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ABSTRACT 

This study investigates the genesis of tropical cyclones through a 
combination of the compositing approach and the case study approach. 
Twelve composite data sets are analyzed from the tropical Northwest 
Pacific and tropical Northwest Atlantic Oceans. Each data set is a 
composite average of approximately 80 individual disturbances. Four 
different types of non-developing oceanic tropical disturbances are 
composited. They are compared with pre-hurricane and pre-typhoon dis- 
turbances in each ocean composited at four different stages of intensi- 
fication. In total 912 different tropical weather systems go iqto the 
composites and approximately 40,000 rawinsonde observations are used. 

The main findings from the analysis of the composite fields are: 
(i) pre-typhoon and pre-hurricane systems are located in large areas of 
high values of low level relative vorticity. The low level vorticity in 
the vicinity of a developing cloud cluster is approximately twice as 
large as that observed with non-developing cloud clusters. (ii) Mean 
divergence and vertical motion for the typical Western Atlantic weather 
system are well below the magnitudes found in pre-tropical storm sys- 
tems. (iii) Once a system has sufficient divergence to maintain 100 mb 
or more per day upward vertical motion over a 4' radius area, there 
appears to be little relationship between the amount of upward vertical 
velocity and the potential of the system for development. (iv) Cyclone 
genesis takes place under conditions of zero vertical wind shear near 
the system center. (v) There is a requirement for large positive zonal 
shear to the north and negative zonal shear close to the south of a 
developing system. There is also a requirement for southerly shear to 
the west and northerly shear to the east. The scale of this shear pat- 
tern is over a 10' latitude radius circle with maximum amplitude at 
approximately 6' radius. (vi) The large scale flow, therefore, rather 
than the properties of the system itself, appears to be the main differ- 
entiating factor for cyclone genesis. 

These six findings can be synthesized into one parameter for the 
potential of a system for development into a hurricane or typhoon: 
Genesis Potential (GP) = Q00mb-<20hbr when applied over 0-6O radius. 
GP is three times greater for developing tropical weather systems than 
for non-developing systems. 

I 
130 individual weather systems in the Pacific and Atlantic are 

examined and it is shown that the composite characteristics are always 
present in the individual situations. In the Atlantic, with the data 
presently available, it is found that the use of the shear or vorticity 
criterion would correctly predict the development of 13 out of 16 tropi- 
cal cyclones. It provides correct predictions for 61 out of 63 non- 
developing tropical weather systems. 

Vertically integrated budgets of heat, momentum and kinetic energy 
are performed on the composite data sets and physical hypotheses are 
made on the mechanisms of tropical cyclone genesis and development. 





A theory of t r o p i c a l  cyclone genesis  is  proposed such t h a t  t h e  
required tropospheric warming is  a r e s u l t  of an adjustment of the  pre- 
storm disturbance 's  mass f i e l d  t o  the wind f i e l d .  The cloud influence 
on cyclone genesis  i s  not  i n  proportion t o  the  condensation energy 
re leased by the  system but  r a the r  t o  the  a b i l i t y  of the  clouds t o  generate 
supergradient winds a t  lower and upper l eve l s .  A discussion of the  l i k e l y  
physical  processes involved with t r o p i c a l  cyclone genesis  is  presented. 
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1. INTRODUCTION 

This study inves t iga tes  t h e  development of t r o p i c a l  storms. The 

approach is  observational .  Two t r o p i c a l  regions,  t h e  Northwest P a c i f i c  

and the  Northwest At lan t i c  Oceans, have been se lec ted  f o r  study. Com- 

p o s i t e  datla s e t s  have been made up i n  each region representing weather 

I 
systems which l a t e r  i n t e n s i f y  i n t o  t r o p i c a l  storms, weather systems 

which do not i n t e n s i f y  and t r o p i c a l  cyclones a t  various d i f f e r e n t  s tages  

of development. The dynamic and physical  f i e l d s  around each of these  

da ta  sets a r e  analyzed so t h a t  the  fea tu res  important f o r  storm develop- 

ment can de dist inguished.  

An extensive ana lys i s  i s  then performed on 130 separa te  t r o p i c a l  

weather systems t o  show t h a t  these d is t inguishing fea tu res  a r e  present  

i n  the  individual  s i t u a t i o n s .  Budget analyses a r e  ca r r i ed  out  on t h e  

composite data  s e t s  and some physical  hypotheses a r e  made on the  mech- 

anisms of t r o p i c a l  cyclone genesis and i n t e n s i t y  change. 

1.1 The dompositing philosophy 

The chimatological requirements f o r  the  presence of t r o p i c a l  

cyclones have been w e l l  documented by Gray (1968, 1975, 1979). Charney 
l 

and E l i a s  en (1964) and Ooyama (1964) formulated the  CISK theory which 9 many claim explains the  growth of a t r o p i c a l  storm once the  i n i t i a l  deep 

tropospheric vortex development has occurred. 

A t  present ,  however, the re  e x i s t s  no theory a t  a l l  f o r  how the  

i n i t i a l  development of a t r o p i c a l  cyclone from i ts  precursor cloud 

c l u s t e r  takes place. The s t a r t i n g  point  before  such a theory can be 

formulated is a descr ip t ion of the  phenomenon t o  be  explained. Some 
I 

i n i t i a l  s(eps i n  t h i s  d i r e c t i o n  have been taken by Riehl  (1948), F e t t  
I 



(1968), Lopez (1968) and Yanai (1961, 1968). These studies were all 

case studies of individual instances of cyclone formation. They have 

provided much useful information on the structure of the incipient dis- 

I 
turbance and on the changes that take place as cyclone development 

begins. There are two factors, however, which severely limit the use- 

fulness of the case study approach as an observational basis for the 

formation of a theory for tropical cyclone genesis. I 
Firstly, tropical cyclones always form over the warm trapical 

oceans where traditional data sources are sparse. It is simjly not 

possible to obtain enough rawinsonde data or surface observations around 

any individual storm or cloud cluster at one time period to permit 

quantitative analyses of structure, dynamics or energetics. 

Secondly, there is a diversity of tropical disturbances. Tropical 

storms form under various atmospheric conditions; for example, from 

ITCZ disturbances, from cloud clusters in the deep trade winds, from 

easterly waves or from the cloudiness associated with a stagnant mid- 

latitude cold front. Using the case study approach, this variability 

makes it difficult to distinguish which features are the important ones 

that lead to storm development. I 
The current study uses the complementary approach of compositing 

data. Large amounts of rawinsonde data at many different time periods 

around many weather systems are averaged together to yield a 'composite' 

weather sys tem. 

All systems which later develop into tropical cyclones are averaged 

to yield a composite 'pre-typhoon disturbance'. This system is compared 

with the average of all the systems which do not develop, i.e. with the 
I 

composite 'non-developing disturbance'. 

I 



The f . i r s t  d i f f i c u l t y  mentioned above is  overcome by t h e  use of 

many years of data  f o r  many d i f f e r e n t  storms, so t h a t  the  data densi ty  

becomes g rea t  around the  composite system. The second d i f f i c u l t y  a l s o  

is  overcomp a s  the  averaging process smears out  the  d i v e r s i t y  between 
I 

d i f f e r e n t  ystems and enhances the  fea tu res  i~ common. I n  the  case of 

cloud c l u s  L ers which l a t e r  develop i n t o  typhoons o r  hurricanes,  t h e  

i s o l a t i o n  f these  common fea tu res  i s  t h e  key t o  the  understanding of D 
how and whb, t r o p i c a l  storms develop. 

Invesft igat ions on the  a p p l i c a b i l i t y  of the  cornpositing approach t o  

the  stud\ _ f  t r o p i c a l  cyclone genesis  have been performed by Gray (1968), 

Zehr (19; and S. Erickson (1977). These s tud ies  l a i d  most of the  frame- 

e current  study and a r e  the  source of development f o r  many 

presented l a t e r .  

1.2 Cornpositing technique 

This study uses t en  years  (1961-1970) of Northwest P a c i f i c  rawin- 

sonde da ta  from t h e  s t a t i o n s  shown i n  Fig. 1. Fourteen years (1961- 

1974) of Northwest At lan t i c  rawinsonde da ta  a r e  used from t h e  s t a t i o n s  

shown i n  ig .  2. Twice d a i l y  observations (00 and 12 GMT) a r e  u t i l i z e d .  9 0 
CompuJiting is  performed on a 15 l a t i t u d e  radius  c y l i n d r i c a l  g r i d  

with 1 ~ e r t i c a l  l e v e l s  extending from sea  l e v e l  t o  50 mb. The g r i d  

is  posi t ianed with t h e  disturbance a t  g r i d  center  of the  lowest l eve l .  

Whenever 1 v a i l a b l e  rawinsonde soundings f a l l  on the  g r i d  a t  a given 

t i m e  period f o r  a given disturbance,  each sounding i s  located r e l a t i v e  

t o  the  st drm center  i n  c y l i n d r i c a l  coordinates using plane geometry. 

ca r rec t iods  i n  the  r e l a t i v e  pos i t ions  of the  balloon and storm center  

a r e  made o r  each sounding a t  each l e v e l  based on observed winds and 



:' . ' . "  

Fig. 1. Northwest Pacific rawinsonde data network. 

motions and an assumed balloon ascent rate. It is also ass UL ed that all 
balloons were released 30 minutes before the nominated observation time. 

The cylindrical grid consists of eight octants of 45' azimuthal 

0 
extent and eleven overlapping radial bands extending from 0-k, 1-2 , 

0 0 0 0 0 0 1-3 , 2-4 , 3-5 , 4-6 , 5-7 , 7-go, 9-11 , 11-13' and 13-15 The grid 
o I 

is aligned geographically. After all parameters have been either mea- 

sured or computed for each sounding, the value of each parameter is 

assigned to a point at the center of the grid box in which t I e sounding 
I 

falls. All soundings falling in that grid space for the par 

type of disturbance being analyzed are cornposited. An example of the 

distribution of rawinsonde observations is shown in Fig. 3. The figure 

shows the number of soundings in each grid box for the eight non- 

0 0 0 0 
overlapping radial bands: 0-1 , 1-3 , 3-5', 5-7 , 7-9 , 9-1 , 11-13' 

and 13-15'. ji 
Within each direction or octant, a parameter value described as 

being at 2' radius is actually the composite average of all Soundings 



I 
Fig. 2. Northwest Atlantic rawinsonde data network. Only island and 

coastal stations were used in this study. 

falling between lo latitude distance and 3' latitude distance from the 

0 
system center. Similarly, the average between 2 and 4' is described 

0 as being at 3 , and so on. 
I 

In d n y  of the analyses that follow mean values of parameters at 
- 

a given radius are given. For example, T at 3' is the average of the 

0 0 eight octant composites of temperature between 2 and 4 . Vorticity 



and divergence a r e  ca lcula ted  by l i n e  i n t e g r a l  methods. Rela t ive  vor- 
I 

Fig. 3. Cylindr ica l  g r i d  used t o  composite da ta  and the  numFer of 
rawinsonde observations included i n  t h e  g r i d  areas  f o r  a p a r t i -  

tic'ity averaged over t h e  0-4O radius  c i r c l e  is  given by: 

r ~ . - . ,  

- - < .  

&-40 - - 2 AREA \ VT d!t 

. cular  data  set. (This example is  f o r  the  P a c i f i c  D pretyphoon 
cloud c l u s t e r . )  The g r i d  was centered on the  d i s t u  bance. 
Octant 1 was or iented  t o  the  north. 

I 
l 



0 
2 q  at 4 radius - - 

4' latitude 
Y 

where V is the tangential component of the wind in cylindrical coor- 
T 

dinates. similarly, divergence is given by 2VR/~ where VR is the radial 

component of the wind. 

All o,f the rawinsonde data used in the study are taken from daily 

Northern demisphere Data Tabulation (NHDT) tapes from the Asheville 
- 1 . :  

records c$nter and the National Center for Atmospheric Research (NCAR) 

and from Japanese'and East Asian upper air soundings. The latter sound- 

ings were card punched by the U.S. Navy Environmental Prediction Research 

Facility, Monterey, CA for the Colorado State University tropical cy- 

clone resdarch project of W. M. Gray, of which the author is a member. 

1.3 Data sets 

The typical tropical oceanic weather system is the cloud cluster. 

This is a westward travelling weather system consisting of a loosely 

organi' collection of deep convective clouds and covered in the upper 

levels by a thick cirrus shield. The horizontal scale of the cloud 

cluste approximately 500-800 km; and it has a lifetime on the order 

of 1 to 3 days. The structure and mean properties of cloud clusters 
I 

have been documented by Williams and Gray (1973), Ruprecht and Gray 

76b), Martin and Suomi (1972) and S. Erickson (1977). 

Man: housand cloud clusters exist over the tropical oceans every 
* '  . , , .a - 

year. Of these a very small percentage intensify and become tropical 

storms. qhe different stages of development typically follow one 

another ad cloud cluster to tropical depression to tropical storm to 
_: . /  I , - ,, 

typhoon/hurricane. Tab'le 1 defines these classes. 
I 



Defini t ions  of c lasses  of t r o p i c a l  oceanic weather systems. 

Class Def in i t ion  

Cloud c l u s t e r  This is t h e  t y p i c a l  t r o p i c a l  ocean14~weather 
., 9 : .  . system. It cons i s t s  of a loosely organized 

co l l ec t ion  of deep convective clouds 1 covered 
i n  the  upper l e v e l s  by a th ick  c i r r u  shie ld .  f. The hor izonta l  s c a l e  of the  cloud c l u s t e r  is 

1 '  , .. ' I' i approximately 500-800 km; and i t  h a s  a l i f e -  
t i m e  on the  order of 1 t o  3 days. 

The t r o p i c a l  depression This is  defined a s  a weak t r o p i c a l  c clone with 
a d e f i n i t e  closed surface  c i r c u l a t i o  , one o r  . t 
more closed surface  i sobzrs ,  and highes t  sns- 

% 1 1  *ir ? tained wind speeds (average over one minute 
or  longer period) of less than 34 knots (17.5 

, 8 , s. ' I.. 2 j r r 3  r ,  * ?f i  \ mls). cs. I I I , 

A t r o p i c a l  storm ..,, , -  ,, . This is  a t r o p i c a l  cyclone with closed isobars  
and highest  sustained wind speeds of 34 t o  63 

. , I , - , , knots inclygive . 
I 
I 

The typhoon/hurricane This is  a t r o p i c a l  cyclone with h ighes t  sus- 
tained winds 64 knots o r  more. The bnited 
S ta tes  Meteorological Service c a l l s  Lyclones of 
t h i s  i n t e n s i t y  typhoons when they a r b  west of 
180' and hurricanes e a s t  of 180' lonb i  tude . 

I 

In  t h i s  study cyclone genesis  is  inves t igated  using d a t a  from the  

Northwest P a c i f i c  Ocean and from the  Northwest At lan t i c  ocean a s  shown 

I 
i n  Figs. 1 and 2. Various composite data sets have been made up i n  

each ocean. Prominent t r o p i c a l  cloud c l u s t e r s  or  depressionsl which 

l a t e r  develop i n t o  hurricanes o r  typhoons a r e  l abe l l ed  D.  Svstems which 

do not  develop a r e  l abe l l ed  N. In  each ocean the  developj 

{ I  l'q . . I -  ' ', , ' . - .', 9 , a*f J j  .d., 11 ' 

have been placed i n  a heirarchy of s t ages  of i n t e n s i f i c a t i o n  

D l  being the  weakest system and D4 the  f u l l y  developed h u r r i c  ne o r  b 
w .  , , 

typhoon. 

The names of a l l  composite systems analyze1 .n t h i s  SLUUV a r e  a s  

follows : 



I % S \  m * :-. ,. PACIFIC DATA SETS 

-developing , .. q r 8 . . . A  -I >.h Developing 

I .  . _  
,\? ' : . D l  Ear ly  pretyphoon cloud c l u s t e r  

D2 Pretyphoon cloud c l u s t e r  

,"> ., ,: 
D3 I n t e n s i f y i n g  cyclone 

I t 

D4 Typhoon 

. , ' .  ) . .  .,>. 

-ATLANTIC DATA SETS" 

Developing 

N 1  Cloud c l u s t e r  D l  Prehurr icane  cloud c l u s t e r  
N2 Wave t rough c l u s t e r  D2 Prehurr icane  depress ion  
N3 Non-developing depress ion  D3 I n t e n s i f y i n g  cyclone 

D4 Hurricane 

Following is  a more d e t a i l e d  d e s c r i p t i o n  of each d a t a  set. 

1 I '  
PACIFIC DATA SETS 

N 1  - P a c i f i c  cloud c l u s t e r :  summertime Western P a c i f i c  cloud 
I . . . -  i 

I. c l u s t e r s .  P s i t i o n s  were obta ined  from ESSA s a t e l l i t e  p i c t u r e s .  This  

d a t a  s e t  was composited bybrZek~  (1976) and is  . .  'S tage _ I  00' of h i s  s tudy.  

The est imated maximum sus t a ined  wind (Vmax) f o r  t hese  systems i s  10 m / s  

0 0 
o r  less. 1f mean l a t i t u d e  of t h e  system i s  11 N; longi tude  i s  141 E. 

D l  - Eqrly pretyphoon cloud c l u s t e r :  cloud c l u s t e r s  which l a t e r  

develop in to )  typhoons. P o s i t i o n s  were obtained from DMSP s a t e l l i t e  

p i c t u r e s  by S. Erickson (1977). P o s i t i o n s  f o r  each system go back a s  f a r  

as de t ec t ab lk  by s a t e l l i t e  t r a c i n g  of t h e  system's cloud p a t t e r n s .  

This  i s  a s ~ l l  d a t a  sample compared t o  every o t h e r  composite. It was 

included i n  t h e  s tudy  because of t h e  very  accu ra t e  pos i t i on ing  of t h e  

because i t  r e p r e s e n t s  t h e  very  e a r l i e s t  s t a g e  of t he  , ! 

storm's  ex id tence ,  2 t o  3 days p r i o r  t o  t h e  beginning of t h e  - J o i n t  

p p h o o n  - Warning Center - (JTWC), o f f i c i a l  b e s t  t r a c k  record  f o r  t h e  storm. 

L a t i t u d e  is  l l O N ;  longi tude  146'~. Vmax Q 10 m / s .  



I 
I 

I 
I 

i 

D 2  - P a c i f i c  pretyphoon cloud c lus te r :  Posi t ions  were obtained 

from ESSA s a t e l l i t e  p ic tu res  and by ext rapola t ion from JTWC lbest  t racks.  

This data  set is  'Stage 2' of Zehr (1976). It cons i s t s  of &hat por t ion  

of each storm's t r ack  p r i o r  t o  one day before the  f i r s t  reconnaissance 

I 
a i r c r a f t  observation. Lati tude,  i,s >o'N; longitude 153'~. lmax 

' . Q 10 m / s  

or  l e s s .  

D3 - P a c i f i c  in tens i fy ing  cyclone: Tracks f o r  these pxetyphoon 

disturbances were obtained from s a t e l l i t e  p ic tu res  and JTWC bes t  t racks .  

This data s e t  is  Zehr's 'Stage 4'. It cons i s t s  of the  sec t ion  of each 

storm's t rack beginning one day before the  f i r s t  reconnaiss nce a i r -  4 
c r a f t  observation and ending when t h e  m a x i k m  sus ta ined win s f i r s t  4 
a t t a i n  50 knots. Lat i tude  is  13'~;  longitude 144"~ .  Vmax 50 knots,  

average about 20 m / s .  

D 4  - Typhoon: Posi t ions  a r e  from JTWC bes t  t racks .  All storm - 

posi t ions  from the  years  1961-1970 such t h a t  the  c e n t r a l  pressure of 

the  st:orm was l e s s  than o r  equal t d  980 mb"and such t h a t  the  l a t i t u d e  

was l e s s  than 3 0 O ~  a r e  included. This data  set has been analyzed i n  

d e t a i l  by W. Frank (1977a, 1977b). Lat i tude  is  22'~; longitude 136'~. 

V % 4 5 m / s .  
max 

1 ATLANTIC DATA SETS 

N1 - Atfaii t ic  cloud c l u s t e r s :  I n  col labora t ion with V. Dvorak 

of NO14A/NESS Applications Group, pos i t ions  were obtained from s a t e l l i t e  

p ic tu res  of t r o p i c a l  weather systems which subject ively  looked l i k e  

they had p o t e n t i a l  f o r  development i n t o  t r o p i c a l  storms. I a c i rcula-  4 
t i o n  center  f o r  t h e  disturbance was v i s i b l e ,  it was defined las the  

pos i t ion  of the  system; otherwise the  center  of mass of the  cloud a rea  

was used. Lati tude is  % 20'~; longitude % 82'~. V Q, 10 max 



N2 - ~dlantic wave trough convection: N. Frank, director of the : 

National - - Hurricane - Center Miami (NHC), has tracked the movement of : ?.. 

Atlantic easterly waves since 1968. Using N. Frank's tracks in the 

Caribbean for the years 1968-1974 a composite was made relative to the 

centers of these wave disturbances. Only wave systems which had a sig- 

nificant amount of cluster type convection associated with them were 

composited. The center of each system was defined such that the longi- 

tude was that of N. Frank's trough axis, and the latitude was the 

central latdtude of convective activity as determined from geostationary 

satellite Latitude is ". 16'~; longitude ". 72'~. Vmax ". 10 
i I - - !r , I ?  i ,  3 '  

, I 

mls or less. 

N3 - Atlantic non-developing depressions: Western Atlantic depres- 

sions which do not develop into tropical storms. Positions are from 

the annual deports 'Atlantic Tropical Systems of 1967-74' by Staff of 

National Hurricane Center published in Monthly Weather Review. Mean 
; - 

latitude i~ ' LION; longitude 81°w. Vmax ?. 15 m/s. 

Dl - Prehurricane cloud cluster: Positions were obtained from 

satellite pictures, from past years' NHC Miami operational surface wea- 

ther maps a d from the summaries of individual storms published in the 7 
annual Monthly Weather Review articles, 'Atlantic Hurricane Season of 

1961-74' by staff members of the National Hurricane Center. Positions 

for this daua set precede positions for data set D2. Latitude is 18'~; 

". 10 m/s or less. 

Positions for this data 

best tracks of the NHC. 

Data set D2 consists of all 12-hourly positions (up to a maximum of six 

positions p r storm) immediately preceding data set D3. It represents i 



I 
the  depression before it  begins any s i g n i f i c a n t  i n t e n s i f i c a t i o n .  

y 
La t i tude  i s  21'~; longitude 75'~. Vmax % 15 51s. : : , I .  ! I  . , 

D3 - Atlan t i c  in tens i fy ing cyclone: This data  set is made up of 

t h a t  por t ion  of each storm's t r ack  such t h a t :  

1) 35 knots < estimated maximum sustained wind < 70 knots. 
- I 

2) The l a s t  pos i t ion  such t h a t  Vmax 5 35 knots i s  'a lso  
included i n  the  data  set. (Thus, only systems t h a t  reach 
g rea te r  than 35 knots a r e  considered. ) 

3) VmaX increases  with every t i m e  period (12 hours) within the  
da ta  s e t .  

. .6 

1; 
This data  set is  thus the  por t ion  of the t r ack  when the  system is 

ac tua l ly  in tens i fy ing through the  t r o p i c a l  storm s tage .  Mean l a t i t u d e  

i sQ22ON; l o n g i t u d e 1 ~ 7 8 ~ ~ .  V Q 2 0 m / s .  
max 

D4 - Hurricane: O f f i c i a l  bes t  t r ack  pos i t ions  of the  National 
I 

Hurricane Center f o r  the  years 1961-1974 were s t r a t i f i e d  a d o r d i n g  t o  

the  o f f i c i a l  estimated maximum sustained wind (V . Posi 
max 

t h a t  Vmax was g rea te r  than o r  equal t o  65 knots were included i n  t h i s  

da ta  s e t .  Lat i tude  is  23'~; longitude 79'~. Vmax " 45 m / s . ~  

1.4 Discussion 

To r e t a i n  the  a b i l i t y  t o  make meaningful comparisons between sys- 

t e m s  which develop i n t o  storms and those which do not ,  no pos i t ions  
I 

were included i n  non-developing data  sets such t h a t  the  syst!em center  

was within lo l a t i t u d e  of land wi th in  t h e  following 24 hourp. 

I 
The data  were composited on the  c y l i n d r i c a l  coordinate g r i d  des- 

cribed above. The number of soundings composited a t  various r a d i i  i n  

each of the  data  sets is  shown i n  Table 2. 

The above 12 data  sets a r e  such t h a t  they can provide a complete 

descr ip t ion of t r o p i c a l  storm development. Data a r e  i p ~ f u d  



TABLE 2 

0 0 0 
Number of dawinsonde observations included between 1-3 , 3-5 and 5-7 
l a t i t u d e  d ls tance  from t h e  center  of each composite system. 

,..::,l f .  -2 - diJ -.- ? ' * 8. 2O - 

PACIFIC 

N 1  Cloud c u s t e r  1 143 

D l  Early pretyphoon cloud c l u s t e r  22 

D 4  Typhoon 

ATLANTIC 

L ){' 
170 

' 2  197 
1 .  

N 3  Non-dev l o p i n g  depression 7 
?'I I 46 

D l   reh hurricane cloud c l u s t e r  

D2 Prehurricane depression 113 179 26 7 . , . . I  I . ' 8 .  1 

cyclone 111 , ; ,.227 fi t ,  299 1, 

D 4  Hurricane 206 434 646 ' 

1 : "  

oceans so  iat regional  p e c u l i a r i t i e s  can be dist inguished.  Non- 

developing and developing systems a t  both the  c l u s t e r  s t age  and the  

depression s t age  a r e  included. A l l  s t ages  of development a r e  considered, 

including (or comparison the  f u l l y  developed typhoon o r  hurricane.  

Table 3 summarizes the  average geographical loca t ion  of the  dis-  

turbances i n  each data  set. Table 4 shows the  number of d i f f e r e n t  

individual  disturbances i n  each data  set. Table 5 lists t h e  sea l e v e l  

pressures and low l e v e l  winds associated with the  various composite 

sys t e m .  
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TABLE 3 

Mean pos i t ion  of the-dis turbances  ..- .. . " making up each composite da ta  set. 

9 r ,  (- a 

Lat i tude  

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  ,,?. 

PACIFIC DEVELOPING '"' 

D l  Early pretyphoon cloud c l u s t e r  11:~ 
D2 Pretyphoon cloud c l u s t e r  10oN 
D3 Intens i fy ing cyclone 1 3 0 N  
D4 Typhoon 22 N 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depression 

ATLANTIC DEVELOPING 

D l  Prehurricane cloud c l u s t e r  
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 

- .  
!I .  ,' , .,. - ; , ' I  

4 5  ;;i- .., '  

I . , * .  ^ . , ,.. . 
.I.- . 1 .  s ; i : c , '  

: . I.. ' , 2 (.; ! 3 .  i , A  .,+ . 

:.- :? . ! '.,\ , 8. 



TABLE 4 

Number of individual disturbances making up each composite data set. 

Number 

* I  
PACIFIC NON-DEVELOPING 

N1 Cloud c uster 1 
PACIFIC DEVELOPING 

Dl Early pretyphoon cloud cluster 
D2 Pretyphoon cloud cluster 
D3 Intensifying cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster 
N2 Wave trough cluster 
N3 Non-developing depression 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 



PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D l  Early pretyphoon cloud c l u s t e r  
D2 Pretyphoon cloud c l u s t e r  
D3 In tens i fy ing  cyclone 
D 4  Typhoon 

TABLE 5 

Mean sea  l e v e l  pressures  and low l e v e l  winds. 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depression 

Composited mean Composited t angen t ia l  Estimate of Estimate of 
0 

wind speed a t  wind a t  4 r ad ius  a t  maximum sus- c e n t r a l  s e a  
950 mb averaged 950 mb (mls) t a ined  sur-  l e v e l  pres- 
over the  0-4 f a c e  wind s u r e  (mb) 
a r e a  (mls) (mls) 

1.3 

ATLANTIC DEVELOPING 

D l  Prehurricane cloud c l u s t e r  8.0 3.0 10 100 7 
D2 Prehurricane depression 7.7 5 .O 1 5  1007 
D3 In tens i fy ing  cyclone 9.9 . - - - -  - 5.8- - - . - - -- 

- - -  - 
20 - -  - -  1000 

D4 Hurricane 13.9 8.9 45 9 80 



2. BASIC DESCRIPTION OF DATA SETS 

2.1 Large 'scale c h a r a c t e r i s t i c s  

The twelve composite data  s e t s  described i n  Chapter 1 represent  

average summertime t r o p i c a l  oceanic disturbances i n  the  Northwest P a c i f i c  

and Northwest At lan t i c  oceans. The mean low l e v e l  (gradient  l eve l )  and 

upper l e v e l  (200 mb) wind c i rcu la t ions  f o r  these  two regions a t  t h a t  

I 
t i m e  of t h e  year a r e  shown i n  Figs. 4 and 5. The mean posi t ions  of the  

composite data sets i n  each ocean a r e  marked on the  f igures  with a 

cross.  

The Western P a c i f i c  systems e x i s t  i n  the  low l e v e l  e a s t e r l i e s  j u s t  

poleward of the  monsoon equa to r ia l  trough. The e a s t e r l y  flow is deep 

extending upwards through the  whole troposphere, so  t h a t  the  P a c i f i c  

composite systems a r e  s t i l l  embedded i n  e a s t e r l i e s  a t  the  200 mb leve l .  

The At lan t i c  systems a l s o  e x i s t  i n  e a s t e r l i e s  a t  low leve l s .  They 

a r e  f u r t h e r  nor th ,  however. They a r e  not  associated with the  - I n t e r  

Tropical Convergence Zone (ITCZ), but  a r e  i n  the  t r ade  wind region. The - - - 

t r a d e  wind e a s t e r l i e s  a r e  not  q u i t e  a s  deep here,  a s  they a r e  c lose r  t o  

the  ITCZ. Hence, a t  the  200 mb l e v e l  the  wind has changed d i rec t ion ;  

and a t  t h i s  l e v e l  the  West At lan t i c  da ta  sets e x i s t  i n  mean northwest- 
'% 

e r l y  flow. 

The P a c i f i c  systems e x i s t  i n  upper l e v e l  e a s t e r l i e s ,  t h e  At lan t i c  

I * 1 .. 

systems i n  upper l e v e l  westerlies; bu t  both s e t s  of systems a r e  i n  t h e  

region of the  upper l e v e l  subtropical  r idge;  so t h a t  they have wes te r l i e s  

poleward of them and e a s t e r l i e s  equatorwards. They a r e  a l s o  both j u s t  

west of the  Tropical  Upper Tropospheric Trough, which i s  marked with a 

dashed l i n e  on Fig. 5. I n  the  western p a r t  of the Northern Hemisphere 
I 

oceans i n  dummer, the  upper l e v e l  subtropical  r idge  branches i n  two, 



Fig. 4. Mean gradient  l e v e l  wind f o r  the  Northern Hemisphere summer 
months (from Gray, 1979). The crosses i n  the  Northwest 
P a c i f i c  and the  Northwest At lan t i c  represent  the  mean posi- 
t ions  of the  composite data  s e t s  i n  each region. 

I 

Fig. 5. Mean 200 mb l e v e l  wind f o r  t h e  Northern Hemisphere summer 
months (Gray, 1979). The crosses i n  the  Northwest P a c i f i c  
and the  Northwest At lan t i c  represent  the  mean pos i t ions  of 
the  composite data  sets i n  each region. The dashed l i n e  shows 
the  pos i t ion  of the  t r o p i c a l  upper tropospheric t r o u ~ h .  



one branch extending eastward and the other towards the northeast. The 

trough between these two ridges is what is referred to as the Tropical - 

Qper Tropospheric - Trough (TUTT). The TUTT varies greatly from day to 

day in intensity and position. Sadler in a series of papers (Sadler, 

1967, 1975, 1976, 1978) has demonstrated that the initiation of tropical 

cyclones in the Western Pacific is often associated with the TUTT extend- 

ing further westward than usual. 

At the low levels both the Western Pacific systems and the Western 

I 
Atlantic systems are embedded in easterly flow. The Pacific systems 

are associated with the monsoon equatorial trough. They thus exist in 

a region of strong mean background low level convergence and positive 

au 
relative vorticity. The convergence is mainly - convergence brought ax 

about by the deceleration of the easterlies as they approach the monsoon 

flow towards the west. The relative vorticity is mainly made up of the 

- - component, with westerlies to the south and strong easterly winds 
ay 

to the north. McBride and Gray (1978) calculated mean summertime vor- 

ticity and vertical motion at the 850 mb level for the Northwest Pacific. 

-6 -1 They found the mean background vorticity to be + 3 x 10 s and the 

vertical mbtion to be 30 mb/d upwards. 

The W stern Atlantic systems, on the other hand, are in the sub- r 
sidence region of the trade winds. Here the long term mean summertime 

-6 -1 
relative vorticity is negative (-1.5 x 10 s at 850 mb) and the back- 

ground vertical motion is downwards (10 mb/d at 850 mb). Weather sys- 

tems are often referred to as being in a 'coasting' or 'weakening' stage 

as they pass through this subsidence region. 



