  950 mb rawinsonde d a t a  and t h e  low-level  s a t e l l i t e  



TABLE 3. Combinations of Wind Data and Levels Composited. 

Aircraft (m) 

Aircraft (m) 

11-12 SEP Combined 

Satellite 
(High /Low) 

Low 

Low 

Low 

Low 

Low 

11 SEP, 12 SEP Separately 

Satellite 

560 Low 

--- Low 

--- High 

--- Low 

Rawinsonde (mb 

Rawinsonde (mb) 

9 50 

950 

200 

850 



winds.  T h i s  combinat ion  was used  f o r  most of t h e  a n a l y s e s  p r e s e n t e d  i n  

t h i s  r e p o r t .  R a d i a l  a n d / o r  t a n g e n t i a l  smoothing  of t h e  composited wind 

f i e l d s  was employed i n  some of t h e  a n a l y s e s  u s i n g  a 1-2-1 w e i g h t i n g  

f a c t o r .  When used ,  smoothing i s  no ted  i n  t h e  d i s c u s s i o n  of r e s u l t s .  

The above method of i n t e g r a t i n g  t h e  s a t e l l i t e  winds w i t h  a i r c r a f t  and 

rawinsonde  d a t a  is ve ry  c r u d e ,  and a number of problems e x i s t .  'Vhile t h e  

a i r c r a f t  d a t a  were a l l  o b t a i n e d  o v e r  t h e  w a t e r s  of t h e  Gulf of Hexico ,  a l l  

of t h e  rawinsonde o b s e r v a t i o n s  and many of t h e  s a t e l l i t e  winds n o r t h  and 

e a s t  of t h e  s t o r m  c e n t e r  were measured above l a n d .  Low-level winds t e n d  

t o  be weaker ove r  l a n d ,  and t h e  e f f e c t i v e  h e i g h t s  of t h e  small c l o u d s  

t r a c k e d  t o  o b t a i n  low-level  winds a r e  l i k e l y  t o  d i f f e r  s y s t e m a t i c a l l y  

between over- land  and over-water  l o c a t i o n s .  S u b j e c t i v e  e v a l u a t i o n  of t h e  

composi te  wind a n a l y s e s  s u g g e s t e d  t h a t  low-level  wind speeds  n o r t h  of t h e  

s t o r m ,  which were p r i m a r i l y  o b t a i n e d  from s a t e l l i t e  imagery ,  were 

s i g n i f i c a n t l y  lower t h a n  a i r c r a f t  winds measured ove r  wa te r  a t  a d j a c e n t  

g r i d  p o i n t s .  P o i n t  by p o i n t  compar isons  of s a t e l l i t e  winds w i t h  nearby  

a i r c r a f t  and rawinsonde measurements s u g g e s t e d  t h a t  t h e  low-level  

s a t e l l i t e  winds shou ld  be a s s i g n e d  t o  d i f f e r e n t  l e v e l s  i n  d i f f e r e n t  

r e g i o n s  of t h e  s torm.  Due t o  t h e  s t r o n g  v e r t i c a l  s h e a r  of t h e  r a d i a l  wind 

i n  t h e  low-level  i n f l o w  l a y e r  of h u r r i c a n e s ,  r e l a t i v e l y  small i n a c c u r a c i e s  

i n  h e i g h t  a s s ignmen t s  r e s u l t  i n  r e l a t i v e l y  l a r g e  e r r o r s  i n  t h e  d i v e r g e n t  

component of t h e  wind - a  c r u c i a l  pa rame te r  i n  most budget  a n a l y s e s .  The 

c o n t i n u a t i o n  r e s e a r c h  p r o j e c t  w i l l  a t t e m p t  t o  o b t a i n  best e s t i m a t e s  of t h e  

h e i g h t s  of each  low-level  s a t e l l i t e  wind v e c t o r  t h rough  compara t ive  

a n a l y s i s  of a l l  a v a i l a b l e  d a t a  s o u r c e s  i n c l u d i n g  s t e r o g r a p h i c  s a t e l l i t e  

imagery.  I n  t h e  c u r r e n t  p o r t i o n  of t h e  s t u d y ,  a l l  low- level  s a t e l l i t e  

winds were assumed t o  be a t  one l e v e l  a s  d i s c u s s e d  above. 



There  were a l s o  problems i n  d e t e r m i n i n g  t h e  h e i g h t  of t h e  c i r r u s  used  

t o  measure u p p e r - l e v e l  winds. The c i r r u s  tended t o  be s i g n i f i c a n t l y  lower 

on t h e  n o r t h  s i d e  t h a n  on t h e  s o u t h  s i d e  (Mor r i s  and Hasler, 1 9 8 4 ) ,  

p robab ly  due t o  i n c r e a s e d  v e r t i c a l  s t a b i l i t y  and s h a l l o w e r  c o n v e c t i o n  ove r  

t h e  l a n d .  

A s  a  r e s u l t  of t h e s e  problems,  o n l y  l i m i t e d  a n a l y s e s  of t h e  combined 

d a t a  sets a r e  p o s s i b l e .  P l a n  view a n a l y s e s  showed c o n s i d e r a b l e  n o i s e  and 

a r e  not  p r e s e n t e d  h e r e .  R a d i a l  p r o f i l e s  of low-level  pa rame te r s  a r e  

p r e s e n t e d  a s  an  e i g h t - o c t a n t  a z i m u t h a l  a v e r a g e  o r  as an ave rage  f o r  

o c t a n t s  4 ,  5 ,  and 6 ( F i g .  7 )  which a r e  on t h e  s o u t h e r n  s i d e  of t h e  s t o r m  

where bo th  t h e  a i r c r a f t  and s a t e l l i t e  winds a r e  p redominan t ly  ove r  w a t e r .  

A l l  upper l e v e l  a n a l y s e s  a r e  8-oc tant  a z i m u t h a l  a v e r a g e s .  

C l e a r l y ,  an  optimum i n t e g r a t i o n  of t h e  d a t a  w i l l  r e q u i r e  v e r y  c a r e f u l  

and d e t a i l e d  i n t e r c o m p a r i s o n s  of a l l  a v a i l a b l e  d a t a  p o i n t s  t o  d e t e r m i n e  

t h e i r  t r u e  h e i g h t s .  It w i l l  a l s o  be n e c e s s a r y  t o  s e p a r a t e  l ow- leve l  

s a t e l l i t e  winds i n t o  s e t s  of t h o s e  d e r i v e d  ove r  wa te r  and ove r  l a n d  due t o  

t h e  d i f f e r e n t  s t a b i l i t i e s  and v e r t i c a l  wind s h e a r s  i n  t h e  t h o s e  r e g i o n s .  

These  p rocedures  a r e  beyond t h e  scope  of t h e  f i r s t  phase  of t h e  Hur r i cane  

F r e d e r i c k  s t u d y  d i s c u s s e d  i n  t h i s  r e p o r t .  The r ema in ing  p o r t i o n  of t h e  

r e s e a r c h  w i l l  f o c u s  on t h e  c a r e f u l  i n t e g r a t i o n  of a l l  a v a i l a b l e  d a t a  t o  

pe r fo rm a m u l t i p l e - s c a l e  a n a l y s i s  of t h e  s t o r m  i n f l o w  l a y e r .  

3.5 B a d i a l  F lux  Computat ions 

There a r e  many measures of t h e  i n t e n s i t y  of a  t r o p i c a l  cyc lone .  I n  

a d d i t i o n  t o  t h e  u s u a l  c o r e  p a r a m e t e r s ,  such  a s  ninimum c e n t r a l  p r e s s u r e  

and maximum obse rved  wind s p e e d ,  t h e  a rea-averaged a n g u l a r  momentum and 

k i n e t i c  ene rgy  have o f t e n  been used  i n  d i a g n o s t i c  s t u d i e s .  The u s u a l  



p r o c e d u r e  is t o  a n a l y z e  budge t s  of t h e s e  q u a n i t i t e s  u s i n g  forms of Eqs. 1 

and 2 :  

where m = v t r  = r e l a t i v e  a n g u l a r  momentum, K = k i n e t i c  ene rgy ,  F3 = 

t a n g e n t i a l  component of f r i c t i o n  and t h e  ove rba r  d e n o t e s  a t i m e  and s p a c e  

ave rage .  Eq. 1 s t a t e s  t h a t  t h e  t ime r a t e  of change of t h e  area-averaged 

a n g u l a r  momentum r e s u l t s  from t h e  h o r i z o n t a l  f l u x  conve rgence ,  v e r t i c a l  

f l u x  convergence ,  spin-up due t o  t h e  ' ~ o r i o l i s  t o r q u e  a c t i n g  on t h e  r a d i a l  

wind and t h e  f r i c t i o n a l  t o r q u e  ( t e rms  1-4, r i g h t  s i d e ,  r a s p e c t i v e l y ) .  

