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ABSTRACT

On the Rapid Intensification of Typhoons (August 1977)

Charles Richard Holliday , B.A., University of Maryland

I Chairman of Advisory Committee : Dr. A. H. Thompson

The occurrence of rapid deepening of tropical cyclones (.~ 
42 mb ,

in 24 h) in the western North Pacific is examined to determine the

I statistics of these events , and identify features peculiar to their

onset. Seventy—nine cases of rapid growth during the period l9~6—

I 1976 were selected to study climatological characteristics . These

I data show that the majority (75%) of the deep central pressures

(
~ 920 mb) in the region are attained through t he  r a p i d  g r o w t h  p r u —

I cuss. Thc bu lk  (67%) of these pressure reductions occur ovt r a short

time interval of 18 h or less with the f i r s t  6 h most l ike ly  to

I account for the steepest fall.

I The statistics reveal that development of a tropical cyclone to

typhoon intensity over warm waters (temperature .~~ 28°C to a depth of

I 30 in) is a necessary (but not sufficient) prerequisite for rapid

deepening . An eye dimension near 20 n mi also is a frequently ob— 4
I served feature at the onset of rapid deepening. The time of onset

occurs most frequently at night. Investigation of typhoon track

direction and speed (or changes of these two variables) in relation

I to abrupt intensification revealed little association.

Ten storms displaying explosive intensification (
~ 60 mb in1 24 ii) and an equal number of slow to normal—developing storms (

~ 24
mb in 24 h) were compared to identify contrasts in the patterns of

1 1 .
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upper tropospheric (200 nib) circulation influences . The main dif-

ference found was the accessibility of multiple outflow channels

from the tropical cyclone. The area of outflow (5~lO° from the

center) characteristic of the more rapidly develop ing storms was ob—

I served to have an azimuthal spread twice as large as the slowly

I growing storms. Also , the rapidly growing typhoons exhibited a total

outflow magnitude three times that of the slower developing storms .

I
I
I
I
I
I
I
I
I
I
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1. INTRODUCTION

Intensity pr ediction is recognized as one of the  more d i f f i c u l t

I typhoon 1 forecasting problems . Development may occur with almost

explosive s u d d e n n e s s , in a period of less t h a n  a day , or h e s i t a t i n g ly

over ocvcr :cl days . r u e  d ev e l o p m e n t  of s k i ll  f o r  r e c o g n i z i n g  the

vi gorous d e e p t n i n i ~ c i r c u n s l i r !  ~ is of p a r t i c u l a r  impor tance  due to

I 
the p o s s i b l e  s t r i c l i c con~a c iuenc es  to i slands , c o a s t a l  m a i n l a n d , and

shi pp ing  in c - I o ; e  p r o x i m i t ’. .  However , a b r u p t  i n t e n s i f i c a t i o n  has

I received r e l a t i ve ly  l i t t l e  a t t e n t i o n  in research to d a t e .  E f f o r t s

described in this paper are directed toward  o b t a i n i n g  s t a t i s t i c s  on

I these even t s  for  t he  w e s t e r n  N o r t h  P a c i f i c  area , and e s t a b l i s h i n g

some .- c n t e c e d o n t  c r i t e r ia  fo r  i d e n t i fy i n g  th i s  tyP e  of development.

I
I
I
I

I
I 1The terms “h u r r i c a ne ” and “ typ hoon ” are regional and indicate

a class of t ropical cyclone in which maximum winds in the circulation

I are ~ 64 kt (32 rn sec~~)

The citations in this paper follow the style of the Journal of

~pp~~4 _____

— -,~ i—.—-,.——.— ~
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~
,- —— —
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I 2

2. BACKGROUND

Current prediction techniques for i n t e n s i ty  of trop ical cyclones

are composed largel y of ~x t r i i j o l a t i o u  of trends , usc of climatology ,

I employment of analog techni ques or combinations of t he se  methods.

Brand and Gaya (1971) comp iled a climatology (1965—1969) of observed

I intensity changes (maximum winds) for 12, 24, and 48 h f o r  10° squares

of the western North Pacific stratified by month and stage of develop-

ment. Two statistical analogue prediction techni ques (that utilize

regression equations for 24, 48 , 72 h and a historical tape file) have

been produced for the  western North Pacific. One technique forecasts

the  c e n t r a l  p r e s su r e  (Wagoner , 1973), and the  o t her  e s t i m a t es  maximum

winds  ( E lsb er r v  c t  a l .  , 1974) . Dvorak  (1975)  has deve loped  a scheme

which combines analysis of satellite imagery with a model of tropical

f cyclone intensification. This method utilizes a combination of past

trend with a climato logica l development curve and an interpretation

I of general cloudiness features (based on visual satellite imagery ,

once a day) to predict intensity after 24 h.