2.2 The s t r u c t u r e  of cloud c l u s t e r s  and t r o p i c a l  storms 

P a c i f i c  composite systems N 1 ,  D l ,  D2 and A t l a n t i c  composite systems 

N 1 ,  N2 and Dl a r e  cloud c l u s t e r  d a t a  sets. The b a s i c  thermodynamic 

and dynamic s t r u c t u r e  of t h i s  type  of weather system has  been documented 

by Williams and Gray (1973) and Ruprecht and Gray (1976a, 1976b). The 

systems a r e  embedded i n  deep t ropospher ic  e a s t e r l y  flow, and they 

t y p i c a l l y  move wi th  t h a t  flow towards t h e  west a t  speeds of approximately 

6 m / s .  The d i r e c t i o n s  and speeds of motion of a l l  composite systems 

a r e  presented  i n  Table 6. The t a b l e  shows t h a t  a s  t h e  s y s t e  i nc rease  

i n  i n t e n s i t y  they slow down and move more towards t h e  no r th .  'here is  

of course a g r e a t  v a r i a b i l i t y  i n  movement, and t h e  i n d i v i d u a l  d i s tu rb -  

ances going i n t o  each composite can move i n  any compass direc!ion and 

a t  speeds g r e a t l y  varying from t h e  composite average. I 
The mean thermodynamic and dynamic c h a r a c t e r i s t i c s  of Western 

P a c i f i c  and Western A t l a n t i c  summertime cloud c l u s t e r s  a r e  shown i n  

F ig .  6. The f i e l d s  shown a r e  t h e  composite average f i e l d s  from t h e  

P a c i f i c  D2 (Pretyphoon cloud c l u s t e r )  and the  A t l a n t i c  D l  (Prehurr icane 

cloud c l u s t e r )  d a t a  s e t s .  Both t h e s e  systems l a t e r  develop i t o  t r o p i -  P 
c a l  storms. These p a r t i c u l a r  systems have been chosen he re  t o  i l l u s -  

t r a t e  t h e  mean f e a t u r e s  of a cloud c l u s t e r  because they a r e  w e l l  

def ined  systems, s o  t h a t  t h e  f e a t u r e s  of i n t e r e s t  a r e  e a s i l y  observed. 

The v a r i a t i o n s  on t h i s  b a s i c  s t r u c t u r e  which determine whether o r  n o t  

t h e  systems w i l l  l a t e r  develop i n t o  t r o p i c a l  storms a r e  t he  s u b j e c t  of 

t h e  fol lowing two chapters.  

F igure  6a shows a v e r t i c a l  p r o f i l e  of Tc-Te where T i s  t h e  mean 
C 

temperature w i th in  t h e  c l u s t e r  reg ion  and T i s  t h e  mean temperature 
e 

of t h e  "environment" o r  surrounding reg ion .  The temperature g r a d i e n t s  



TABLE 6 

Mean speed and d i r e c t i o n  of movement of composite d a t a  s e t s .  

PACIFIC NOM-DEVELOPING 

N 1  Cloud c l u s t e r  
I 

. Direc t ion  (from Speed of Movement 
. a .  

;a , which d i s tu rbance  . . 
: .; ; is  moving) 

(degrees)  (m s - l )  
i 

D l  Ear ly  pretyphoon cloud c l u s t e r  
D2 Pretyphoon cloud c l u s t e r  
D3 I n t e n s i f y i n g  cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depress ion  

ATLANTIC DEVELOPING 

D l  Prehurr icane  cloud c l u s t e r  
D 2  Prehurr icane  depress ion  
D3 I n t e n s i f y i n g  cyclone 
D4 Hurricane 

between t h e  c l u s t e r  and i ts  surroundings as revea led  by the  composited 

d a t a  are very  small .  Zehr (1976) poin ted  ou t  t h a t  because of t h i s  

d smallness  f t h e  g rad ien t s ;  and because of t h e  n o i s e  i n h e r e n t l y  p re sen t  

i n  meteorological  d a t a ,  

I 
anomaly v a r i e s  somewhat 

t h e  p r e c i s e  con f igu ra t ion  of t h e  temperature 

depending on t h e  r e f e r e n c e  chosen t o  r e p r e s e n t  

t he  c l u s t e r  and i t s  environment. I n  Fig.  6a t h e  c l u s t e r  a r e a  is  defined 

0 
as wi th in  3 l a t i t u d e  r a d i u s  of t h e  c e n t e r  of t h e  system; t h e  environ- 

mental temperature i s  t h e  average of t he  temperature va lues  between 3 

and 7 degrees t o  t h e  e a s t  and west of t h e  c l u s t e r  pos i t i on .  The f i g u r e  
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Fig. 6. Mean structure of West Pacific and West Atlantic clbud 
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shows t h a t  cloud c l u s t e r s  i n  both oceans have a warm core  i n  the  upper 

l e v e l s  centered  a t  about t h e  250 mb l e v e l .  Hydros t a t i ca l ly  t h i s  ob- 

served upper l e v e l  warm core  impl ies  a low p res su re  system wi th  t h e  
I 

s t r o n g e s t  he igh t  g r a d i e n t s  near  t h e  su r f ace .  This  is  observed, a s  shown 

i n  Fig.  6b which i s  a 2-dimensional c ross -sec t ion  of D va lues .  The 

systems have very  d i s t i n c t  inward he igh t  g r a d i e n t s  a t  500 and 900 mb. 

A t  200 mb t h e  he igh t  g rad ien t  i s  n o t  a s  w e l l  def ined ,  bu t  i s  c l e a r l y  

outwards. 

P a r t  (c )  of t h e  f i g u r e  shows a v e r t i c a l  p r o f i l e  of water  vapor 

0 
mixing r a t i o  d i f f e r e n c e s  between t h e  c l u s t e r  ( r  = 0-3 ) and t h e  environ- 

0 
ment ( r  = 3-5 ) .  The c l u s t e r  i s  mois te r  than  i t s  surroundings by about 

0.6 glkg i n  t he  middle t roposphere.  

0 
P a r t  (d) shows a v e r t i c a l  p r o f i l e  of r a d i a l  wind VR a t  4 r ad ius .  

There i s  inf low (or  nega t ive  VR) through most of t h e  t roposphere from 

t h e  s u r f a c e  up t o  about 350 mb. A l a y e r  of s t rong  outf low e x i s t s  be- 

tween 350 mb and 100 mb. The inf low extends through most of t h e  tropo- 

sphere  and w e l l  above t h e  l a y e r  of f r i c t i o n a l  in f luence .  It is 

obviously t h e r e f o r e  ageos t rophic  flow, flowing down the  p re s su re  
I 

g r a d i e n t s  shown i n  Fig.  6b. Fur ther  d i scuss ion  of t h i s  ageos t rophic  

a spec t  of t h e  inf low i s  reserved  f o r  s e c t i o n  2.4 below. 

P a r t  (e)  of t h e  f i g u r e  shows v e r t i c a l  p r o f i l e s  of t he  k inema t i ca l ly  
I 

derived v e r t i c a l  motion. The c l u s t e r  is cha rac t e r i zed  by upwLrd v e r t i -  

c a l  motion through t h e  whole t roposphere,  wi th  t h e  maximum va lue  a t  

about 350 mb. 
I 

The t a n g e n t i a l  component of t h e  wind V i s  shown i n  Fig.  6 f .  The T 

t a n g e n t i a l  wind i s  p o s i t i v e  throughout t h e  t roposphere from t h e  su r f ace  

t o  300 mb and negat ive  o r  a n t i c y c l o n i c  above t h a t  l e v e l .  This  i s  



consistent  with the inflowing a i r  bringing about v e r t i c a l  s t re tch ing  or 

hor izonta l  contraction of the  vortex tubes and increased l oca l  vo r t i c i t y .  

The outflowing a i r  causes expansion of vortex tubes and generation 

of negative vo r t i c i t y .  . I 

There a r e  some major d i f ferences  between Western Pac i f i c  and 

Western At lan t ic  cloud c lu s t e r s  which have not  been shown i n  Fig. 6. 

I 
F i r s t l y ,  the typ ica l  Western At lan t ic  system has much weaker v e r t i c a l  

motion than i t s  counterpart i n  the Western Pacif ic .  This i s  i n  agree- 

ment with the  l a rge  di f ference the  two regions have i n  background ve r t i -  

c a l  motion. This l a rge  di f ference w i l l  be shown c lea r ly  when the  

v e r t i c a l  motion f i e l d s  f o r  a l l  da ta  s e t s  a r e  considered separate ly  i n  

Chapter 3 .  I 
Secondly, there  i s  l e s s  moisture i n  the Western At lant ic .  Aver- 

aging together the  3 c lu s t e r  data  s e t s  i n  each ocean (Pacif ic  N 1 ,  D l ,  

N 1 ,  N2, Dl) the  mean prec ip i t ab le  water i n  the  0-4' area  

fo r  the Pac i f i c  systems is 5.8 gm/cm2, while f o r  the At lan t ic  systems 
I 
1 2  

i t  is  5.0 gm/cm . A s  shown i n  Fig. 6c, however, the hor izonta l  gra- 

d ient  of moisture between c lu s t e r  and environment is  very s imi la r  i n  

the two oceans. Taking the mean prec ip i t ab le  water over the 4-6' area ,  

2 2 
the r e s u l t  i n  the Pac i f i c  i s  5.6 gm/cm , and i n  the At lan t ic  4.8 gm/cm . 

0 
In both cases t h i s  i s  0.2 gm/cm2 l e s s  than i n  the  0-4 area.  

I 
The s t ruc tu re  of f u l l y  developed t r op i ca l  storms a s  obtained from 

composite data has been described by W. Frank (1977a, 1977b) and by 

NGiiez and Gray (1977). Figure 7 shows the composite thermodynamic and 

dynamic f i e  1 ds fo r  the Pac i f i c  D4 typhoon and the At lan t ic  D4 hurricane 

data s e t s .  The shape of each curve i n  t h i s  f igure  i s  very s imi lar  t o  

the corresponding curve i n  Fig. 6. A s  f a r  a s  broad s ca l e  cha r ac t e r i s t i c s  
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oceanic'cloud clusters possess a very large diurnal variation in mass 

-- -. . - - 

I-. 
-- 

0 averaged over a 0-4 latitude area are concerned, the differ nce between 

a cloud cluster and a tropical storm is one of magnitude. The upper 

level warm core (Fig. 7a), the lower and middle tropospheric 'inward 

height gradients (Fig. 7b) and the excess of moisture (Fig. 7c) are 

much more pronounced. The wind fields have correspondingly increased 

in magnitude (Fig. 7d, e and f) , the largest increase being in the mag- 

divergence and vertical velocity. No separate investigation has been 

nitude of the tangential wind V at each level (Fig. 7f). 
T . 

2.3 Diurnal variation 

performed on the diurnal variation of the data sets utilized in the 

I current study; but McBride and Gray (1978) carried out an extensive 

I 

analysis of twelve very similar data sets. In general, low level con- 

It was demonstrated by Ruprecht and Gray (1976b) that tropical . .  . 

vergence and upward vertical velocity in tropical oceanic weather 

systems are greater in the morning than they are in the afternoon- 

evening. These features are particularly pronounced for cloud clusters, 

but become less prominent as the system intensifies towards the hur- 

ricane or typhoon stage. The physical cause of the diurnal variation 

has been extensively discussed by Gray and Jacobson (1977) and McBride 

and Gray (1978). The theory is that the deep convergence profile ob- 

served in tropical weather systems is maintained and diurnally modified 

by differences in the radiative-condensation heating profiles of the 

thick cirrus-shield covered weather systems and their surrounding clear 

areas. 

Figure 8 shows the vertical profiles of divergence obse 

McBride and Gray. The data sets in the current study are consistent 
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with ~ c ~ r i d e  and ~ray's Gbbservations. This can be seen in Fig. 9 which 

shows morning and evening vertical profiles of divergence and vertical 

velocity f r the Atlantic D2 prehurricane depression data set. d - 
Ghapter 10 some discussion will be 'gade on the effect of this 

on the mechanism of tropical storm genesis and development. 
I 

variati 

All other dnalyses of wind or divergence in this study are composites 

of all datq, 002 and 122 combined; thus the diurnal variation has been 

filtered odt of these fields. 

The ddurnal variation of the divergent component of the wind field 

which appears in the data is a real atmospheric effect. The composite 

data also dhow a diurnal variation in relative humidity and &t& vapor 

mixing ratio. This variation is spurious, and is due to design 

I 
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Weather Bureau prior to 1972. In those radiosondes airflow hrough the t 
I .  , P 

deficiencies in the humidity duct of the radiosondes used by 

duct was severely restricted, and solar radiation penetrated 1 the trans- 

the U.S. 

lucent plastic housing and warmed the hygristor to several degrees 

above the ambient temperature. The warmed hygristor measureh the 

ambient moisture content but at an elevated temperature. 1t therefore 

registered a relative humidity lower than that actually pres nt. All I 
daytime measurements of humidity or moisture, by radio:onde dhring that 

> *  3 . ,  . 2  I 
period can therefore not be considered reliable. I 

Data used in the current study are from radiosonde flights at 00 

and 12 GMT. In the West Atlantic this corresponds approximately to 7 PM 

and 7 AM local time. The sun angle is low at both these tim~s so the 

values are considered reliable. 
7 , ,  

I 
I 

I 



I n  t h e  Western P a c i f i c ,  on t h e  o t h e r  hand, 00Z is a t  10 AM when 

t h e  sun angle  i s  high. It t h e r e f o r e  is  s u b j e c t  t o  mois ture  measurement 

e r r o r s ,  and i n  f a c t  t h e  P a c i f i c  d a t a  show c o n s i s t e n t l y  l e s s  mois ture  

a t  00Z than a t  122. A l l  Western P a c i f i c  00Z mois ture  measurements have 

t h e r e f o r e  baen r e j e c t e d ,  and a l l  ana lyses  of P a c i f i c  moisture shown o r  

used i n  t h i  s tudy  a r e  a c t u a l l y  ana lyses  of 122 o r  n ight t ime moisture.  I 
2.4 ~ ~ n a m i d  cha rac t e r  of t h e  weather systems 

I n  the  t r o p i c s ,  t h e  low va lue  of t h e  C o r i o l i s  parameter a l lows t h e  

mass f i e l d s  t o  a d j u s t  f a i r l y  r a p i d l y  t o  any pe r tu rba t ions .  This  e f f e c t  

a l lows only very  weak g r a d i e n t s  t o  e x i s t  i n  any thermodynamic o r  dynamic 

p r o p e r t i e s  of t h e  t r o p i c a l  troposphere.  
1 .  -p 1 

I n  a d d i t i o n ,  t h e  compositing procedure n a t u r a l l y  a c t s  a s  a smooth- 

ing  ope ra to r ,  f u r t h e r  diminishing t h e  observed i n t e n s i t y  of any e x i s t i n g  

g rad ien t s .  Consequently, t h e  ana lyses  i n  t h i s  paper w i l l  emphasize d i f -  

f e r ences  between d i f f e r e n t  d a t a  sets, r a t h e r  than t h e  abso lu t e  va lues  

of any parameter.  This  i s  s a t i s f a c t o r y  because t h e  primary t r o p i c a l  

cyclone forc!cast problem is  one of d i s t i n g u i s h i n g  between systems t h a t  

develop and those  which do no t .  It i s  t h e  system parameter d i f f e r e n c e s  

which a r e  of major i n t e r e s t  and n o t  t h e  s p e c i f i c  parameter magnitudes. 

Some p re sen ta t ion  of t h e  dynamic f e a t u r e s  of t h e  composite systems 

i s  neve r the l e s s  e s s e n t i a l ,  both f o r  completeness and f o r  background 

necessary f o r  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  t h a t  fol low i n  l a t e r  

chapters .  
: \ '  

Table 7 shows t h e  r a t i o  of divergence,  t o  r e l a t i v e  v o r t i c i t y  

averaged over t h e  0-4' a r e a  a t  va r ious  l e v e l s  f o r  each composite system. 

For a l l  except t h e  s t ronges t  systems t h i s  r a t i o  i s  of t h e  o rde r  of 20% 

i n  t h e  low and middle t roposphere.  This  20% divergent  component of t h e  



TABLE 7 

0 
Rat io  of divergence t o  r e l a t i v e  v o r t i c i t y  averaged over t h e  0-4 area .  

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D l  Early pretyphoon cloud c l u s t e r  -0.2 -0.1 
D2 Pretyphoon cloud c l u s t e r  -0.2 -0.2 
D3 In tens i fy ing  cyclone -0.2 -0.1 
D4 Typhoon -. -0.2 -0.03 

ATLANTIC NON-DEVELOPING 
- -- 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depression 

D l  Prehurricane cloud c l u s t e r  -0.2 -0.1 -0.04 -0.7 -1.9 -0.7 - e- * c. - - - 
- - 0 3  - - L - 0 ~ 0 1  - L -4.6- ~ 1 ~ 5 -  - - - i cane  dep-n - 

D3 In tens i fy ing  cyclone -0.2 -0.1 -0.1 0 .3  -1.5 -0.8 
D4 Hurricane -0.1 -0.05 -0.04 0 .1  -2.2 -1.0 



I 
flow i s  very  s i g n i f i c a n t ,  and a s  shown i n  Fig.  6e l eads  t o  v e r t i c a l  

v e l o c i t i e s  Q approximately 150 mb/d. Actua l ly ,  Table 7 s t r o n g l y  f 
underest imates  t h e  d ivergent  o r  ageos t rophic  cha rac t e r  of t h e  flow. 

McBride and Gray (1978) demonstrated t h a t  cloud c l u s t e r s  possess  approxi- 

mately a  2 t o  1 d i u r n a l  v a r i a t i o n  of divergence,  bu t  no s i g n i f i c a n t  

v a r i a t i o n  i n  r e l a t i v e  v o r t i c i t y .  Such behavior can only be brought about 

by t h e  d ivergent  component of t h e  wind's response t o  d i u r n a l l y  vary ing  

he ight  g rad ien t s .  This  down-gradient cha rac t e r  of t h e  flow may not  be 

accepted by some readers .  The claim f o r  it tak ing  p l ace  is  made he re  only 

f o r  t h e  t r o p i c s  where t h e  C o r i o l i s  parameter i s  smal l  and only over t h e  

I 
h o r i z o n t a l  s c a l e  of a cloud c l u s t e r .  Its ex i s t ence  under those  con- 

d i t i o n s  has  been w e l l  s u b s t a n t i a t e d  by t h e  numerical modelling s tudy  

of Fingerhut  (1978) and by t h e  a n a l y t i c  s t u d i e s  of Paegle  (1978) and 

P. S i l v a  Dias (1979). 

McBride and Gray (1978) demonstrated t h a t  f o r  Western P a c i f i c  

summertime Aloud c l u s t e r s  a  very  l a r g e  component of t h e  lower and 

middle t ropospher ic  mass convergence o r  inf low is  forced  by l a r g e  
I 

s c a l e  background ITCZ convergence. I n  t h e  West A l t a n t i c  on t h e  o t h e r  

hand t h e r e  i s  a c t u a l l y  a  smal l  nega t ive  c o n t r i b u t i o n  from t h e  l a r g e  

s c a l e .  It is  a l s o  of i n t e r e s t  t o  know t h e  con t r ibu t ion  t o  mass inf low 

from f r i c t i l n a l  convergence. Table 8 p re sen t s  s t a t i s t i c s  on t h i s  aspec t  

of t h e  flow, averaged over t h e  0-4O a r e a ,  The f i r s t  column of t h e  

t a b l e  g ives  t h e  t o t a l  m a s s  inf low between t h e  s u r f a c e  and t h e  350 mb 

l e v e l .  The next  two columns g ive  t h e  measured boundary l a y e r  inf low,  

between t h e  su r f ace  and 900 mb, and between t h e  s u r f a c e  and 850 mb 

I 
r e spec t ive ly .  Column (4) g ives  t h e  c o n t r i b u t i o n  t o  t h e  inf low due t o  

f r i c t i o n ,  assuming a 100 mb t h i c k  boundary l a y e r ,  and using t h e  formula: 



TABLE 8 

Observed mass convergence and calculated frictional convergence (C ) in g~n/cm*d-~. Convergence values are 
0 

averaged over 0-4 radius area. 
F 

(1) (2) (3) (4) (5) (6) (7) 

Observed Observed Observed Frictional Observed sfc-900 Observed sfc-850 L~ 

Convergence Convergence Convergence Convergence Observed sfc-350 Observed sfc-350 Observed sfc-350 
sfc to 350 sfc to 900 sfc to 850 c P 

PACIFIC NON-DEVELOPING 

N1 Cloud cluster 

PACIFIC DEVELOPING 

Dl Early pretyphoon cloud cluster 
D2 Pretyphoon cloud cluster 
D3 Intensifying cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster 
N2 Wave trough cluster 
N3 Non-developing depression 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 

The first column is the total observed convergence to 350 mb. 
- - 

The se-co~d colmn fs tfie o%XeFvm coTvergenFe f M  the surface to 985 mb. 
I 

The third column is the observed convergence from the surface to 850 mb. 

The fourth column is the calculated convergence due to frictional veering designated C 
F' 

The fifth column is the ratio of boundary layer convergence to total convergence: column (2) over column (1). 
The sixth column is the ratio of boundary layer convergence to total convergence: column (3) over column (1). 
The seventh column is the ratio of boundary layer convergence to total convergence: column (4) over column (1). 



C is the convergence due t o  f r i c t i o n a l  turning of the  winds, and F I T 

is  the  v o r t i c i t y  a t  the  top of the boundary layer .  This equation i s  

derived i McBride and Gray (1978) and Gray (1979). 9 
~ o l d n s  (5) ,  (6) and (7 )  give  the  r a t i o s  of the boundary l ayer  

inflow (as gauged by the  numbers i n  columns (2), (3) and (4) respec- 

t ive ly )  t o  the  t o t a l  inflow shown i n  column (1). 

The l a s t  column of the t a b l e  c l e a r l y  shows t h a t  f r i c t i o n a l  conver- 

gence is  not  the  dominant mechanism importing mass i n t o  the  t r o p i c a l  

weather system. For the cloud c l u s t e r  data s e t s ,  most of the  inward 

mass t ranspor t  occurs above 900 mb. For a l l  da ta  s e t s  CF makes up 

only 5-20% of the  observed t o t a l  surface  t o  350 mb mass convergence. 

I Columns 75) and (6) show t h a t  f o r  non-developing systems and i n  

a l l  s t ages  of development f o r  pretyphoon/prehurricane systems, the re  i s  

a l a rge  amount of down pressure gradient  flow above the boundary l ayer .  

Even i n  the  D4 typhoon and hurricane data  s e t s  50% of the mass inflow 

0 
a t  4 radius  occurs above 900 mb. 

Anotder dynamic parameter of i n t e r e s t  is  the  non-l ineari ty of 

the flow. It has i n  f a c t  been hypothesized by Shapiro (1977a) t h a t  

' 1  
the  t r a n s i t i o n  from l i n e a r  dynamics t o  non-linear dynamics i s  the  

e s s e n t i a l  f a c t o r  leading t o  t r o p i c a l  cyclone genesis.  One measure of 

the  non-linear character  of the  flow i s  the  r a t i o  of the  non-linear 

c e n t r i f u g l l  t e r m  i n  the  r a d i a l  equation of motion t o  the l i n e a r  Cor io l is  

term. This can be equated t o  a Rossby number f o r  the  system: 
I 



Non-linear Character  of 
= Cen t r i fuga l  Acce le ra t ion /Cor io l i s  Acce lera t ion  t h e  Flow 

= Rossby Number, Ro. 

tem cen te r .  V i s  t h e  t a n g e n t i a l  component of t h e  wind. T 

The va lue  of t h i s  parameter a t  4' r a d i u s  f o r  each systek is tabu- 

l a t e d  i n  Table 9. I n  t h e  lower t roposphere,  va lues  a r e  c o n s i s t e n t l y  

lower f o r  non-developing systems than f o r  t h e  corresponding developing 

h systems. A t  900, 700, 500 mb a l l  non-developing systems hav Ro - < 0.2, 

whi le  developing systems have Ro, 0.2. A s  t h e  system i n t e n s i f i e s  

through t h e  Dl t o  D4 s t age ,  it moves nor th .  f increases .  This  counter- 

a c t s  t h e  i n c r e a s e  i n  V s o  t h a t  t h e  Rossby number doesn ' t  i nc rease  much. 
T ' 

2.5 Gray's c l ima to log ica l  parameter I 
Gray (1975, 1979) i n  c l ima to log ica l  s t u d i e s  of t r o p i c a l  cyclone 

genes is  has  demonstrated t h a t  t h e  s easona l  and geographical  inc idence  

of t r o p i c a l  cyclones i s  d i r e c t l y  r e l a t e d  t o  t h e  seasonal  and geograph- 

i c a l  d i s t r i b u t i o n  of t h e  - Seasonal - Genesis - Parameter (SGP). 



TABLE 9 

0 
Rossby number, V I f  R, f o r  each composite system a t  4 l a t i t u d e  radius .  T 

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D l  Ear ly  pretyphoon cloud c l u s t e r  0.40 
D2 Pretyphoon cloud c l u s t e r  0.46 
D3 In tens i fy ing  cyclone 0.61 
D4 Typhoon 0.58 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depression 

ATLANTIC DEVELOPING 

D l  Prehurricane cloud c l u s t e r  
D2 Prehurricane depression 
D3 In tens i fy ing  cyclone 
D4 Hurricane 



He defined this parameter to be: reasonal) = [vorticit y) (.oriolis ) ft:::cal ) 
SG = Genesis 

Parameter Parameter Parameter Parameter 

Energy Stability Parameter 

where 

  ort tic it^ parameter) = relative vorticity +5, where 900 mb level 
relati e vor icity is measured in units -g -i 
of 10 sec . 

(~oriolis parameter) = f or 2Q sin(, where L? is the rotation rate 
of the e rth and ( denotes latitude. Units -? are sec . I 

Vertical Shear 
Parameter 

= 1/(s + 3) where S, = 1 a v/ap I between 
900 'mb and 200 mb, determined in units of 
m/sec per 700 mb. 

I 
Ocean Energy 

I 

Parameter 
, E = the ocean thermal energy above 26'~ down 

to a depth of 60 meters or 

60m or 
where T = ~ ~ O C  

Sfc 

3 
where pw is ocean density (1 gm/cm ) 

Cw is the specific heat of water (1 cal/gm - OC) 
0 T is ocean temperature in C 

3 2 2 E is measured in units of 10 calla (.42 ~ / m  ). 

Moist 
Parameter 

= ahlap + 5 where h is moist stalic energy and 
ahlap between the surface and 500 mb is expressed 
in units of OK per 510 mb. 



= (E -40) / 30 where is the mean relative 
humidity between 500 and 7002b. Parameter is 
zero for < 40, and 1 for RH - > 70. 

' ;. 

~ariols tropical cyclone forecast offices in recent years have been 

using the SGP as a guide in forecasting storm 'development on a daily 

basis. The rationale for this is the assumption that statistical fluc- 

tuations of Genesis Potential above the seasonal value must put the 

potential above some threshold genesis potential necessary for storm 

development. To evaluate this hypothesis values of SGP averaged over 

the 0-3' area have been calculated for each composite system (Table 10). 

All parameters have been calculated for each system from the composite 
I 

I 
output, except the ocean energy parameter, E. For this parameter 

climatological values have been used as a function of mean position of 

that data set, the actual values being taken from the mean graphs for 

July-September presented by Gray (1975, 1979). 

The resultant value of SGP is given in the last column of the table. 

There is quite a large difference in both oceans between the values for 

developing versus non-developing data sets. The Pacific non-developing 

cloud cluster N1 has a value of 6, while the developing clusters Dl, 

D2 have values around 30. The Atlantic non-developing clusters N1, N2 . 
have the values 1 and 2, while the corresponding developing system Dl 

has the value 12. For the Atlantic depression data sets, the non- 

developing system N3 has the value 18, while the developing system D2 

has a value more than twice as large, 38. 

For the thermal parameters, E, ahlap and @, there is virtually 

no difference between developing and non-developing systems. There are 

some slight differences in:the vertical shear parameter, but the big 



TABLE 10 

Seasonal Genesis Parameter (SGP) for the composite data sets. The first six columns give the component parameters. 
The product of these equals SGP, which is listed in the last column. 

Vorticity Coriolis Vertical Shear Ocean Moist Humidity SGP 
Parameter Parameter Parameter Energy Stability Parameter x 1.37 x lom8 

Para- Parameter calO~ s-I 
meter 

0 
103ca1 K/510mb 

9 

PACIFIC NON-DEVELOPING 

N1 Cloud cluster 

PACIFIC DEVELOPING 

Dl Early pretyphoon cloud cluster 30.9 2.76 
D2 Pretyphoon cloud cluster 28.5 2.57 
D3 Intensifying cyclone 59.9 3.40 
D4 Typhoon 95.7 5.39 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster 2.0 4.99 .082 10 13.3 0.94 1 
N2 Wave trough cluster 7.0 3.95 .063 12 15.3 0.68 2 
N3 Non-developing depression 24.2 5.11 .I21 10 13.5 0.89 18 

ATLANTIC DEVELOPING . . . . 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 



I 
differences are found in the low level relative vorticity, column (1). 

Between the two oceans, the Coriolis parameter, f, is larger where 

genesis occurs in the Atlantic. This is mainly counteracted by a larger 
.' I 

I 
oceanic energy parameter, E, in the Pacific. 

Overall, Table 10 shows that besides explaining the seasonal and 
, 

geographical occurrence of tropical storms, SGP contains much of the 

information necessary for the day by day prediction of storm genesis. In 

particular all composite developing systems have values of SGP more than 
I 

twice as lakge as their non-developing counterparts. 

The Seasonal Genesis Parameter may also be thought of in the form 

of: 

where 

f~::::' ) = (Dynamic Potential) X (Thermal Potential) 
Parameter 

Dynamic Potential = (f) (6, + 5) [l 1 (Sz + 3) ]  

Thermal Potential = (E) (ahlap + 5) (E Parameter) 

Table 11 shows the dynamic and thermal components of the Seasonal 

Genesis Parameter. There is no difference in Thermal Potential between 

developing and non-developing weather systems. The large differences 

that exist in SGP are all forced by differences in Dynamic Potential. 

This implies that the role of thermodynamic parameters in cyclone 

genesis is more a climatological one. The Thermal Potential is the po- 

tential for Cb convection. Tropical cyclones cannot form unless it has 

a large value, but its value is a function of geographical location and 

I 
time of year and does not vary much on a day to day basis. 

The dynamic parameters on the other hand have a large day to day 



Dynamic P o t e n t i a l  

- - - -  - -- 

TABLE 1; 
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PACIFIC NON-DEVELOPING 

Dynamic and thermodynamic components of SGP f o r  t h e  composite da t a  s e t s .  

N1 Cloud c l u s t e r  

PACIFIC DEVELOPING 

D l  Ear ly  pretyphoon cloud c l u s t e r  
D2 Pretyphoon cloud c l u s t e r  
D3 I n t e n s i f y i n g  cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave t rough c l u s t e r  
N3 Non-developing depress ion  

ATLANTIC DEVELOPING 

' Thermal 
P o t e n t i a l  

v a r i a t i o n ,  and t h i s  shows up i n  t h e  l a r g e  d i f f e r e n c e s  i n  Dynamic 

Dl Prehurr icane  cloud c l u s t e r  9.4 
D2 Prehurr icane  depress ion  32.9 
D3 I n t e n s i f y i n g  cyclone 28.3 
D4 Hurricane 48.2 

P o t e n t i a l  t h a t  e x i s t  between developing ve r sus  non-developing composite 

126 
115 
123 
108 

d a t a  s e t s .  

2.6 Cont r ibut ion  from s u r f a c e  evapora t ion  

Since t h e  oceanic  energy parameter,  E, i n  t h e  Western P a c i f i c  i s  

much l a r g e r  than i n  t h e  Western A t l a n t i c ,  one would expect t h e  P a c i f i c  

systems t o  enjoy a g r e a t e r  s u r f a c e  energy inpu t  through t h e  s u r f a c e  
I 

s e n s i b l e  and l a t e n t  hea t  f l uxes .  That t h i s  i s  s o  can be sho& by t h e  

fol lowing s imple c a l c u l a t i o n .  



I 
McBride and Gray (1978) performed background long-term-mean 

composites f o r  t h e  Northern Hemisphere summer i n  t h e  Western P a c i f i c  I ! ,  . ~: 

and western '  A t l a n t i c .  Thei r  r e s u l t a n t  background p r o f i l e s  of v e r t i c a l  

motion are shown i n  Fig.  10. Background mean p r o f i l e s  of mois t  s t a t i c  

energy, h,  f c r  each reg ion  were obta ined  by t ak ing  t h e  mean va lue  over  

0 
t h e  3 t o  9 a r e a  around d a t a  set N 1  and N2 i n  t h e  A t l a n t i c  and around 

d a t a  s e t  N 1  i n  t h e  P a c i f i c .  These mean h p r o f i l e s  mu l t ip l i ed  by t h e  

background L e r t i c a l  motion p r o f i l e s  of Fig. 10 y i e l d  a va lue  f o r  each 

reg ion  of t h e  long-term mean export  of h due t o  h o r i z o n t a l  divergence,  

t h a t  i s  a va lue  of Y O m b  Yj7 s h  %. Converting t o  hea t ing  r a t e  u n i t s ,  
Sf c 

by d iv id ing  by t h e  s p e c i f i c  hea t  over  t h e  mass of t h e  atmosphere, t h e  

r e s u l t s  a r e ,  a l o s s  of 0.95Oc/d i n  t h e  West P a c i f i c  and a l o s s  of 

I 
0.05Oc/d i n  t h e  West A t l a n t i c .  

The main s i n k  of h i n  t h e  t roposphere i s  r a d i a t i v e  cool ing.  