Frank (1977b) ,  McBri.de (1981) and Hol land (1983) have per formed 

l a r g e - s c a l e  a n g u l a r  momentum budge t s  of t r o p i c a l  cyc lones  u s i n g  composi ted  

rawinsonde  d a t a .  T h e i r  s t u d i e s  a l l  showed t h a t  on a s c a l e  of r - 600 km 

o r  g r e a t e r ,  t h e  l a t e r a l  f l u x  convergence  of a n g u l a r  nomentum was a m j o r  

t e r m ,  p o s s i b l y  r e l a t e d  t o  s to rm i n t e n s i t y  change.  A t  l a r g e r  r a d i i ,  t h e  

impor t  of a n g u l a r  momentum becomes i n c r e a s i n g l y  c o n c e n t r a t e d  i n  t h e  uppe r  

t r o p o s p h e r e  and i s  i n c r e a s i n g l y  due t o  sub-gr id  scale f l u x e s .  

The r o l e  of l a t e r a l  f l u x e s  of a n g u l a r  momentum i n  t r o p i c a l  cyc lone  

i n t e n s i f i c a t i o n  i s  n o t  well unde r s tood .  Numerical  s i m u l a t i o n s  by P f e f f e r  

(1981)  sugges: t h a t  sub -g r id  s c a l e  o r  "eddy" h o r i z o n t a l  impor t  of a n g u l a r  

momentum is f a v o r a b l e  f o r  s t o r m  development.  Rodgers and Gent ry  (1981) 



a n a l y z e d  l a t e r a l  momentum f l u x e s  i n  t h r e e  h u r r i c a n e s  u s i n g  s a t e l l i t e - w i n d  

v e c t o r s  and concluded t h a t  i n c r e a s e s  i n  t h e  n e t  impor t  of momentum a t  3" 

r a d i u s  appea red  t o  p recede  i n t e n s i f i c a t i o n  of t h e  co re .  One g o a l  of t h e  

c u r r e n t  r e s e a r c h  i s  t o  examine l a t e r a l  f l u x e s  of r e l a t i v e  a n g u l a r  a t  upper 

and lower l e v e l s  and t o  r e l a t e  t h e s e  f l u x e s  t o  t h e  obse rved  slow deepen ing  

of t h e  co re .  A t  any r a d i u s ,  t h e  n e t  impor t  of r e l a t i v e  a n g u l a r  momentum 

i s  p r o p o r t i o n a l  t o  - V, v t  where V r  i s  t h e  r a d i a l  wind and Vt t h e  

t a n g e n t i a l  wind. Values  of Vr V t  were computed f o r  each  o b s e r v a t i o n ,  

and a v e r a g e  v a l u e s  of V r V t  were t h e n  de t e rmined  f o r  each  g r i d  s p a c e .  

Eq. 2 s t a t e s  t h a t  t h e  t ime  r a t e  of change of t h e  a rea -ave raged  

k i n e t i c  energy  ( l e f t  s i d e )  e q u a l s  t h e  sum of t h e  h o r i z o n t a l  and v e r t i c a l  

f l u x  convergences  of K ,  t h e  g e n e r a t i o n  by down g r a d i e n t  f l o w  and t h e  

f r i c t i o n a l  d i s s i p a t i o n ,  r e s p e c t i v e l y  ( r i g h t  s i d e ) .  Na tu re  t r o p i c a l  

c y c l o n e s  t end  t o  be n e t  e x p o r t e r s  of k i n e t i c  ene rgy  when viewed on t h e  

' l a r g e  s c a l e  (F rank ,  1982) .  Yost  of t h e  n e t  o u t f l o w  of K o c c u r s  i n  t h e  

upper  t r o p o s p h e r e ,  and i t  becomes i n c r e a s i n g l y  dominated by sub-gr id  s c a l e  

f l u x e s  a t  l a r g e r  r a d i i  (Black  and Anthes ,  1971; F rank ,  1977b,  1982) .  

R a d i a l  f l u x e s  of k i n e t i c  ene rgy  were computed f o r  each  wind o b s e r v a t i o n  a t  

b o t h  a n a l y s i s  l e v e l s  and ave raged  i n  t h e  manner d e s c r i b e d  above f o r  

a n g u l a r  momentum f l u x e s .  These  f l u x e s  were exan ined  t o  de t e rmine  whether  

t h e y  s u g g e s t e d  r e l a t i o n s h i p s  between t h e  change i n  c o r e  i n t e n s i t y  of an  

i n d i v i d u a l  s to rm and i t s  n e t  e x p o r t  of k i n e t i c  energy .  



Figure 6 Area-averaged divergence, 
approximately 7" radius, 
from rawinsonde data. 
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4. R e s u l t s  

4.1 Rawinsondes - Large Sca le  

F i g s .  6-7 show t h e  e v o l u t i o n  of t h e  area-averaged d ive rgence  and 

v o r t i c i t y  f i e l d s  on 11-12 Sept.  1979. They r e p r e s e n t  an a r e a  wi th  a  

r a d i u s  of approximate ly  700 km. There was a  d i s t i n c t  in f low l a y e r  below 

about  800 mb. The lower v a l u e s  of in f low a t  t h e  s u r f a c e  r e l a t i v e  t o  950 mb 

a r e  probably not  r e p r e s e n t a t i v e  of a  h u r r i c a n e  over  w a t e r ,  a s  they appear  

t o  r e s u l t  from the  lower s u r f a c e  winds over  land a t  the  rawinsonde s i t e s .  

Outflow i s  concen t ra ted  i n  a  200 mb t h i c k  l a y e r  (100-300 mb). Changes i n  

t h e  ne t  l a r g e - s c a l e  mass f l u x  through the  s torm were i n s i g n i f i c a n t  dur ing  

t h e  36 h  pe r iod  shown. Th i s  i s  c o n s i s t e n t  wi th  Frank 's  (1982) f i n d i n g s  

f o r  composite s torms t h a t  t h e  r a d i a l  wind p e r t u r b a t i o n  a s s o c i a t e d  wi th  

i n t e n s i f y i n g  t r o p i c a l  cyc lones  i s  conf ined t o  t h e  i n n e r  6' r a d i u s .  It is 

a l s o  i n t e r e s t i n g  t h a t  t h e  t h i c k n e s s  of t h e  ou t f low l a y e r  is very s i m i l a r  

t o  t h a t  found f o r  composites of many s torms i n  t h e  W. P a c i f i c  (Frank,  

1977) and A t l a n t i c  (McBride, 1981; Frank,  1982).  This  s u g g e s t s  t h a t  storm 

ou t f low l a y e r s  a r e  c o n s i s t e n t l y  l o c a t e d  i n  t h e  upper 200 mb of t h e  

t r o p i c a l  t r o p o s p h e r e ,  s i n c e  i n d i v i d u a l  storms wi th  lower outf low l a y e r s  

should  have r e s u l t e d  i n  deeper composite outf low l a y e r s .  

The area-averaged v o r t i c i t y  behaves d i f f e r e n t l y  (Fig .  7) .  The 

c y c l o n i c  v o r t e x  s t r e n g t h e n e d  s t e a d i l y  w i t h  time a t  a l l  l e v e l s  below about  

250 mb, and s t r e n g t h e n i n g  of t h e  upper l e v e l  a n t i c y c l o n e  was even more 

pronounced. These r e s u l t s  ag ree  w i t h  Frank ' s  (1982) composite d a t a  which 

showed t h a t  t h e  h u r r i c a n e s  r o t a t i o n a l  c i r c u l a t i o n  t ends  t o  extend t o  

r a d i i  i n  excess  of 1000 km. V e r t i c a l  shea r  of t h e  t a n g e n t i a l  wind is  

s m a l l  below 500 mb. The s u r f a c e  winds a r e  presumed t o  be a r t i f i c a l l y  low 

due t o  t h e  land l o c a t i o n  of t h e  rawinsonde s t a t i o n s .  Powell  (1982) noted 





t h a t  s u r f a c e  winds i n  F r e d e r i c k  ave raged  70% of t h e  f l i g h t  

l e v e l  (560 m) winds ove r  w a t e r .  