Although these objective techni ques show ability to forecast

intensity changes in the normal situation , experience has shown

shortcomings in these methods for abnormally ~ .td intensification

I or decay . The development of skill for recognizing these abnormal

I 
situations is thus of importance . However , the specific case of

rapid development has received relatively little emphasis in the

I literature.

Two studies have focused on some climatological characteristics - 
-

I



3

ol t i ~ V t  ~ai 1  OUS I V  d c e 1~~~ I ng typ hoon. Ito (1963) performed a stud y

t i t  t i pc t ’ t i  d t - v e l o p m c n t  ( I n  ,O— l ’n l )  and i d e n t i f ie d  the  Ph i l i pp ine

‘~ .i a u u t h  c i  .Y  .~ t I I C  ; : e o s l . i h c i i i c  region w i t h  g r eat e s t  f r eq u e n c y

.r r .~~t I  Je t ;c.~ n I n g  () 2.0 nih h 1 )~ I i t e r  Brand  (1973)  e xam i n e d  ac—

dirv~ 1op~e iit in term s oP rate- of change in maximum winds

(. 4 hi l ’i ~S— I I  . I l l s  L a o  i t s  showed d i s t  in c t  geographic

anu st -. ~ at  e i t i  t b  or; r t_ hi a j c h i  e l lo r ic 11011.

~ Xp L’~n~. I c , n i ~ r cli i i c i ’ , S in intens I ty  of t r op i ca l  cyclones

r i l a t i  t o  ttR t~ t t t  l ow It 1 1 0  i sm  i t  h igh  l e v e l s  f i r s t  po in t ed  out by

H i t  P 1  ( i • 1. lIt c- h i a l z c d  p~~~i t  need f o r  I i i  p h — l e v e l  cold advec t ion

~~fl t h e  st  F; ‘ i~ ~~ t r i  ry  t o  1 OoVc the excess h e a t .  Rieh l (1956)

toi l Ni I 1~ r ( 19 ’~ 4) cx ti n l rie d t h e  200 —mb p a t t e r n s  f avorab le fo r  i n t e n s i —

I 1 ’ t  J I l l  I l O w  h u r r  i toes d u r i ng  1954— 1955.  Although some char—

a c ter i . t i c  p a t t e r n  were no ted , lack of s u f f i c i e n t  da t a  at upper

levels ever t he 1°. cans hindered investigations.

Colon and Ni ghtingale (1963) investigeted a larger number of

cases. They considered favorable flow above trop ical cyclones of

various stages of development (depression to minimal strength). In

examining cases in the Atlantic , they concluded that poleward flow

aloft (such as found on the eastern side of troughs in the westerlies,

tropical upper cold lows, or on the western side of anticyclones) was

more conducive for development than equatorward flow . As with other

investigations, lack of data over the ocean areas hampered their

analysis.

The availability of routine daily satellite coverage by the late

1960’s helped fill, some of the data voids. A study by Shenk and

~ ~._IIi 
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I 
Rodgers (1974) of several periods within the life cycle of hurricane

Camille (August 1969) utilized satellite imagery . Just prior to

I significant deepening , infrared data showed that a pronounced band

of cloudiness had formed sou theas twa rd  f rom the cen te r .  This was

f reasoned to be associated with the rapid transport of moisture into

the  storm c i r cu l a t i on.

Later an examination of the rapid intensification of hurricane

I Celia (August 1970) by Clark (1975) made no mention of such a band .

However , he suggested that significant development was , in part ,

I caused by a major change in the direction of surface inflow over

warm shelf waters of sha]low depth . Ramage (1974) investigated the

intensity changes of three South China Sea typhoons (October 1970).

He found , however , that ocean temperature distribution did not  con-

trol typhoon intensity but development responded to influences of

I troughs in the uppe r tropospheric subtropical westerlies.

Recently , Sadler (l976a , l976b) stressed the importance of

multi—directional outflow channels for controlling the intensity

I changes in typhoons. His studies of the western North PacIfic (July

1972, August 1973) have shown that during the summer the storm ’s

I interaction with the Pacific Tropical Upper Tropospheric Trough , as

well as its outflow to the equatorial easterlies , plays an important

I role in a typhoon ’s ultimate intensity and the associated development

I rate,

This study was initiated as an attempt to further document the

I climatological characteristics of rapidly developing typhoons, and

by examination of several individual cases of extreme intensification ,

II
,

____
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_ _  



I 5

I
to gain some observational insight into favorable upper tropospheric

circulation patterns .