Dopplick (1974) performed r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s  f o r  t h e  

e a r t h  ' s atmbsphere using zona l ly  averaged temperatures ,  water  vapour and 

ozone concent ra t ions  and cloud amo.unts. Averaging h i s  r e s u l t s  f o r  t h e  

period June -November,the fol lowing n e t  r a d i a t i v e  cool ing r a t e s  a r e  

t h e  1000-100 mb t ropospher ic  l aye r :  1 . 1 8 ° ~ / d  a t  t h e  

equator ,  1 . 1 9 ° ~ / d  a t  l o O ~ ,  1 . 1 9 ° ~ ~ d  a t  20'~. The r e s u l t s  of B igne l l  

(1970) and Cox (1973) i n d i c a t e  t h a t  ~ o p p l i c k ' s  cool ing rates ( o r i g i n a l l y  

ca l cu la t ed  i n  1970) a r e  probably a n  underest imate,  due t o  t h e  f a c t  t h a t  
I 
I 

he  d i d  no t  t ake  i n t o  account t h e  e f f e c t  of t h e  water  vapor p re s su re  

dependent continuum abso rp t ion  i n  t h e  8-12pm region.  The mean background 

n e t  r a d i a t i v e  cool ing f o r  both r eg ions ,  Western P a c i f i c  and Western 

A t l a n t i c ,  w i l l  thus  be  taken t o  be  1.25 '~/d.  
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Fig. 10. Ver t i ca l  ve loc i ty  f o r  the  background o r  long-term mean 
composites (from McBride and Gray, 1978). I 

These two s inks  of h ,  / Vh dp and r a d i a t i v e  cooling, a r e  

balanced by the  surface  eddy f lux.  There must therefore  be a surface  

f l u x  l a r g e  enough t o  heat  the  troposphere by 2.2'~/d i n  the  West P a c i f i c  

and by 1 .3O~/d  i n  t h e  West At lan t i c .  Assuming a Bowen r a t i o  of .l, 
I 

t h i s  implies a surface  evaporation r a t e  of 0.75 gm/cm2d-1 i n  ' the  West- 

2 -1 e r n  P a c i f i c  and of 0.44 gm/cm d i n  t h e  Western At lant ic .  



3. COMPIIRISON: NON-DEVELOPING VS. DEVELOPING SYSTEMS 

3.1 Pacific cluster: N1 vs. Dl, D2 

The Pacific N1 non-developing cloud cluster and the Pacific D2 

pretyphoon cloud cluster were originally composited and analyzed by 

Zehr (1976). These two data sets include a similar number of observa- 

I 
tions and were used by Zehr to define the differences in structure be- 

tween a system which would later develop into a typhoon and one which 

would not. Zehr found a number of differences between the two composite 

systems. A study of this type is subject, however, to the criticism 

that the findings may be symptomatic of the fact that development has 

already begun to take place in the pretyphoon systems. In other words 

the differences could be described as the differences between a non- 

developing cluster and a weak tropical cyclone, rather than between a 

non-developing and a developing cluster. To avoid this difficulty, the 

current study includes also an analysis of the pretyphoon data set com- 

posited by S. Erickson (1977). This data set (Pacific Dl early pre- 

typhoon cloud cluster) is very much smaller than the others in terms of 

number of rawinsonde observations involved; but it consists of the very 

first one to two days existence of the pretyphoon system as observed by 

visual and infrared DMSP satellite imagery. Because of the greater 

amount of nbise present in the smaller Dl data set, the main comparison 

made here will be between D2 and N1. The Dl data set will be referred 

I 
. I  

to in order to show that the differences found are pertinent to the 

very beginning of the cluster's existence. 

Figure 11 shows the vertical profiles of temperature anomaly 

(TO-30 minus T east-west , 3-70' The developing system has a better 

but the 

- 
--- 
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Fig. 11. Cluster minus environment vertical temperature profiles for 
the Pacific developing (D2) and non-developing (Nl) cloud 
clusters. - - 

Tcluster = T~-3°i Tenvironment Teast-west, 3-7" 
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gradients are small. Plan views of the temperature at 300 mb are shown 
I 

in Fig. 12. A warm core can be seen for all three systems, but it is 

more distinct and of greater magnitude in the two developing systems. 

There are several features which should be noted in Fig. 12: 

The warm "core" at 300 mb extends over a very large area. 
(The grid points along each radial arm are 2 degrees lat- 
itude or 222 h. apart). 

I 
(ii) The warm core is distinct and obvious on the com6osite 

analyses for the developing systems; but in an individual 
atmospheric system it would be very hard to measure, being 
of the order of loC difference in temperature over several 
hundred kilometers. 

(iii) For all systems the temperature perturbation is quite sym- 
metric. The only asymmetry seen is associated with the cold 
temperatures at the higher latitudes to the north. 

(iv) Besides having a greater temperature gradient the developing 
system also has a higher absolute value of temperature at 



PACIFIC N I 

0 Fig.  12.' P lan  views of 300 mb temperature i n  C f o r  t h e  P a c i f i c  N 1  
non-developing cloud c l u s t e r  and f o r  t h e  developing (Dl, D2)  
cloud c l u s t e r s .  

PACIFIC D I 



300 mb. The whole r eg ion  o u t  t o  8' l a t i t u d e  i n  a l l  
d i r e c t i o n s  around t h e  developing cloud c l u s t e r  i s  warmer 
than t h a t  around t h e  non-developing cloud c l u s t e r .  

Hydros t a t i ca l ly ,  t h e  v e r t i c a l  i n t e g r a l  of t h e  d i f f e r e n c e s  i n  tem- 

p e r a t u r e  between developing and non-developing systems is equ iva l en t  

t o  a d i f f e r e n c e  i n  low l e v e l  p re s su re .  F igure  13  shows p l an  !views of 

t h e  he igh t  of t he  900 mb p re s su re  l e v e l .  There i s  a very  obvious d i f -  

f e r ence  between developing and non-developing systems, t h e  developing 

have a d i s t i n c t  a r e a  of low he igh t  o r  low p res su re  centered  on t h e  

system. The 900 mb h e i g h t s  near  t h e  cen te r  of t h e  developing c l u s t e r  

a r e  approximately 1002 meters  a s  compared wi th  1012 around t h e  non- 

developing c l u s t e r .  Converted t o  a d i f f e r e n c e  i n  s u r f a c e  p r e s s u r e  t h i s  

r e l a t e s  t o  only 1 mb. Thus, even though t h e  d i f f e r e n c e s  i n  v e r t i c a l l y  

i n t e g r a t e d  temperature show up c l e a r l y  on composite ana lyses ,  they a r e  

of t oo  smal l  a magnitude t o  be u s e f u l  i n  d i s t i ngu i sh ing  between develop- 

i ng  and non-developing d i s tu rbances  i n  t h e  ind iv idua l  cases .  

The v e r t i c a l  l a p s e  r a t e  s t a b i l i t i e s  a r e  very  s i m i l a r  i n  t h e  

developing and non-developing systems; i n  f a c t ,  t h e  g r e a t e r  middle l e v e l  

temperature i n  t h e  developing case  means t h a t  i t  a c t u a l l y  has  l e s s  

p o t e n t i a l  buoyancy a s  measured by the  v e r t i c a l  g rad ien t  of moist  s t a t i c  

energy h* (Fig. 14) . 
Figure  15  shows v e r t i c a l  p r o f i l e s  of mixing r a t i o  of water  vapor 

0 0 
f o r  t h e  c l u s t e r  (0-3 ) minus i t s  surroundings (3-5 ) . The magnitude of 

t h e  mois ture  anomaly i s  very  s i m i l a r  i n  both systems, as is  t h e  abso lu t e  

va lue  of t h e  mois ture  content .  The p r e c i p i t a b l e  water  averaged over t h e  

0-6' a r e a  i s  5.7 gmlcm2 f o r  t h e  developing system (DZ), and 5.6 gm/cm 
2 

f o r  t h e  non-developing system (Nl).  



PACIFIC 

PACIFIC PACIFIC 

Fig. 13. Plan views of 900 mb heights i n  meters f o r  Pac i f i c  N 1  non- 
developing cloud c lu s t e r  and f o r  the developing (Dl, D2) 
cloud c lus te r s .  
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Fig.  14. Sa tura ted  moist  s t a t i c  energy averaged over t h e  0-3 a r e a  f o r  

t h e  P a c i f i c  N 1  non-developing cloud c l u s t e r  and D 2  pretyphoon 
cloud c l u s t e r .  
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Fig.  15. V e r t i c a l  p r o g i l e s  of mixing r a t i o  of waterovapor f o r  t h e  
c l u s t e r  (0-3 ) minus i t s  surroundings (3-5 ) f o r  t h e  P a c i f i c  
N 1  and D2 systems. 
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Turning now t o  the  wind o r  dynamic f i e l d s ,  t h e  lower l e v e l  (900 mb) 

and upper l e v e l  (200 mb) flow pa t t e rns  a r e  shown i n  Figs. 16 and 17. 

A t  900 mb both developing and non-developing c l u s t e r s  have e a s t e r l y  

t r ade  wind flow t o  the  nor th  and westerly monsoon flow from the south. 

An area  of convergence centered on the  system can be seen i n  a l l  cases. 

The main d i  i ference between the  flow pa t t e rns  i s  the magnitude of the  

wind, the composite developing systems having s i g n i f i c a n t l y  stronger 

e a s t e r l i e s  t o  t h e i r  north.  

One mu 1 t be ca re fu l  not  t o  i n t e r p r e t  Fig. 16 a s  implying t h a t  the  

developing systems have t h a t  much stronger low l e v e l  winds. They do 

I 0 
not .  Table 5 (page 1 6 )  shows t h a t  averaged over the  0-4 a rea  the  mean 

wind speed t 950 mb i s  7 m / s  i n  the  D 2  system and 6.5 m / s  i n  the  N 1  P 
system. The l a rge  d i f ference  i n  wind speed t h a t  shows up on the  plan 

view i n   id. 16 is  r e a l l y  a r e f l e c t i o n  of the  d i f ference  i n  organizat ion 

of the  systems. Thus, the  many rawinsonde observations going i n t o  each 

I 
gr id  point  i n  the  non-developing case were highly va r iab le  i n  d i r e c t i o n  

and y ie ld  a low magnitude mean vector wind. I n  the  developing case, 

the re  was not much v a r i a b i l i t y  and the  r e s u l t a n t  vector  mean had a high 

magnitude. 

A t  200 mb (Fig. 17) the re  i s  a l s o  a l a r g e  d i f ference  between the  
I 

developing land non-developing composite f i e l d s .  The developing c l u s t e r s  

0 
have an anticyclone displaced about 3 l a t i t u d e  t o  the  e a s t  of t h e  sys- 

tem, whereas the  non-developing c l u s t e r  has no anticyclone.  

Ver t i ca l  p r o f i l e s  of the  r a d i a l  component of the  wind a t  4' radius  

and of the  kinematical ly ca lcula ted  v e r t i c a l  ve loc i ty  averaged over the 

0 
0-4 a rea  a r e  shown i n  Fig. 18. The developing systems have t h i r t y  
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-1 I 
Fig. 16. 900 mb streamline and isotach analyses (m s ) for the Pacific 

non-developing (Nl) and pre-typhoon (Dl, D2) cloud klusters. 
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\ *  

PACIFIC N I 

i Fig. 17. 00 mb streamline and isotach analyses (m s-I) for the Pacific 
on-developing (Nl) and pre-typhoon (Dl, D2) cloud clusters. 



PACIFIC 
I 

2 

3 - 
n 
E 4 -  

N 

0 - 5 -  

k! 6 -  
3 
m 
m 7- 
W 
Ix 
a 8 -  

9 

SFC 

-3 -2 - 1  0 I 2 3 -250-200-150-100-50 0 5 0  
VR AT 4" (m/sec) VERTICAL VELOCITY (mb4day 

r 

- 
- 

- 

- 

0 Fig. 18. Radial wind at 4 and vertical velocity averaged o*er the 
0 

0-4 area for Pacific developing and non-developing cloud 
clusters. ~ 

percent more mass inflow and therefore greater upward vertic 

than the non-developing systems. 

.l velocity 

Figure 19 shows symmetric vertical cross-sections of th4 tangential 

component of the wind. This field shows by far the most str ing dif- 

ference between the developing and non-developing systems, ana as later 
I 

discussion will show, also the most physically significant c ference. 

The developing clusters are characterized by very large valuqs of posi- 

tive tangential wind, more than twice as large as the tangendial wind 

in the non-developing clusters. There are several other aspdcts of 

the fields shown in Fig. 19 which are worthy of discussion: 

0 
(i) The radius of maximum tangential wind is approxi lately 4 4 latitude or 444 km. This is a fundamental diffe ence be- 

tween the cloud cluster and the fully developed ropical 
storm which has its radius of maximum wind at ap roximately 
35 km from the center. I 
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RADIUS IN DEGREES LATITUDE 

Fig .  19. 2-dimensional c ross -sec t ion  of VT f o r  t h e  P a c i f i c  non- 
developing (Nl) and pre-typhoon (Dl, D2) cloud c l u s t e r s .  

- -  ' s .  - r l :  

( i i )  >The very  l a r g e  d i f f e r e n c e  t h a t  e x i s t s  i n  t a n g e n t i a l  wind 
between developing and non-developing systems extends out  

0 t o  8 r ad ius .  Since t h e  r e l a t i v e  v o r t i c i t y  averaged over 
a 0-RO a r e a  i s  equal  t o  ~ v ~ / R ,  t h e  developing sygtem e x i s t s  
i n  a very  l a r g e  h o r i z o n t a l  e x t e n t  ( a t  l e a s t  an 8 l a t i t u d e  
r ad ius  c i r c l e )  of l a r g e  p o s i t i v e  r e l a t i v e  v o r t i c i t y .  The 
v o r t i c i t y  averaged over t h i s  a r e a  is  t h r e e  times a s  l a r g e  a s  
t h a t  over t he  same area surrounding the  non-growing system. 

( i i i )  The nega t ive  t a n g e n t i a l  wind observable a t  l a r g e  r a d i u s  i n  
t he  upper t roposphere f o r  a l l  systems i s  a r e f l e c t i o n  of 
t h e  s t rong  e q u a t o r i a l  e a s t e r l y  winds t o  t h e  south  of a11  
systems, which can be  seen on t h e  p l a n  views i n  Fig.  17. 

The non-developing cloud c l u s t e r  has  i t s  maximum va lue  of 
VT a t  approximately 600 mb. By thermal  wind cons ide ra t ions  
t h i s  impl ies  t h a t  t h e  system i s  cold core  below t h a t  l e v e l .  
A s  shown e a r l i e r ,  h o r i z o n t a l  temperature g r a d i e n t s  a r e  very  
weak and hard t o  measure; s o  t h i s  cons ide ra t ion  of t h e  ver-  
t i c a l  v a r i a t i o n  of t a n g e n t i a l  wind i s  a c t u a l l y  t h e  most 

l x e l i a b l e  i n d i c a t o r  of t h e  s i g n  of t h e  temperature anomaly. 
Of the  developing systems, D2 has  a c l e a r  low l e v e l  wind 
maximum, and t h e r e f o r e  a warm core  a l l  t h e  way down t o  900 
mb. This  may be  symptomatic of t h e  f a c t  t h a t  development 
h a s  a l r eady  begun, s i n c e  t h e  D l  system has  a very  ambiguous 
temperature s t r u c t u r e ,  wi th  no c l e a r  temperature g rad ien t  
being implied a t  a l l  below t h e  500 mb l e v e l .  Many authors  

*dn t h e  p a s t  (e .g .  R ieh l ,  1948; Yanai, 1961) have d iscussed  
t h e  t r a n s i t i o n  from a cold  co re  t o  a warm core  system a s  a n  

. important  i n d i c a t o r  of t h e  p o t e n t i a l  of a system f o r  develop- 
ment i n t o  a t r o p i c a l  storm. It has  been shown he re ,  and i n  
e a r l i e r  r e p o r t s  by W i l l i a m s  and Gray (1973), Ruprecht and 
Gray (1976a, b ) ,  Zehr (1976), S. Erickson (1977) t h a t  a l l  



these  systems a r e  warm core i n  t h e  upper l e v e l s , '  and 
therefore  d i r e c t  c i rcu la t ion .  I n  the  lower atmosphere the  
current  observations reveal  t h a t  i f  a t r a n s i t i o n  does take  
place from cold core t o  warm core, i t  happens very ea r ly ,  
a t  about the  D l  s tage .  This is  two t o  th ree  days p r i o r  t o  
the  beginning of the  JTWC Guam o f f i c i a l  bes t  t r ack  f o r  the 
system, which i n  tu rn  is  severa l  days before the  system 
develops i n t o  a t r o p i c a l  storm. This could have some opera- 
t i o n a l  p o t e n t i a l  a s  a predic tor  of t r o p i c a l  cyclone develop- 
ment: i f  the  t angen t ia l  component of the  wind averaged 

0 around the  circumference of a 3 l a t i t u d e  radius  c i r c l e  
centered on the  system is grea te r  a t  900 mb than i t  is  a t  
500 mb, the  system is  much more l i k e l y  t o  develo . P 

I n  summary, the  comparison of Western P a c i f i c  non-develbping versus 

developing cloud c l u s t e r s  y i e l d s  the  following r e s u l t s :  

1 )  Both systems a r e  warm cored i n  the  upper l eve l s .  The warm a rea  
a t  300 mb is  much more pronounced i n  the  developing system; 
following t h i s  the low l e v e l  height  anomaly is  a l s o  much more 
pronounced. The a c t u a l  magnitudes, however, of the  temperature 
and height  gradients  a r e  so small t h a t  they would be extremely 
d i f f i c u l t  t o  measure f o r  an individual  system. 

2) The developing o r  pretyphoon cloud c l u s t e r  e x i s t s  i n  a general ly 
warmer atmosphere over a l a rge  hor izonta l  s c a l e ,  f o r  example 
out  t o  8' l a t i t u d e  radius  i n  a l l  d i rec t ions .  

3) There is  no obvious d i f ference  i n  v e r t i c a l  s t a b i l i t y  f o r  moist 
convection between the  systems. I 

4 )  The moisture anomaly and moisture content a r e  s imi la r  f o r  the 
developing and non-developing systems. 

5) The composite f i e l d s  y ie ld  a t h i r t y  percent g rea te r  upward 
v e r t i c a l  ve loc i ty  f o r  t h e  developing system. 

I 
6 )  The developing system has an upper l e v e l  anticyclone,  while 

the  non-developing does not .  I 
7) The developing system e x i s t s  i n  a very l a r g e  area  of low l e v e l  

pos i t ive  t angen t ia l  wind o r  p o s i t i v e  r e l a t i v e  v o r t i c i t y .  This 
is t o  some extent  r e s u l t a n t  from p e r s i s t e n t  low l e v e l  eas ter -  
lies t o  the  north of the system. 

Very s imi la r  r e s u l t s  t o  the  above were obtained by Zehr (1976). 

One other  d i f ference  t h a t  he pointed out  was t h a t  the  developing D 2  

c l u s t e r  had a slower speed of movement than the non-developing N 1 .  

Physical ly,  t h i s  may be of some importance, but  it is not a consis tent  



fea tu re .  Referring t o  Table 6 ,  it is seen t h a t  the  D l  system has the  

same speed of movement a s  t h e  N 1 ,  and t h a t  i n  the  At lan t i c  data  sets 

the re  is  no consis tent  d i f ference  i n  speed of movement between develop- 

ing and non-developing systems. 

3.2 At lan t i c  cloud c lus te r s :  N 1 ,  N2 vs.  D l  

I n  the  West At lan t i c  Ocean, two non-developing cloud c l u s t e r  da ta  

sets, N 1  and N2, a r e  ava i l ab le ,  and one developing, D l .  

Ver t i ca l  p r o f i l e s  of temperature anomaly, *c lus ter  
minus 

f o r  these  systems a r e  shown i n  Fig. 20. A s  has been dis-  
Tenvir onment ' 
cussed, da ta  problems make these  f igures  hard t o  i n t e r p r e t ,  but  the  most 

c l e a r l y  defined upper l e v e l  warm core is  a c t u a l l y  i n  the  non-developing 

N 1  data set. Looking a t  the  l a rge r  s c a l e ,  the  plan views of 300 mb 

l e v e l  temperature (Fig. 21) show only a s l i g h t  h i n t  of a warm core i n  

the  wave trough c l u s t e r  N2 but  a c l e a r l y  defined warm core f o r  both the  

non-developing N 1  and the  developing D l  systems. The e f f e c t  of the  

temperature d i f ferences  in tegra ted  through the  troposphere shows up i n  

the  plan view of 900 mb l e v e l  height  (Fig. 22). The developing system 

is t h e  only one with a c l e a r  low pressure center ,  but  a s  i n  the  P a c i f i c  

t h e  d i f ferences  a r e  very small and hard t o  measure. (A t e n  meter d i f -  

ference on Fig. 22 t r a n s l a t e s  t o  only a one mb di f ference  a t  the  sur- 

face.  ) 

An i n t e r e s t i n g  fea tu re  of Fig. 22 is t h a t  a l l  the  At lan t i c  c l u s t e r  

systems e x i s t  i n  the  middle of a region of s t rong north-south low l e v e l  

height  gradient .  Hydros ta t ica l ly ,  t h i s  means t h a t  the  region i s  one 

of a l a r g e  north-south gradient  of mean tropospheric temperature; by 

thermal wind considerat ions t h i s  is  i n  agreement with the  change i n  the  

I 
mean wind across  the  g r i d  from e a s t e r l i e s  a t  900 mb t o  wes te r l i e s  a t  
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Fig. 20. Cluster minus environment vertical temperature profiles for 
the Atlantic non-developing (Nl, N2) and pre-hurricane (Dl) 
cloud clusters. 

Tclustel 
Teast-west, 3-7" 

200 mb. Referring back to the 900 mb level heights for ~aciiic clusters 

in Fig. 13, there is no strong north-south height gradient. Corres- 

pondingly the cloud clusters in that region exist in easterlies at both 

lower and upper levels. I 
As in the Pacific the vertical velocity, horizontal gradient of 

moisture and total moisture content are very similar for dev&loping and 

non-developing systems. The moisture anomalies are shown in Fig. 23. 

0 
The total moisture contents over the 0-6 area are 5.0 gm/cm2 for the 

developing case Dl versus 4.9 and 4.8 gm~cm2 for N1, N2. 

The biggest difference that showed up in the Pacific between de- 

ll 

veloping and non-developing clusters was in the tangential cornPodent 

of the wind, V Vertical profiles of V at 2, 4 and 6' radius are T ' T 

shown in Fig. 24. The developing cluster has much greater positive 
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Fig. 21. Plan views of 300 mb temperature in C for Atlantic non- 
developing (Nl, N2) and developing (Dl) cloud clusters. 
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F ig.  22. P lan  views of 900 mb h e i g h t s  i n  meters f o r  A t l a n t i c  non- 
developing (Nl, ~ 2 )  and developing (Dl) cloud c l u s t e r s .  
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Fig. 23. Vertical profiles of mixing ratio of water vapor for the 
cluster (0-3') minus its surroundings (3-5') for the Atlantic 
developing (Dl) and non-developing (Nl, N2) cloud clusters, 
I 

ATLANTIC 

Fig. 24.  Tangential wind (VT) at 2O, 4' and 6' radius for the Atlantic 
developing and non-developing cloud clusters. 



V at lower levels and much greater negative V at upper levels. These 
T T 

0 large differences extend out as far as 6 latitude radius and beyond. 

The N1 data set has maximum V around 500 or 600 mb implying that it T 

is cold cored below that level; but the wave trough cluster N2 as well 

as the prehurricane cluster Dl has a low level maximum and t h erefore a 
warm core. 

The 200 mb level flow patterns are shown in Fig. 25. The N2 

wave trough cluster has no anticyclone. The N1 and the prehurricane D l  

0 
system both have an anticyclone displaced approximately 3 to the east 

of the system center. The large scale horizontal anticyclonic shear is 
very much greater for the developing system. 

R 

, I  
The vertical profiles of V at 4' and of 0-4' vertical velocity 

are shown in Fig.26. The typical Atlantic weather systems, as rep- 

resented here by N1, N 2  have very weak vertical motion associated with 

them. This is in agreement with the large scale long-term-mean vertical 

velocity in this region being downwards, as discussed in Chaqter 2. The 
I 

prehurricane system, however, does have substantial upward vertical 

motion, of the same order of magnitude as found in the Pacific systems 

in Fig. 18. 

3 . 3  Atlantic depressions: N3 vs D2 

The tropical depression represents a later stage of development 

I 
than the cloud cluster. In the depression stage, by definition, there 

already exists a well defined closed vortex circulation at low levels. 

Approximately one third of depressions later develop into tropicalstorms. 

The structure of developing depressions will now be compared with the 

structure of those depressions which do not develop. The de ressions P 
making up the non-developing composite data set N3 are all from the 
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I 
Fig. 25. 200 mb streamline and isotach analyses (m s-l) for the Atlantic 

non-developing (Nl, N2) and pre-hurricane (Dl) cloud clusters. 
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Fig. 26. Radial wind at 4' and vertical velocity averaged ober the 0-4' 
area for Atlantic developing and non-developing cloud clusters. 

0 
West Atlantic region, longitude greater than 55 W, latitude less than 

0 
30 N during the months of June to October. The sea surface temperature 

in that location and season is always well above 26%'~. In ddition no f 
positions were included in the N3 data set such that the system was 

within one degree latitude of land (including Cuba, Haiti, Jamaica and 

Puerto Rico) within the following 24 hours. Thus the lack of develop- 
I 

ment must be attributed to dynamic and thermodynamic structde rather 

than to topographic or land versus sea influences. 

The non-developing N3 and the prehurricane D 2  depressiods are 

both well defined tropical systems; so it would not be anticipated that 

all of the differences that were found between developing and non- 

developing clusters would carry over to them. For instance, they both 

have a well defined upper level anticyclone as shown in Fig. 27. The 
I 

warm core is also of similar magnitude in the two systems as 'shown in 



Fig. 27. 200 mb streamline and isotach analyses (m s-l) for the Atlanti~ non-developing (N3) versus the 
pre-hurricane (D2) depression. 



Fig. 28. Vertically integrated, however, the warm anomaly is better 
I 

defined for the developing system. This can be seen in the better de- 

fined symmetric low level height gradient shown in Fig. 29. 

The greater moisture anomaly actually is in the non-developing 

system (Fig. 30), but the large scale 0-6' moisture is much the same: 

2 
5.0 gm/cm for the developing depression D2 as compared with 4.9 gn/cm 

2 

I 
for N3. 

The vertical velocity curves are shown in Fig. 31. The non- 

developing system has much more upward vertical velocity thah the devel- 

oping system. 

The major difference between the two data sets is the tangential 

wind (Pig. 32). The low and middle level tangential winds fbr the 

developing depressions are twice as large as those for the n n-develop- 

0 
ing, and the difference extends out to 6 radius and beyond. An I' 
inspection of the plan views in Fig. 27 also reveals a large difference 

in upper level anticyclonic tangential wind; but the difference does not 

show up until out to 8' and beyond. 

In summary the major differences between developing and non- 

developing tropical depressions are: 1) the upward vertical motion is 

greater for the non-developing depression, and 2) the large scale low 

level vorticity is greater for the developing depression. 

Some readers may question result number 1). It shows clearly in 

Fig. 31; but vertical velocity is a difficult parameter to measure. 

Further discussion and substantiating evidence will be presented in 

Chapters 7 and 9. 
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Fig. 29. D-values (Z - Ztoo) in meters at 900 mb for the Atlantic 
non-developing N3) versus developing (D2) depressions. 

ATLANTIC 

2 - 
- 3 -  
m 

4 -  (U 

0 - 5 -  

6 -  
V) 
'" 7 -  W 
a 
a 8 -  

9 - 
SFC - 

Fig. 30. q0-30 minus 43-50 for the Atlantic non-developing ( ~ 3 )  versus 
developing (D2) depression. 
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Fig. 32. YT at 2O, 4' and 6' radius for the Atlantic depressions. 

Vertical velocity averaged over the 0-4' area for the Atlantic 
aon-developing (N3) and pre-hurricane (02) depressions. 



3.4 Discussion 

One point which requires further emphasis is the ver ' ge hori- 

zontal scale of the differences between the developing and the non- 

developing data sets. The plan views of 300 mb level temperature in 

Figs. 12 and 21 show that the warm sector of the atmosphere extends 

0 over an 8 latitude radius circle, while the cloud cluster j elf is 

only of radius approximately 3 degrees. The large differences that have 

been demonstrated to exist in the low level tangential wind also have 

a large horizontal extent. Fig. 33 shows plan views of V at 900 mb. 
T 

In this figure the individual system motion vector has been subtracted 

from each rawinsonde wind field before the composite was made. It thus 

shows V in "motion" or "relative" coordinates. The positive tangential 
T 

0 wind region extends over a 20 latitude diameter area. Conv4ntional 

theories of cyclone development have depended on all positive relative 

vorticity being brought about by mass convergence and consequent con- 

traction of vortex tubes. It is quite obvious from Fig. 33 That in 

the beginning or cluster stage of development there is already quite a 

large amount of positive relative vorticity present, and it extends 

over such a large scale that its origin must be external to the cluster 

or incipient cyclone system. 

The comparison of clusters in sections 3.1 and 3.2 revealed that 

developing clusters had greater vertical motion than non-developing 

systems. In the Atlantic ocean, it seems a system must reach a stage 

of having of the order of 100 mb/d upward motion before it can begin 

the transition towards a tropical storm. In the Pacific, the average 

cloud cluster already has that much vertical motion. 





in a satellite study of typhoon development Arnold (1977) showed 

that there exists a variability in deep penetrative convection and 
I 

cirrus (and therefore in vertical motion) in pretyphoon cloud clusters 

of at least the same size as the mean cloudiness. The same variability 

exists in all later stages of development. 

Given this variability, and the fact that for Atlantic depressions 

the composite non-developing system has greater vertical motion than the 

I 
developing system (Fig. 31), it must be concluded that no importance 

can be placed on the differences in vertical motion found between 

Pacific developing and non-developing cloud clusters. The only restric- 

tion on development is that a cluster must reach a state of Laving 

0 
approximately 100 mb/d upward motion averaged over the 0-4 area. 

I Another result of this chapter which may require clarification 

concerns the existence or non-existence of the upper level anticyclone. 

The non-developing Pacific cluster and one of the Atlantic non-developing 

composite clusters have no anticyclone. All composite developing sys- 

tems have an upper level anticyclone, and it is very clearly defined in 

the depression stage. If a cloud cluster is to develop intola tropical 

storm, it must develop an anticyclone at some stage; so this is a 

definite indicator of development. It is not infallible though, as in 

the Atlantic both the non-developing cloud cluster N1 and the non- 

developing tropical depression N3 have upper level anticyclones. S. 

Erickson (1977) visually inspected DMSP satellite images of 49 non- 

developing Pacific summertime cloud clusters and 53 pretyphoon clusters. 

By qualitatively following cirrus streaks on each image, he found that 

10 out of the 49 (or 20%) of the non-developing had visible upper level 



anticyclonjc outflow, as compared with 34 out of 53 (or 64%) of the 

developing systems. 



4. VERTICAL WIND SHEAR I 

One dynamic parameter which is important for tropical sform ' 

development is the presence of low vertical wind shear (Gray, 1968). 

Physically, low shear is required so that enthalpy and moisture can 

accumulate in a vertical column. A system with low wind shear will lose 

little moisture and heat energy through horizontal ventilation or blow- 

through and thus will be more likely to organize itself intola verti- 

cally stacked tropospheric system such as a tropical storm, 

Plan views of the mean shear of the zonal wind U200 mb- '900 mb for 

the Pacific data sets are shown in Fig. 34. The developing systems 

(Dl, D2, D3) have a region of zero shear close to their center. The 

non-developing cluster (Nl) has no such region. I - 
Besides possessing small shear the developing data sets also show 

an additional characteristic of the tropospheric vertical shear field. 

Each system has a line of absolute zero shear close to its center. 

Taking into account the positioning problems inherent in the assembling 

of composite data sets, it is likely that the zero shear line lies 

directly above the developing system's center. 

Further inspection of Fig. 34 shows that extremely strong horizontal 

0 
gradients of vertical shear exist in the region extending about 5 lati- 

tude to the north and south of the developing systems. The vertical 

shears surrounding, but quite close to, the system are actually very 

strong. This effect stems partly from the superposition of an upper 

level anticyclone above a low level cyclone, but the strong shear pat- 

tern extends well out into the environment. 

If the only role played by vertical wind shear in storm genesis 

is that it has to be low to prevent ventilation, why is absolute zero 





shear r a the r  than j u s t  low shear observed on the  composite p lan  views? 

Why a l s o  a r e  such l a r g e  zonal shears observed c lose  t o  the  sistem center  

t o  the  nor th  and the  south? 

Inspection of Fig. 34 leads  t o  t h e  conclusion t h a t  f o r  t r o p i c a l  

cyclone genesis  i n  the  West P a c i f i c  the re  is  a requirement f o r  the  l a r g e  

s c a l e  environment t o  arrange i t s e l f  t o  bring about t h e  exis tence  of an 

east-west extending l i n e  of zero tropospheric a ~ / a p  shear with a l a rge  

gradient  of t h i s  shear t o  the  north and south. 

Figure 35 shows the  plan views of meridional v e r t i c a l  shear V 
200 mb- 

'900 mb f o r  the  P a c i f i c  systems. Once again t h e r e  is  a s t r i k i n g  d i f f e r -  

ence between the  non-developing c l u s t e r  (Nl) and t h e  pretyphoon c l u s t e r s  

(Dl, 02).  The non-developing system e x i s t s  i n  a l a rge  area  bf low 

meridional v e r t i c a l  shear. The developing systems have zero shear over 

them with s t rong ant icyclonic  v e r t i c a l  shear t o  the  e a s t  and w e s t .  