4.2 Two-day Average P r o p e r t i e s  (11-12 Sept  . ) 
4.2.1 R a d i a l  and T a n g e n t i a l  Winds 

A l l  r e s u l t s  i n  t h i s  s e c t i o n  a r e  a v e r a g e s  of t h e  combined 

rawinsonde ,  a i r c r a f t  and s a t e l l i t e  d a t a  from 11-12 Sep t .  1979 a s  

d e s c r i b e d  i n  s e c t i o n  3 .  R e s u l t s  a r e  p r e s e n t e d  a s  r a d i a l  p r o f i l e s  

which a r e  e i g h t  o c t a n t  a v e r a g e s  ( a l l  o c t a n t s )  u n l e s s  no ted  a s  a v e r a g e s  

f o r  o c t a n t s  4-5-6 o n l y  ( s o u t h  s i d e ) .  The l a t t e r  a v e r a g i n g  method 

p roduces  p r o f i l e s  where a l l  d a t a  ( e x c e p t  rawinsondes)  a r e  measured 

ove r  wa te r  but  s u f f e r s  t h e  s i , g i f i c a n t  drawback t h a t  t h e  r e s u l t i n g  

a v e r a g e s  a r e  b i a s e d  by t h e  s to rm asymmetr ies .  

Low-level r a d i a l  winds (F ig .  8) a r e  p r e s e n t e d  s e p a r a t e l y  f o r  t h e  

s a t e l l i t e  winds and f o r  t h e  560 m and 1600 m l e v e l  a i r c r a f t  composi tes  

of  t h e  co re .  F i g .  9 shows t h e  t a n g e n t i a l  winds i n  t h e  sane  f o r m a t .  

S a t e l l i t e  r a d i a l  winds a r e  n o i s e y ,  a v e r a g i n g  abou t  -2 ms'l, It is 

u n c l e a r  whether  t hey  a r e  i n  b e t t e r  agreement w i t h  t h e  560 m o r  1600 m 

a i r c r a f t  v a l u e s ,  and ,  a s  p r e v i o u s l y  d i s c u s s e d ,  i t  is  u n l i k e l y  t h a t  

t h e y  can a l l  be a s s i g n e d  t o  a  s i n g l e  l e v e l  v i t h o u t  s e r i o u s  d e g r a d a t i o n  

of t h e  a n a l y s i s .  The s a t e l l i t e  t a n g e n t i a l  winds v a r y  smoothly w i t h  

r a d i u s  b u t  appea r  t o  be lower i n  magnitude t h a n  e i t h e r  t h e  560 m o r  

1600 m a i r c r a f t  winds.  They a g r e e  b e s t  w i t h  t h e  former  l e v e l .  Many 

of t h e  s a t e l l i t e  winds i n  F i g s .  8-9 a r e  ove r  l a n d  where t h e  low l e v e l  

winds a r e  lower t h a n  would be expec ted  ove r  w a t e r .  

F i g s .  10-11 show t h e  r a d i a l  and t a n g e n t i a l  winds f o r  o c t a n t s  

4-5-6 o n l y  ( s o u t h  s i d e  - over  w a t e r ) .  The s o l i d  c u r v e s  i n  each  f i g u r e  

a r e  based  on 560 m a i r c r a f t  d a t a ,  950 nb  rawinsonde d a t a  and t h e  
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s a t e l l i t e  winds. The dashed c u r v e s  combine t h e  s a t e l l i t e  d a t a  w i t h  

1600 m a i r c r a f t  and 850 mb rawinsonde  d a t a .  The rawinsonde  d a t a  h a s  

l i t t l e  e f f e c t  on t h e  p r o f i l e s .  R a d i a l  winds a r e  e r ra t ic  n e a r  t h e  

c e n t e r  and y i e l d  no u s e f u l  i n f o r m a t i o n  on whether  t h e  560 m o r  1600 m 

a i r c r a f t  d a t a  i s  i n  b e t t e r  agreement w i t h  s a t e l l i t e  winds.  ( A l l  

a i r c r a f t  d a t a  i s  ?within 0-150 km r a d i u s ) .  The t a n g e n t i a l  wind 

p r o f i l e s  of F ig .  11 s u g g e s t  a  b e t t e r  f i t  between t h e  1600 m a i r c r a f t  

d a t a  and t h e  lower l e v e l  s a t e l l i t e  w inds ,  but  t h e  d i f f e r e n c e s  a r e  

r e l a t i v e l y  small. I n  t h e  p r e s e n t  s t u d y ,  a l l  subsequen t  p r o f i l e s  of 

low l e v e l  pa rame te r s  a r e  f o r  8-oc tant  means and a r e  combinat ions  of 

950 mb rawinsonde ,  560 m a i r c r a f t  and s a t e l l i t e  d a t a  w i t h  t h e  

e x c e p t i o n s  of F i g s .  13 and 14.  

Upper l e v e l  r a d i a l  winds from s a t e l l i t e  and 200 mb rawinsonde  

d a t a  (F ig .  1 2  - s o l i d )  show mean o u t £  low of abou t  7-8 ms'l w i t h  no w i t h  

s y s t e m a t i c  v a r i a t i o n  w i t h  r a d i u s .  The t a n g e n t i a l  wind p r o f i l e  i n  F ig .  

1 2  shows a n t i c y c l o n i c  f low a t  r a d i i  g r e a t e r  t han  300 km which 

i n c r e a s e s  a lmos t  l i n e a r l y  w i t h  r a d i u s .  A l l  upper  l e v e l  p r o f i l e s  must 

be viewed w i t h  c a u t i o n  due t o  t h e  u n c e r t a i n t y  of t h e  h e i g h t s  of t h e  

s a t e l l i t e  winds. 

4.2.2 Divergence  and V o r t i c i t y  

F i g s .  1 3  and 14 show d i v e r g e n c e  and r e l a t i v e  v o r t i c i t y ,  

r e s p e c t i v e l y ,  p l o t t e d  u s i n g  t h e  same conven t ion  a s  i n  F i g s .  10-11. 

Once a g a i n ,  t h e  rawinsondes  have l i t t l e  impac t ,  and t h e  p r o f i l e s  a r e  

ve ry  similar a t  !mth  l e v e l s  outward of 150 km r a d i u s .  Weak 

convergence  o c c u r s  a t  a l l  r a d i i  g r e a t e r  t han  400 km w i t h  a  maxium 

between 450-500 km. Both d a t a  l e v e l s  i n d i c a t e  a  s h a r p  i n c r e a s e  i n  

convergence  a t  r = 150 km, t h e  l i m i t  of t h e  a i r c r a f t  d a t a .  It i s  not  
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c l e a r  whether t h i s  r e s u l t s  from a  problem with  matching l e v e l s  between 

t h e  s a t e l l i t e  and a i r c r a f t  d a t a  o r  whether the  p a t t e r n  is r e a l .  The 

o b s e r v a t i o n  t h a t  t h e  o u t e r  edge of t h e  major convect ion and c i r r u s  

canopy is  at approximate ly  150 km r a d i u s  p rov ides  some suppor t  f o r  t h e  

l a t t e r  view. 

R e l a t i v e  v o r t i c i t y  is weakly p o s i t i v e  from 200-700 km r a d i u s .  

I n s i d e  200 km t h e  v o r t i c i t y  i n c r e a s e s  r a p i d l y  wi th  dec reas ing  r a d i u s .  