I
I
I
I
I
I
I
I
I
I
I

II
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I
3. DEEPENING STAGE

a. Data discussion

I
Rapid intensification is best evaluated by the rate of fall of

the central pressure of the typhoon. Central pressure is considered

a more reliable and conservative measure of intensity than the maxi-

mum winds ,2 and is not as l ikely to he biased by sampling procedures

I of aircraft reconnaissance (Colon , 1963; Sheets and Grietnan , 1915).

Readings of central pressure obtained by aircraft reconnaissance

I in the western North Pacific area were extracted from copies of the

Annual Typhoon Report published by th e .Joint Typhoon Warning Center

(JTWC) , Guam . Since the m a j o r i t y  of typhoon  pene t r a t i ons  was con—

I ducted -it the 700—mb level , a regression equation developed by

Jordan (1958) to determine central sea level pressure based on the

I minimum 700—mb geopotential height was used to check the consistency

of the eye dropsonde readings . The main purpose here was to screen

- for copy errors and raw surface pressure readings which had not been

r computed by use of thickness values. Maximum measurement errors for

the dropsonde arc considered to be ± 6 mb (Meyer, 1971). For any

data falling outside these limits , the sea—level pressure determined

by the regressLrn equation was used. The period 1956—1976 was thus

selected for study due to the availability of 700—mb geopotential

height data in these annual reports. A 24—h interval was chosen for

examination of maximum deepening as reconnaissance observations were

2Large variations in actual wind speeds are often noted to occur

[ on relatively small scales in time and space (Sheets , 1972).

i f
a 
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I
I 

available at least once a day during the earlier years , and this

interval coincides conveniently with a standard forecast period .

I b. Procedure

I Plots of the h i s t o r y  of c e n t r a l  pressure were prepared fo r  each

I 
typhoon during the per iod of study. Maximum 24—h deepening d u r i n g

each lifetime was then tabulated. Sufficient pressure data were not

I available for 53 typhoons to determine maxim um 24—h deepening. In

most cases , these were storms in which the f i rs t reconnaissance

I - revealed an alread y well—developed typ hoon , and f u r t he r  in t e n s i f i c a —

I 
tion was s l i g h t .  Also many developing storms near m a i n l a n d  China in

the South China Sea were only incomp letely reconnoitered due to air—

I craft r - ~trictions . In addition , several typhoons listed in the

annual  r epor t s  t h r o u g h 1966 f a i l e d  to meet minimum r equ i remen t s  fo r

I t y p h o o n — s t r e n g t h  winds based on the centra l  pressure—maximum wind

I 
relationship developed by Atk inson  and Hol liday ( 19 7 7) .  The inclu-

sion of such storms as typhoons , no doubt , was influenced by sub—

I jective estimates of maximum winds based on the state of the sea.

The question of accuracy of these estimates has been discussed by

I Jordan and Fortner (1960, 1961). The value of 985 mb for the central

I 
pressure was u~;ed as a screen since it was located at the upper limit

of one standard error of estimate for typhoon intensity. This re—

I striction eliminated an additional 27 cases. Thus, from the total of

385 typhoons counted during the 21—yr ‘period , 80 cases had to be dis—

I carded . A breakdown of the remaining cases by year is presented in

~LL ~~~~~~
_

__
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I 
Table 1. These 305 typhoons are considered to constitute a reasonable

sample upon which to build reliable statistical conclusions .

I c.

I A f r e q u e n c y  distribution of m a x i m u m  24—h de ep e n i n g  fo r  ti le USC —

able data is shown in the  form of a h i s t o g r a m  in Fig. 1 and arranged

into class intervals of 10 mb. The data show a distribution skewed

I toward the  s m a l l e r  deepening  r a tes  with maximum f r e q u e n c i e s  (53Z of

the sample)  o c c u r r i n g  in  the 10—29 rnb d 1 i n t e r v a l .  The observa t ions

I ranged f r o m  5 nib to 95 nib d 1  wi t - l i  a rr r t ;In of 2 9 . 7  mb d 1  and a s t an—

I 
dard d e v i a t i o n  of 18.6 mb d 1 . F i g .  2 shows a u t i - i r t i l a t i v e  f r e q u e n c y

of the data with the median cen t e r ed  at )4 mb d 1 • ~~ was f e l t

I •lpprnpri i t . ’ - to  d e sig n a t e  thosc cases in  NrC  uppe r  2 / .  o t  i t o samp le

as rapir~—growth sys t ems . Th i s  po r t ion  of the samp le was increased

slightly (0.(2) to provid e a conven ien t  cut—off in the hourl y deep—

ening rate for classification purposes. Thus a rate of ~ 1.75 mb h~~I for 24 h or ~ 42 mb d~~ was chosen to identif y rap id intensification.