Comparing Figs. 34 and 35, i t  i s  seen t h a t  the  e f f e c t  i s  much g rea te r  

i n  the  zonal than i n  the  meridional shear pat tern .  

The plan views of zonal shear f o r  the  At lan t i c  systems I re shown 

i n  Fig. 36. Comparing non-developing c l u s t e r s  N 1 ,  N2 with prehurricane 

systems D l ,  D 2  and D3, t h e  d i s t i n c t i v e  f e a t u r e  i s  t h a t  t h e  p?ehurricane 

systems have very s t rong ant icyclonic  v e r t i c a l  shear north of them and 

zero o r  c lose  t o  zero shear over them. 

There is  independent evidence f o r  the  strong shear t o  t h e  north.  

Riehl  (1975) documented severa l  case s tud ies  of development of t r o p i c a l  

storms i n  the  Gulf of Mexico and Caribbean. I n  each of Riehl ' s  cases,  

development was preceded by mid-tropospheric cold a i r  advection 500 t o  

1500 km nor th  of the  system. By thermal wind considerat ions t h i s  







the system en te r .  f - 
The non-developing depression N3 a l s o  has the  zero shear with 

implies an 

strong posidive shears t o  the  nor th ,  indica t ing t h a t  these condit ions 

a r e  a l s o  highly favorable f o r  the  system t o  undergo the  t r a n s i t i o n  from 

cloud c lus tg r  t o  depression s t a t u s .  It should be noted, however, t h a t  

f o r  the  N3 system t h e  shear p a t t e r n  does not  extend over a s  l a rge  an 

area ,  p a r t i c u l a r l y  towards the  nor th ,  a s  i t  does f o r  the  developing 

sys terns. 

The At lan t i c  pa t t e rns  of v e r t i c a l  shear of the  meridional wind a r e  

shown i n  Fig. 37. The meridional shears i n  the  At lan t i c  a r e  stronger 

than i n  the lpac i f i c .  A l l  developing At lan t i c  systems have a north-south 

extending l i n e  of zero v e r t i c a l  meridional shear going over the  system 

center ,  p o s i t i v e  shear t o  t h e  w e s t  and very s t rong negative shear t o  

the e a s t .  A dif ference  a l s o  shows between developing D2 and non- 

developing N3 depressions, t h e  p o s i t i v e  - zero - negative p a t t e r n  being 

b e t t e r  defined i n  the  former case. 

increase  of p o s i t i v e  zonal shear between the  cold a i r  and 

An inspection of the  composites of Gray (1968) shows t h a t  the  same 

s i t u a t i o n  e x i s t s  i n  o ther  t r o p i c a l  storm regions of the world. Figure 

38 reproduc/ed from Gray's paper i s  a plan view of the  zonal shear f o r  

t r o p i c a l  dilsturbances i n  the  South P a c i f i c  Ocean which l a t e r  develop 

i n t o  t r o p i c a l  storms. Figure 39 is  f o r  prestorm disturbances i n  the  

North Indi$n Ocean. Both f igures  show the  same fea tu res :  an east-west 

l i n e  of zed0 zonal v e r t i c a l  shear accompanied by strong westerly shear 

t o  the poleward s i d e  and s t rong e a s t e r l y  shear t o  the  equatorward s ide .  

This A [ e s u l t  helps c l e a r  up some of the  confusion t h a t  has exis ted  

i n  the pas6 concerning v e r t i c a l  wind shear and t r o p i c a l  cyclone genesis.  

- 
- 
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Fig. 38, 

s SOUTH PACIFIC 
VERTICAL SHEAR OF ZONALWIND 

("200tnb- '850nb 

Composite zonal v e r t i c a l  wind shear f o r  average rawin 
information i n  each area  r e l a t i v e  t o  the  center  of 84 t r o p i c a l  
disturbances i n  the  South P a c i f i c  which l a t e r  developed i n t o  
t r o p i c a l  storms. Length of arrows proport ional  t o  wind shear 

$ i n  knots ( a t  l e f t ) .  Values i n  parentheses a r e  number of wind 
repor t s  i n  each a rea  average. Distance from the  center  is 
given by the l i g h t l y  dashed c i r c u l a r  l i n e s  a t  5' l a t i t u d e  
increments. (Reproduced from Gray, 1968). 

There has been some res i s t ance ,  f o r  example, t o  acceptance of low 
I 

t ropospheric v e r t i c a l  shear a s  a cyclone genesis  requirement. This 

h e s i t a t i o n  has stemmed p a r t l y  from synoptic observations of s t rong shears 

c lose  t o  t h e  developing systems. Forecast schemes based on low shear 

w i l l  give a high score t o  a t r o p i c a l  a rea  of low shear.  Such schemes 

work well  on a c l imatological  b a s i s ,  but  f o r  individual  s i t u a t i o n s  the  

suggest t h a t  the re  i s  a c t u a l l y  a requirement not  only f o r  

very small v e r t i c a l  shear near the  system center  but  a l s o  f o r  two ad- 

I 
joining regions of s t rong 200-900 mb v e r t i c a l  shear of opposite  s ign  on 

e i t h e r  s i d e  of the  system. 

The v e r t i c a l  shear p a t t e r n  f o r  the  developing systems (Dl, D2, D3 

i n  e i t h e r  ocean) is a function of both the  upper l e v e l  and the  lower 
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Fig. 39. Composite zonal v e r t i c a l  wind shear f o r  average rawin 

information i n  each area  r e l a t i v e  t o  the  center  of 54 t r o p i c a l  
disturbances i n  the  North Indian Ocean which l a t e r  developed 
i n t o  t r o p i c a l  storms. Length of arrows proport ional  t o  wind 
shear i n  knots ( a t  l e f t ) .  Values i n  parentheses a r e  number 
of wind repor t s  i n  each area  average. Distance from the  
center  i s  given by the  l i g h t l y  dashed c i r c u l a r  l i n e s  a t  4 
l a t i t u d e  increments. (Reproduced from Gray, 1968). 

0 
l e v e l  flow and extends over a l a r g e  region of the  t rop ics ,  ab f a r  a s  10 

l a t i t u d e  dis tance  from the  center  of the  system. These ideas  corres- 

pond w e l l  t o  the r e s u l t s  of a number of previous researchers.  Riehl  

(1948, 1950), Yanai (1961), Sadler (1967, 1975, 1976, 1978) and ~ v o r a k  

(1975) have a l l  placed emphasis on a requirement f o r  a superposit ion of 
I 

favorable upper l e v e l  and lower l e v e l  l a r g e  s c a l e  flow featukes p r i o r  

t o  disturbance i n t e n s i f i c a t i o n .  

More s p e c i f i c a l l y ,  Dvorak (1975) s t a t e s  t h a t  development w i l l  not 

take p lace  underneath a un id i rec t iona l  upper tropospheric flow pa t t e rn .  

Such a flow pa t t e rn  i s  inconsis tent  with a l a r g e  north-south gradient  
I 

of a p  . Dvorak (personal communication) a l s o  s t a t e s  t h a t  hevelo~ment 



i n  t h e  A t l a n t i c  is  i n h i b i t e d  by upper l e v e l  n o r t h e r l y  flow t o  t h e  west 

of a d is turbance .  This  is  c o n s i s t e n t  with t h e  requirement f o r  a l a r g e  

va lue  of a idx cav/ ap) . 
Sadler  (1967, 1975, 1978) p r e s e n t s  evidence t h a t  Northwestern 

P a c i f i c  cyclone genes i s  w i th in  t h e  t r a d e  winds is as soc ia t ed  wi th  a 

I westward ex ens ion  of t h e  L r o p i c a l s p e r  - t ropospher ic  t rough  (TUTT) 

e x i s t i n g  t o  t h e  northwest  of t h e  developing system. Sadler  (1976) has  

a l s o  documeited cases  of low l a t i t u d e  (ITCZ) cyclone genes i s  tak ing  

p l a c e  t o  t h e  south  of t h e  TUTT. I n  t h e  former s i t u a t i o n  t h e  TUTT being 

t o  t h e  west of t he  d i s tu rbance  enhances the  a n t i c y c l o n i c  v e r t i c a l  shea r  

c l o s e  t o  t h  I dis turbance .  I n  both s i t u a t i o n s  t h e  upper l e v e l  w e s t e r l i e s  

t o  t he  south  of t he  TUTT o v e r l i e  t r a d e  winds, t hus  br inging  about t he  

I 
requi red  p o s i t i v e  zonal  shea r  t o  t h e  no r th  of t h e  i n c i p i e n t  d i s turbance .  

Gray (1968) has  shown t h a t  c l ima to log ica l ly  cyclone genes i s  u sua l ly  

t akes  p l ace  j u s t  t o  t h e  poleward s i d e  of a monsoon o r  doldrum e q u a t o r i a l  

trough. A I chematic north-south c r o s s  s e c t i o n  of t h e  usua l  zonal  winds 

f o r  such a trough are shown i n  Fig. 40. Note t he  p o s i t i v e  zonal  shear  

t o  t he  nor th  and nega t ive  shea r  t o  t h e  south .  

Ce r t a in  i n t e r p r e t a t i o n s  can be  placed on t h i s  h o r i z o n t a l  configura- 

t i o n  of v e r t i c a l  shear .  By thermal  wind cons ide ra t ions  i t  impl ies  t h a t  

t h e  genes is  t akes  p l ace  when t h e  atmosphere is  warm r e l a t i v e  t o  i t s  

surroundings. The ITCZ i s  c l ima to log ica l ly  warm, and t h e  r equ i r ed  N-S 
I 

and E-W g r a h i e n t s  of shear  can s t e m  from t h e  s o  c a l l e d  "sharpening up" 

of t h e  ITCZ A s  shown by R ieh l  (1975) they can a l s o  be  brought about r 
by cold a i r  advec t ion  from t h e  n o r t h  i n  t r a v e l l i n g  middle l a t i t u d e  sys- 

t e m s .  
I .  l . . . i  I 

< r r s s '  " $ 8  , p, ., t:. t x  ! ,.- 7 



Pig. 40. Schematic north-south cross section of zonal windsi relative 
to the position of a doldrum or monsoon equatorial trough. 

Another interpretation is in terms of a vertical gradient of 

vorticity: a large north-south gradient of - a~/ap in combifiation with 
a large east-west gradient of a~/ap 

= a large vertical gradient of rklative 
vort icity 

Genesis potential for a developing disturbance may thus be quanti- 

fied as: 

, . ' .  .1() , , I  ' 3 '+ I . I 
where 5 is relative vorticity. S. Erickson (1977) found large differ- 

ences in GP between developing and non-developing Western Pacific cloud 

clusters. 



Values of GP f o r  the  current  study a r e  shown i n  Table 12. 

Comparing t i e  P a c i f i c  c l u s t e r  (Nl) with the  P a c i f i c  pretyphoon c l u s t e r s  

(Dl, D2), i is seen t h a t  the  l a t t e r  developing systems have l a rge r  I 0 
values of G a t  a l l  r a d i i .  Inspection of the d a t a  shows t h a t  a t  2 and 

4' t he  d i f f  rence i s  due mainly t o  the  developing systems having g rea te r  

0 
low l e v e l  r e l a t i v e  v o r t i c i t y .  The g r e a t e s t  d i f ference  i n  GP i s  a t  6 , 

where t h e  developing systems a l s o  have a contr ibut ion due t o  l a r g e  s c a l e  

200 mb ant icyclonic  hor izonta l  shear. Comparing At lan t i c  c l u s t e r s  (Nl, 

N2 vs. Dl) and depressions (N3 vs.  D2), the same comments apply. 

Table 13 shows genesis p o t e n t i a l  averaged . . fo r  - -  non-developing and 

developing da ta  sets. A t  6' radius  t h i s  parameter ' is 3 times g rea te r  

f o r  the dev loping systems than f o r  the  non-developing systems. No I: 
other  par; ter di f ferences  a r e  anywhere near a s  large .  For comparison, 

Table 14 I '  w s  various o ther  measured q u a n t i t i e s  averaged f o r  non- 

developing e r sus  developing data  sets. Y 



PACIFIC NON-DEVELOPING 

N1 Cloud Cluster 

PACIFIC DEVELOPING 

Dl Early pretyphoon cloud cluster 6.0 
D2 Pretyphoon cloud cluster 4.8' 
D3 Intensifying cyclone 8.5 
D4 Typhoon 12.4 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster 
N2 Wave trough cluster 
N3 Non-developing depression 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 

Average NON-DEVELOPING 
(Pacific N1; Atlantic 
N1 ,N2 ,N3) 

Average DEVELOPING 
weak systems (Dl,D2) 

Average DEVELOPING 
all systems (Dl ,D2 ,D3) 

TABLE 13 

Genesis Potential (GP). Mean relative vorticity differences 
900 mb and 200 mb for each composite data set. 

" 1  .< 

- -5 -1 GP = cgOOmb  inu us 7 (10 s 
200mb 

4 

. i f  

0-4' - 

1.6 

4.0 
3.2 
4.8 
6.4 

0.4 
0.6 
2.0 

Genesis Potential (GP) - Average of Developing and Non-developing 
sets (10-~s-l) 

between 

' 

0.7 
'I 

2.3 
2.4 
3.0 
4.4 

1 .  0.7 
0.4 

i .  1.0 

data 

0-6' 



TABLE 14 

Comparison of developing versus non-developing data sets for various measured parameters. Values are 
averaged over the 0-4O radius area. 

- - 
'sf c-lo&nb 'sf c- lObb Cornposited Speed of Ahg50-600mb Ah*950-60bb '700.b water P rec ip i t ab le  BT85bb wind speed movement 

a t  950 mb of dis-  
turbance 

(m/s) (mls) (m/ s (m/s) (ca l lg)  (cal/g) 
2 

(g/kg) (g/cm ) (OC) (OC) 

Average NON-DEVELOPING 
(Pac i f i c  N 1 ;  A t l an t i c  -3.0 
N 1 ,  N2, N 3 )  

Average DEVELOPING 
(Pac i f i c  D l ,  D2; 0.3 -0.1 
At lan t i c  D l ,  D2) 00 

4 

- 
'sfc-100mb is t h e  pressure weighted average of the  zonal component of the  wind between the surface  and 100 mb. 
- 
Vsfc-lO&nb is the  pressure weighted average of the  meridional component of the  wind between the  surface  and 100 mb. 

Ahg50-60hb is  the  di f ference i n  moist s t a t i c  energy, h ,  between 950 mb and 600 mb. 

Ah*950-600mb is  the  di f ference i n  sa tu ra t ion  moist s t a t i c  energy between 950 mb and 600 mb. 

7 00mb is the  mixing r a t i o  a t  700 mb. 

is a measure of the  temperature di f ference between the  c l u s t e r  (0-3') and i ts  surroundings (3-7O). 



5 .  SUMMARY OF THE DIFFERENCES BETWEEN DEVELOPING AND NON-DEVELOPING 

TROPICAL DISTURBANCES 

The main f indings  from t h e  ana lys i s  of the  composite f i e l d s  i n  

Chapters 3 and 4 a r e  a s  follows: 

1)  Pre-typhoon and pre-hurricane systems a r e  located i n  l a rge  
areas  of high values of low l e v e l  r e l a t i v e  v o r t i c i t y .  The 
low l e v e l  v o r t i c i t y  i n  the  v i c i n i t y  of a developing cloud 
c l u s t e r  i s  approximately twice a s  l a r g e  a s  t h a t  observed with 
non-developing cloud c l u s t e r s .  

2) Mean divergence and v e r t i c a l  motion f o r  the  typ ica l  Western 
At lan t i c  weather system a r e  wel l  below the  magnitudes found i n  
pre- t ropical  storm systems. 

I 
3) Once a system has s u f f i c i e n t  divergence t o  m@ntainl 100 mb or  

more per day upward v e r t i c a l  motion over a 4 radius  area ,  
the re  appears t o  be l i t t l e  r e la t ionsh ip  between the  amount of 
upward v e r t i c a l  ve loc i ty  and the  p o t e n t i a l  of the  system f o r  
development. 

4) Cyclone genesis  takes place under conditions of zero v e r t i c a l  
wind shear near the  system center .  

I 
5) There is  a requirement f o r  l a rge  p o s i t i v e  zonal shebr t o  the  

north and negative zonal shear close t o  the  south of a develop- 
ing system. There i s  a l s o  a requirement f o r  southerly shear t o  
the  w e s t  and nor ther ly  shear t o  the  eas t .  The s c a l e  of t h i s  

0 
shear pa t t e rn  is  over a 10 i a t i t u d e  radius  c i r c l e w i t h  maximum 
amplitude a t  approximately 6 radius .  

d )  The l a r g e  s c a l e  flow, therefore ,  r a t h e r  than the  proper t ies  
of the  system i t s e l f ,  appears t o  be the  main d i f f e r  n t i a t i n g  
fac to r  f o r  cyclone genesis.  T 

These s i x  f indings  can be synthesized i n t o  one paramete! f o r  the  

p o t e n t i a l  of a system f o r  development i n t o  a hurricane o r  t 'Thoon: 

0 
when applied over 0-6 radius .  A s  shown i n  Table 13, GP is  Lhree t i m e s  

g rea te r  f o r  developing t r o p i c a l  weather systems than f o r  non-developing 

systems. 



A l l  of t h e  above f a c t o r s  r e l a t e  t o  dynamic parameters o r  the  wind 

f i e l d s  aroudd the  disturbances. There a r e  no consis tent  d i f ferences  

between developing and non-developing systems i n  thermodynamic para- 

I 
meters such a s  moisture content o r  v e r t i c a l  s t a b i l i t y .  This is i n  agree- 

ment with the  ana lys i s  i n  sec t ion 2.5 of Gray's c l imatological  genesis  

parameter. Of Gray's s i x  cl imatological  va r i ab les  required f o r  a region 

t o  spawn t r d p i c a l  cyclones, the  th ree  thermodynamic parameters were 

shown t o  be general ly present  throughout the  whole season, whereas the  

th ree  dynam!c parameters had a l a rge  day t o  day va r ia t ion .  

The analys is  of the  composite f i e l d s  i n  Chapter 3 does show some 

temperature d i f ferences  between the  developing and non-developing sys- 

t e m s .  The whole t r o p i c a l  region i n  which the  developing disturbance is  

embedded is  s l i g h t l y  warmer than the  region surrounding the  typ ica l  

non-developing disturbance. This temperature d i f ference  i s  of a much 

smaller magnitude, however, than t h e  d i f ference  i n  the  wind f i e l d s .  

Many pas t  authors have emphasized warm-core versus cold-core d i f -  

ferences between developing and non-developing disturbances.  A l l  

composite t r o p i c a l  weather systems have an upper l e v e l  warm core. I n  

the  lower a L mosphere t h e r e  a r e  some di f ferences .  The P a c i f i c  non- 

developing cloud c l u s t e r  has a low l e v e l  cold core. I n  the  At lan t i c  t h e  

N 1  non-developing cloud c l u s t e r  has a cold core,  but  t h e  N 2  non- 

developing c l u s t e r  has a low l e v e l  warm core. A l l  developing da ta  sets 

have low l e v e l  warm cores. They a l s o  a l l  e x i s t  i n  a very l a r g e  horizon- 

ta l  extent  of l a r g e  low-level p o s i t i v e  r e l a t i v e  v o r t i c i t y .  The low-level 

warm core is  on the  c l u s t e r  s c a l e ,  but  t h e  v o r t i c i t y  i s  on a very much 

g rea te r  s c a l e  extending out  t o  10' l a t i t u d e  i n  a l l  d i rec t ions .  The 



vorticity difference therefore must be the dominant effect, ince its f 
large scale implies that its source is external to the systed. 

The appearance of a low level warm core is an indication that 

development has probably begun to take place; but the source or cause 

of this development must lie in the large scale vorticity fields. 



6. INDIVIDUAL DAY CYCLONE GENESIS 

previous chapters the composite data sets have been examined 

for consistbnt differences between systems that later develop into 

typhoons or hurricanes and systems which do not. Compositing is the 

first step in this study. By averaging together many different cases it 

smooths out interior class differences and enhances average system dif- 

ferences. Such mean differences have just been discussed. 

The sebond step is to attempt an analysis of individual cases. 

This requirks the separating of cases of cyclone development from prom- 

inent cases of non-development to see to what extent the composite char- 

acteristics fit the individual situations. ' 

In thik chapter the composite results are evaluated for 130 separ- 

ate developFng and non-developing tropical weather systems. In parti- 

cular, the pystems are examined for (i) high values of Genesis Potential 

(GP), (ii) lhe existence of an east-west extending line of zero tropo- 

spheric vertical shear, and (iii) the existence of a north-south extend- 

ing line of zero meridional tropospheric vertical shear. " ' 4  

6.1 ~tlan " c tropical storms 
3. : - I 

During the hurricane season the National Hurricane Center in Miami - ,  ,. * ! . , * <  a. 

routinely rforms computer analyses over the North Atlantic Ocean of 

the wind fiblds at the 200 mb level and at the ATOLL level (Analysis of - 
the - Tropic 

I 
Oceanic Lower Layer). Grid point values of these fields - 

(at 1.5' gr/io resolution) were subtracted to provide fields of vertical 

shear by MrC Mark Zimmer of the National Hurricane Center (NHC). This 
, 'a. A!; t < .  ' 4 '  7. .. , l  > ' : r  * 

is representative of the vertical wind shear between 200 and 900 mb. 

Mr. Zimmer provided the author with maps of zonal and of meridional 



shear f o r  t h e  A t l a n t i c  Ocean covering t h e  region from the  equator t o  

45O~orth ,  and from 35.5O~est  t o  95O~es t .  Data were provided twice da i ly  

f o r  the  hurricane seasons of 1975, 1976 and 1977. The da ta  were taken 

from the  opera t ional  da ta  tapes  of the  NHC, so the re  were some r e t r i e v a l  

problems and some periods of missing data.  The A t l a n t i c  Ocean is  a 

r e l a t i v e l y  da ta  void a rea ,  so  the re  a r e ,  of course, many def 1 ciencies  

i n  the  analyses. The data  sources and the  ana lys i s  techniqu s used by f 
the NHC have been described by Wise and Simpson (1971). The 200 mb 

ana lys i s  includes both a i r c r a f t  and s a t e l l i t e  winds and is  considered 

t o  be the  most r e l i a b l e  upper a i r  analys is .  The ATOLL (% 900 mb) is  

augmented by surface  ship  observations. These two l e v e l s  a r e  considered 

the  bes t  l e v e l s  ava i l ab le  i n  t h e  t rop ics .  I 
There were 22 named t r o p i c a l  cyclones i n  the  At lan t i c  i n  the  period 

1975-1977. Hurricane Candice (1976) developed during a period f o r  which 

no data  w e r e  avai lable .  Hurricane Frances (1976) developed i n  a data 

void a rea  i n  the  Eastern At lant ic .  The da ta  ava i l ab le  f o r  t h a t  storm 

appeared t o  be gross ly  i n  e r r o r  having the  system d i r e c t l y  under a 

v e r t i c a l  shear of g rea te r  than f o r a  knots f o r  the  four twelie-hourly 

observation t i m e s  p r i o r  t o  development. The existence of such l a r g e  

shear over a system a t  the  point  a t  which i t  becomes a named storm is  i n  

d i r e c t  contradic t ion t o  a l l  observational  synoptic experience. It was 

considered s u f f i c i e n t  reason t o  r e j e c t  the  data  f o r  t h a t  system. 

Four storms, Doris (1975), Anna (1976), Holly (1976) and Babe (1977) 

had subtropical  s t r u c t u r e  when they developed, including an upper l e v e l  

cold core and cyclonic c i r c u l a t i o n  a t  200 mb. Doris and Anna were of- 

f i c i a l l y  numbered subtropical  storms. The s t r u c t u r e  of Babe and Holly 

can be in fe r red  from t h e  archived upper l e v e l  weather maps. Lawrence 



(1977) s t a t e s  t h a t  f o r  Holly: 

" a t  200 mb t h e  f low was gene ra l ly  cyc lonic  over t h e  
developing storm a s  an  upper low was loca t ed  j u s t  
t o  t h e  no r th  of t h e  depression". 

With regard  t o  Babe, Lawrence (1978) s t a t e s :  

"gale-force winds wi th in  t h i s  band of convection 
l e d  t o  t h e  des igna t ion  of Babe as a t r o p i c a l  
storm..... This  a c t i o n  w a s  t aken  even though 
t h e  system had n o t  acqui red  t r o p i c a l  s t r u c t u r e ,  
i n  order  n o t  t o  confuse t h e  p u b l i c  a t  a t i m e  of 
immediate t h r e a t "  

A t  t h a t  t ime t h e  storm was approaching t h e  h igh ly  populated Gulf Coast. 

For t hose  reasons  t r o p i c a l  cyclones Candice (1976), Frances (1976) , 

Doris  (1975), Anna (1976), Holly (1976) and Babe (1977) were removed 
I I 

from t h e  d i t a  sample. For t h e  remaining 16 t r o p i c a l  cyclones,  t h e  

maps of t h e  v e r t i c a l  shear  of t h e  zonal  wind and of t he  mer id iona l  wind 

were examined f o r  every  12 hours ,  b e g i n d n g  60 hours  be fo re  t h e  p o i n t  a t  

which t h e  system f i r s t  reached a maximum sus t a ined  wind of 35 knots .  

The former t i m e  i s  l a b e l l e d  -60, t h e  l a t t e r  00. 
I I .  

Seven lparameters were examined f o r  each s y s  tern. They a r e  : 

AU: t h e  va lue  of t h e  v e r t i c a l  shear  of t h e  zonal  wind a t  a 
p o i n t  6' l a t i t u d e  n o r t h  of t h e  p o s i t i o n  of t h e  system minus 

0 
t h e  va lue  of t h e  shea r  a t  a p o i n t  6 south  of t h e  system; 
AU i s  p ropor t iona l  t o  a/ay(-au/ ap) g00-200mb: 
AV: t h e  v e r t i c a l  shea r  of t$e meridional  wind 6' west of 
t h e  system minus t h e  shea r  6 east of t h e  system; 
Av is p ropor t iona l  t o  a/ax(aV/ap) 

900-2OOmb ; 

( i i i )  I AU + AV: t h i s  is  p ropor t iona l  t o  5 900mb-'20Omb ' averaged 
0 over  t h e  0-6 a rea ;  

ex i s t ence  of a zonal  zero l i n e :  t h e  va lue  of t h i s  parameter 
0 

i s  YES i f  t h e  x e r t i c a l  U shear  is p o s i t i v e  6 t o  t h e  n o r t h  
and nega t ive  6 t o  t h e  south ;  otherwise t h e  va lue  i s  NO; 

(v) I ex i s t ence  of a meridional  zero l i n g :  t h e  va lue  i s  YES i f  
I t h e  v e r t i c a l  V shear  is  p o s i t i v e  6O t o  t h e  west and nega t ive  

6' t o  t h e  east; 



( v i )  s u b j e c t i v e  ex i s t ence  of zonal  zero  l i n e :  t h e  zero  l i n e  
o f t e n  e x i s t s  bu t  does n o t  meet t h e  s t r i c t  c r i t e r i a  of i t e m  
( i v )  above; f o r  example t h e  zonal  zero  l i n e  e x i s t s  a t  
p o s i t i o n  -60 f o r  storm Amy shown i n  Fig.  41a, bu t  t h e  shear  

0 
6 t o  t h e  south  of t h e  storm p o s i t i o n  is  p o s i t i v e ;  

( v i i )  s u b j e c t i v e  ex i s t ence  of meridional  zero  l i n e .  

The va lues  of t hese  parameters  a r e  l i s t e d  f o r  each 12-hour per iod  

f o r  t h e  16 storms i n  Table 34 of t h e  Appendix of t h i s  paper.  Wind 

va lues  a r e  i n  knots .  

Th i r t een  of t h e  s i x t e e n  systems have h igh  va lues  of bo td  AU and 

AV and a l s o  have both zonal  and mer id iona l  zero  l i n e s  e x i s t i n g  p r i o r  t o  

t h e  cyclone development. The e a r l i e s t  consecut ive t h r e e  t ime per iods  

having these  c h a r a c t e r i s t i c s  f o r  each system a r e  underl ined i n  t h e  

Appendix Table 34. Each of t h e  1 3  systems h a s  AU and AV va lues  both 
I 

g r e a t e r  than 20 knots  and both zonal  and meridional  zero l i n k s  during' 

t he  underl ined 3 t i m e  per iods .  The p a t t e r n  t y p i c a l l y  s e t s  u 48 hours  P 
p r i o r  t o  t h e  t ime a t  which t h e  system becomes a t r o p i c a l  s to&.  Three 

of t h e  16 systems, t r o p i c a l  storms Glo r i a  (1976), C la ra  (1977) and 

Dorothy (1977), do n o t  fo l low t h e  p a t t e r n ;  given t h e  pauci ty  of synopt ic  

observa t ions  over t h e  A t l a n t i c  Ocean, t h i s  f a i l i n g  may be  due t o  d a t a  

problems. I 
The maps of zonal  and mer id iona l  shear  a t  r e p r e s e n t a t i v e  t imes f o r  

t h e  t h i r t e e n  systems showing a p o s i t i v e  response a r e  d isp layed  i n  Fig.  

41. Po in t  X on t h e  f i g u r e  i s  t h e  p o s i t i o n  of t h e  prestorm dis turbance .  
I 

Poin t  T is  t h e  p o s i t i o n  a t  which i t  even tua l ly  becomes a namtkd t r o p i c a l  

storm. The important  f e a t u r e s  of t h e  f i g u r e  a r e  t h a t  every re-storm f 
d i s tu rbance  has  a l a r g e  r eg ion  of p o s i t i v e  zonal  shear  t o  th; n o r t h  and 

nega t ive  zonal  shea r  (shaded a r e a )  t o  t h e  south.  I n  t h e  mer id iona l  

shea r  i t  has  a p o s i t i v e  a r e a  immediately t o  t h e  west and a nega t ive  a r e a  
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Fig.  41a-b. Maps of v e r t i c a l  shear (knots) of t h e  zonal wind (U200mb'U~TOLL) and t h e  meridional  wind (VzOomb- 
VATOLL) surrounding pre- t ropical  storm disturbances.  X marks t h e  cur ren t  p o s i t i o n  of t h e  
d is turbances .  T marks the  p o s i t i o n  i t  w i l l  be i n  when i t  a t t a i n s  t r o p i c a l  storm s t a t u s .  The 
absc i s sa  i s  degrees longitude;  t h e  o rd ina te  is  degrees l a t i t u d e  r e l a t i v e  t o  t h e  p o s i t i o n  of t h e  
d is turbance .  (a) is f o r  60 hours p r i o r  t o  t h e  development of Tropical  Storm Amy. (b) is  f o r  
60 hours p r i o r  t o  t h e  development of Hurricane Blanche. 
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Fig. 41c-d. (c) 60 hours prior to the development of Hurricane Caroline. (d) 48 hours prior to the 
development of Hurricane Eloise. 
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Fig. 41e-f. (e) 24 hours prior to the development of Hurricane Faye. (f) 48 hours prior to the 
development of Hurricane Gladys. 
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Fig .  41g-h. (g) 1 2  hours p r i o r  t o  t h e  development of Tropica l  Storm H a l l i e .  (h) 36 hours p r i o r  t o  t h e  
development of Hurricane Belle. 
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Fig. 411-j. (i) 12 hours prior to the development of Tropical Storm Dottie. (j) 60 hours prior to the 
development of Hurricane Emmy. 
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F i g .  41k-R. (k) 12 hours prior to the development of Hurricane Anita. (R) 24 hours prior to the 
development of Hurricane Evelyn. 



FRIEDA ZONAL SHEAR -48  10 / 15/77 I2GMT FRIEDA MERlDlONAL SHEAR - 4 8  10/15/77 12GMT 

+I0 +5 0 -5  -10 
LONGITUDE 

Fig.  41m. (m) 48 hours p r i o r  t o  t h e  development of Trop ica l  Storm Fr ieda .  



t o  the  e a s t .  The shears c lose  t o  bu t  not  over the  pos i t ion  of the  

disturbance a r e  typ ica l ly  very large .  It can be seen from )he f igure  

t h a t  t h i s  p a r t i c u l a r  configurat ion of v e r t i c a l  shear extends over an 

area  of 20 degrees l a t i t u d e  by 20 degrees longitude. It thus must be 

in te rp re ted  a s  being set up by t h e  l a rge  s c a l e  surrounding flow r a t h e r  

than being caused by t h e  disturbance i t s e l f .  

The average values of AU, AV, AU + AV and the  number o f YES and 

NO values f o r  the  zonal and meridional zero l i n e s  a r e  shown i n  Table 15. 

The average values f o r  the  th ree  e a r l i e s t  time periods having the  

required shear pa t t e rns  a r e  given i n  Table 16. For f i v e  systems the  

p a t t e r n  is  already es tabl ished 60 hours before  the  storm develops. For 

four systems i t  sets up 48 hours before,  f o r  one system 36 hours before 

and f o r  one system 24 hours. For t r o p i c a l  cyclone Dot t ie  (1976) no 

data a r e  ava i l ab le  before point  -24, but  a s  shown i n  Fig. 41i t h e  zero 

l i n e s  and high shear gradients  a r e  w e l l  es tabl ished by t h a t  t i m e .  