A s  wi th  t h e  d ive rgence  p r o f i l e ,  t h e r e  i s  some doubt a s  t o  whether t h i s  

sudden change i n  s l o p e  i s  r e a l .  A s i g n i f i c a n t  wind d i s c o n t i n u i t y  a t  

150 km r a d i u s  due t o  d a t a - l e v e l  problems would be expected t o  produce 

a  minimum i n  r e l a t i v e  v o r t i c i t y  a t  r - 150 km. The d i p  i n  v o r t i c i t y  

nea r  200 mb f o r  t h e  dashed curve  (1600 m a i r c r a f t  d a t a )  may r e f l e c t  

t h i s  matching problem ( s e e  F ig  9) .  

A t  t h e  h igh l e v e l  d ive rgence  o s c i l l a t e s  about ze ro  whi le  r e l a t i v e  

v o r t i c i t y  i s  nega t ive  a t  r a d i i  g r e a t e r  than 250 km. No s i g n i f i c a n c e  

i s  a t t a c h e d  t o  t h e  v a r i a t i o n s  wi th  r a d i u s .  

4 .2 .3  Rad ia l  Fluxes 

Wind d a t a  were used t o  compute r a d i a l  f l u x e s  of t h e  t a n g e n t i a l  

wind (VrVt - p r o p o r t i o n a l  t o  t h e  angu la r  momentum f l u x  a t  each r a d i u s )  

and of k i n e t i c  energy ( V r ~ ) .  Xegative va lues  denote inward f l u x e s .  

The low l e v e l  angu la r  momentum f l u x  i s  inward a t  a l l  r a d i i ,  ave rag ing  

about -20 m2s-2  a t  r a d i i  g r e a t e r  than 200 km (Fig .  16) .  The inward 

t r a n s p o r t  appears  t o  i n c r e a s e  r a p i d l y  i n s i d e  200 km a s  Vr becomes more 

nega t ive  and V t  becomes l a r g e r  (F igs .  8 ,  9 ) .  The low-level  k i n e t i c  

energy f l u x  is a l s o  inward a t  a l l  r a d i i ,  (Fig .  17)  and t h e  p a t t e r n  is 

very  s i m i l a r  t o  t h e  momentum f l u x  p r o f i l e .  

A t  t h e  upper a n a l y s i s  l e v e l  t h e  angu la r  momentum f l u x  becomes 









i n c r e a s i n g l y  inward ( n e g a t i v e )  w i t h  i n c r e a s i n g  r a d i u s  (F ig .  18 ) .  T h i s  

momentum impor t  r e s u l t s  from an e x p o r t  of a n t i c y c l o n i c  momentum and 

h a s  been shown t o  be l a r g e l y  dominated by sub -g r id  scale p r o c e s s e s  i n  

a n a l y s e s  of o t h e r  s t o r m s  (Black  and h t h e s ,  1971; Frank,  1977b).  The 

u p p e r - l e v e l  f l u x  of k i n e t i c  ene rgy  i s  outward a t  a l l  obse rved  r a d i i  

and t e n d s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  r a d i u s .  The mean p r o f i l e  of 

Vr ' K is shown i n  s e c t i o n  4.3.3. 

4.3 I n d i v i d u a l  Day . h a l y s i s  

T h i s  s e c t i o n  p r e s e n t s  r a d i a l  p r o f i l e s  of t h e  same pa rame te r s  

d i s c u s s e d  i n  s e c t i o n  4.2 bu t  ana lyzed  s e p a r a t e l y  f o r  11 S e p t .  and 1 2  Sep t .  

The purpose  of t h i s  s t r a t i f i c a t i o n  of d a t a  i s  t o  document changes i n  t h e  

s t o r m  p r o p e r t i e s  which may be r e l a t e d  t o  t h e  s low i n t e n s i f i c a t i o n  which 

o c c u r r e d  th rough  most of t h e  a n a l y s i s  p e r i o d .  A l l  low l e v e l  a n a l y s e s  a r e  

combina t ions  of 950 mb rawinsonde ,  560 rn a i r c r a f t  and low l e v e l  s a t e l l i t e  

d a t a .  The s t r a t i f i c a t i o n  of d a t a  i n t o  two s u b s e t s  t ends  t o  r educe  t h e  

number of g r i d  s p a c e s  a t  each  r a d i u s  which c o n t a i n  o b s e r v a t i o n s .  Tab le  4  

l i s t s  t h e  r a d i a l  bands which c o n t a i n  d a t a  i n  fewer  than  f i v e  of t h e  e i g h t  

g r i d  s p a c e s  f o r  e a c h  of t h e  composi tes .  The a n a l y s e s  a t  t h e s e  r a d i i  

s h o u l d  be viewed w i t h  c a u t i o n  s i n c e  t h e y  nay be b i a s e d  by asymmetr ies  i n  

s t o r m  s t r u c t u r e .  It shou ld  a l s o  be r e c a l l e d  t h a t  most of t h e  d a t a  a t  

r a d i i  l e s s  t h a n  150 km a r e  a i r c r a f t  d a t a  which a r e  ave raged  f o r  both  11-12 

S e p t .  They a r e  i n c l u d e d  h e r e  o n l y  t o  g i v e  an e s t i m a t e  of r a d i a l  

c o n t i n u i t y .  

4.3.1 R a d i a l  and T a n g e n t i a l  Winds 

A t  r a d i i  between abou t  300-600 km, where bo th  days  had f i v e  o r  

more g r i d  s p a c e s  w i t h  d a t a  a t  t h e  lower l e v e l ,  t h e r e  was a  small 

i n c r e a s e  i n  r a d i a l  i n f l o w  from 11 Sep t .  t o  12 Sep t .  ( F i g .  1 9 ) .  Wo 

i n c r e a s e  was a p p a r e n t  outward of 600 km r a d i u s  i n  agreement w i t h  t h e  



TABLE 4. 

Date 

Regions w i t h  Spa r se  Data.  

Leve 1 
R a d i i  w i t h  < 5 o c t a n t s  

r e p o r t i n g  d a t a  

11 Sep t .  

1 2  Sep t .  

11 Sep t .  

1 2  Sept .  

Low 

Low 

High 

High 
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typhoon and h u r r i c a n e  composi tes  of Frank (1982).  T a n g e n t i a l  winds 

i n c r e a s e d  by abou t  1-5 ms-I a t  a l l  r a d i i  (F ig .  20)  showing t h a t  t h e  

i n t e n s i f i c a t i o n  of t h e  r o t a t i o n a l  f l ow occured  ove r  a  broad a r e a .  

T h i s  s u g g e s t s  t h a t  s a t e l l i t e  o b s e r v a t i o n s  of t h e  mean t a n g e n t i a l  winds 

a t  l a r g e  r a d i i  (- 200-800 km) may be used  t o  moni tor  changes i n  t h e  

c o r e  s t r e n g t h .  The c e n t r a l  p r e s s u r e  dropped from 971 mb a t  1600 GNT, 

11 Sept .  t o  a  minimum obse rved  v a l u e  of 947 mb a t  1600 GlT,  12 Sept .  

( F i g .  1 )  which is t h e  approx ima te  p e r i o d  cove red  by t h e  s a t e l l i t e  

o b s e r v a t i o n s .  The maximum winds i n c r e a s e d  from 48 ms'l t o  58 ms-I 

o v e r  t h e  same p e r i o d  (Powe l l ,  1982) .  

At t h e  h i g h  a n a l y s i s  l e v e l  t h e r e  was an  i n c r e a s e  i n  o u t f l o w  a t  

a l l  r a d i i  from 11 S e p t .  t o  12  Sep t .  ( F i g .  21) .  T h i s  i s  i n  a p p a r e n t  

c o n t r a d i c t i o n  w i t h  F ig .  19  which showed no i n c r e a s e  i n  low-level  

i n f l o w  a t  r a d i i  g r e a t e r  t h a n  600 km. The upper  l e v e l  a n t i c y c l o n e  a l s o  

s t r e n g t h e n e d  a t  a l l  r a d i i  (F ig .  22) .  

4.3.2 Divergence  and V o r t i c i t y  

There  were no s i g n i f i c a n t  changes i n  t h e  low l e v e l  d i v e r g e n c e  

p r o f i l e  between 11-12 Sep t .  ( F i g .  23) .  Low-level r e l a t i v e  v o r t i c i t y  

i n c r e a s e d  from 11-12 Sep t .  a t  most r a d i i  (F ig .  24) .  A t  t h e  h i g h  

a n a l y s i s  l e v e l  t h e  d a t a  s u g g e s t  i n c r e a s e d  upper  l e v e l  convergence  a t  

r a d i i  - > 400 km (F ig .  25) and a  s l i g h t  d e c r e a s e  i n  r e l a t i v e  v o r t i c i t y  

a t  mst  r a d i i  (F ig .  26)from 11 SEP t o  12 SEP. 