Based on the  above r e s u l t s  i t  must be concluded t h a t  p r i o r  t o  the  

development of a t r o p i c a l  cyclone i n  the  Western At lan t i c  i t  is  

necessary t o  have values of AU and AV both g rea te r  than 20 knots and 

a l s o  f o r  t h e r e  t o  simultaneously e x i s t  an east-west extending l i n e  of 

zero v e r t i c a l  shear of the  zonal wind centered on the  disturbance with 

p o s i t i v e  shear t o  the  nor th  and negative shear t o  the  south, and a north- 

south extending l i n e  of zero v e r t i c a l  shear of the  meridional wind with 

p o s i t i v e  shears t o  the  w e s t  and negative shears t o  the  e a s t .  

6.2 A t l a n t i c  depressions 

An inves t iga t ion  was a l s o  performed on the  t r a n s i t i o n  from cloud 

c l u s t e r  t o  t r o p i c a l  depression. Resul ts  f o r  the  storms of sec t ion  6.1 



TABLE 15 

Mean c h a r a c t e r i s t i c s  of the  pa t t e rns  of v e r t i c a l  shear f o r  the  s ix teen  
pre- t ropical  storm disturbances. Values a r e  i n  knots. AU is  proportion- 
a l  t o  a /  ay (- au/ ap) ; AV is *proport ional  t o  a / ax ( a ~ l  ap) ; 
AU + AV is  proport ional  t o  <900~b-<200~b,  averaged over the  0-6O radius  
a rea  centered on the  system. 

Posi t ion  ~AJ AV AU + AV Zonal Zero Line Meridional Zero Line - 
7 18 3 YES 10 NO 5 YES 8 NO 

10 24 6 YES 7 NO 7 YES 5 NO 

18 46 9 YES 5 NO 6 YES 7 NO 

27 6 4 8 YES 5 NO 9 YES 4 NO 

34 8 2 12 YES 4 NO 11 YES 4 NO 

00 12 YES 4 NO 9 YES 6 NO ------x-x--x--------------------- 
Mean 33 22 5 3 50 YES 35 NO 47 YES 34 NO 

(59%, 41%) (58%, 42%) 

TABLE 16 

Mean c h a r a c t e r i s t i c s  of the  pa t t e rns  of v e r t i c a l  shear f o r  the  th ree  
optimum time periods p r i o r  t o  the  development of each t r o p i c a l  storm 
(values a r e  i n  knots).  These a r e  not  the  th ree  time periods with the 
h ighes t  values,  but  r a t h e r  the  e a r l i e s t  th ree  time periods showing the  
required shear pa t t e rn .  AU is  proport ional  t o  a/ay(-aU/ap)g00-20hb; 
AV i s  proport ional  t o  a/ax(aV/ap)800a20h+ Au + AV is  proport ional  t o  
<90hb'<20hb, averaged over the  -6 radius  area  centered on the  system. 

Zonal Zero 
Line 

28 YES 7 NO 
(80%, 20%) 

Meridional Zero 
Line 

25 YES 4 NO 
(86%, 14%) 



a r e  presented i n  Table 17. Of t h e  16 storms pre-depression da ta  were 

ava i l ab le  f o r  only 11. Here point  -48 is 48 hours p r i o r  t o  the  t i m e  
I 

a t  which the  system was f i r s t  designated a t r o p i c a l  depression (point  

00). 

Table 17 should be compared with the  s imi la r  da ta  r e l a t i v e  t o  the  

point  a t  which the  system becomes a storm i n  Table 15. The t o t a l  

v o r t i c i t y  genesis  parameter, AU + AV i s  only 27 knots a t  the  point  a t  

which the  system becomes a depression a s  compared with 82 knots twelve 

hours before i t  becomes a storm. It has a 50% score f o r  the  presence 

of zonal zero l i n e s  and a 33% score f o r  meridional zero l i n e s  a t  the  

depression s t age ,  compared with 75% and 73% twelve hours p r i o r  t o  storm 

development. This implies t h a t  the  establishment of the  zero l i n e s  and 

the  s t rong shear a r e  more re levant  t o  the  t r a n s i t i o n  t o  t r o d i c a l  storm 

than t o  the t r a n s i t i o n  t o  depression. 

TABLE 11 

Mean c h a r a c t e r i s t i c s  of the  v e r t i c a l  shear 48 hours, 24 hours and zero 
hours p r i o r  t o  the  time a t  which t h e  system i s  designated a t r o p i c a l  
depression. S t a t i s t i c s  a r e  f o r  the  same systems t h a t  went i n t o  Table 15. 
AU i s  proport ional  t o  a / a y ( - a ~ / a p ) ~ ~ ~ - ~ ~ ~ ~ ~ ;  AV is  proport ional  t o  
a / a x ( a ~ / a ~ ) ~ ~ ~ - ~ ~ ~ ~ ~ ;  AU + AV i s  proport ional  t o  <900mb-<200nb, 
averaged over the  0-6O radius  a rea  centered on the  system. 

Posi t ion  AU - 

-48 6 -11 

-24 2 2 5 

AU + AV Zonal Zero Line ~ e r i d i o d a l  Zero Line 

-5 2 YES 9 NO 1 YES 10 NO 

2 7 5 YES 5 NO 3 YES 7 NO 

00 19 8 27 5 YES 5 NO 3 YES 6 NO 

6.3 At lan t i c  non-developing systems 
. I '  

From the  period f o r  which zonal and meridional shear d a t a  were 
I 

ava i l ab le ,  t racks  were made up f o r  63 t r o p i c a l  systems whicfl did not  



later develop into tropical storms. The positions for these systems 

were obtained as follows: 
. . 

Non-developing tropical depressions (16 systems): The official 
tracks of Atlantic depressions were used as obtained from the 
National Hurricane Center. Only systems were used that died over 
the ocean. (Systems are from the 1975, 1976 and 1977 seasons.) 

Dvorak systems (8 systems): These systems are from the same source 
as the systems making up the Atlantic cloud cluster N1 data set of 
Chapters 1 to 5. . (Systems from 1975.) 

Frank systems (11 systems): These systems are from the same source 
as the systems making up the Atlantic wave trough cluster N2 data 
set of Chapters 1 to 5. (Systems from 1975.) 

Shapiro systems (11 systems): Shapiro (1977a, b) of the National 
Hurricane and Experimental Meteorology Laboratory, NOAA, has also 
studied the differences between developing and non-developing tro- 
pical disturbances. The tracks of the systems which he used as 
non-developing cases were provided by him for this study. (Sys- 
tems from 1976, 1977.) 

McBride systems (17 systems): The author picked positions of prom- 
inent conservative (lifetime greater than 24 hours) cloud clusters 
in the Western Atlantic from geosynchronous satellite imagery. 
(Systems from 1976, 1977.). 

I 
Shear lpatterns for these systems were analyzed at only 12 GMT, 

though at least 2 satellite pictures per day were used in the actual 

positioning of the systems. For the 63 disturbances vertical shear 

data were available at 178 different 12 GMT time periods, an average 

of 2.8 per system. Four randomly chosen examples of the zonal and 
I 

meridional 'vertical shear patterns surrounding the positions (marked X) 

of non-developing disturbances are shown in Fig. 42. . The mean values of 

the shear parameters for the non-developing systems are shown in Table 

18. The actual values at each of the 178 time periods are listed in 

the Appendix, Tables 36-43. ., . , 

All the non-developing systems have very low values of AV. A zonal 

zero line exists for 25 percent of the positions and a meridional zero 
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TABLE 18 

Mean properties of the vertical shear for the 63 non-developing disturbances (values in knots). AU is 
proportional to a / a y ( - a ~ / a p ) ~ ~ ~ - ~ ~ ~ ~ ~ ;  gV is proportional to a / a ~ ( a ~ / a p ) ~ ~ ~ - ~ ~ ~ ~ ~ ;  AU + AV is proportional 
to c90&&-<200mbs averaged over the 0-6 radius area centered on the system. 

No. of No. of AU 
Sys terns Positions - 

AV AU + AV Zonal Zero Line Meridional Zero Line 

- 
Non-developing depressions 16 3 YES 32 NO 11 YES 24 NO 

Dvorak systems -4 19 17 YES 8 NO 3 YES 22 NO 

Frank systems 10 YES 15 NO 2 YES 23 NO 

Shapiro systems 11 YES 45 NO 13 YES 43 NO 

McBr ide sys terns 17 3 7 2 -7 -5 4 YES 33 NO 4 YES 33 NO 
...................................................... 

63 178 9 -4 5 45 YES 133 NO 33 YES 145 NO 
(25%, 75%) (19%, 81%) 



l i n e  f o r  19 percent .  This  compares w i th  46 percent  and 58 percent  f o r  

prehurr icane  systems 48 hours  be fo re  development. 

It does seem, however, from Table 1 8  t h a t  l a r g e  va lues  of AU o r  

AV shear  o r  t h e  ex i s t ence  of a zero  l i n e  a r e  f a i r l y  f requent  events  i n  

the  Western A t l a n t i c .  - The important  f a c t o r  for t r o p i c a l  cyclone genes is  

i s  whether t h e y  e x i s t  concurren t ly  whether they persist f o r  more - -- 
than one day_. -- 

The 178 non-developing p o s i t i o n s  were examined f o r  t h e  concurrent  

appearance of ( i )  AU g r e a t e r  than  20 knots ,  ( i i )  AV g r e a t e r  than 20 

knots ,  ( i i i )  t he  ex i s t ence  of a zonal  zero l i n e ,  and ( i v )  t h e  ex i s t ence  

of a meridional  zero  l i n e .  

There were only  14 p o s i t i o n s  ou t  of 178 (or  8%) such t h a t  t h r e e  of 

t h e  fou r  c r i t e r i a  were met. By c o n t r a s t ,  f o r  t h e  16 developing systems 

considered i n  s e c t i o n  6.2, 1 3  (o r  82%) of them had a per iod  of a t  l e a s t  

36 hours ,  such t h a t  3 of t h e  4 c r i t e r i a  were m e t ,  sometime i n  t h e  60 

I 
hours  p r i o r  t o  cyclone development. 

Of t h e  63 non-developing systems only 2 (or  3%) had more than one 

time per iod  s a t i s f y i n g  3 of t h e  4 c r i t e r i a .  I f  t h e  v e r t i c a l  shea r  

c r i t e r i a  were being used t o  p r e d i c t  cyclone genes i s ,  t h e s e  two systems 

(one Shapiro system and one Dvorak system) would have been p red ic t ed  t o  

develop. h e shear  c r i t e r i a  t h e r e f o r e  appear t o  s l i g h t l y  ove rp red ic t  

genes is .  

I n  summary, f o r  t h e  hu r r i cane  season of 1975-1977 i n  t h e  Western 

A t l a n t i c ,  t h e  use  of t h e  v e r t i c a l  shea r  d a t a  would have c o r r e c t l y  pre- 

d i c t e d  t h e  development of 1 3  out  of 16 t r o p i c a l  storms. It would have 

c o r r e c t l y  p red ic t ed  non-development f o r  61  ou t  of 63 non-developing 

I 



weather systems. The s k i l l  of opera t ional  forecas t ing of t r b p i c a l  

cyclones is  much below t h i s  success r a t e .  

6.4 P a c i f i c  pretyphoon versus non-developing cloud c lus te r s '  

I n  the  Western P a c i f i c  no g r i d  point  da ta  on v e r t i c a l  shear were 
I 

avai lable .  Nevertheless, a l imi ted  test on the  use of v e r t i c a l  shear 

a s  a predic tor  of t r o p i c a l  storms i n  t h i s  area  was performed by sub- 

j e c t i v e l y  picking wind values around c l u s t e r s  off  weather maps. Typical 

examples of - J o i n t  g p h o o n  - Warning - Center (JTWC) Guam operatJona1 anal- 

yses a t  the  surface  and a t  200 mb a r e  shown i n  Fig. 43. Posi t ions  were 

tabulated f o r  non-developing and pretyphoon cloud c l u s t e r s  from the  

years 1972 and 1974. Values of t h e  U and V component of the  wind a t  

200 mb and the  surface  were estimated from the  weather maps a t  points  

L 6' t o  the  north,  6' t o  the  south, 6' t o  the  e a s t  and 6O t o  t e w e s t  of 

each c l u s t e r .  The pos i t ions  of the  c l u s t e r s  w e r e  those obtained i n  the  
I 

DMSP s a t e l l i t e  study of S. Erickson (1977). Weather maps were ava i l ab le  

a t  182 time periods f o r  18 pretyphoon c l u s t e r s  and 31 non-developing 

cloud c lus te r s .  The wind values were picked off  the  weather maps with- 

out  t h e  knowledge of whether the  pos i t ion  was f o r  a developilng o r  a 

non-developing system. 

This method is  crude, s ince  the re  is  no consis tent  and de ta i l ed  

wind information around most systems and guesses had t o  be  made. The 

values a r e  a l s o  biased g rea t ly  by whether o r  not  the  opera t ional  analys t  
I 

drew e i t h e r  an upper l e v e l  anticyclone o r  a l ow  l e v e l  cyclone over the  

system. Despite these  drawbacks the  method shows some pred ic t ive  s k i l l .  

Wind values a t  a l l  d i f f e r e n t  t i m e  periods f o r  a p a r t i c i l a r  system 

were averaged together t o  y i e l d  one value per system. From the  



Fig. 43. Typical JTWC Guam operational analyses a t  the surface and 200 
Maps are for 00 GMT, 8/18/1972. 



I I 
r e s u l t a n t  numbers th ree  parameters were extracted:  ( i )  a value of 

AU + AV, following the  same convention a s  used i n  the  At lant  c ,  ( i i )  fl 
the  exis tence  of a zero l i n e  i n  t h e  v e r t i c a l  shear of the zonal wind, 

i 
and ( i i i )  the  exis tence  of a zero l i n e  i n  the  v e r t i c a l  shear of the 

meridional wind. The a c t u a l  values of each parameter f o r  ea system 

a r e  l i s t e d  i n  the  Appendix, Table 44. T 
I 

The r e s u l t s  a r e  summarized i n  Table 19. Both the  values  of AU + 

AV and the  percentage of systems with zero l i n e s  a r e  s i g n i f i d a n t l y  
I 

g rea te r  f o r  the  developing systems. 1 

The systems which had high values of AU + AV were usually the  same 

systems t h a t  had zero l i n e s .  Using the  c r i t e r i a  t h a t  t o  develop i n t o  a 

typhoon a system must have zero l i n e s  i n  both zonal and meridlional 

shear,  the  data give 10 out  of 18  (56%) cor rec t  answers f o r  the  develop- 

ing systems and 25 cor rec t  out  of 31 (81%) f o r  the  non-develo ing. b 
Using the  c r i t e r i a  t h a t  a system must have a mean value of AU + AV 

g rea te r  than 40 knots gives 11 cor rec t  developing systems (6 

22 correc t  (71%) non-developers. 

I versus 

Using the  c r i t e r i a  t h a t  2 out  of t h e  3 condit ions,  zero l i n e  i n  

I 
zonal shear,  zero l i n e  i n  meridional shear and AU + AV g rea te r  than 

40 knots, be met y i e l d s  11 cor rec t  developing systems (61%) and 21 

correc t  non-developing predic t ions  (68%). 

These r e s u l t s  a r e  not  as good as were obtained i n  LIIZ previous 

sec t ions  f o r  t h e  At lan t i c ,  but  they a r e  very encouraging when the  crudi ty  

of the  approach and the  poor q u a l i t y  of the  P a c i f i c  wind d a t a a r e  taken 

i n t o  account. I 
I n  the  At lan t i c  only v e r t i c a l  shear data  were ava i l ab le ,  but  i n  

1 
the  P a c i f i c  separa te  wind values were used from each l eve l .  This allows 



TABLE 19 

Mean proper t ies  of the  v e r t i c a l  shear (knots) f o r  the  P a c i f i c  pretyphoon 
and non-developing cloud clusgers.  AU + AV i s  proport ional  t o  SgOomb- 

'200mb ' averaged over the  0-6 radius  a rea  centered on the  system. 

I 
AU + AV Zonal Zero Line Meridional Zero Line 

<' I :  
Non-developing systems 25 21 YES 10 NO 8 YES 23 NO 
(31 systems) (68%, 32%) (26%, 74%) 

Developing systems 45 15 YES 3 NO 12 YES 6 NO 
(18 systems) (83%' 17%) (67%, 33%) 

the opportunity t o  evaluate the  magnitude of the  separa te  contr ibut ion 

from each l e v e l ,  upper and lower, t o  AU + AV. U and V values of t h e  

wind added together with the  appropriate s igns  give a contr ibut ion t o  

AU + AV a t  ' the  surface  of 16 knots (developing) versus 10 knots (non- 

developing). A t  200 mb the  contr ibut ion is  29 knots (developing) versus 

15 knots (non-developing). This is  tabulated i n  Table 20. The t a b l e  

shows t h a t  both the  upper l e v e l  and the  lower l e v e l  make important con- 

t r i b u t i o n s  t o  the  observed di f ferences  i n  v e r t i c a l  shear between devel- 

oping and non-developing weather system. 

TABLE 20 

AU + AV (knots) f o r  the  P a c i f i c  cloud c&usters .  AU + AV i s  proport ional  
t o  <900mb-<200mb9 averaged over the  0-6 radius  area  centered on the  
system. 

Non-developing systems 
I 

Developing bystems 

Contribution Contribution Tota l  
from the  from 200 mb 
Surf ace  Level 

Ratio of Developingl~on-developing 1.611 1.911 1.811 



7. LARGE SCALE FLOW SURROUNDING THE PRE-STORM SYST 

7.1 The influence of external systems 

The composite fields presented in Chapters 3 and 4 and the 

individual case studies presented in Chapter 6 have clearly demonstrated 

that an important prerequisite for tropical cyclone development is the 

simultaneous presence of upper level anticyclonic vorticity and low 

level cyclonic vorticity both over a large area, at least of' the order 

of a 12' diameter circle. These features can be seen clearly on the 

NOAA operational National Hurricane Center 200 mb and surface analyses 

shown in Figs. 44 to 47. - 1  * 

Figure 44 shows the 200 mb level and surface maps 48 hours before 

the point at which Hurricane Eloise (1975) was named a tropi!al storm. 

The position of the prestorm depression is marked with a cross. A very 

large area of anticyclonic flow at 200 mb is already apparent. The 

source of this anticyclonic flow is three upper level cold lows to the 

west, the far north and the northeast of the system. The surface map 

for the same time shows a large area in which the flow has cycl nic 7 
tangential component relative to the position of the disturbance. This 

flow is associated with a subtropical high to the northeast. 

Figure 45 shows the maps 48 hours before the development of Gladys 

(1975). Once again a large area of upper level anticyclonic flow (out- 

lined) and low level cyclonic flow (outlined) surround the &stem. 

The source of this flow is once again the surrounding weathe,r systems. 
I 

Figure 46 for 60 hours before the development of Faye (1975) and 

Fig. 47 for 48 hours prior to Frieda (1977) show the same features. 



Fig. 44. dperational NHC surface and LVO mb analyses 48 hours before 
the time at which Hurricane Eloise (1975) first attained a 
maximum sustained wind speed of 35 knots. X marks the position 
of the pre-storm disturbance. The outlined region on the sur- 
face map marks the area where the wind has a cyclonic tangen- 
tial component relative to the position of the disturbance. 
The outlined region on the 200 mb map marks the area where the 
wind has an anticyclonic tangential component relative to the 
position of the disturbance. 



F i g .  45. Same as Fig .  44 but for 48 hours before the development of 
Gladys (19 75) . 



44 but for 60 hours before the development of 



Fig. 47. Same as Fig. 44 b u t  f o r  48 hours  before  the  development of 
Fr ieda  (197 7) . 



For these  cases  t h e r e  can be  no doubt t h a t  l a r g e  s c a l e  upper l e v e l  

an t i cyc lon ic  f low and low l e v e l  cyc lonic  f low e x i s t  over t h e  a r e a  of 

t h e  d is turbance  w e l l  be fo re  t h e  t i m e  a t  which it  becomes a  t r o p i c a l  

cyclone. This  has  p a r t i c u l a r  s i g n i f i c a n c e  i n  t h e  upper l e v e l s  because 

most prev ious  works on t r o p i c a l  cyclone s t r u c t u r e  and development have 

included e i t h e r  t h e  e x p l i c i t  o r  i m p l i c i t  assumption t h a t  t h e  l a r g e  upper 

l e v e l  nega t ive  t a n g e n t i a l  winds around t h e  system a r e  t h e  r e s u l t  of t h e  

C o r i o l i s  f o r c e  a c t i n g  on t h e  outf lowing a i r .  F igures  44 t o  47 r e v e a l  

t h a t  a t  l e a s t  i n  t h e  e a r l y  s t a g e s  of development t h e  surrounding reg ion  

an t i cyc lon ic  flow is t h e  r e s u l t  of a l r e a d y  e x i s t i n g  mid- la t i tude  

w e s t e r l i e s  t o  t h e  no r th ,  e q u a t o r i a l  e a s t e r l i e s  t o  t h e  south  and l a r g e  

s c a l e  upper l e v e l  t roughs and r i d g e s  t o  t h e  e a s t  and west .  The source  

of t h e  a n t i c y c l o n i c  flow is thus  e x t e r n a l  r a t h e r  than i n t e r n a l  t o  t h e  

developing system. 

Is t h i s  a l s o  t r u e  once t h e  system has  become a f u l l y  developed 

hu r r i cane  br typhoon? The d a t a  i n d i c a t e  t h a t  i t  probably is.  F igure  

48 shows s t r eaml ines  a t  t h e  outf low l e v e l  f o r  t h e  s t a g e  D4 typhoon and 

hur r icane  composite f i e l d s  i n  each ocean. Both t h e  A t l a n t i c  D4 com- 

p o s i t e  hu r r i cane  and t h e  P a c i f i c  D 4  composite typhoon e x i s t  i n  t he  

cen te r  of a  l a r g e  r eg ion  of upper l e v e l  nega t ive  t a n g e n t i a l  wind. A 

s u b j e c t i v e  a p p r a i s a l  of t h e  f i g u r e  i n d i c a t e s  t h a t  much of t h i s  f low is  

t h e  mid la t i t ude  w e s t e r l i e s  flowing p a s t  t o  t h e  no r th  and t h e  e q u a t o r i a l  

e a s t e r l i e s  flowing p a s t  t o  t he  south.  

Figure 49 shows p l an  views f o r  t h e  two systems of t h e  r a d i a l  

component of t he  wind V a t  t h e  outf low l e v e l .  The P a c i f i c  system has  R 

two w e l l  def ined outf low channels ,  one t o  t h e  n o r t h e a s t  and one t o  t h e  

southwest.  The A t l a n t i c  system has  only t h e  one t o  t h e  no r theas t .  
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Fig. 48. Streamline and isotach analyses (m s ) at the outflow level for the stage D4 (typhoon and 

hurricane) composite system in each ocean. 





These f e a t u r e s  have been noted previous ly  by W. Frank (1977a) and by 

NGiiez and Gray (1977). A f u r t h e r  look a t  t h e  outf low p lan  views i n  Fig.  

48, however, r e v e a l s  t h a t  t h e  outf low channels  are n o t  r e a l l y  representa-  

t i v e  of t r a j e c t o r i e s  of air  blowing d i r e c t l y  o u t  from t h e  cenlter of t he  

cyclone, bu t  r a t h e r  are t h e  r a d i a l  component of t h e  w e s t e r l i e s  and e a s t -  

e r l i e s  blowtng p a s t  t h e  system. I n  o t h e r  words, t h e  outf low l o c a t i o n s  

i .  a r e  p r imar i ly  a s s o c i a t e d  wi th  t h e  l a r g e  s c a l e  surrounding c i r icu la t ions  

which happen t o  o r i e n t  t h e i r  flow pat teTn r a d i a l  d i r e c t i o n .  The ..- I. >.. .. . *(. . ,diih8* > 

outflow is  thus  no t  an e n t i t y  i* i t s e l f  but  i s  s t r o n g l y  r e l a i d  t o  t h e  

surrounding region flow conf igura t ion ,  

I n  Chapter 2 ,  Fig.  5 ,  t h e  mean upper l e v e l  wind f o r  t h e  Northern 

Hemisphere summer months was shown. Refer r ing  back t o  t h a t  fkgure i t  

can be seen t h a t  t h e  mean p o s i t i o n  of t h e  P a c i f i c  composite d a t a  s e t s  

has  w e l l  def ined w e s t e r l i e s  t o  t h e  no r th  and a l s o  e a s t e r l i e s  t o  t h e  

south. Thus, t h e  composite D 4  typhoon has  two outf low channels o r  

reg ions  of a n t i c y c l o n i c  flow, one being t h e  system's l i n k  t o  t h e  

w e s t e r l i e s  and t h e  o t h e r  i t s  l i n k  t o  t h e  e a s t e r l i e s .  

I n  t h e  mean p o s i t i o n  of t h e  A t l a n t i c  composites, t h e  e a s t e r l i e s  

t o  t he  south  a r e  ve ry  weak and poorly def ined;  t hus  t h e  compoisite 

system does no t  t y p i c a l l y  l i n k  up wi th  any a n t i c y c l o n i c  l a r g e  s c a l e  

flow south  of i t ,  and t h e r e  i s  no c l e a r l y  def ined  negat ive  t a n g e n t i a l  

wind reg ion  o r  outf low reg ion  southwest of t h e  system. 

This  i n t e r p r e t a t i o n  of t h e  reg ions  t o  t h e  no r theas t  and southwest 
, 2 W ' '  . -F I I 

being predominantly reg ions  of r e s i d & l  environmental nega t i& t a n g e n t i a l  

wind r a t h e r  than reg ions  of storm developed a n t i c y c l o n i c  outfxow 

depends on t h e  concept of t h e  storm c i r c u l a t i o n  forming a l i n k  t o  t h e  

middle l a t i t u d e  w e s t e r l i e s  and t h e  e q u a t o r i a l  e a s t e r l i e s .  It IsreUs 



rhe principle of the source of the anticyclonic flow being spin-down of 

outflowing, air. 

This brinciple can be expressed mathematically by the conservation 

2 
of absolute angular momentum, M = RV + f R 12. R is the radius; VT 

T 

is the tangential component of the wind and f is the Coriolis parameter. 

Plan views of M at the outflow level are shown in Fig. 50. If the 

storm were a simple in, up and out circulation, then one would expect 
I 

to see chahnels of constant M in the same region as the outflow channels 

on Fig. 49. No such regions exist on the plan views of absolute angular 

momentum, M. The dominant effects displayed on Fig. 50 are the increase 

2 2 of (f R 12) with increasing R, and the increase of (f R 12) with in- 

creasing latitude. 
I 

Of course air trajectories must obey the physical laws of motion; 

so M must be conserved in outflowing air. The figure shows that the 

storm circulation is not a simple one of air blowing in at low levels 

and out at upper levels. There is a large amount of cumulus mass re- 

cycling in the region of the storm (Gray, 1973; W. Frank, 1977b) constantly 

taking air from upper levels and replacing it with air from low levels. 

7.2 Vorticity versus divergence 

I 
This paper has stressed the need for favorable upper and lower 

level relative vorticity or tangential wind fields. This goes against 

the historical treatments of the tropical cyclone development problem. 

Most authors in the past have emphasized the divergence or vertical 

motion field. Ramage (1974) and Sadler (1976, 1978) have stressed the 

importancelof upper level outflow channels for cyclone development to 

occur. The current study interprets those anticyclonic outflow channels 





a s  ind ica to rs  of strong surrounding region anticyclonic flow and not  

necessar i ly  of enhanced t ransverse  c i rcu la t ion .  

A l l  current  theore t i ca l  and numerical models of t r op i ca l  cyclones 

I 
(e.g. Anthes, 1977; Kurihara, 1975; Rosenthal, 1978; Yarnasaki, 1977) 

have the r a t e  of development mainly dependent on the  s t rength  of the 

v e r t i c a l  motion f i e l d  and therefore  on the s t reng th  of the  low l eve l  
1 

mass infldw and upper l eve l  mass outflow. 

There a r e  now, however, severa l  s e t s  of observations ava i l ab le  t ha t  

I 
ind ica te  t h a t  the s t rength  of the disturbance or cyclone's v e r t i c a l  

motion f i e l d s  i s  - not re la ted  t o  i ts  genesis  or  in tens i f i ca tzon  po ten t ia l .  

Figure 51 shows v e r t i c a l  p ro f i l e s  of v e r t i c a l  ve loc i ty  averaged 

0 
over the 0-4 area fo r  Pac i f i c  composite data s e t s  D l  t o  D4. Figure 52 

shows the same da ta  f o r  the  At lan t ic  systems. In  both oceans, the 

I 
upward v e r t i c a l  ve loc i ty  ac tua l ly  decreases p r io r  t o  the  in tens i f fca t ion  

t o  t r op i ca l  cyclone stage.  Thus, i n  both oceans, the  v e r t i c a l  veloci ty  

i n  s t age  D2 is l e s s  than t h a t  i n  s tage  D l .  This phenomenon was observed 

by Arnold (1977) i n  a study of t he  amount of convection around indivi-  

dual developing t r op i ca l  weather systems using - Defense - Mili tary  - S a t e l l i t e  

Program (DMSP) data. Arnold had four s tages  of development f o r  Pac i f i c  - 

typhoons, s tage  I being the cloud c lu s t e r  and s tage  I V  the  typhoon. He 

considered three  quan t i t a t ive  measures of the  amount of cloudiness or  

upward v e r t i c a l  motion: the percentage area  of v i s i b l e  deep convective 

c e l l s ,  the  percentage area  of c i r r u s  a t  an infrared temperature of l e s s  

than -50°c, and the percentage area  of c i r r u s  with temperature l e s s  

than -63'~. For a l l  th ree  f i e l d s  he found a  decrease i n  the  amount of 

cloudiness from s tage I t o  s tage  11. H i s  r e s u l t s  a re  shown i n  Table 21. 
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Fig.  51. V e r t i c a l  v e l o c i t y  averaged over  t h e  0-4' a r e a  f o r  i a c i f i c  
composite d a t a  sets D l  t o  D4. I 
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VERTICAL VELOCITY (rnb/day) 
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Fig. 52. V e r t i c a l  v e l o c i t y  averaged over  t h e  0-4 area f o r  A t l a n t i c  

composite d a t a  sets D l  t o  D4. 



TABLE 21 

I 
Percentage of area covered by convect ive and c i r r u s  clouds wi th in  the  

0 
R = 0-4.2 reg ion  around t r o p i c a l  storms a t  d i f f e r e n t  s t a g e s  of develop- 
ment (adapted from Arnold, 1977).. 

Cloud Depression Trop ica l  Typhoon 
C lus t e r  Storm 

Area of v i s i b l e  deep 
convect ive c e l l s  3.2 2.1 2.2 

Area of c i r r u s ,  T < -50 '~  49.9 46.9 

0 
Area of c i r r u s ,  T < -63 C 16 .1  10.7 

Arnold (1977) a l s o  s t u d i e d  t h e  v a r i a b i l i t y  of i n d i v i d u a l  t ime 

per iod  p e n e t r a t i v e  convection and c i r r u s  c loudiness  both of which are 

c l o s e l y  r e l a t e d  t o  upper l e v e l  v e r t i c a l  motion. He found t h a t  between 

d i f f e r e n t  weather systems and a t  d i f f e r e n t  t imes wi th in  t h e  same system 

t h e r e  i s  1 v a r i a t i o n  i n  c loudiness  of a t  least t h e  same s i z e  a s  t h e  mean 

cloudiness .  This  v a r i a b i l i t y  e x i s t s  i n  a l l  s t a g e s  of development. 

Figure 53 reproduced from Arnold's paper shows t h e  i n d i v i d u a l  va lues  of 

0 
percentage area of c i r r u s  a t  a temperature less than  -50 C f o r  a l l  t h e  

s e p a r a t e  storms s tud ied .  The v a r i a b i l i t y  i s  s o  g r e a t  t h a t  i t  renders  

meaninglejs  any comparison of c loudiness  o r  v e r t i c a l  motion between 

developing and non-developing systems. S. Erickson (1977) us ing  t h e  

same techniques a s  Arnold compared developing versus  non-developing 

Western P a c i f i c  cloud c l u s t e r s .  F igure  54 shows t h e  i n d i v i d u a l  va lues  

of percentage area of c i r r u s  (T < -50'~) f o r  50 developing cloud 

c l u s t e r s ( u  b pe r  p a r t  of f i g u r e )  and 50 non-developing c l u s t e r s  (lower 

p a r t ) .  The v a r i a t i o n s  between d i f f e r e n t  systems wi th in  each sample a r e  
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Fig. 53a-d. Percent area  of c i r r u s  (T < -50°c) wi th in  the  R = 0-4.2' 
region of d i f f e r e n t  storms. The order of the  cases i s  
random (from Arnold, 1977). (a) Developing c l u s t e r  (stage 
I ) ;  (b) Tropical  depression (stage 11); (c) 
storm (stage 111); (d) Typhoon (s tage  I V ) .  
above and below the  mean show the  mean 
t i v e  deviat ions respect ively .  
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Fig. 54. Same as  Fig. 53 but for 50 pretyphoon (ES1) and 50 non- 
developing (00') Western Pac i f i c  cloud clusters (from S .  
Erickson, 1977). 
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orders  of magnitude g rea te r  thad' t h e  d i f ference  between the means of 

, ,  < i " $  , . .  ,; i , % c ,! . , , I I - 
r .. 2 

the  two samples. 

Besides Arnold's and Erickson's observations and the  observations 

i n  Figs. 51  and 52, the re  a r e  a l s o  theadata presented i n  Chapter 3 (Fig. 

31) which show t h a t  At lan t i c  prehurricane depressions have less v e r t i c a l  

motion than non-developing depressions. Added together these  observa- 

t i o n s  make a f o r c e f u l  case f o r  t h e  argument t h a t  the  p o t e n t i a l  of a 

disturbance f o r  development is  not d i r e c t l y  r e l a t e d  t o  the  magnitude of 

the  v e r t i c a l  motion f i e l d .  

7 . 3  Discussion 

A p i c t u r e  i s  emerging from both t h e  composite da ta  and the  indivi -  

dual  case data  of t r o p i c a l  storm development being a r e s u l t  of l a rge  

s c a l e  influences.  It appears t h a t  the  unique fea tu re  t o  specifying t i m e  

and locat ion of t r o p i c a l  cyclone genesis  is not  so  much the character is -  

t i c  of the  individual  meso-scale system i t s e l f .  These systems a r e  

common and occur i n  a l l  seasons and a t  most locat ions .  Once the  clima- 

to log ica l  conditions of genesis  a r e  m e t ,  i t  appears t h a t  favorable l a r g e  

s c a l e  changes i n  the  t r o p i c a l  general  c i r c u l a t i o n  a r e  the  primary 

f a c t o r s  determining whether the  o f t en  present  individual  organized meso- 

s c a l e  systems w i l l  i n t e n s i f y  o r  not .  It appears t h a t  genesis  occurs 

when an organized t r o p i c a l  cloud c l u s t e r  e x i s t s  i n  a favorable large- 

s c a l e  environment. I n  p a r t i c u l a r ,  both low  l e v e l  pos i t ive  r e l a t i v e  

v o r t i c i t y  and upper l e v e l  negative r e l a t i v e  v o r t i c i t y  over a very l a r g e  

surrounding area must be present .  A s  shown i n  Chapter 4 ,  these  l a r g e  

s c a l e  v o r t i c i t y  requirements can a l s o  be in te rp re ted  i n  terms of v e r t i -  

c a l  shear: l a r g e  v e r t i c a l  shears of a p a r t i c u l a r  configurat ion must be 

present  c lose  t o  t h e  developing disturbance. 



These results indicate that a realistic theory of tropical cyclone 

genesis and development must give primary consideration to the influence 

of the tropical system's surrounding flow patterns and much less con- 

sideration to the thermodynamic and convective aspects. 
I' 



8. VERTICALLY INTEGRATED BUDGET ANALYSIS 

In this chapter vertically integrated budgets of moisture, heat, 

angular momentum and kinetic energy will be analyzed for the composite 
5 '  
I 

data sets. The development of a tropical cyclone will be interpreted 

as an incre3se over the 0-6' radius area of total heat content or of 
. * 

total angular momentum content. 

8.1 The observed intensification from cloud cluster to typhoon/hurricane 

The most distinctive feature of the mature tropical cyclone is its 

very strong tangential wind field. Figure 55 shows symmetric vertical 

cross-sections of the tangential component of the wind for the progres- 

sion from stage Dl to stage D4. The hurricane force winds which cause 

most of the destruction to property and loss of human life occur within 

the 0-1" radius area of stage D4 and are operating on a horizontal scale 

below the resolution of the data. The figure shows, however, that the 

storm spin-up and increase of tangential wind is actually taking place 

on the very much larger horizontal scale of the 0-8" area. 
. a 

The increase of tangential wind is the dynamic response of the 

atmosphere to a warming and subsequent increase in pressure gradients 

operating over the 0-8" area. This large scale warming can be seen in 

the increase in low level height gradients shown in Fig. 56. 

Besides temperature and tangential wind, the other parameters 

necessary to fully describe the state of the atmosphere are moisture 

content and the radial component of the wind. Neither of these increase 

substantially over the synoptic scale during tropical cyclone development 

and must be considered as being secondary in importance to the former 
I S ,  
i . -* ' . l l  

two parameters. 
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Figure 57 shows a comparison of t h e  increase  of t o t a l  heat  content 

( s  = c T + gz) and of t o t a l  moisture content (p rec ip i t ab le  water) a s  the  
P 

system i n t e n s i f i e s  from s tage  D l  t o  D4. Both*parameters have been con- 

ver ted  t o  u n i t s  of OK by dividing by the  s p e c i f i c  heat  mul t ip l ied  by 

the mass of the  atmosphere between the  surface  and the  100 mb leve l .  

The f igure  shows t h a t  the  increase  of sens ib le  temperature a s  measured 

by change i n  s is  very much g rea te r  than the  increase  i n  moisture, and 

t h a t  taken over a l a rge  a rea  the  t o t a l  water vapor content ac tua l ly  

decreases. 

The comparison of the  change with i n t e n s i t y  of t angen t i a l  wind 

versus t h a t  of r a d i a l  wind i s  p l o t t e d  i n  Fig. 58. The t angen t ia l  com- 

ponent of the  wind is represented i n  the  f i g u r e  by the v e r t i c a l  i n t e g r a l  

of r e l a t i v e  angular momentum (m = RV ) per  u n i t  a rea  and of k i n e t i c  
T 

energy per u n i t  area.  The k i n e t i c  energy was obtained by compositing 

the square of the  wind speed f o r  each individual  rawin sounding. The 

r a d i a l  component of the  wind is equal  t o  the  t o t a l  mass flowing through 

the  system and is  represented i n  the  f i g u r e  by the  v e r t i c a l  ve loc i ty  a t  
1 ' .% 

300 mb. A l l  parameters i n  Fig. 58 have been* normalized so t h a t  they 

equal 1.0 a t  s t age  D4. 

The f i g u r e  c l e a r l y  shows t h a t  t h e  increase  with time of angular 

momentum and of k i n e t i c  energy dominate any increase  of v e r t i c a l  

ve loci ty .  

The problem of t r o p i c a l  cyclone genesis  i s  t o  explain the  observed 

l a r g e  s c a l e  increase  of sens ib le  temperature ( s ) ,  k i n e t i c  energy (KE) 

and angular momentum (m) shown i n  Figs. 57 and 58. These changes 

apparently take place when a t r o p i c a l  oceanic cloud c l u s t e r  with a sus- 

0 
tained 0-4 a rea  upward v e r t i c a l  ve loc i ty  e x i s t s  i n  a region of l a rge  



PACIFIC ATLANTIC 

10-40 

I 1 I I I 1 I 1 
Dl D2 0 3  D4 Dl D2 D3 D4 

STAGE OF INTENSIFICATION 

Fig. 57. The increase of t o t a l  heat  content ( s  = cpT + gz) and of t o t a l  
moisture content (q) a s  the systems in tens i fy  from s tage  D l  t o  

" - 
s tage  D4. - . : . r  1 ,  * '  r. 

t i - ,  

sca le  upper l eve l  negative r e l a t i v e  v o r t i c i t y  and low l eve l  pos i t ive  
- % . < I ,  -, : 

r e l a t i v e  v o r t i c i t y ,  o r  equivalently when i t  e x i s t s  i n  a region of zero 

v e r t i c a l  wind shear surrounded by very strong anticyclonic v e r t i c a l  
C - ' . I .  4. I . - *  * 

shear. 

8.2 Heat budget . , - , ,.. , .  . ,  

The main physical  process which character izes  the development of a 

t rop ica l  storm is the  increase  of the  sensible  temperature of the 
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Fig. 58. The increase of relative angular momentum (m), kinetic energy 
(KE) and vertical velocity (w) as the systems intensify from 
stage Dl to stage D4. Units are normalized so that they equal 
1.0 at stage D4. 

only energy source present is latent heat of condensation which is re- 

leased in cumulus and cumulonimbus clouds. 

Much research has been performed in recent years on how cumulus 

clouds warm the atmosphere. Gray (1973), Lopez (1973) and Yanai, 

Esbensen and Chu (1973) have shown that the latent heat released in 

cumulus clouds goes primarily into potential energy gain and increasing 

the temperature of the rising air parcel to that of the environmental 

temperature. The small extra (above environment) temperature increase 

of 1-2'~ of the rising cumulus or Cb parcel which is required for 



buoyancy does not warm the environment unless it directly mixes out 

from the cloud at a higher temperature. It appears that the rising 

cumulus parcel typically continues rising until it loses its buoyancy 

and temperature excess. It then mixes with its environment at a tem- 

perature little different to (or even lower than) that of the environ- 

ment. This does not directly warm the environment. Any heat transports 

out from the rising cloud are overcome by evaporation of the residual 

liquid-water particles as the clouds die. Although heavy rainfall may 

have occurred, there is typically no local region warming; instead there 

is often a local cooling of the immediate environment. This assessment 

has been substantiated by the observational studies of Kininmonth (1970) 

and Grube (1979). 

In terms of a vertically integrated heat budget over a volume in- 

cluding the cloud cluster, the latent heat released in non-precipitating 

clouds does not increase the heat content of the volume, as it is 

counteracted by reevaporation within the same volume. The latent heat 

released as precipitation does, however, act as an energy source for the 

volume . 
The increase of dry static energy s = c T + gz integrated over the 

P 
volume is governed by the equation: 

- v* lJTs is the convergence of s through the lateral boundaries of the 
volume. 

LPo 
is the energy equivalent of the rain that falls in the 

volume. Q is the net radiative heating of the troposphere. So is the R 

input of s from the eddy sensible heat flux at the sea surface. 



From the composite data, typical magnitudes can be estimated for 

0 each term in this equation. Converted to units of C/d averaged over 

the 0-6' radius, surface to 100 mb, volume for the D2 data set in each 

ocean they are as follows: 
1 

Pacific D2 
Atlantic D2 

The increase of local sensible temperature is an order of 

magnitude smaller than the first three terms on the right hand side. 

Most of the latent heat energy LPo is exported laterally through the 

boundaries of the region through conversion to the term V* vs. 

The portion of LP which is released within the volume acts to 
0 

counteract the net radiative cooling Q The physical processes by R ' 

which this is accomplished were demonstrated by Gray (1972a, 1973). 

Gray performed simultaneous heat and moisture budgets on a tropical 

cloud cluster, and showed that the radiation 'is balanced by the residual 

between a large warming term due to adiabatic compression in the sink- 

ing air between clouds and a large cooling term due to reevaporation 

of cloud water. This is shown in Fig. 59. 

The observations of Grube (1979) show that the scale on which this 

cloud induced warming and cooling takes place is of the order of 10-100 

km. The down gradient response of the tropical atmosphere to mass 

'~hese magnitudes are estimated from the budget analyses presented 
later in this section. \9*Yjs is from Table 23. LPo is estimated from 
the moisture convergence in Table 24 and the surface evaporation in 
Table 25. So is approximately one tenth of the evaporation in Table 25. 
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Fig. 59. Vertical distribution of components of heat balance in a 
steady state tropical cloud cluster (from Gray, 1973). 

perturbations on this scale is very rapid and the atmosphere adjusts 

dynamically so that the heat is spread over a broader area within a 

few hours. 

Because of the strong coupling of moisture and temperature it is 

more fruitful to consider the budget of moist static energy, 

h = cpT + gz + Lq. 

The equation for the increase of h integrated over a volume is 

H is the input of h from the eddy sensible and latent heat fluxes at 
0 

the sea surface. It approximately equals the surface evaporation. 

V* Vh is the export of h through the lateral boundaries. QR is the 

net radiative heating of the troposphere. 



Looking a t  Fig. 57 i t  is seen t h a t  the moisture content q does 

not increase  beyond t h a t  already present  i n  the  cloud c l u s t e r  s tage;  

thus any increase  i n  h goes d i r e c t l y  i n t o  increase  of s or  sens ib le  

temperature. 

The term V *  is  the  import and export of h by the  mass c i rcula-  

t i o n  through the system. It was shown i n  Chapters 2 and 3 t h a t  i n  both 

cloud c l u s t e r s  and t r o p i c a l  storms the re  is  mass convergence between 

the surface  and the  300 mb l e v e l  and an equal amount of mass divergence 

between 300 and 100 mb. The moist s t a t i c  energy h has a minimum near 

the  600 mb level .  Therefore, the  mean value of h i n  the  300-100 mb 

outflow layer  i s  g rea te r  than the  mean value i n  the  surface-300 mb 

inflow layer .  This means t h a t  the  t ransverse  or r a d i a l  mass c i r c u l a t i o n  

exports  &. 

The divergence of moist s t a t i c  energy v* \JTh f o r  the composite 

data sets was ca lcula ted  by compositing the  product VRh f o r  individual  

soundings. To take  i n t o  account t h e  e f f e c t  of the  moving system, the  

motion vector  of each individual  c l u s t e r  o r  storm was subtracted from 

VR before the  compositing w a s  performed. A s  explained i n  Chapter 1, t h e  

compositing is  ca r r i ed  out  on a g r i d  with e i g h t  azimuthal oc tants ;  so  

t h e  export of h ,  V h ,  i s  obtained a t  e igh t  points  around the boundary. R - 
These exports  a r e  summed t o  y ie ld  the  t o t a l  export V h . It was ex- R 

plained i n  Chapter 2 t h a t  f o r  the  P a c i f i c  data  s e t s  the  00 GMT values 

of moisture and therefore ,  of h could not  be used. For these systems 

t h e  composite average value of V a t  each octant  was mul t ip l ied  by t h e  R 

12 GMT value of h f o r  t h e  same octant .  This gave an est imation of 

-- 
V h a t  e igh t  points  around the  perimeter of the  c l u s t e r  o r  storm 

R 

volume. 



The r e s u l t a n t  values of \9* Vh f o r  the  composite systems a r e  shown 

0 0 
i n  Table 22. The values a r e  i n  ~ / d  averaged over the  respect ive  0-4 , 

0-6' and 0-8' radius volumes. The P a c i f i c  D l  system has been omitted 

from t h i s  and a l l  o ther  budget analyses because of the  very low data  

densi ty  of t h a t  da ta  set. 

The t a b l e  shows t h a t  t h e  mass c i r c u l a t i o n  through every system 

exports  energy. This export of h i s  the  res idua l  between an import of 

q and a l a rge r  export of s. The separa te  components \9* vs and V *  Vq 

a r e  shown i n  Tables 23 and 24 respect ively .  

The pretyphoon (Pac i f i c  D 2 )  and prehurricane (At lant ic  Dl) cloud 

c l u s t e r s  cons i s t en t ly  export more s and import more q than do the  non- 

developing cloud c l u s t e r s  (Pac i f i c  N 1 ,  A t l an t i c  N 1 ,  N2). To an extent  

the  two e f f e c t s  cancel each o the r ,  but  Table 22 shows t h a t  the  develop- 

ing cloud c l u s t e r s  general ly export more h through t h e i r  t ransverse  

c i rcu la t ions  than do the  non-developing cloud c l u s t e r s .  

Equation (9)  describes the  budget of h f o r  the  cloud c l u s t e r  o r  

storm volume. The term on the  l e f t  hand s i d e  of the  equation, - ah is a t  
approximately zero f o r  the  non-developing c l u s t e r  da ta  sets and f o r  the  

steady s t a t e  typhoon and hurricane D4 data s e t s .  It can be estimated 

f o r  the  D2 and D3 data  sets by assuming t h a t  i t  takes 2 days t o  progress 

from one s tage  of i n t e n s i t y  t o  the  next .  For the  At lan t i c  N3 system 

i t  is  assumed t h a t  i t  takes 2 days f o r  t h i s  system t o  decay back t o  the  

h value observed i n  s t age  N 1 .  

The rad ia t ion  term Q is  approximately - l . lOc/d  f o r  a l l  systems. 
R 

It is lower than t h e  background value used i n  Chapter 2 ,  t o  take  i n t o  

account the  dampening of the  i n f r a  red f l u x  divergence by the  th ick  

c i r r u s  clouds. 



TABLE 22 

The expor t  of moist  s t a t i c  energy due t o  h o r i z o n t a l  divergence ( - V *  Vh). 
A nega t ive  s i g n  denotes a l o s s  of energy from t h e  system. Values a r e  
expressed i n  equiva len t  mean su r f ace  t o  100 mb temperature i n c r e a s e  
(Oc/d). 

PACIFIC NON-DEVELOP I N G  

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D2 Pretyphoon cloud c l u s t e r  
D 3  In t ens i fy ing  cyclone 
D 4  Typhoon 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  -. 3 
N2 Wave t rough c l u s t e r  -.l 
N3 Non-developing depress ion  -1.7 

ATLANTIC DEVELOPING 

D l  Prehurr icane  cloud c l u s t e r  -1.0 
D2 Prehurr icane  depress ion  -. 8 
D3 In t ens i fy ing  cyclone -1.2 
D 4  Hurricane -1.4 

The remaining term H can now be  es t imated  as a r e s i d u a l .  This  i s  
0 

done f o r  t h e  0-6' a r e a  i n  Table 25. The export  term V *  shown i n  

t h e  t a b l e  i s  the  average of t h e  3 va lues  shown f o r  each system i n  Table 

22. The last column of Table 25 shows t h e  implied s u r f a c e  evapora t ion  

E i n  cm/d, ca l cu la t ed  by assuming a Bowen r a t i o  of 0.1. 
0 

Budget c a l c u l a t i o n s  a r e  extremely s e n s i t i v e  t o  t h e  q u a l i t y  of t h e  

d a t a ;  so  none of t he  parameters i n  Table 25 can be considered a s  b e t t e r  

than an approximation t o  t h e  t r u e  va lue .  I n  gene ra l ,  however, t h e  



TABLE 23 

The export  of dry  s t a t i c  enkrgy due t o  h o r i z o n t a l  divergence (- V* v s ) .  
A nega t ive  s i g n  denotes  a l o s s  of energy from t h e  system. Values a r e  
expressed i n  equiva len t  mean su r f ace  t o  100 mb temperature i n c r e a s e  
(Oc/d>. 

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D2 Pretyphoon cloud c l u s t e r  -6.9 
D3 In t ens i fy ing  cyclone -7.6 
D4 Typhoon -10.6 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  .6 
N2 Wave t rough c l u s t e r  -. 9 
N3 Non-developing depress ion  -6.3 

ATLANTIC DEVELOPING 

D l  Prehurr icane  cloud c l u s t e r  -4.0 
D2 Prehurr icane  depress ion  -3.5 
D3 I n t e n s i f y i n g  cyclone -6.3 
D4 Hurricane -7.5 

evaporat ion va lues  a r e  c l o s e  t o  t h e  background va lues  f o r  each reg ion  

ca l cu la t ed  i n  Chapter 2. 

The energy balance of Table 25 shows t h a t  t r o p i c a l  systems main- 

t a i n  themselves only through energy rece ived  from t h e  ocean H . This  
0 

agrees  with synopt ic  observa t ions  t h a t  most t r o p i c a l  systems weaken o r  

d i e  when t h i s  ocean energy source  J.s c u t  o f f .  The v e r t i c a l  c i r c u l a t i o n  

through t h e  organized weather system V -  Vh t y p i c a l l y  produces an energy 

dep le t ion  of t he  system. 

The developing c l u s t e r  d a t a  sets have s l i g h t l y  l a r g e r  va lues  of 

V* Vh than do the  non-developing c l u s t e r s .  The r a d i a t i v e  cool ing  Q R 



TABLE 24 

The import of water  vapor due t o  h o r i z o n t a l  convergence (- \V* V q ) .  A 
p o s i t i v e  s i g n  denotes  a g a i n  of energy f o r  t h e  system. Values a r e  
expressed i n  equ iva l en t  mean s u r f a c e  t o  100 mb temperature i n c r e a s e  
(Oc/d) 

PACIFIC NON-DEVELOP I N G  

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D2 Pretyphoon cloud c l u s t e r  
D3 In t ens i fy ing  cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depress ion  

ATLANTIC DEVELOPING 

D l  Prehurr icane  cloud c l u s t e r  3.0 
D2 Prehurr icane  depress ion  2.7 
D3 In t ens i fy ing  cyclone 5 .1  
D4 Hurricane 6 .1  

i s  probably t h e  same i n  each case ,  s o  f o r  balance,  t h e  developing 

c l u s t e r s  must have s l i g h t l y  g r e a t e r  s u r f a c e  evapora t ion  E o r  H . This  
0 0 

in fe rence  is supported by t h e  developing systems having s l i g h t l y  g r e a t e r  

low l e v e l  wind speeds,  as shown i n  t h e  f i r s t  column of Table 5, page 16. 

The h budget shows t h a t  f o r  cyclone development t o  occur ,  e i t h e r  

t h e  h expor t  by the  t r ansve r se  c i r c u l a t i o n  v* must decrease ,  o r  t h e  

sea  su r f ace  t o  atmosphere energy t r a n s f e r  H must i nc rease .  Both terms 
0 

ah a r e  of t h e  order  of magnitude of 1°c/d; t h e  r e s i d u a l  - requi red  f o r  a t  
0 

genes is  i s  only .1 o r  .2 C/d; s o  only a 10 percent  change is requi red  

i n  (Ho - Yj7- Vh). Such a smal l  change is  below t h e  l e v e l  of accuracy 

of t h e  cu r r en t  budget ca l cu la t ions .  



TABLE 25 

Budget of moist s t a t i c  energy h,  f o r  the  composite da ta  sets averaged b 
aver the 0-6' radius  volume ( C/d) . 

Implied Surf ace 

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

ah 
Evaporation 

- 
a t  + \ y * \ y h - Q R  = H 

0 
Eo (cm/d) 

D2 Pretyphoon cloud c l u s t e r  .1 .9 
D3 Intens i fy ing cyclone . 7  1.0 
D 4  Typhoon 0 1.7 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  0 .4 
N2 Wave trough c l u s t e r  0 .1 
N3 Non-developing depression - .1 1.2 

ATLANTIC DEVELOPING 

D l  Prehurricane cloud c l u s t e r  0 .7 
D2 Prehurricane depression .1 .5 
D3 Intens i fy ing cyclone .2 .9 
D4 Hurricane 0 1.1 

The f a c t  t h a t  the  t ransverse  c i r c u l a t i o n  of the  western ocean 

weather systems exports  h from the  systems is  not  a new observation. 

Many t r o p i c a l  researchers  today use t h e  Q1, Q2 no ta t ion  of Yanai, 

Esbensen and Chu (1973). I n  terms of t h a t  nota t ion,  it  implies t h a t  

the  v e r t i c a l  i n t e g r a l  of Q -Q is grea te r  than zero. Physical ly,  i t  1 2  

means t h a t  f o r ' a  s teady s t a t e  system the  surface  energy f l u x  within the  

system is  g rea te r  than t h e  tropospheric r a d i a t i v e  cooling, i . e .  H + QR 0 

is grea te r  than zero. 

The implicat ions of these h budgets f o r  t r o p i c a l  cyclone genesis 

a r e  discussed more f u l l y  i n  the following chapter.  



8.3 Kinet ic  energy budget 

The export of k i n e t i c  energy through t h e  l a t e r a l  boundaries of the  

2 budget volume was obtained by compositing VR V f o r  each individual  

sounding on the  volume boundary. V is  the  magnitude of the  a c t u a l  hori-  

zontal  wind. V is the  r a d i a l  component of the  wind with the  storm 
R 

2 motion vector  removed. Ver t i ca l  p r o f i l e s  of VR V a r e  shown i n  Fig. 

60. A l l  systems import k i n e t i c  energy i n  the  surface  t o  300 mb inflow 

layer  and export i t  i n  the  upper tropospheric outflow layer .  The export 

is  g rea te r  than the import, so the  cloud c l u s t e r s  t r o p i c a l  storms 

a c t  a s  sources of tropospheric k i n e t i c  energy. The e f f e c t  of these hor- -- 

i z o n t a l  t r anspor t s  on the  k i n e t i c  energy content of the  0-4, 0-6 and 

0-8' volumes is shown i n  Table 26. The t a b l e  shows no obvious d i f f e r -  

ence i n  the  k i n e t i c  energy export  from developing versus non-developing 

cloud c l u s t e r s .  

W. Frank (1977b, c )  showed t h a t  f o r  f u l l y  developed typhoons and 

hurricanes only 50 percent of the  k i n e t i c  energy export is  by the  mean 

t ransverse  c i rcu la t ion ,  the  r e s t  being ca r r i ed  out  by hor izonta l  eddies. 

,The mean c i rcu la t ion  t ranspor t  by d e f i n i t i o n  i s e q u a l  t o  the  composite 

mean V a t  a given radius  by the  composite mean v2 a t  t h a t  r ad ius ,  and R -- 
2 

i s  denoted Vg V . The composite of the  product f o r  individual  soundings - 
2 

i s  denoted by V g  , and the  eddy t ranspor t  is  defined a s  the  d i f ference  

Figure 61 shows the  t o t a l  t r anspor t s  vkvL and the  mean t ranspor ts  
- 

2 
VR V a t  6' radius  f o r  the  P a c i f i c  data  s e t s .  The eddies a r e  of the  

same magnitude a s  the  mean flow and a c t  i n  the  same d i rec t ion .  The 

0 
v e r t i c a l  i n t e g r a l s  of the  mean and eddy exports  f o r  the  0-6 volume 

a r e  shown i n  Table 27. 
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Fig. 60. Total ho~izontal transport of kinetic energy times two (V V ) 

at R = 6 for all the composite data sets. 
R 

- 

Kinetic energy is generated by down-gradient flow, - V*  \g 4. This 

- , a  was estimated for each composite system by taking the product .- VR 
aR 

at each radius and area averaging. This product is actually the genera- 

tion by the mean radial circulation. Some visual smoothing was performed 

on the height fields before the calculation was made. Vertical profiles 

of the mean generation of kinetic energy - v a are shown in Fig. 
6 2 .  The generation shows dual maxima with peaks at 950 and 150 mb. 

There is very little kinetic energy generation by the mean flow in the 

middle troposphere. 



TABLE 26 

The export  of k i n e t i c  energy p e r  u n i t  a r e a  due t o  h o r i z o n t a l  divergence. 
A nega t ive  s i g n  denotes  a l o s s  of energy o r  expor t  from t h e  system. . 

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING ' 

D2 Pretyphoon cloud c l u s t e r  -2.3 
D3 In t ens i fy ing  cyclone -1.1 
D4 Typhoon -1.1 

ATLANTIC NON-DEVELOPING ., 

N 1  Cloud c l u s t e r  0 .8  
N2 Wave trough c l u s t e r  0 .3 
N3 Non-developing depress ion  -3.4 

ATLANTIC DEVELOPING 

D l  Prehurr icane  cloud c l u s t e r  0 .3  
D2 Prehurr icane  depress ion  1 .9  
D3 In t ens i fy ing  cyclone -2.0 
D4 Hurricane -1.2 

The mean genera t ion  i n c r e a s e s  s u b s t a n t i a l l y  as t h e  system pro- 

g re s ses  from s t a g e  D l  t o  D4. This  i n c r e a s e  i s  mainly brought about by 
- 

an  i n c r e a s e  i n  t h e  he igh t  g r a d i e n t s ,  \y@, shown i n  Fig.  56. 

It has been shown e a r l i e r  (Figs.  51, 52 and 58) t h a t  t h e r e  i s  very  

l i t t l e  i n c r e a s e  i n  t h e  t o t a l  r a d i a l  mass c i r c u l a t i o n  w. There is, how- 

ever ,  an i n c r e a s e  i n  t he  f r a c t i o n  of t h e  mass inf low t h a t  t akes  p l ace  

i n  t he  low l e v e l s  where t h e  he igh t  g r a d i e n t s  a r e  l a r g e s t .  F igure  63 

d e p i c t s  v e r t i c a l  p r o f i l e s  of t h e  r a d i a l  component of t h e  wind, VR, a t  

4' r a d i u s  f o r  t h e  systems D l  t o  D4 i n  both  oceans. The t o t a l  inward 
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TABLE 27 

0 
The expor t  of k i n e t i c  energy from t h e  0-6 volume due t o  t h e  mean and 
t h e  h o r i z o n t a l  eddy c i r c u l a t i o n s .  A nega t ive  s i g n  denotes  a l o s s  of 
energy from the  system. 

Mean 
C i r c u l a t i o n  

PACIFIC NON-DEVELOPING 

Eddies To ta l  

N1 Cloud c l u s t e r  

PACIFIC DEVELOPING 

D2 Pretyphoon cloud c l u s t e r  
D3 In t ens i fy ing  cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N1 Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depression 

ATLANTIC DEVELOPING 

Dl Prehurr icane cloud c l u s t e r  -0.3 -0.1 -0.4 
D2 Prehurr icane  depress ion  -0.4 1.5 1.1 
D3 In t ens i fy ing  cyclone -0.6 -0.8 -1.4 
D4 Hurricane -0.7 -0.7 -1.4 

mass t r a n s p o r t  (o r  t h e  i n t e g r a l  of VR from t h e  s u r f a c e  t o  300 mb) shows 

l i t t l e  i nc rease  from s t a g e  D l  t o  s t a g e  D4; b u t  t h e  va lues  of V a t  900 R 

o r  950 mb do inc rease .  This  is  q u a n t i f i e d  i n  Table 8 of Chapter 2. 

Column (1) of t h a t  t a b l e  shows t h e  t o t a l  mass convergence; column (3) 

shows the  mass convergence between the  s u r f a c e  and 850 mb. The t o t a l  

convergence i n c r e a s e s  by only 20% from Dl t o  D4; bu t  t h e  propor t ion  of 

t h i s  in f low tak ing  p l ace  below 850 mb i n c r e a s e s  from . 3  t o  .6. This  

concent ra t ion  of t h e  inf low i n t o  t h e  low l e v e l s  where V$ i s  g r e a t e s t  
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Fig. 62. Generation ~f kinetic energy by the mean circulation (- v~r. vT) 
for the 0-6 area. 

enhances the product -v* \gT i.e. the kinetic energy generation by the 
mean flow. 

The dissipation of kinetic energy due to surface friction in the 

boundary layer is given by the equation: 

- 
boundary layer dissipation = 

through the 
depth of the 
boundary layer 



-- s f c  
:: v v ' w '  

- 
= D I v ~ ~ s ~ c  

- 
V i s  the  mean wind speed i n  t h e  boundary l a y e r ;  I v I  i s  t h e  sur -  

s u r f a c e  

f a c e  wind speed. 

- 
The winds a t  900 mb a r e  used i n  t he  c a l c u l a t i o n .  

V z .9 VgOhb 

and V 
sur f  ace  ' * V g ~ ~ m b '  based on t h e  oceanic  boundary l a y e r  observa- 

t i o n s  of Gray (1972b) and the  t r o p i c a l  storm boundary l a y e r  observa t ions  

of Bates (1977). The drag c o e f f i c i e n t  is ca l cu la t ed  using t h e  empir ica l  

formula of G a r r a t t  (1977) : 

There is a l s o  s u b s t a n t i a l  d i s s i p a t i o n  of k i n e t i c  energy by turbu- 

l e n t  processes  above t h e  boundary l a y e r .  Following R ieh l  and Malkus 

(1961), Miller (1962) and W. Frank (1977b) t h i s  i n t e r n a l  d i s s i p a t i o n  

i s  est imated a s  being equal  t o  t h e  s u r f a c e  d i s s i p a t i o n .  

0 
The complete k i n e t i c  energy budget f o r  t h e  0-6 volume is  shown i n  

Table 28. The va lues  of t h e  t i m e  d e r i v a t i v e  i n  t h e  f i r s t  column were 

obtained by compositing t h e  k i n e t i c  energy content  and assuming t h a t  i t  

t akes  2 days f o r  a system t o  progress  from i n t e n s i t y  s t a g e  D2 t o  s t a g e  

D 3 ,  and 2 days f o r  each of t h e  progress ions  D 3  t o  D 4  and N 3  t o  N 1 .  

Some of t h e  va lues  of t h e  h o r i z o n t a l  export  i n  column (2) of 

t he  t a b l e  have been ad jus t ed  from t h e  raw d a t a  va lues  shown i n  e a r l i e r  

t a b l e s .  The va lue  f o r  t h e  P a c i f i c  D 4  system has  been ad jus t ed  fol lowing 

W. Frank (1977b). I n  performing a more complete e n e r g e t i c  a n a l y s i s  of 
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TABLE 28 

Budget of k i n e t i c  energy over the  0-6' radius  area  f o r  the  composite 
da ta  s e t s  (w/rn2). 

B.L -= - V . v K E  - v . v @  + at + Internal - Residual Dissipation - - - 
PACIFIC NON-DEVELOPING 

N1 Cloud cluster 

PACIFIC DEVELOPING 

D2 Pretyphoon cloud cluster -1.2 -1.4 1.3 -0.5 
D3 Intensifying cyclone -3.6 -1.7 3.1 -1.4 
D4 Typhoon 0.0 -2.6 8.9 -5.4 

ATLANTIC NON-DEVEImG 

N1 Cloud cluster 0.0 -0.5 0.0 
N2 Wave trough cluster 0.0 0.0 0.1 
N3 Non-developing depression 0.7 -2.0 1.3 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 0.0 -0.4 
D2 Prehurricane depression -0.4 -0.8 
D3 Intensifying cyclone -1.5 -1.4 
D4 Hurricane 0.0 -1.4 

Column (1) is minus the local time change 

Column (2) is the horizontal convergence of kinetic energy 

Column (3) is the generation of kinetic energy by the mean flow 

Column (4) is the dissipation of kinetic energy in the frictional boundary layer 

Column (5) is the dissipation by turbulent processes above the boundary layer 

Column (6) is the residual of terms (1) to (5) and must be balanced by internal or eddy kinetic energy generation 

t h i s  same data  set, t o  obta in  a  physical ly r e a l i s t i c  so lu t ion  he had t o  

r a d i a l l y  smooth the  hor izonta l  t r anspor t  of k i n e t i c  energy a s  shown i n  

Fig. 64. The t o t a l  hor izonta l  export of k i n e t i c  energy f o r  the  At lan t i c  

D2 system is  inconsis tent  with t h e  o ther  systems, and has been replaced 

by twice t h e  export by t h e  mean c i rcu la t ion .  