4.3.3 R a d i a l  F luxes  

The low-level  a n a l y s e s  i n d i c a t e  i n c r e a s e d  inward t r a n s p o r t  of 

b o t h  a n g u l a r  momentum and k i n e t i c  ene rgy  a t  r a d i i  > 400 km from - 
11-12 Sept .  ( F i g s .  27 and 28, r e s p e c t i v e l y ) .  I n  bo th  c a s e s  t h e  

t r a n s p o r t s  app rox ima te ly  doubled .  S i g h - l e v e l  impor t  of a n g u l a r  
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F i g u r e  22 A s  in Fig .  2 1 ,  but  for  tangential winds. 















momentum and e x p o r t  of k i n e t i c  energy a t  r a d i i  > 400 km i n c r e a s e d  even - 
more d r a m a t i c a l l y  over t h e  same t ime i n t e r v a l  (Figs .  29 and 30, 

r e s p e c t i v e l y ) .  The combined upper and lower l e v e l  a n a l y s e s  sugges t  

t h a t  the  observed modest i n t e n s i f i c a t i o n  of the  core  was accompanied 

by a n e t  i n c r e a s e  i n  import  of angu la r  momentum. The s torm d i d  not  

con t inue  t o  i n t e n s i f y  a f t e r  1600 m T ,  12 Sept .  T h e r e f o r e ,  wi th  t h e  

l i m i t e d  t ime r e s o l u t i o n  of d a t a  a v a i l a b l e ,  i t  is not c l e a r  t h a t  

changes i n  t h e  momentum import o r  k i n e t i c  energy f l u x e s  preceded 

changes i n  s torm i n t e n s i t y  a s  has been observed i n  some o t h e r  

h u r r i c a n e s  (Rodgers and Gentry ,  1981). However, t h e  changes i n  upper 

l e v e l  r a d i a l  f l u x e s  of angu la r  momentum and k i n e t i c  energy were 

s u f f i c i e n t l y  l a r g e  t o  warrant  t h e i r  i n v e s t i g a t i o n  a s  parameters  f o r  

moni to r ing  t h e  core  i n t e n s i t y  us ing  remote sens ing .  







5. Summary and Conclusions 

The major o b j e c t i v e  of t h i s  r e s e a r c h  was t o  ana lyze  t h e  s t r u c t u r e  of a 

mature t r o p i c a l  cyclone over a domain wi th  a r a d i u s  of 800 km by i n v e s t i g a t i o n  

of d a t a  from s e v e r a l  sources .  The u l t i m a t e  g o a l  was t o  e v a l u a t e  p r o p e r t i e s  of 

t h e  h u r r i c a n e  c i r c u l a t i o n  a t  r a d i i  2 150 km which could be remotely sensed and 

used t o  monitor o r  f o r e c a s t  t h e  p r o p e r t i e s  of t h e  i n t e n s e  i n n e r  core .  The 

d a t a  were assembled and processed i n t o  f i e l d s  of wind v e c t o r s .  However, t h e  

l e v e l  of i n t e g r a t i o n  of d a t a  achieved i n  t h i s  s tudy  was r e l a t i v e l y  crude.  

R e s u l t s  i n d i c a t e d  t h a t  t h e  major problem was d e t e r m i n a t i o n  of a p p r o p r i a t e  

h e i g h t s  f o r  the  s a t e l l i t e  de r ived  winds. N e v e r t h e l e s s ,  by a s s i g n i n g  a l l  of 

t h e  low-level  s a t e l l i t e  winds t o  t h e  same l e v e l  a s  t h e  560 m a i r c r a f t  and 950 

mb rawinsonde winds,  r a d i a l  p r o f i l e s  of in f low l a y e r  p r o p e r t i e s  were analyzed 

t o  a f i r s t  approximation.  Assignment of a l l  h igh- leve l  s a t e l l i t e  winds t o  t h e  

l e v e l  of t h e  200 mb rawinsonde d a t a  y i e l d e d  s i m i l a r ,  though more t e n t a t i v e ,  

p r o f i l e s  f o r  t h e  ou t f low l a y e r .  

The o v e r a l l  p i c t u r e  of s torm s t r u c t u r e  which emerges i s  i n  good 

s u b j e c t i v e  agreement wi th  e a r l i e r  composite a n a l y s e s  such a s  Frank (1977a,b,  

1982)and HcBride (1981). The depths  of t h e  in f low and outf low l a y e r s  of t h i s  

i n d i v i d u a l  s torm a t  o u t e r  r a d i i  a r e  c l o s e  t o  those  of composites of hundreds 

of storms.  Within the  l i m i t a t i o n s  of t h e  a n a l y s i s ,  Hurr icane F r e d e r i c k  

e x h i b i t e d  s t r o n g  low l e v e l  convergence and v o r t i c i t y  only  i n s i d e  about 150-200 

k m  r a d i u s .  The s torm imported angu la r  momentum a t  t h e  lower l e v e l  and a t  

r a d i i  > 300 km a t  t h e  upper l e v e l .  K i n e t i c  energy was imported a t  t h e  lower - 
l e v e l  and expor ted  a l o f t .  These r e s u l t s  a r e  s u p p o r t i v e  of the  e a r l i e r  

composite s t u d i e s  and a r e  i n d i c a t i v e  t h a t  Hurr icane F r e d e r i c k  was a r a t h e r  

t y p i c a l  t r o p i c a l  storm. 

Changes i n  s to rm p r o p e r t i e s  from 11 Sept .  t o  12 Sept .  were examined t o  



f i n d  s to rm p r o p e r t i e s  which might be r e l a t e d  t o  the  i n t e n s i f i c a t i o n  of t h e  

core .  A t  low l e v e l s  t h e  most d ramat ic  change was t h e  i n c r e a s e  i n  t h e  

t a n g e n t i a l  wind a t  a l l  r a d i i .  The 10 ms' l  i n c r e a s e  i n  maximum winds i n  t h e  

c o r e  was accompanied by i n c r e a s e s  i n  V t  ave rag ing  2.3 ms-l over  t h e  300-800 km 

r a d i u s  a r e a  where many s a t e l l i t e  winds were o b t a i n a b l e .  A t  t h e  upper a n a l y s i s  

l e v e l  both t h e  r a d i a l  ou t f low and t h e  a n t i c y c l o n i c  r o t a t i o n  i n c r e a s e d  by 4-5 

ms'l between 300-800 km r a d i u s .  Desp i t e  t h e  obvious v a r i a t i o n s  i n  t h e  r a d i a l  

and t a n g e n t i a l  wind f i e l d s ,  changes i n  t h e  r a d i a l  p r o f i l e s  of d ive rgence  and 

v o r t i c i t y  were smal l .  However, t h e r e  were s u b s t a n t i a l  changes i n  r a d i a l  

f l u x e s  of angu la r  momentum and k i n e t i c  energy.  A t  low l e v e l s  the  magnitude of 

t h e  r a d i a l  import of each q u a n t i t y  between 300-800 km r a d i u s  doubled from 11 

Sept .  t o  12  Sept .  A t  t he  upper l e v e l  t h e  mmentam import  and k i n e t i c  energy 

e x p o r t  both appeared t o  i n c r e a s e  by m r e  t h a t  a  f a c t o r  of t h r e e  (averaged over  

t h e  same r a d i i  and t ime i n t e r v a l ) .  

Without a longer  t ime sequence of o b s e r v a t i o n s ,  i t  i s  not c l e a r  whether 

t h e  noted changes i n  s to rm s t r u c t u r e  have p r e d i c t i v e  va lue  a s  suggested by 

r e s u l t s  of Rodgers and Gentry (1981). However, the  a n a l y s e s  sugges t  t h a t  

remote moni tor ing of s torm i n t e n s i t y  us ing s a t e l l i t e - d e r i v e d  +rids a t  both 

upper and lower t r o p o s p h e r i c  l e v e l s  dese rves  f u r t h e r  e x p l o r a t i o n .  I n  

p a r t i c u l a r ,  changes i n  t h e  az imuthal ly-averaged t a n g e n t i a l  winds and i n  t h e  

r a d i a l  f l u x e s  of angu la r  monentum and k i n e t i c  energy appear  t o  be l a r g e  enough 

t o  be d e t e c t a b l e  from comparison of d a t a  between i n d i v i d u a l  o b s e r v a t i o n  

pe r iods .  It should  be remembered t h a t  t h e  c u r r e n t  d a t a  s e r i e s  was only  a  

s i n g l e  case  s t u d y  us ing  s p e c i a l  rapid-scan da ta .  A number of a d d i t i o n a l  case  

s t u d i e s  a r e  needed, and t h e  a b i l i t y  t o  a c q u i r e  adequate  wind d a t a  wi thou t  

rapid-scan imagery mst be eva lua ted .  

Research is  con t inu ing  i n  an e f f o r t  t o  overcome t h e  d a t a  matching 



problems of t h e  c u r r e n t  s tudy.  Through A c a r e f u l  s u b j e c t i v e  a n a l y s i s  of a l l  

a v a i l a b l e  d a t a ,  i n c l u d i n g  Powel l ' s  (1982) s u r f a c e  winds and s t e r e o  imagery,  

t h e  h e i g h t s  of t h e  low-level  s a t e l l i t e  winds a r e  being analyzed on a  

point-by-point  b a s i s .  It is a n t i c i p a t e d  t h a t  by r e s t r i c t i n g  t h e s e  d a t a  t o  

over-water measurements and by v e r t i c a l l y  i n t e r p o l a t i n g  each wind measurement 

t o  t h e  a n a l y s i s  l e v e l ,  s i g n i f i c a n t  improvements in the  a n a l y s i s  of the  s to rm 

i n f l o w  l a y e r  w i l l  be achieved.  
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Appendix A 

Core S t r u c t u r e  of Xurr icane F r e d e r i c k ,  from Frank (1983) 

a .  I n t r o d u c t i o n  

Frank (1983) analyzed t h e  core  of Hurr icane F r e d e r i c k  us ing  a i r c r a f t  d a t a  

from a  40 h  pe r iod  on 11-12 Sep 79. The d a t a  were combined wi th  t h e  in f low 

l a y e r  a n a l y s e s  of Powell (1982) r e s u l t i n g  i n  an a n a l y s i s  of t h e  mean wind and 

thermodynamic f i e l d s  from t h e  s u r f a c e  t o  t h e  1600 m l e v e l  and from t h e  c e n t e r  

t o  about 150 km r a d i u s .  Some examples of t h e  r e s u l t s  a r e  d i s c u s s e d  below. I n  

g e n e r a l ,  t h e  q u a l i t y  of the  composite wind f i e l d s  appears  t o  be q u i t e  good. 

P lan  view a n a l y s e s  of d ivergence and k inemat ica l ly -de te rmined  v e r t i c a l  

v e l o c i t y  agreed w e l l  wi th  independent measurements of cloud water  and r a d a r  

echo p a t t e r n s .  Asymmetries i n  t h e  f low were w e l l  r e so lved .  

I n  a d d i t i o n  t o  t h e  above,  Frank (1983) used t h e  wind f i e l d s  t o  perform 

p r e l i m i n a r y  budget a n a l y s e s  of s e n s i b l e  h e a t  and angu la r  momentum f o r  t h e  

subcloud l a y e r  ( s u r f a c e  t o  - 560 m). Angular momentum budgets were a l s o  

performed through t h e  e s t i m a t e d  depth  of the  in f low l a y e r  i n  t h e  core  a r e a s .  

The r e s u l t s  of t h e s e  a n a l y s e s  suggested t h a t  n e t  f l u x e s  of s e n s i b l e  h e a t  from 

t h e  sea  s u r f a c e  t o  t h e  a i r  y e r e  r e l a t i v e l y  smal l  i n  t h e  core  and t h a t  s u r f a c e  

d r a g  c o e f f i c i e n t s  d i d  not  appear t o  i n c r e a s e  wi th  i n c r e a s i n g  wind speed. Both 

of t h e s e  f i n d i n g s  a r e  i n  con£ l i c t  wi th  s e v e r a l  e a r l i e r  s t u d i e s ,  a l though 

Anthes and Chang (1978) hypothes ized t h a t  s u r f a c e  s e n s i b l e  hea t  f l u x e s  a r e  

g e n e r a l l y  small i n  h u r r i c a n e s .  Frank (1983) concluded t h a t  ref inement  of t h e  

a n a l y s e s  i s  needed i n c l u d i n g  a  more comprehensive i n t e g r a t i o n  of Powel l ' s  

(1982) d a t a ,  i n c o r p o r a t i o n  of Black 's  (1983) s e a  s u r f a c e  t empera tu res ,  and 

e x t e n s i o n  of t h e  domain t o  much l a r g e r  r a d i i  by i n c o r p o r a t i n g  t h e  a v a i l a b l e  

s a t e l l i t e  wind v e c t o r s  and rawinsonde d a t a .  





b. h i s y m m e t r i c  S t r u c t u r e  

Azimuthally-averaged r a d i a l  p r o f i l e s  of k i n e m a t i c a l l y  d e r i v e d  r a d i a l  

winds (Vr) , divergence (DIV) , v e r t i c a l  v e l o c i t y  (F) , cloud water  (JW) , 

t a n g e n t i a l  winds (Vt) ,  r e l a t i v e  v o r t i c i t y  (i), p r e s s u r e  ( p ) ,  p o t e n t i a l  

t empera tu re  ( 4 )  and s p e c i f i c  humidi ty  a r e  shown i n  Figs .  A1-A9, r e s p e c t i v e l y .  

Values a t  z = 560 m a r e  shows a s  s o l i d  l i n e s ,  whi le  z = 1600 m va lues  a r e  

dashed. 

The r a d i a l  in f low a t  560 m was almost  c o n s t a n t  w i t h  r a d i u s  from 60 km 

r a d i u s  outward (F ig .  Al). Inward of t h a t  r a d i u s  t h e  in f low dropped s h a r p l y ,  

and outf low was found inward of 30 km. A t  1600 m t h e  in f low a t  l a r g e r  r a d i i  

was weaker, and t h e  r a d i u s  of ze ro  in f low was about 70 km. The r e s u l t i n g  

d ive rgence  p r o f i l e s  f o r  t h e  two lower l a y e r s  a r e  shown i n  F i g .  A2. Maximum 

convergence a t  560 m occur red  a t  35 km r a d i u s ,  whi le  t h e  maximum a t  1600 m was 

n e a r  65 km. The lower l e v e l  peak was l o c a t e d  a t  t h e  r a d i u s  of maximum cloud 

w a t e r ,  whi le  t h e  s m a l l e r  peak a t  1600 m was near  t h e  o u t e r  edge of t h e  cloud 

wa te r  maximum. A t  o u t e r  r a d i i  d ive rgence  va lues  on t h e  o r d e r  of -5 x s-l 

were found a t  both l e v e l s .  

Upward v e r t i c a l  v e l o c i t i e s  were computed a t  a l l  r a d i i  g r e a t e r  than  about 

15-20 km a t  560 m and 1600 rn (F ig .  A3). There were s i g n i f i c a n t  upward 

anomal ies  between about 20-60 km r a d i u s  a t  560 m (maximum = 0.17 m s-l a t  35 

km) and between. 20-70 lm a t  1600 m (inaximum = 0.32 m s-l a t  35 km) 

corresponding t o  t h e  eyewal l  cloud.  Subsidence was i n d i c a t e d  i n  t h e  eye a t  

both  l e v e l s ,  a l though va lues  a t  smal l  r a d i i  must be viewed w i t h  c a u t i o n  done 

t o  t h e  l a r g e  e f f e c t s  of s torm p o s i t i o n i n g  e r r o r s  on Vr. Upward motions were 

s t r o n g e r  a t  1600 m than  a t  560 m a t  a l l  r a d i i  outward of 25 km. 