The l a s t  column of Table 28 shows the  res idua l  of a l l  the  o ther  

terms : 
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Fig. 64. Vertically integrated total horizontal flux of kinetic energy 
times 2 (solid line) for the Pacific D4 data set and smoothed 
curve used in budget calculations by W. Frank (1977b) (dashed 
curve). 

- -  aKE + horizontal convergence + mean generation + surface dissipation 
at 

+ internal dissipation = Residual. 

This residual must be balanced by the internal or eddy generation 

of kinetic energy. The values in the last column indicate that it is oi 

the same order of magnitude as the generation by the mean flow. As will 

be discussed later it is probable that much of this internal kinetic 

energy generation is brought about by deep cumulus clouds existing in 

strong vertical wind shear. 

8.4 Angular momentum budget 

The conservation of relative angular momentum in cylindrical 

stationary coordinates may be expressed as 



where m = R V is the  r e l a t i v e  angular momentum; 8 i s  the  azimuthal 
T 

angle; and F is  f r i c t i o n  i n  the t angen t ia l  or  9 direc t ion.  
T 

a 
Terms involving - drop out  when in tegra ted  around a c i r c l e  and a e 

v e r t i c a l  f l u x  terms i n t e g r a t e  t o  zero assuming no f l u x  a t  100 mb. The 

l a rge  s c a l e  v e r t i c a l l y  in tegra ted  angular momentum balance i s  thus: 

The f i r s t  term is  the  l o c a l  t i m e  change and is  calculated i n  the same 

manner a s  f o r  h and k i n e t i c  energy i n  t h e  previous sec t ions .  The sec- 

ond term, the hor izonta l  t r anspor t ,  i s  obtained by compositing V m 
R 

(= V V R) f o r  individual  soundings around the  perimeter of the  budget 
R T 

volume. Ver t i ca l  p r o f i l e s  of t h i s  t ranspor t  a r e  p lo t t ed  i n  Fig. 65. 

Negative values on the  f i g u r e  i n d i c a t e  an import of m; so a l l  systems 

i m  o r t  m,  o r  a c t  a s  s inks  of r e l a t i v e  angular momentum. P- ----- 
The v e r t i c a l  i n t e g r a l s  of the  hor izonta l  divergence of m from the  

budget volumes a r e  shown i n  Table 29. 

The dashed curves on Fig.  65 represent  the  t r anspor t s  by the  mean 

--- 
c i rcu la t ion  V V R. For the  At lan t i c  systems and f o r  the  P a c i f i c  D4  

R T 

typhoon, an appreciable p a r t  of the  angular momentum import i s  ca r r i ed  

by hor izonta l  eddies. This can be seen i n  Table 30 which shows the  

mean and eddy components of the  t ranspor t  a t  R = 6'. 

The imports of r e l a t i v e  angular momentum shown i n  Table 29 and 30 

a r e  cons i s t en t ly  g rea te r  f o r  developing systems than f o r  non-developing 

weather systems. A t  6' the  P a c i f i c  pretyphoon cloud c l u s t e r  D 2  has 5 

times a s  much import a s  t h e  N 1  non-developing cloud c lus te r .  The 
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Fig. 65. Total horizontal flux of relative angular momentum (VRVTR) and --- 

flux by mean circulation (VR VT R) at R = 6' for all composite 
data sets. 
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Fig. 6 5 .  Continued. 
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Fig. 65. Continued. 
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ATLANTIC 

Fig. 65. Continued. 

At lan t i c  D l  cloud c l u s t e r  has b e t t e r  than 3 times grea te r  import than 

e i t h e r  of the  non-developing N 1 ,  N2 c l u s t e r s .  This is  consis tent  with 

the  g rea te r  outer  radius  v o r t i c i t y  f i e l d s  f o r  t h e  developing systems 

which have been discussed a t  length  i n  e a r l i e r  chapters. 

The e f f e c t  of the  l a r g e  s c a l e  surrounding region v o r t i c i t y  o r  

v e r t i c a l  shear on the  angular momentum import is i l l u s t r a t e d  i n  Fig. 

6 6 .  The schematic shows t h a t  i f  two cloud c l u s t e r s  have the  same r a d i a l  

c i rcu la t ion ,  the  system with the  g rea te r  low l e v e l  pos i t ive  l a r g e  s c a l e  

r e l a t i v e  v o r t i c i t y  imports more p o s i t i v e  angular momentum through the  

product (-V V ). Also, i f  t h i s  system has g rea te r  upper l e v e l  negative R T 

r e l a t i v e  v o r t i c i t y ,  i t  exports  more negative angular momentum through 

the  same product. Both e f f e c t s  cause an increase  i n  pos i t ive  angular 

momentum o r  a "spin-upt' of t h e  storm volume. The importance of the  



TABLE 29 

The horizontal convergence of relative angular momentum per unit area 
- 8-  vmi. A ositive entry denotes a gain of angular momentum. Units S are in 10 kg/s . 

PACIFIC NON-DEVELOP ING 

N1 Cloud cluster 

PACIFIC DEVELOPING 

D2 Pretyphoon cloud cluster 
D3 Intensifying cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster -3.6 
N2 Wave trough cluster 2.4 
N3 Non-developing depression 7.5 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 

surrounding upper and lower tropospheric flow fields in the angular 

momentum budget of tropical storms has previously been stressed by 

Wachtmann (1968) . 
The separate contributions of the deep tropospheric inflow layer 

and of the upper tropospheric outflow layer to the relative angular 

momentum import are shown in Table 31. The large difference in angular 

momentum import between developing and non-developing weather systems 

is present in both layers. For the developing or pre-storm systems 

there is approximately an equal contribution from the inflow (surface to 

300 mb) and from the outflow (300 to 100 mb) layers. 



TABLE 30 

0 The import of angular momentum (- V *  Vm) for the 0-6 radius volume due 
to the mean circulation and due to horizontal eddies. A positive entry 4 denotes a gain of momentum for the system. (Units 10 ~ ~ 1 s ~ ) .  

PACIFIC NON-DEVELOPING 

N1 Cloud cluster 

PACIFIC DEVELOPING 

D2 Pretyphoon cloud cluster 
D3 Intensifying cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster 
N2 Wave trough cluster 
N3 Non-developing depression 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 

Mean Circulation Total 

The third term of Eq. (13), the Coriolis torque (-f VR R), is 

usually assumed to integrate to zero over the total volume since the net 

radial mass flux is zero. This approximation is good at inner radii 

where f varies little. As pointed out by Anthes (1974) and W. Frank 

(1977b), however, the prevailing southerly wind component in the western 

oceans can cause an appreciable net spin-down of a storm at outer radii. 

The opposite (a net spin-up) would be true for a northerly flow. 

To estimate the Coriolis torque, each composite system was assumed 

to exist at the mean latitude for that data set. A value of f was thus 
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Fig. 66. Schematic representation of the effect of outer radius 
vorticity on the increase in angular momentum or the "spin-up" 
of a cloud cluster. Both clusters have the same radial cir- 
culation VR. The lower cluster has greater outer radius 
tangential wind VT and consequently imports more relative 
angular momentum. (Units are arbitrary.) 

calculated for each octant on the composite grid, and area weighted 
- - - 

values of VR f R were calculated accordingly. 

The dissipation of relative angular momentum (term (4) in Eq. 13) 

is equal to R times the surface tangential frictional stress, and is 

given by the equation: 

Dissipation = R p c,, I v I  VT 

The drag coefficient is the same as used in the previous section, 

and 900 mb winds are used scaled by .8 to approximate surface winds. 

The resultant angular momentum budget for the 0-6' volume is shown 

in Table 32. The second last column of the table is the residual of 

the three terms on the right hand side of Eq. 13. The last column is 



TABLE 31 

The separate contributions of the inflow and outflow layers to the 
0 import of angular momentum (- V *  vm) for the 0-6 volume. A positive 

entry denotes a gain of momentum for the system. (Units are ~ o ~ K ~ / s ~ ) .  

PACIFIC NON-DEVELOPING 

N1 Cloud cluster 

PACIFIC DEVELOPING 

D2 Pretyphoon cloud cluster 
D3 Intensifying cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N1 Cloud cluster 
N2 Wave trough cluster 
N3 Non-developing depression 

ATLANTIC DEVELOPING 

Dl Prehurricane cloud cluster 
D2 Prehurricane depression 
D3 Intensifying cyclone 
D4 Hurricane 

Inflow Layer 
(sfc-300 mb) 

Outflow Layer 
(300-100 mb) 

am the measured value of - or the left hand side of the equation. The at 

equation as calculated from the data does not balance; so a constant 

percentage change was made to each term on the right hand side of the 

equation. The resulting "balanced" budget of relative angular momentum 

is shown in Table 33. 

The relative angular momentum budget is dominated by the horizontal 

convergence (- \9* vm). This is proportional to (-V V ) on the perimeter R T 

of the volume. All the developing systems have very large values of 

angular momentum convergence. The Atlantic prehurricane cloud cluster 

has 2% to 3 times the convergence of the non-developing clusters. 



TABLE 32 

0 4 2 
V e r t i c a l l y  in tegra ted  budget of r e l a t i v e  angular momentum f o r  the  0-6 volume ( i n  u n i t s  of 10 ~ g / s  ). 

Import Cor io l i s  
Torque 

Surf ace  
F r i c t i o n a l  
Diss ipa t ion  

am - 
a t  measured 

Residual  

PACIFIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  

PACIFIC DEVELOPING 

D2 Pretyphoon cloud c l u s t e r  
D3 Intens i fy ing cyclone 
D4 Typhoon 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c l u s t e r  
N2 Wave trough c l u s t e r  
N3 Non-developing depression 

ATLANTIC DEVELOPING 

D l  Prehurricane cloud c l u s t e r  
D2 Prehurricane depression 
D3 Intens i fy ing cyclone 
D4 Hurricane 



TABLE 33 

Vert ical ly  integrated budget of r e l a t i v e  angular momentum f o r  the 0-6' 
area.  Posi t ive  numbers indicate  a gain of angular momentum. Values 
have been corrected s l i g h t l y ,  a s  described i n  the text .  (Units a r e  
104 ~ ~ 1 ~ 2 ) .  

Import Coriolis  Surface 
Torque Fr ic t iona l  

Dissipation 

PACIFIC NON-DEVELOPING 

N 1  Cloud c lu s t e r  

PACIFIC DEVELOPING 

D2 Pretyphoon cloud c lus te r  8.4 
D3 Intensifying cyclone 11.2 
D4 Typhoon 20.6 

ATLANTIC NON-DEVELOPING 

N 1  Cloud c lus te r  3.2 
N2 Wave trough c lus te r  2.7 
N3 Non-developing depression 4.5 

ATLANTIC DEVELOPING 

D l  Prehurricane cloud c lus te r  7.8 
D2 Prehurricane depression 8.8 
D3 Intensifying cyclone 11.7 
D4 Hurricane 10.8 

In  the Pacif ic ,  the pretyphoon D2 c lus te r  has 8 times a s  much angular 

momentum convergence a s  the N 1  non-developing cloud c lus te r .  These 

differences a r e  d i r ec t l y  caused by the differences i n  low l eve l  posi t ive  

and upper l eve l  negative V between the  systems, because a s  has been 
T 

shown e a r l i e r  the  mass flow or  V i s  much the same i n  each case. 
R 



8.5 Summary 

The main f indings  from the  budget analyses i n  t h i s  chapter a r e  a s  

follows : 

1) All the  composite weather systems export moist s t a t i c  energy h 
through t h e i r  t ransverse  c i rcu la t ion .  

2) To bring about an increase  i n  energy, h ,  the  quant i ty  (Ho - 
V *  $%) must be increased. 

3) A l l  t he  composite weather systems export k i n e t i c  energy. The 
export takes place completely i n  the  upper tropospheric out- 
flow layer .  

4 )  The k i n e t i c  energy budgets show a res idua l  requirement f o r  a 
generation of k i n e t i c  energy by sub-grid s c a l e  processes. 
This eddy generation appears t o  be of the  zame-magnitude a s  
the  generation by t h e  mean r a d i a l  flow, - \3rw V+ . 

5) Compared t o  non-developing systems, developing cloud c l u s t e r s  
have twice t o  th ree  t i m e s  a s  much import of r e l a t i v e  angular 
momentum through t h e i r  l a t e r a l  boundaries. This is  d i r e c t l y  
re la ted  t o  the  developing system having g rea te r  ou te r  radius  
low-level p o s i t i v e  and upper-level negative surrounding tan- 
g e n t i a l  wind f i e l d s .  



9. THE PHYSICAL PROCESSES OF TROPICAL CYCLONE GENESIS 

The only apprec iab le  energy source  p re sen t  when a t r o p i c a l  cloud 

c l u s t e r  undergoes t h e  t ransformat ion  i n t o  a t r o p i c a l  storm is  t h e  l a t e n t  

h e a t  r e l ea sed  i n  cumulus convection. I n  Chapters 3 and 8 i t  was shown 

t h a t  as t h e  storm begins  t o  develop and i n t e n s i f y ,  a warming of t he  

t roposphere t akes  p l ace  over a very  l a r g e  a rea .  Figure 56 of Chapter 8 

0 
shows a decrease i n  t h e  low l e v e l  he igh t  f i e l d s  as f a r  ou t  as 8 l a t i -  

tude r a d i u s  from the  system cen te r .  

The genes i s  and development of a t r o p i c a l  cyclone i s  t h e  only 

s i t u a t i o n  i n  which a sus t a ined  and l a r g e  s c a l e  warming t akes  p l ace  i n  

the  t r o p i c a l  troposphere.  How i s  t h i s  warming brought about? The t ro -  

p i c a l  atmosphere i s  normally very  r e l u c t a n t  t o  warm, even under s i t u a -  

t i o n s  of very  a c t i v e  and widespread dee? cumulus convection. There have 

been many obse rva t iona l  s t u d i e s  performed i n  r ecen t  yea r s  on t r o p i c a l  

oceanic  cloud c l u s t e r s  o r  weather d i s tu rbances  (Reed and Recker, 1971; 

Williams and Gray, 1973; Gray, 1973; Yanai, Esbensen and Chu, 1973; 

Ruprecht and Gray, 1976a,b; W. Frank, 1978a). The main obse rva t iona l  

f a c t  t h a t  has  come out  of t hese  s t u d i e s  i s  t h a t  d e s p i t e  t h e  very  l a r g e  

amounts of p r e c i p i t a t i o n  f a l l i n g  i n  t h e  cloud c l u s t e r s ,  t h e  warming 

as ( o r  -) r e a l i z e d  on t h e  s c a l e  of t h e  c l u s t e r  is  approximately zero. a t  
A s  has  been discussed i n  s e c t i o n  8.2,  a p o r t i o n  of t h e  energy r e l eased  

i n  t he  system a s  l a t e n t  h e a t  LP a c t s  t o  counter t h e  r a d i a t i v e  cool ing 
0 

QR; t h e  r e s t  i s  exported from t h e  system a s  p o t e n t i a l  energy through 

t h e  term, V *  VS. 

Grube (1979) examined every rawin sounding taken by t h e  seven s h i p s  

of t h e  B-array during t h e  s i x t y  days of t h e  GATE experiment which was 



c a r r i e d  ou t  i n  t h e  Eas te rn  A t l a n t i c  I n t e r  Tropica l  Convergence Zone 

during t h e  Northern Hemisphere Summer of 1974. The GATE B-array is ap- 

0 proximately equiva len t  i n  a r e a  t o  a c i r c l e  of 1% l a t i t u d e  r ad ius .  The 

average r a i n f a l l  over t h e  B-array f o r  t h e  60 days of t h e  experiment was 

1 .2  cm/d (W. Frank, 1978b) which is  enough h e a t  energy t o  warm t h e  whole 

0 t roposphere by 3 . 3  C/d. Despi te  t h i s  enormous amount of r a i n ,  Grube 

found no cases  of simultaneous warming events  a t  more than one s h i p  i n  

t he  a r r ay .  She observed many cases  of warming due t o  cumulus induced 

subsidence a t  s i n g l e  sh ips .  These warming were c h a r a c t e r i s t i c a l l y  

changes of 1°c temperature averaged over  t h e  200-500 mb l a y e r .  I n  every 

case t h e  atmosphere r eac t ed  very  quick ly  t o  counterac t  t h e  warming s o  

t h a t  t he  energy was spread over  a very  l a r g e  a r e a  wi th in  a few hours.  

This  has  been v e r i f i e d  i n  numerical modelling experiments by W. Finger- 

h u t  which a r e  discussed i n  t he  Grube paper.  

A s  has  a l s o  been discussed i n  Chapter 8 ,  t h e  only  means by which a 

Cb cloud can cause any apprec iab le  temperature i n c r e a s e  i n  i t s  environ- 

ment i s  by compensating subsidence. Somehow t h e  favorable  supe rpos i t i on  

of upper l e v e l  a n t i c y c l o n i c  f low and low l e v e l  cyc lonic  flow described 

throughout t h i s  paper must decrease t h e  expor t  of p o t e n t i a l  energy 

\ y o  vs and cause t h e  compensating subsidence t o  be  loca l i zed  r a t h e r  than 

spread over a broad region.  I n  o t h e r  words, it must somehow b r i n g  about 

a decrease i n  t h e  energy expor t ing  t r a n s v e r s e  c i r c u l a t i o n .  

The v e r t i c a l l y  i n t e g r a t e d  h budget f o r  a pretyphoon o r  prehurr icane  

cloud c l u s t e r  i s  descr ibed by t h e  fol lowing equat ion ,  wi th  t y p i c a l  

va lues  p r i n t e d  below i t  a s  est imated from t h e  a n a l y s i s  i n  s e c t i o n  8.2: 



The pre-cyclone cloud c l u s t e r  i s  i n  a quasi-steady s t a t e  with 

s e a  s u r f a c e  t o  atmosphere t r a n s f e r  H p l u s  r a d i a t i v e  hea t ing  Q equal- 
0 F. 

l i n g  a n e t  H + Q g r e a t e r  than zero. For balance t h e  t r ansve r se  o r  
0 R 

r a d i a l  c i r c u l a t i o n  must export  h from t h e  system through t h e  term 

$7' Vh* 

The l o c a l  h conten t  can be  increased  by inc reas ing  t h e  s u r f a c e  

evaporat ion H o r  by decreasing t h e  r a d i a l  c i r c u l a t i o n  \9* \3rh. An in-  
0 

c r ease  of H a c t s  t o  i nc rease  t h e  water  vapor content  q which i s  con- 
0 

ve r t ed  t o  r a i n f a l l  LPo and exported a s  p o t e n t i a l  energy through t h e  

term V* V s  o r  \ye  \yh. Apparently,  t o  i nc rease  the  warming wi th in  the  

c l u s t e r ,  t h e  r a d i a l  expor t  through t h e  term \9* must be decreased. 

It has  been s t r e s s e d  throughout t h i s  paper t h a t  t h e r e  is  a l a r g e  

v a r i a b i l i t y  i n  r a d i a l  c i r c u l a t i o n  o r  v e r t i c a l  v e l o c i t y  between d i f f e r -  

e n t  systems of t h e  same i n t e n s i t y  o r  of t h e  same type.  Despi te  t h i s  

v a r i a b i l i t y  a decrease  i n  r a d i a l  c i r c u l a t i o n ,  v e r t i c a l  v e l o c i t y  and 

mean c loudiness  does show i n  t h e  d a t a  between s t a g e  D l  and s t a g e  D2. 

This  can be  seen f o r  c loudiness  i n  Table 21 of Chapter 7, f o r  v e r t i c a l  

motion w i n  Fig. 58 of Chapter 8 and f o r  r a d i a l  c i r c u l a t i o n  VR i n  Fig.  

6 3  of Chapter 8. 

A s  t h e  i n c i p i e n t  d i s tu rbance  i n t e n s i f i e s ,  t h e  low l e v e l  wind speeds 

i n c r e a s e  and consequently t h e  energy inpu t  Ho from t h e  sea s u r f a c e  in- 

c reases .  The above quoted obse rva t iona l  s t u d i e s  i n d i c a t e  t h a t  t h e  



normal response of the  t r o p i c a l  atmosphere t o  such an increase  is  t o  

correspondingly increase  t h e  energy export V* Vh. A sustained warming 

and subsequent cyclone genesis  and i n t e n s i f i c a t i o n  can occur only i f  

the  flow f i e l d s  a r e  constrained t o  keep v*  v h  smaller than the  sum of 

H and QR. 
0 

The observations of t h i s  paper ind ica te  t h a t  such a r e l a t i v e  de- 

crease i n  $7. w takes place when t h e  cloud c l u s t e r  is embedded i n  a 

f i e l d  of surrounding upper l e v e l  ant icyclonic  flow and low l e v e l  cyclonic 

flow. A s  has been discussed, the superposit ion of these f i e l d s  leads  t o  

the presence of high ant icyclonic  v e r t i c a l  wind shear surrounding the  

0 
cloud c l u s t e r  a t  approximately 6 l a t i t u d e  r a d i a l  d is tance  from the  

center .  

What e f f e c t  does the  v e r t i c a l  shear have on the  proper t ies  of the  

westward moving ensemble of deep cumulus clouds, known a s  a 'cloud 

c l u s t e r ' ?  I n  p a r t i c u l a r ,  how does i t  cause the  l a t e n t  heat  re leased 

i n  these clouds t o  warm l o c a l l y  r a t h e r  than be exported through t h e  

t ransverse  c i rcu la t ion?  

The e f f e c t  of v e r t i c a l  wind shear on deep convection has been 

extensively studied by a group of s c i e n t i s t s  a t  Imperial College, London 

(Green and Pearce, 1962; Ludlam, 1963, 1966; Moncrieff and Green, 1972; 

Mil ler  and Pearce, 1974; Moncrieff and Mi l l e r ,  1976; Moncrieff, 1978). 

Their ana ly t i c  and numerical r e s u l t s  i n d i c a t e  t h a t  under c e r t a i n  con- 

d i t i o n s  Cb convection a c t s  t o  g r e a t l y  increase  the  k i n e t i c  energy below 

cloud base and a t  the  upper outflow leve l .  

When the wind p r o f i l e  i n  which the  deep convection i s  embedded is  

such t h a t  r e l a t i v e  t o  the  movement of the cloud the  wind blows i n  

opposite  d i rec t ions  a t  upper and lower tropospheric l e v e l s ,  the  e f f e c t  



at the upper outflow level is to greatly increase the magnitude of the 

wind in the direction of the prevailing flow. This assessment has ob- 

tained recent support from the cloud modelling studies of Cotton and 

Tripoli at Colorado State University. Figure 67 from one of their 

recent model simulations clearly shows a large injection of kinetic 

energy into the mean flow at the outflow level. The clouds also appar- 

ently increase the kinetic energy below cloud base through the mechan- 

ism of the cloud downdraft spreading out horizontally as a density 

current (Benjamin, 1968; J. Simpson, 1969; Moncrieff and Miller, 1976). 

The observations of Chapter 3 show that the prestorm cloud cluster 

characteristically has a large amount of deep cumulus convection, at 

0 least enough to equal 100 mb/d net upward motion averaged over the 0-4 

area. Away from the center of the system this convection exists in 

strong vertical shear such that the wind blows in opposite directions at 

upper and lower levels, for example low level trade winds and upper level 

westerlies to the poleward side of the cluster, low level westerlies 

and upper level easterlies on the equatorward side. Deep convection 

in such a vertical shear regime should increase the upper level negative 

and lower level positive tangential winds. 

The cloud cluster's transverse circulation is predominantly an 

ageostrophic response to the cluster's pressure gradients, though there 

is a small contribution due to frictional convergence, as has been 

documented in Chapter 2. To decrease this circulation there must be a 

change induced in the wind-pressure balance of the surrounding tangen- 

tial wind fields. It has been shown in Chapter 7 that the low level 

~ositive tangential winds and upper level negative tangential winds 

surrounding the prestorm disturbance are the result of already existing 



Fig. 67. Numerical output from recent cumulonimbus simulation by Cotton 
and Tripoli. Arrow lengths are proportional to wind speed. 

surrounding lower and upper level weather systems. The wind fields for 

these systems are in dynamic balance with the height fields. Relative 

to the center of the prestorm cloud cluster, the tangential wind fields 

are in close to gradient balance. 

The injection of kinetic energy from the clouds will change the 

wind-pressure acceleration balance and bring about supergradient (or 

less subgradient) winds at upper and lower levels. This should act to 

cause a reduction in the cyclone or disturbance's transverse circulation. 

The transverse circulation primarily acts to export moist static energy 

h from the system. This adjustment decreases the h export but leaves 

intact or slightly increases the low level h import, Ho, from the sea 

surface. There is a consequent energy accumulation and system 

intensification. 

The adjustment is schematically represented in Fig. 68 where it 

is assumed that the initial balanced wind V is increased by Cb 
0 
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Fig. 68. Idealized view of how initial winds (Vo) poleward and 
equatorward of the developing disturbance are increased by 
amount s due to Cb convection, the direction of the resulting 
unbalanced acceleration a, and the magnitude of the resulting 
balanced wind b when wind and pressure come into adjustment 
(from Gray, 1979). 

convection to a value of V + s and a resulting outward acceleration (a) 
0 

takes place to cause a reduction in the mean upper level divergence and 

lower level convergence. These radial wind alterations act to reduce 

the transverse circulation and bring about an adjustment of the wind- 

pressure fields. When the wind and pressure come into balance, the 

resulting wind is represented by b. Intensification may be thought of 

as a gradual step by step wind-pressure unbalancing and then wind- 

pressure adjustment to this unbalancing. 



When vertical shear patterns do not permit the Cb convection to 

act in this manner, wind-pressure balances are not favorably altered 

and transverse circulation decreases and intensification does not occur. 

System weakening occurs when the wind-pressure ratio is one causing 

substantial subgradient winds; 

Thus, the role which the strong surrounding vertical wind shear 

patterns of growing disturbances play may be that of allowing the outer 

radii Cb convection (often in the form of squall lines) to act to in- 

crease the lower and upper tropospheric wind-pressure ratios which, 

in turn, act to inhibit the system's transverse circulation. By pre- 

vious reasoning this should lead to intensification. This tropical 

storm intensification hypothesis was first advanced by Gray (1979). 

If the above proposed mechanism is correct, the role of cumulonim- 

bus clouds in tropical cyclone genesis is not to act as sources of heat, 

but rather as sources of momentum. Schubert and Hack (1979) have 

recently provided some theoretical support for this idea. They have 

studied the linearized geostrophic adjustment in an axisymmetric vortex. 

In one model experiment they imposed an initial perturbation in the geo- 

potential field and solved analytically for the final adjusted state. 

In the tropics where the Coriolis parameter is small, and consequently 

the Rossby deformation radius is large, they find that the final state 

is one of approximately zero energy; that is the initial perturbation 

has been totally removed by gravity waves. This can physically be 

interpreted as corresponding to the above mentioned observational 

studies which show that no matter how much latent heat is released in 

a tropical cloud cluster, it is all exported out by the transverse cir- 

culation; and there is no local warming. 



Schubert and Hack a l s o  performed t h e  converse s tudy  of imposing an  

i n i t i a l  unbalanced vo r t ex  and so lv ing  f o r  t h e  f i n a l  ad jus t ed  state. I n  

t h e  t r o p i c s  t h e  f i n a l  s t a t e  i s  such t h a t  95% o r  more of t h e  o r i g i n a l  

k i n e t i c  energy i s  s t i l l  p re sen t  and t h e  atmosphere has  c r ea t ed  a pres-  

s u r e  g rad ien t  t o  balance i t .  These r e s u l t s  gene ra l ly  suppor t  t h e  i d e a  

t h a t  t h e  cumulonimbus clouds i n  t h e  pre-storm c l u s t e r  can induce a 

t ropospher ic  warming by a c t i n g  as sources  of k i n e t i c  energy. 

Other r e sea rche r s  on Professor  W i l l i a m  M. Gray's p r o j e c t  a t  Colo- 

rado S t a t e  Univers i ty  a r e  cont inuing t h i s  i n v e s t i g a t i o n  t o  f u r t h e r  

explore  t h i s  proposed mechanism f o r  t r o p i c a l  cyclone development. Edwin 

Nfifiez has  analyzed t h e  wind-pressure r e l a t i o n s  a t  upper and lower l e v e l s  

around the  d a t a  s e t s  used i n  t h i s  s tudy  and around s e v e r a l  a d d i t i o n a l  

composite systems. H e  is c o n s i s t e n t l y  f i nd ing  more supergradien t  o r  

l e s s  subgradient  winds around developing systems than around non- 

developing systems. Wind-pressure imbalances such t h a t  t h e  t a n g e n t i a l  

wind i s  g r e a t e r  than requi red  by t h e  p re s su re  g r a d i e n t s  cannot r e s u l t  

from any s e n s i b l e  hea t ing  mechanism, b u t  must o r i g i n a t e  from some 

mechanism such a s  i n j e c t i o n  of k i n e t i c  energy from t h e  sub-grid s c a l e .  

~ f i f i e z ' s  work i s  s t i l l  i n  progress  and w i l l  be repor ted  on i n  a f u t u r e  

Colorado S t a t e  Univers i ty  Department of Atmospheric Science P r o j e c t  

Report . 
Fingerhut  (1979) i n  a complementary s tudy  t o  t h e  p re sen t  one has  

developed an  a x i a l l y  symmetric p r i m i t i v e  equat ion  model of a t r o p i c a l  

cloud c l u s t e r  which he  al lows t o  evolve i n t o  a t r o p i c a l  cyclone. H i s  

model is cons t ruc ted  t o  be  c o n s i s t e n t  wi th  t h e  observa t ions  of t he  

c u r r e n t  paper.  H i s  cumulus parameter iza t ion  i s  such t h a t  t h e r e  is  no 

n e t  t ropospher ic  warming a t  t h e  g r i d  po in t  a t  which t h e  cumulus e x i s t s .  



He includes the observed surrounding region upper level negative and 

lower level positive tangential winds; and he invokes a large injection 

of Cb-induced upper and lower level kinetic energy. This model well 

simulates the transformation from cloud cluster to tropical cyclone. 

More research is required on the effect of Cb convection on the 

dynamics of the cloud cluster or tropical storm environment. The mech- 

anism proposed above involves a generation of horizontal kinetic energy 

by the clouds at cloud base and cloud top. Since the wind direction 

reverses with height, this means that the clouds are actually increas- 

ing the upper minus lower level vertical wind shear. It must be em- 

phasized that this is a momentum or kinetic energy generation and not a 

momentum transfer. As previously discussed by Gray (1967), at all 

levels between cloud base and the upper outflow level the cloud mass 

fluxes are vertically transporting cyclonic momentum and thus are acting 

in the usually envisaged 'downgradient' sense. Figure 69 illustrates 

the type of process that may be operating. Part (a) shows the vertical 

shear as it exists around precyclone cloud clusters. Part (b) shows 

how the vertical transport of momentum by cumulus up and downdrafts 

reduces the wind shear. Part (c) shows the Cb induced upper and lower 

outflow level generation of kinetic energy in the direction of the mean 

flow; and part (d) shows the net effect of both processes. These 

detailed aspects of the clouds' role in the momentum and kinetic energy 

budgets are still somewhat speculative at this stage, however. Detailed 

vertically partitioned budget studies for the composite data sets are 

planned for Gray's research project in the near future to attempt to 

isolate these effects. 
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Some support for the hypothesis that the injection of mass from the 

cumulus up- and down-drafts increases the kinetic energy in the direction 

of the mean flow can be inferred from the work of McEwan (1976). He 

performed a rotating tank experiment whereby fluid was pumped from below 

through thin jets into the revolving tank. The effect of the extra in- 

jection of mass was to increase the total rotation rate of the fluid. 



10. CONCLUDING REMARKS 

The a n a l y s i s  of t h e  composite d a t a  s e t s  and of t h e  130 i n d i v i d u a l  

case  s t u d i e s  has  shown t h a t  p r i o r  t o  t h e  development of a t r o p i c a l  

cyclone t h e  l a r g e  s c a l e  atmosphere sets i t s e l f  up so  t h a t  t h e r e  e x i s t s  

a n  east-west extending l i n e  of zero  v e r t i c a l  shear  of t he  zonal  wind 

and s imultaneously a north-south extending l i n e  of zero  v e r t i c a l  shear  

of t h e  meridional  wind. There a l s o  e x i s t  very  l a r g e  h o r i z o n t a l  gra- 

d i e n t s  of t h i s  v e r t i c a l  shear  w i th  s t rong  p o s i t i v e  zonal shea r  t o  t h e  

n o r t h ,  s t rong  nega t ive  zonal  shear  t o  t h e  south ,  s t rong  p o s i t i v e  

meridional  shear  t o  t he  west and s t rong  nega t ive  meridional  shear  t o  

t he  e a s t  of t he  developing system. These shear  p a t t e r n s  a r e  brought 

about  by ad jo in ing  t r o p i c a l  and mid- la t i tude  weather systems, s o  t h a t  

i t  is  t h e  p r o p e r t i e s  of t h e  l a r g e  s c a l e  surrounding flow r a t h e r  than  

of t he  i n c i p i e n t  d i s turbance  t h a t  determine whether t r o p i c a l  cyclone 

genes is  w i l l  occur.  

The shear  phenomenon can a l s o  be i n t e r p r e t e d  i n  terms of r e l a t i v e  

v o r t i c i t y :  

Genesis P o t e n t i a l  

0 
This  parameter,  when measured us ing  t a n g e n t i a l  winds a t  6 r a d i u s  shows 

very  l a r g e  d i f f e r e n c e s  between developing and non-developing cloud 

c l u s t e r s .  It i s  t h r e e  t i m e s  g r e a t e r  f o r  t h e  developing systems than 

f o r  t he  non-developing. The v o r t i c i t y  d i f f e r e n c e s  a r e  concentrated 

i n  t he  lower and upper t roposphere.  A s  t h e  lower and upper t ropospher ic  

maps a r e  primary a n a l y s i s  l e v e l s  i n  t h e  t r o p i c s  and s i n c e  t h e  



geostat ionary s a t e l l i t e  w i l l  o f t en  be ab le  t o  furnish  winds a t  these 

l eve l s ,  t h i s  f inding has g rea t  p o t e n t i a l  a s  an opera t ional  fo recas t  a id .  

130 separa te  weather systems i n  the  At lan t i c  and P a c i f i c  were 

examined t o  see t o  what extent  the  composite c h a r a c t e r i s t i c s  f i t  the  indi-  

v idual  s i t u a t i o n s .  I n  the  At lan t i c  grid-point v e r t i c a l  shear data were 

avai lable .  It was found t h a t  the  use of the  shear or  v o r t i c i t y  c r i t e r -  

ion  would have cor rec t ly  predicted the  development of 13 out  of 16 t ro -  

p i c a l  cyclones. It would have provided cor rec t  predic t ions  f o r  61 out 

of 63  non-developing t r o p i c a l  weather systems. 

Ver t i ca l ly  in tegra ted  budgets of hea t ,  momentum and k i n e t i c  energy 

were performed on the  composite data sets. It was demonstrated t h a t  

the  t ransverse  mass c i rcu la t ion  through the  cloud c l u s t e r  exports  moist 

s t a t i c  energy from the system. For development t o  occur t h i s  energy 

exporting t ransverse  c i rcu la t ion  must be inhibi ted .  It was hypothesized 

t h a t  the  i n h i b i t i o n  was brought about by the  deep cumulus clouds i n  

strong v e r t i c a l  shear crea t ing hor izonta l  k i n e t i c  energy a t  t h e i r  upper 

and lower tropospheric outflow leve l s .  The e x t r a  k i n e t i c  energy causes 

a supergradient wind-pressure imbalance which decreases the  r a d i a l  flow. 

The proposed theory of t r o p i c a l  cyclone genesis  i s  dependent on 

the r a d i a l  mass c i r c u l a t i o n  exporting moist s t a t i c  energy h from the 

system. The western ocean cloud c l u s t e r s  export h because they have 

mass inflow through a deep tropospheric layer  from the  surface  up t o  

300 mb and outflow i n  a t h i n  layer  between 300 and 100 mb. Moist s t a t i c  

energy has a tropospheric minimum near 600 mb, so the  inflowing a i r  has 

a lower mean value  of h than does the  outflowing a i r .  

The cyclone genesis mechanism is  thus very dependent on the  ex i s t -  

ence of the  cloud c l u s t e r ' s  very deep inflow layer .  The observational  



studies of Gray and Jacobson (1977) and McBride and Gray (1978) and the 

modelling work of Fingerhut (1978) indicate that the disturbance's deep 

inflow is maintained by the differences in the radiative-condensation 

heating profiles of the thick-cirrus shield covered weather systems and 

their surrounding clear areas. One important aspect of the forcing 

mechanism for the deep inflow is the fact that the cirrus covered cloud 

cluster has less net radiative cooling than the surrounding clear area; 

therefore in a relative sense it is a radiative heating maximum, 

If this assessment is correct, it has important implications for 

numerical and analytic studies of tropical cyclone genesis. To realis- 

tically simulate cyclone genesis, the model weather system must have a 

deep layer of mass inflow, and to realistically include this it must 

incorporate the differential radiative properties of the weather system 

and its environment. The radiational differences are mainly caused by 

cloudiness differences. The cloudiness is believed to be much the 

same in non-developing and in pre-cyclone cloud clusters. Thus, radia- 

tion is not an important factor in distinguishing between a developing 

versus a non-developing system. It does, however, play an important 

role in the physical processes of storm genesis and must be included 

in any model of genesis. 

The genesis theory has been proposed in terms of the h budget. 

Ywo major components of this budget, the radiation QR and the h export 

\ g o  Vh, have a large diurnal variation. (The h export V *  \yh is carried 

out by the transverse circulation V In Chapter 2 it was pointed out 
R 

that this exhibits a 2 to 1 diurnal variation, mainly radiationally 

driven.) The effect of this variation on cyclone genesis has not yet 

been explored, but it must be taken into consideration in future work 



on the  subject .  I n  p a r t i c u l a r  t h e  d iu rna l  v a r i a t i o n  of r a d i a l  wind 

implies t h a t  the system i s  exporting approximately twice a s  much h i n  

the e a r l y  morning (Q 7 AM l o c a l  time) a s  it  is i n  the  evening (Q 7 PM 

l o c a l  time). 

For a s teady s t a t e  cloud c l u s t e r  t o  be exporting h ,  t h i s  requires  

t h a t  the  o ther  terms i n  the  budget Eo + Q be g rea te r  than zero. I n  
R 

sec t ion  2 . 6  i t  was demonstrated t h a t  the  Western P a c i f i c  has a g rea te r  

value of surface  evaporation E than does the  Western At lant ic .  It 
0 

should therefore  be much e a s i e r  i n  the  Western P a c i f i c  t o  form a cloud 

c l u s t e r  such t h a t  E + Q i s  g rea te r  than zero. This no doubt g rea t ly  
0 R 

influences the  number of t r o p i c a l  s t o m s  i n  each region;  and i n  f a c t  

the  Western P a c i f i c  does have approximately th ree  times more storms 

each year than the  Western At lan t i c  (Gray, 1979). 

Much research e f f o r t  has been expended i n  recent  years on the GATE 

area ,  o r  the  I T C Z  region of the  Eastern At lant ic .  That region has very 

small surface  evaporation (approximately .3 - .4  cmld). Also, the  convergence 

or  mass inflow i n t o  a GATE weather system is mainly forced by large  

s c a l e  ITCZ convergence. I n  the  Eastern At lan t i c  the  ITCZ convergence 

i s  a low l e v e l  phenomenon. Consequently, the  mass inflow i n  a GATE 

cloud c l u s t e r  is  concentrated i n  the  low leve l s .  It is  not  a deep in- 

flow; therefore  the  r a d i a l  c i rcu la t ion  does not  export h. I n  terms of 

the  model he re  proposed such a c l u s t e r  cannot generate a t r o p i c a l  storm; 

and i n  f a c t  t h e r e  a r e  no t r o p i c a l  cyclones i n  the  Eastern At lan t i c  I T C Z  

region. 

The theory of t r o p i c a l  cyclone genesis  here  proposed i s  t h a t  the 

required tropospheric warming is  a r e s u l t  of an adjustment of t h e  pre- 

storm disturbance 's  mass f i e l d  t o  t h e  wind f i e l d .  The cloud influence 



on cyclone genes i s  is n o t  i n  propor t ion  t o  t h e  condensation energy 

r e l eased  by t h e  system but  r a t h e r  t o  t h e  a b i l i t y  of t h e  cloud t o  gener- 

a t e  supergradien t  winds a t  lower and upper l e v e l s .  

It is  appropr i a t e  t o  comment on o t h e r  e x i s t i n g  t h e o r i e s  of t r o p i c a l  

cyclone development. The CISK theory f i r s t  proposed by Ooyama (1964) 

and Charney and E l i a s sen  (1964) depends on a p o s i t i v e  feedback such 

t h a t  increased  mass and mois ture  convergence b r ing  about more l o c a l  

hea t ing  due t o  clouds which i n  t u r n  inc reases  t h e  convergence. This  

theory has  t h r e e  b a s i c  d e f i c i e n c i e s :  ( i )  a l l  t h e  obse rva t iona l  evidence 

of t h e  cu r r en t  paper shows t h a t  genes i s  i s  n o t  r e l a t e d  t o  increased  - 

convergence o r  increased  c loudiness ;  ( i i )  t h e  theory is based on the  

cumulus convection a c t i n g  as a d i r e c t  hea t  source;  a s  d i scussed  e a r l i e r ,  i t  

can a c t  more e f f e c t i v e l y  i n  t he  t r o p i c s  a s  a source of momentum o r  

k i n e t i c  energy; ( i i i )  t h e  p o s i t i v e  feedback i n  t he  CISK models depends 

on t h e  increased  mass convergence being f r i c t i o n a l l y  dr iven;  i t  was 

shown i n  Chapter 2 ,  Table 8, t h a t  boundary l a y e r  f r i c t i o n a l  convergence 

makes up only 5-20% of t h e  t o t a l  cloud c l u s t e r  mass inflow. For t hese  

reasons t h e  t r a d i t i o n a l  CISK theory does n o t  appear r e l evan t  t o  the  

t ransformat ion  from cloud c l u s t e r  t o  t r o p i c a l  cyclone. 

Shapiro (1977a, b) has  developed a c r i t e r i o n  f o r  cyclone genes is  

which b a s i c a l l y  looks f o r  dynamic p r o p e r t i e s  of t h e  l a r g e  s c a l e  f low 

which a r e  i n c o n s i s t e n t  wi th  a n  e a s t e r l y  wave o r  cloud c l u s t e r  remaining 

i n  a l i n e a r  s t a t e .  Shapi ro ' s  work i s  i n  agreement with t h e  cu r r en t  s tudy  

i n  so  f a r  a s  i t  emphasizes t h e  c o n t r o l  by t h e  l a r g e  s c a l e  f low r a t h e r  

than  the  p r o p e r t i e s  of t h e  c l u s t e r  i t s e l f .  The major p o i n t  of d i sagree-  

ment between Shapi ro ' s  work and t h e  cu r r en t  s tudy  i s  t h a t  h i s  c r i t e r i o n  

is a ba ro t rop ic  one and is  based on the  p r o p e r t i e s  of t he  l a r g e  s c a l e  



flow a t  j u s t  one l e v e l ,  such as 700 mb. The c u r r e n t  s tudy  and many pre- 

v ious  obse rva t iona l  s t u d i e s  (Riehl ,  1948, 1950; Yanai, 1961; Sadler ,  1967, 

1975, 1976, 1978; Gray, 1968; Zehr, 1976; S. Erickson, 1977; Dvorak, 

1975) have shown t h a t  genes is  depends on a supe rpos i t i on  of favorable  

upper l e v e l  and lower l e v e l  l a r g e  s c a l e  flow f e a t u r e s .  

The observa t ions  presented i n  t h i s  paper hopefu l ly  form a foundat ion 

f o r  a theory o r  model of t r o p i c a l  cyclone genes is .  The a n a l y s i s  of 

t h e  composite d a t a  sets revea led  d i f f e r e n c e s  i n  r e l a t i v e  v o r t i c i t y  and 

v e r t i c a l  shear  t h a t  e x i s t  between developing and non-developing oceanic  

t r o p i c a l  weather systems. The a n a l y s i s  of t h e  ind iv idua l  ca se  s t u d i e s  

j u s t i f i e d  the  compositing approach by v e r i f y i n g  t h a t  t hese  d i f f e r e n c e s  

a r e  a c t u a l l y  p re sen t  i n  t h e  i n d i v i d u a l  s i t u a t i o n s .  

The composite a n a l y s i s  revealed t h e  favorable  l a r g e  s c a l e  surround- 

ing  v o r t i c i t y  f i e l d s  a r e  p re sen t  from t h e  f i r s t  day of ex i s t ence  of t h e  

pre-storm cloud c l u s t e r .  The d i scuss ion  i n  t h i s  paper has  d e a l t  with 

t h e  phys i ca l  processes  t h a t  t ake  p l a c e  from t h e  moment of ex i s t ence  of 

t h e  cloud c l u s t e r  i n  t he  favorable  environment through t o  t h e  ex i s t ence  

of a f u l l y  developed typhoon o r  hur r icane .  The most obvious next  s t e p  

t o  f u r t h e r  t h i s  research  is  t o  go back p r i o r  t o  t h e  ex i s t ence  of t h e  

cloud c l u s t e r  and t o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  of t he  t r o p i c a l  

gene ra l  c i r c u l a t i o n  which l ead  t o  t h e  es tab l i shment  of t hese  favorable  

condi t ions .  Some e a r l y  r e sea rch  i n  t h i s  l i n e  w a s  performed by S a r t o r  

(1968). More r ecen t  d i scuss ion  has  been presented  by Gray (1975, 1979). 

This  paper has  obse rva t iona l ly  i nves t iga t ed  t h e  genes i s  of t r o p i c a l  

cyclones.  Phys ica l  i n s i g h t  has  been gained from t h e  observa t ions  and 

d i scuss ion  has  been presented  of t h e  l i k e l y  phys i ca l  processes .  To 

complete t h i s  theory ,  a mathematical t reatment  based on these  phys i ca l  



concepts is required. Fingerhut (1979) in a companion paper is 

performing such a treatment by simulating cyclone genesis with an axi- 

symmetric primitive equation model. 
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APPENDIX: LISTING OF INDIVIDUAL CASE VERTICAL SHEAR DATA 

I n  Chapter 6 an  a n a l y s i s  i s  presented  of t h e  f i e l d s  of v e r t i c a l  

wind shear  around 130 s e p a r a t e  t r o p i c a l  weather systems. This  Appendix 

p r e s e n t s  t h e  a c t u a l  va lues  ( i n  knots )  of v e r t i c a l  shear  f o r  each sys- 

tem. I n  s e c t i o n  A.5 t h e  yea r ,  d a t e  and l a t i t u d e  and longi tude  of each 

p o s i t i o n  i s  l i s t e d .  

A . l  A t l a n t i c  t r o p i c a l  storms 

Seven parameters were examined f o r  each system. They a re :  

AU: t h e  va lue  of t h e  v e r t i c a l  shear  of t he  zonal wind a t  a 
po in t  6' l a t i t u d e  no r th  of t h e  posiEion of t h e  system minus 
t h e  va lue  of t h e  shear  a t  a p o i n t  6 south  of t he  system; 
AU is p ropor t iona l  t o  a 1 ay (-au/ ap) g00-200mb ; 

( i i )  AV: t h e  v e r t i c a l  shear  of t h e  meridional  wind 6' west of 
t h e  system minus t h e  shea r  6' e a s t  of t he  system; AV is  
p ropor t iona l  t o  a l a x  (av/ ap) 9,,0-20hnb ; 

( i i i )  AU + AV: th6s  i s  p ropor t iona l  t o  5 900mb-'200mb ' averaged 
over t h e  0-6 a rea ;  

( i v )  ex i s t ence  of a zonal zero  l i n e :  t h e  va lue  og t h i s  parameter 
i s  YES i f  t h e  v e r t i c a l  U shea r  is  p o s i t i v e  6 t o  t h e  nor th  

0 and negat ive  6 t o  t h e  south;  otherwise t h e  va lue  i s  NO; 

ex i s t ence  of a mer id iona l  zero l i n g :  t h e  va lue  is YES i f  
t h e  v e r t i c a l  V shear  is  p o s i t i v e  6 t o  t h e  west and nega- 

0 
t i v e  6 t o  t h e  east; 

(v i )  s u b j e c t i v e  ex i s t ence  of zonal zero l i n e :  t h e  zero  l i n e  o f t e n  
e x i s t s  bu t  does no t  meet t h e  s t r i c t  c r i t e r i a  of i tem ( i v )  
above; f o r  example t h e  zonal  zero l i n e  e x i s t s  a t  p o s i t i o n  
-60 f o r  storm Amy shown i n  Fig. 40a bu t  t he  shear  6' t o  t he  
sou th  of t h e  s torm p o s i t i o n  i s  p o s i t i v e ;  

( v i i )  s u b j e c t i v e  ex i s t ence  of meridional  zero l i n e .  

The va lues  of t hese  parameters a r e  l i s t e d  i n  Table 34 f o r  16 

A t l a n t i c  t r o p i c a l  storms from t h e  yea r s  1975, 1976, and 1977. Six 

p o s i t i o n s  a r e  considered f o r  each storm. Po in t  -60 i s  60 hours  be fo re  

t he  time a t  which t h e  system f i r s t  reaches  a maximum sus t a ined  wind of 

35 knots  (po in t  00) .  



Thirteen of the  s ix teen  systems have high values of both AU and AV 

and a l s o  have both zonal and meridional zero l i n e s  ex i s t ing  p r i o r  t o  

t h e  development of the  storm. The e a r l i e s t  consecutive th ree  t i m e  

periods such t h a t  three  of the  four following c r i t e r i a  a r e  met a r e  under- 

l ined  and marked with a parenthesis .  C r i t e r i a :  (a)  AU g rea te r  than 20 

knots,  (b) AV g rea te r  than 20 knots,  (c) the  existence of a zonal zero 

l i n e ,  and (d) the  existence of a meridional zero l i n e .  



TABLE 34 

A t l a n t i c  Tropical  Storms 

(i) 

Pos i t ion  AU 

( i i )  

AV 

( i i i )  

AU + AV 

( v i i )  

Storm Zonal 
Zero 
Line 

M e r  i d i o n a l  
Zero 
Line 

Sub j ec  t i v e  
Zonal Zero 
Line 

Subject ive  
Meridional 
Zero Line 

1975 Amy 

1975 Blanche 

1975 Caroline 

- - - 

O f f  grid- 
O f f  g r i d  
O f f  g r i d  



TABLE 34 (cont'd) 

(i> 

Position AU 

(ii) (iii) (vii) 

Storm Zonal 
Zero 
Line 

Meridional 
Zero 
Line 

Subjective 
Zonal Zero 
Line 

Subjective 
Meridional 
Zero Line 

1975 Eloise 

1975 Faye Off grid 
Off grid 
Off grid 
Off grid 

116 Off grid 
9 8 Off grid 

1975 Gladys Off grid 
60 - Off grid 
36 - Off grid 
48 - Off grid 
59 Off grid 
6 4 Off grid 

Off grid 
Y - 

1975 Hallie 



TABLE 34 (cont'd) 

(i) 

Position AU 

(ii) (iii) (vii) 

Storm Zonal 
Zero 
Line 

Meridional 
Zero 
Line 

Subjective 
Zonal Zero 
Line - 

Subjective 
Meridional 
Zero Line 

1976 Belle 

1976 Dottie No Data Available Before Point -12 
-12 6 1 2 7 - 88 

00 
- 

- 13 = -  - 8 1 

1976 Gloria -40 - 7 -4 7 
Missing Data 

- 2 18 16 
Missing Data 

20 32 5 2 
44 2 9 7 3 



TABLE 34 (cont'd) 

Storm Position AU Zonal 
Zero 
Line 

Meridional 
Zero 
Line 

Subjective 
Zonal Zero 
Line 

Subjective 
Meridional 
Zero Line 

1977 Anita 

1977 Clara 

1977 Dorothy 

1977 Evelyn 



Storm 

1977 Frieda 

Position AU 

TABLE 34 (cont'd) 

AU + AV Zonal 
Zero 
Line 

Meridional 
Zero 
Line 

Subjective 
Zonal Zero 
Line 

Subjective 
Meridional 
Zero Line 



A.2 Atlantic depressions . . , 

Pre-depression data were available for 11 of the 16 storms listed 

in A. 1. Table 35 lists vertical shear data (parameters (i) to (v)) for 

48 hours, 24 hours and zero hours prior to the time at which each sys- 

tem was officially designated a tropical depression. , . f  

TABLE 35 

Pre-depression Stage 

(i) (ii) (iii) 

Position AU AV AU + AV System Zonal Meridional 
Zero Zero Line 
Line 

1975 Amy 

1975 Blanche 

1975 Caroline 

1975 Eloise 

1975 Hallie 

1976 Belle 

1976 Gloria -48 -46 -18 
-24 Missing Data 
00 Missing Data 

N N 
Missing Data 
Missing Data 

1977 Anita 



TABLE 35 (cont ' d) 

System 

1977 Evelyn 

1977 Frieda 

. , (i) (ii) (iii) 

Position AU a AV AU + AV Zonal 
Zero 
Line 

Meridional 
Zero Line 



A.3 Atlantic non-developing systems 

The values of parameters (i) to (v) are listed in Tables 36-43 

for the 6 3  tropical systems which did not later develop into tropical 

storms. 
. r. 

Positions that meet three of the four criteria, (a) AU greater 

than 20 knots, (b) AV greater than 20 knots, (c) the existence of a 

zonal zero line, (d) the existence of a meridional zero line, are marked 

with a parenthesis. 

TABLE 36 

Non-developing Depressions (1975) 

(ii) (iii) 

System Number Position AU 
Number 

Meridional 
Zero Line 

Zonal 
Zero 
Line 



Non-developing Depressions (1976) 

(i) .t &,, (ii) (iii) (iv) (v) 

System Number Position AU 
Number 

Zonal Meridional 
Zero Zero Line 
Line 

TABLE 38 

Non-developing Depressions (1977) 

(ii) (iii) 

System Number Position AU 
Number 

AU + AV Zonal Meridional 
Zero Zero Line 
Line 



TABLE 39 

Dvorak Systems (1975) 

( i )  ( i i )  ( i i i )  ( iv)  

Zonal 
Zero 
Line 

Y 
N 
Y 

N 
Y 

Y 
Y 
Y 

N 
Y 
N 
Y 
Y 
Y 
Y 

Y 
Y 
Y 

Y 
Y 

Y 
N 
N 

N 
N 

( T i )  

Meridional 
Zero Line 

System Number Posit ion AU 
Number 



TABLE 48 

Frank Systems (1975) 

( i i )  ( i i i )  

SystemNumber Posi t ion  AU 
Number 

AU + AV Zonal Meridional 
Zero Zero Line 

- Line 



TABLE 41 

Shapiro Systems (1976) 

(ii) (iii) (iv) 

Zonal 
Zero 
Line 

Y 
N 
N 
N 
N 

N 
N 
N 
N 
N 
N 

N 
N 
N 
N 
N 

N 
N 
N 
N 
N 

Y 
N 
N 
N 
N 
Y 
N 
Y 
Y 

Y 
Y 
N 
N 

(v) 

Meridional 
Zero Line 

System Number Position AU 
Number 



TABLE 41  (cont 'd) 

(i) (ii) (iii) 

System Number Position AU 
Number 

AU + AV Zonal Meridional 
Zero Zero Line 

- Line 



TABLE 42 

M c B r i d e  Systems (19 7 6 )  

(iii) 

S y s t e m N u m b e r  P o s i t i o n  AU 
Number 

AU + AV Zonal M e r i d i o n a l  
Z e r o  Zero L i n e  
L i n e  



TABLE 43 

McBride Systems (1977) 

( i )  ( i i )  ( i i i )  

System Number Posi t ion  AU 
Number 

AU + AV Zonal Meridional 
Zero Zero Line 

- Line 



- . .  
A. 4 P a c i f i c  pretyphoon versus noh-developing c l u s t e r s  

The values of parameters ( i i i )  , ( iv)  and (v) a r e  l i s t e d  i n  Table 

44 f o r  18 Western P a c i f i c  pretyphoon cloud c l u s t e r s  and i n  Table 45 

f o r  31 Western P a c i f i c  non-developing cloud c l u s t e r s .  The method of 

obtaining these  values from - J o i n t  3E)rphoon - Warning - Center (JTWC) Guam 

operat ional  weather maps i s  described i n  sec t ion  6.4 .  (Posit ion numbers 

a r e  the  numbers used by S. Erickson (1977).) The l a t i t u d e ,  longitude 

t i m e  and date  corresponding t o  each pos i t ion  number a r e  l i s t e d  i n  

Appendix A.5, Table 49. 

System Number 

TABLE 44 

P a c i f i c  Pretyphoon Clus ters  

Posi t ion  
Number 

( i i i )  

AU + AV Zonal Zero 
Line 

Meridional 
Zero Line 



Sys tern Number 

Pacific Non-developing Clusters 

( i i i )  

Position AU + AV Zonal Zero Meridional 
Number Line Zero Line 

20-23 14.1 Y N 
24-26 14.2 N Y 
27-29 7.3 N N 
30-32 19.9 Y N 
3 3- 35 15.7 Y Y 
42,44,46 0.6 Y N 
47-51 -3.3 N N 
52-54,56 8.9 Y Y 
55,57-59 12.7 Y Y 
60,62,64 5.8 N Y 
61,63,65-69 2.5 N N 
70-72,74,76 0.1 Y N 
79-80 -. 4 N N 
121-124 6.9 Y N 
125-127 8.8 Y N 
128,130,132 14.4 Y N 
129,131,133 8.8 Y N 
134-136 1.8 Y N 
137-139 14.0 Y Y 
140-144 1.7 N N 
145-149 12.4 Y Y 
152,154,155 3.8 Y N 
156-158 5.1 Y N 
165,167,169, 9.1 y ,  

5 

N 
171,173 
182-186 1 3  

2.7 y~ t N 187-191 9.1 ;Y? N 192-194 11.3 N 
195-19 7 7.4 Y N 
304-306 -9.3 N N 
307-311 0.2 N N 
316-318 -6.9 N N 



A.5 L i s t i n g  of p o s i t i o n s  of i n d i v i d u a l  systems 

Tables  46, 47, 48 , :and .49  list t h e  a c t u a l  d a t e s  and p o s i t i o n s  of 

t h e  130 t r o p i c a l  systems s t u d i e d  i n  Chapter 6. 

TABLE 46 

P o s i t i o n s  and t i m e  of t h e  i n d i v i d u a l  t r o p i c a l  weather systems s t u d i e d  
i n  Chapter 6 .  

A t l a n t i c  T r o p i c a l  Storms 

System 

1975 Amy 

1975 Blanche 

1975 Ca ro l i ne  

1975 E l o i s e  

1975 Faye 

P o s i t i o n  Month Date Time L a t i t u d e  Longitude 
(GMT) (Deg. North) (Deg. West) Number 



TABLE 46 (cont 'd)  

System 

1975 Gladys 

P o s i t i o n  
Number 

Month Date Time La t i t ude  
(GMT) (Deg. North) 

Longitude 
(Deg . West ) 

1975 H a l l i e  

1976 Belle 

1976 D o t t i e  

1976 Glo r i a  

1977 Anita  



TABLE 46 (cont  ' d )  

System 

1977 C la r a  

1977 Dorothy 

1 . :  

1977 Evelyn 

P o s i t i o n  Month Date  Time L a t i t u d e  Longitude 
Number (GMT) (Deg. North) (Deg. West) 

1977 F r i eda  



TABLE 47 

For this analysis, shear data were extracted always for the position 
at which the system was designated a tropical depression. 

Pre-depression Stage 

System Month Date 
- 

Time Latitude Longitude 
(GMT) (Deg. North) (Deg. West) 

1975 Amy 6 2 7 00 27.5 79.0 
1975 Blanche 7 2 4 00 26.0 68.4 
1975 Caroline 8 2 4 12 22.4 69.8 
1975 Eloise 9 13 12 17.6 55.2 
1975 Hallie 10 25 00 28.8 79.0 
1976 Belle 8 6 12 25.5 73.0 
1976 Gloria 9 2 6 00 23.0 58.0 
1977 Anita 8 2 9 12 26.5 86.5 
1977 Dorothy 9 27 0 0 29.5 70.0 
1977 Evelyn 10 14 00 29.0 64.0 
1977 Frieda 10 17 00 17.0 82 .O 



TABLE 48 

A t l a n t i c  Non-developing Systems 

Non-developing Depressions (1975) 

System P o s i t i o n  Month Date Time La t i t ude  Longitude 
Number --- (GMT) (Deg. North) (Deg. West) 

Non-developing Depressions (1976) 



TABLE 48 (cont'd) 

System Position Month 
Number 

Date Time Latitude Longitude 
- (GMT) (Deg. ~orth) (Deg. West) 

Non-developing Depressions (1977) 

Dvorak Systems (1975) 



TABLE 48 (cont'd) 

Sys tem Posit ion Month Date Time Latitude Longitude 
Number (GMT) (Deg. North) (Deg. West) - - 

Frank Sys tems (19 75) 

Shapiro Systems (1976) 



TABLE 48 (cont'd) 

System Position Month 
Number 

Longitude 
(Deg . West) 

Time Latitude 
(GMT) (Deg . North) 



TABLE 48 (cont 'd)  

System Pos i t ion  Month Date Time La t i tude  Longitude 
Number - - (GMT) (Deg . North) (Deg . West) 

Shapiro Systems (1977) 

McBride Systems (1976) 



TABLE 48 (cont 'd )  

System P o s i t i o n  Month Date Time La t i t ude  Longitude 
Number - - (GMT) (Deg. North) (Deg. West) 

:,-8$ i !  

5 5 15 9 9 30 12 13.0 76.0 

~ c ~ r i d e  Systems (1977) 



TABLE 49 

P a c i f i c  pre typhoon and non-developing c loud  c l u s t e r s  ( p o s i t i o n s  from 
S. Er ickson  (1977)). 

P o s i t i o n  
Number 

20 
2 1  
22 
2 3 
2 4 
25 
2 6 
2 7 
2 8 
2 9 
30 
3 1  
3 2 
33  
3 4 
35 
36 
37 
38 
39 
40 
4 1 
42 
4 3 
44 
45 
4 6 
4 7 
4 8 
4 9 
50 
5 1  
5 2 
5 3  
54  
5 5  
56 
5 7 
5 8  
59 
60 
6 1  
62 
63  

Year 
- 
1972 
1972 
19 72 
1 9  72 
1972 
1972 
19 72 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
19 72 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1 9  72 
19 72 
1972 
1972 
1972 
1972 
1972 
1972 
19 72 
19 72 
1972 
1972 
1972 

Month 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

Date 
- 

7 
8 
8 
9 
9 
9 

1 0  
1 2  
12  
13 
1 4  
1 4  
1 5  
1 9  
1 9  
20 
2 6 
2 6 
27 
2 7 
27 
2 8 
2 8 
2 8 
28  
29 
29 
06 
06 
0 7 
0 7 
0 8  
0 8 
09 
09 
09 
1 0  
1 0  
10  
11 
1 3  
1 3  
1 3  
1 3  

Time 
(m) 

1 2  
00 
1 2  
00 
00 
1 2  
00 
00 
1 2  
00 
00 
1 2  
00 
00 
1 2  
00 
00 
1 2  
00 
00 
1 2  
00 
00 
1 2  
1 2  
00 
00 
00 
1 2  
00 
1 2  
00 
1 2  
00 
1 2  
1 2  
00 
00 
1 2  
00 
00 
00 
12 
1 2  

L a t i t u d e  
(Deg . North) 

Longi tude 
(Deg. E a s t )  

160.7 
159.7 
159.4 
159 .3  
146.5 
142.5 
140.4 
158.0 
154.5 
151.0 
161.2 
160.0 
158.8 
156.0 
153.0 
150.0 
169.9 
166.6 
163.3 
140.2 
135.7 
131 .1  
142.8 
127.6 
139.9 
124 .1  
137.0 
136.1  
135.6 
135.0 
133.2 
131.5 
164.2 
162.8 
161.4 
169.5 
160.0 
169.0 
166 .O 
163.0 
150.7 
156.9 
148.0 
153 .1  



P o s i t i o n  
Number 

6 4 
6 5 
6 6 
6 7 
68 
69 
70 
7 1 
7 2 
73 
7 4 
75 
76 
7 7 
7 8 
7 9 
80 
121 
122 
12 3 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
14 3 
144 
145 
146 
14 7 
148 
149 
150 
15 1 

Year 

- 
1972 
19 72 
1972 
1972 
1972 
1972 
19 72 
1972 
1972 
1972 
1972 
19 72 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
19 72 
1972 
1972 
1972 
19,72 
1972 
1972 
1972 
1972 
1972 
1972 
19 72 
1972 
1972 
1972 
1972 
1972 
1972 
1972 
19 72 
19 72 
1972 
1972 
19 72 
1972 
1972 
1972 
1972 

Month 

TABLE 49 (cont  'd) 

Date Time La t i t ude  
- (GMT) (Deg. North) 

Longitude 
(Deg. Eas t )  

147.0 
149.3 
146.9 
144.5 
142.5 
140.5 
165.7 
164.0 
162.4 
147.3 
159.4 
146.1 
156.4 
144.9 
141 .l 
139.6 
138.3 
141.0 
140.0 
138.8 
137.6 
130.9 
129.6 
128.3 
148.0 
134.0 
145.0 
132.2 
141.7 
130.4 
143.2 
140.3 
136.9 
156.0 
153.4 
150.8 
137.8 
136.9 
135.9 
135.0 
134.4 
145.8 
143.1 
140.4 
138.0 
135.5 
130.1 
127.8 



TABLE 49 (cont'd) 

Posi t ion  Year 
Number 

Month Date Time Lat i tude  
- (GMT) (Deg. North) 

Longitude 
(Deg. East) 

153.0 
125.4 
151.1 
149.1 
138.8 
137.4 
136.0 
145.2 
143.4 
141.6 
138.5 
135.4 
132.9 
153.6 
139.0 
150.6 
138.5 
147.6 
138.0 
145.8 
138.0 
143.9 
130.0 
138.0 
129.2 
137.5 
128.5 
154.5 
154.8 
155 .O 
165.5 
163.8 
162.0 
160.3 
158.5 
168.0 
165.5 
163.0 
162.7 

' 162.5 
139.0 
136.9 
134.7 
134.0 
132.7 
131.3 
140.5 
141.2 
142.0 



TABLE 49 (cont 'd) 

Position 
Number 

Year Month Date Time 
(GMT) 

12 
00 
12 
00 
12 
00 
00 
12 
00 
12 
00 
00 
12 
00 
12 
00 
12 
00 
00 
12 
09 
00 
12 
00 
00 
12 
00 
12 
00 
00 
00 
12 
00 
00 
12 
00 
00 
12 
00 
00 
12 
00 
12 

Latitude Longitude 
(Deg. North) (Deg. East) 
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