The p r o f i l e s  of cloud water  (JW, Fig.  A 4 )  were i n  c l o s e  agreement wi th  



t h e  v e r t i c a l  motion p r o f i l e s .  S t rong  maxima a t  560 m and 1600 m were found 

between about 20-60 km. Since t h e  Johnson-Williams measurements i n d i c a t e  

p r i m a r i l y  a c t i v e  c loud ( r a t h e r  than r a i n f a l l ) ,  t he  c l o s e  agreement between 

v e r t i c a l  v e l o c i t y  and c loud water  was expected.  

T a n g e n t i a l  winds showed r e l a t i v e l y  b l u n t  peaks a t  about 35-45 km r a d i u s  

(F ig .  U). There was some s u g g e s t i o n  of a  s l i g h t l y  g r e a t e r  r a d i u s  of maximum 

winds (RMW) a t  1600 m. T o t a l  wind speeds  were about 1 m s-I g r e a t e r  than  t h e  

t a n g e n t i a l  winds a t  most r a d i i  and a r e  not shown s e p a r a t e l y .  Wind speeds a t  

1600 m were s t r o n g e r  than  560 m winds a t  a l l  r a d i i .  

R e l a t i v e  v o r t i c i t y  p r o f i l e s  computed from V t  showed n e a r l y  c o n s t a n t  

v a l u e s  of about 1-2 x  10'~ s-l a t  r a d i i  g r e a t e r  than  60 km (Fig .  46).  Values 

i n c r e a s e d  r a p i d l y  w i t h  d e c r e a s i n g  r a d i u s ,  r each ing  maxima of 29 x  10'~ s-l 

n e a r  25 km r a d i u s  a t  both  l e v e l s .  A t  1600 m t h e  v o r t i c i t y  remained n e a r l y  

c o n s t a n t  a t  r a d i i  l e s s  than  25 km, whi le  a t  560 m 5 decreased t o  19 x  s - l  

a t  5  km r a d i u s .  

The mean p r e s s u r e  p r o f i l e  ( c o r r e c t e d  t o  t h e  560 m l e v e l )  i s  shown i n  Fig .  

A 7 .  A t  both 560 m and 1600 n (no t  shown) t h e  maximum g r a d i e n t s  were found 

between 25-35 km, s l i g h t l y  i n s i d e  t h e  r a d i i  of maximun winds. The p r e s s u r e  

drop from 135 km r a d i u s  t o  5  km r a d i u s  was 34 mb a t  560 m. 

R a d i a l  p r o f i l e s  of p o t e n t i a l  temperature  showed g r a d u a l l y  i n c r e a s i n g  '3 

v a l u e s  wi th  dec reas ing  r a d i u s  a t  both  560 m and 1600 m (F ig .  A 8 ) .  A t  t h e  

lower l e v e l  the  g r a d i e n t  &came s t r o n g e r  inward of 50 km r a d i u s ,  and va lues  

were maximum near  t h e  c e n t e r .  A t  1600 m t h e  s t r o n g e s t  g r a d i e n t  was between 

15-60 km. 

S p e c i f i c  humidity i n c r e a s e d  m n o t o n i c a l l y  w i t h  dec reas ing  r a d i u s  

F ig .  A 9 ) .  



c. Height of t h e  Inf low Layer 

The dep th  of t h e  h u r r i c a n e  i n f l o w  l a y e r  has  been d i f f i c u l t  t o  a s c e r t a i n  

i n  t h e  core  r e g i o n  due t o  d i f f i c u l t i e s  i n  o b t a i n i n g  r e p r e s e n t a t i v e  r a d i a l  wind 

v a l u e s  a t  m u l t i p l e  l e v e l s .  F ig .  A10 shows a  v e r t i c a l  c r o s s - s e c t i o n  a n a l y s i s  

of the  r a d i a l  winds based on d a t a  from t h e  s u r f a c e ,  560 m and 1600 m. The Vr 

= 0  contour  a t  r a d i i  outward of 65 km was ob ta ined  from l i n e a r  e x t r a p o l a t i o n ,  

and t h e  ze ro  contour  l i n e  shown is based on e x a c t  l i n e a r  i n t e r p o l a t i o n /  

e x t r a p o l a t i o n  fol lowed by 1-2-1 r a d i a l  smoothing. (Other  contours  were 

s u b j e c t i v e l y  analyzed) .  A s  expec ted ,  in f low a s  maximum n e a r  t h e  s u r f a c e .  

From 95-135 km r a d i u s  t h e  top  of the  i n f l o w  l a y e r  was n e a r l y  c o n s t a n t  a t  

approximate ly  z = 2.2 km. I n t e r e s t i n g l y ,  t h i s  i s  n e a r l y  t h e  same h e i g h t  a s  

was found a t  r = 222 !un i n  t h e  mean W. P a c i f i c  typhoon composites of Frank 

(1977a) and a t  about r = 7' r a d i u s  f o r  Hurr icane F r e d e r i c k  (Fig .  6 ,  t h i s  r e p o r t ) .  

The top  of t h e  in f low l a y e r  decreased almost  l i n e a r l y  w i t h  d e c r e a s i n g  

r a d i u s  inward of 95 km. It must be remembered t h a t  s u r f a c e  d a t a  i n  t h e  eye /  

eyewal l  region were very l i m i t e d .  It is a l s o  worth n o t i n g  t h a t  t h e  in f low was 

q u i t e  asymmetrical  so  t h a t  t h e  concept of a  top  of t h e  in f low l a y e r  i s  only  

s t r i c t l y  a p p l i c a b l e  t o  axisymmetr ic  a n a l y s e s .  

d.  The Asymmetric Storm 

P lan  view a n a l y s e s  of parameters  were prepared a t  t h e  s u r f a c e ,  560 m and 

1600 m l e v e l s  t o  examine asymmetric p r o p e r t i e s  of Hurr icane Freder ick .  Some 

of t h e  r e s u l t s  a r e  p resen ted  i n  Figs .  All-A21. Wind d a t a  a r e  p resen ted  i n  

s t a t i o n a r y  c o o r d i n a t e s  u n l e s s  noted a s  " r e l a t i v e "  (which i n d i c a t e s  t h a t  t h e  

mean s torm motion v e c t o r  has  been s u b t r a c t e d  from a l l  winds).  Some d a t a  were 

s u b j e c t e d  t o  a  1-2-1 r a d i a l  smoothing p r i o r  t o  the  s u b j e c t i v e  a n a l y s i s ,  and 

t h e s e  cases  a r e  noted a s  r a d i a l l y  smoothed i n  t h e  t e x t  o r  f i g u r e  c a p t i o n s .  

Sur face  wind speeds (Fig .  A l l )  were s t r o n g e s t  ahead and t o  t h e  r i g h t  of 



t h e  s to rm ' s  t r a c k  ( l o o k i n g  downstream). A t  560 m (F ig .  Al2) t h e  p a t t e r n  was 

s i m i l a r  wi th  maximun winds g r e a t e r  than  56 rn s'l found a t  35 km r a d i u s .  When 

t h e  s t o r m ' s  motion was s u b t r a c t e d ,  t h e  winds were n e a r l y  symmetrical  t o  t h e  

l e f t  and r i g h t  of the  t r a c k  (not  shown). However, a  f r o n t  t o  back asymmetry 

remained wi th  winds ahead of t h e  s torm a t  the  RW exceeding t h o s e  behind t h e  

s to rm by about 12  m s'l. The p a t t e r n  i s  i n  good q u a l i t a t i v e  agreement wi th  

t h e  s u r f a c e  winds i n  S h a p i r o ' s  (1983) a n a l y s i s  of F r e d e r i c k  based on Powel l ' s  

(1982) d a t a .  

The s u r f a c e  r a d i a l  wind a n a l y s i s  r e l a t i v e  t o  t h e  moving s torm (Fig .  iU3) 

shows t h a t  in f low was concen t ra ted  h e a v i l y  i n  t h e  n o r t h  and n o r t h e a s t  p o r t i o n s  

of the  s to rm,  whi le  weak ou t f low occur red  t o  t h e  southwest .  Rad ia l  in f low of 

g r e a t e r  than 15  m s'l extended inward t o  w i t h i n  65 km r a d i u s  on t h e  n o r t h  

s i d e .  A t  560 m t h e  r e l a t i v e  r a d i a l  winds d i s p l a y e d  a  s i m i l a r  p a t t e r n  (Fig .  

A14) except  t h a t  the  ou t f low r e g i o n  on t h e  southwest  s i d e  was s t r o n g e r  

(maxiaum > 6 m s'l) and more e x t e n s i v e .  A t  1600 m (no t  shown) t h e  n o r t h e a s t  

quadrant  in f low and southwest  quadrant  ou t f low were of approximate ly  e q u a l  

magnitude (about ? 10  m s'l). Desp i t e  s i g n i f i c a n t  changes i n  the  mean in f low 

w i t h  h e i g h t  from the  s u r f a c e  t o  1600 m, t h e  asymmetries i n  t h e  r a d i a l  wind 

f i e l d s  were comparable a t  a l l  t h r e e  l e v e l s .  It is i n t e r e s t i n g  t h a t  a l l  t h r e e  

l e v e l s  showed ou t f low i n  t h e  southwest  quadrant  a t  a l l  r a d i i ,  i n c l u d i n g  t h e  

r a d i u s  of maximun winds and t h e  mean eyewal l  cloud r a d i u s .  

Sur face  in f low ang les  ( ao  - Fig.  Al5) a r e  shown i n  s t a t i o n a r y  

c o o r d i n a t e s .  The ang les  were h i g h l y  asymmetr ica l  wi th  va lues  of 40'-50' i n  

t h e  r i g h t  r e a r  quadrant  and weak ou t f low on t h e  l e f t  s i d e  of t h e  storm. The 

v e e r i n g  ang les  between t h e  s u r f a c e  (based on Powel l ' s  d a t a )  and 560 m (based 

s o l e l y  on a i r c r a f t  d a t a )  a r e  shown i n  Fig.  X16. S t rong  vee r ing  was observed 

i n  the  soutwest  quadrant  ( r i g h t  r e a r )  wi th  s u r f a c e  in f low ang les  exceeding 



i n f l o w  a t  560 m by a s  much a s  40". Elsewhere t h e  vee r ing  ang les  were on t h e  

o r d e r  of 10' w i t h  some weak backing observed i n  t h e  southwest  quadrant  a t  

r a d i i  g r e a t e r  than  100 km. 

R e l a t i v e  v o r t i c i t y  a t  560 m (F ig .  Al7, r a d i a l l y  smoothed) was n e a r l y  

symmetr ica l  w i t h  maximum va lues  exceeding 25 x 10'~ s-l. A t  560 m a  band of 

convergence wi th  magnitudes g r e a t e r  than 2 x 10'~ s-l was found between about 

25-65 km r a d i u s  and ex tend ing  from t h e  s o u t h e a s t  quadrant  c y c l o n i c a l l y  through 

t h e  west quadrant  (Fig .  AJ.8). A secondary maximum of convergence was found 

n o r t h  and n o r t h e a s t  of t h e  c e n t e r  a t  about 100-130 km r a d i u s .  Divergence was 

found i n  t h e  eye ex tend ing  outward through t h e  mean eyewal l  r a d i u s  on t h e  

s o u t h  and southwest  s i d e s .  These divergence p a t t e r n s  were i n  s u b j e c t i v e  

agreement wi th  r a d a r  echo composites.  Regions of convergence corresponded 

roughly  t o  r eg ions  of h igh r a i n f a l l ,  a l though  t h e  ra inband near  100 km r a d i u s  

on t h e  n o r t h e a s t  s i d e  was not  d i s t i n c t  i n  t h e  r a d a r  composites.  

Upward v e r t i c a l  v e l o c i t y  a t  560 m (Fig .  Al9) was concen t ra ted  i n  a  band 

ex tend ing  from t h e  s o u t h e a s t  c y c l o n i c a l l y  t o  t h e  west .  Xaximun v a l u e s  

exceeded 0.3 m s'l ( e a s t  s i d e ,  35 km r a d i u s ) .  A weaker band occurred a t  about 

100 km r a d i u s  t o  t h e  n o r t h  and n o r t h e a s t .  Subsidence occurred t o  t h e  

nor thwes t  and west a t  o u t e r  r a d i i .  S t rong  subsidence was found i n  t h e  eye 

ex tend ing  outward t o  about 40 km r a d i u s  i n  t h e  southwest  quadran t .  Agreement 

between t h e  k inemat ic  v e r t i c a l  v e l o c i t i e s  and t h e  r a d a r  echo composites was 

good. 

Cloud water  a t  560 m (Fig .  A20) conf i rms t h e  k inemat ic  v e r t i c a l  v e l o c i t y  

p a t t e r n s  i n  t h e  eyewal l  r e g i o n ,  s i n c e  t h e  presence of cloud ( a s  opposed t o  

r a i n )  water  i n d i c a t e s  r eg ions  of a c t i v e  convect ion.  There was an i n d i c a t i o n  

of a  weak cloud water  maximum i n  t h e  n o r t h e a s t  quadrant  nea r  100 km r a d i u s ,  

t h e  approximate l o c a t i o n  of t h e  o u t e r  v e r t i c a l  v e l o c i t y  band. 



Fig.  A21 shows t h e  pe rcen tages  of t h e  1 s i n t e r v a l  o b s e r v a t i o n s  a t  which 

l i q u i d  water  was d e t e c t e d  a t  560 m. Th i s  may be i n t e r p r e t e d  a s  a  rough 

i n d i c a t o r  of t h e  f r a c t i o n  of the  t o t a l  a r e a  covered by a c t i v e  c louds  ( i . e . ,  

c louds  w i t h  s i g n i f i c a n t  condensat ion o c c u r r i n g ) .  The p a t t e r n  i n  the  

eyewall-RMW reg ion  was s i m i l a r  t o  t h a t  of t h e  t o t a l  l i q u i d  water  amount. 

Values of 100% occur red  35-45 km n o r t h  and n o r t h e a s t  of the  c e n t e r ,  whi le  l e s s  

than  20% of the  samples southwest  of the  c e n t e r  measured cloud wa te r .  Values 

of 20-40% occur red  over most of t h e  g r i d ,  and ze ro  va lues  were found nea r  t h e  

n o r t h e a s t  and southwest  edges.  





















7 RADIAL WINDS 
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Figure U O .  Vertical  cross-section o f  t h e  mean radial wind (rn s - I ) .  The 
zero contour (vertically interpolated, then radial ly  smooched) 
corresponds t o  t h e  top o f  t h e  inflow layer. Ocher contours 
were drawn subject ively .  Also shown is t h e  VR = 0 l e v e l  a t  
R = 2' (222 b) from Frank's (1977b) compostte analys is  o f  
typhoons. 
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~ipure A l l  Surface wind speeds (Po - m s - I )  i n  s t a t i o n a r y  coord ina te s  
based on corrections to 560 m vfnde suggested b y  P o v e l l  
(1982 and persoaal c o u u n i c a t i o n ) .  The g r i d  t i c  m r k s  
are  a t  10 bn radial . . intervals - .  from 5-145 km rad ius .  The 



Figure '~12. . Wind apeedo a t  560 rn i n  s tat ionary coordinates (m s-'1. 



VR (relative) 

Figure U 3 .  M i a 1  w i n d s  (VR - m 9-l) at the surface in storm-relative 
coordinates. 
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I Figure AL4. As in Fig. A 13 but  at z = 560 m. 
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I Figure f i 5 .  Surface in f low a n g l e s  (degrees - p o s i t i v e  f o r  inf low)  
in s t a t i o n a r y  coordinates .  

I 



Figure ~ l 6 .  Inflov veering (surface i n f low a n g l e  minus t h e  i n f low 
angle a t  z = 560 m) i n  s t a t i o n a r y  coordinates. 
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I Figure A17. Relative vorticfty a t  560 UI (x s-I), radially 
s~oothed.  



DIVERGENCE 
560 m 

Figure Al8. Divergence at 560 m (x loo4 =-I). Radially smoothed. 



Figure d9. Vertical ve loc i ty  at 560 n (m 9") 



CLOUD WATER 
560m 

Figure X20. Cloud water at 560 m (g m-3). 



CLOUD COVER 1 560 rn 

Figure A21, Percentage of 1 s observat ions  during which c loud 
vater vao d e t e c t e d .  