A list of the 79 typhoons comprising this samp le appears in the

Appendix.

d. Developrnen~~~~~~~

Two basic categories of pressure profiles were noted when ex—

I amining rapid ly intensifying storms. Fig. 3 shows a typical example

of the first group (type 1). The central pressure falls at a mode—

I rate rate (~ 0.8 mb h ’) at least for 12—24 h , followed abruptly by

accelerated development (~ 1.75 m b  h~~). Thirty—six percent of the

I . 

-
- - _ _ _  
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I
I Table 1. Cases used to d et e r m in e  maximum 24—b deepening .

1 2 3 1~

I Typ hoon Incomp lete Below Totalear Count in ATR~ Data Typhoon I n t e n s ity * Used

I 1976 15 4 0 11
I 1975 13 1 0 12

1974 15 0 0 15

I 
1973 11 2 0 11
1972 22 4 0 16
1971 24 1 0 23
1970 12 0 0 12

I 1969 13 3 0 10
1968 20 0 0 20
1967 20 2 0 18

I 1966 19 1 3 25
I 1965 21 2 5 14

1964 26 1 5 20
a 1963 19 3 1 15

1962 23 3 2 18
1961 20 9 1 10
1960 19 4 2 13

I 1959 17 1 1 15
I 1958 20 5 3 12

1957 18 5 0 13
1956 18 2 4 12

Total 385 53 27 305

I %of 14% 7% 79%Column 1

I
t ATR - Annua l  Typ hoon Report

* Based on central pressure—maximum wind relationships.

I
I

II
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I
I sample displayed t h i s  t y p e  of b e h i a v i c i r .  Changes  in the c e n t ra l  p r e o —

sure f o r  t h e  ca~~i~ p l o t t e d  ( 1yp hoon K i t  1966 , and I - r an  1976) show a

f a l l  r a t  near  1 mb h 1 f o r  24 h p r i o r  to  the  onset  of the  most  r a p i d

devc l or ’Ln t (ma rked ~ y a r row)  . K i t ’ s V i  ~;o rows deepening l a s t ed  f o r

I 30 h at a r at e  of 2 . 6  nib ~~ 
1 wh i l e  F r a n ’ s Increased  in t en s i  f i cat  ion

I lasted 12 h at a r a t e  of 3 .(~ nib h~~~.

Type  2 b e h a v i o r  i ,’; ch a r a c t e r i z e d  by s lower  i n i t ia l  deve lopment

1 (<0 .8  nib h 1) s u d de n l y f o l l ow e d  by a surge of d e e p en i n g  (~ 1. 75 nib

h 1) . The eye C t i t  r a l  p r es su re  r e a d i n g s  fu r  Typ hoons V i r g i n i a  ( 1957)

I and A n i ’  a (1970)  plotted in Fi g. 4 are r i ’j r e r ;en t a t i v e  of such develop—

I 
m e n t .  C i r t u l a t i o n  g r o w t h  is s low at f i r ~~t , w i t h  8 and 12 nib drops in

24 h f o r  V i r g i n i a  and A n i t a  ( 0 .3 , and 0 .5  1~l) h~~ r e spec t ive ly )  . These

I ar e  t o )  I owed l y an a b r u p t  r i d i i I i on  in c e n t r a l  pre~. s i r i e  (marked by

arrow) . In t h e  cw;e  of V i r g i n i a , the  p r e r i s o r l -  p l u r s n e t e d  86 nib in 30 h

I ( 2 . 9  nib 1i 1 ) w h i l e  t h e  f a l l  d u ra t i o n  fo r  Aiii t a was s h o r t e r  ( 12  h ) ,  u t a —

I 
suring 36 mirb ( 3 . 8  rib h 1) .  This t ype  of deve lopment  was d o m i n a n t  in

t h e  samp le  and accoun ted  f o r  6’t /  of the  cases .

e. M l n i m r i r n  jir ssur tt ai ~&d

I In r ev i e w i n g  the  cases of rap id  growth i t  was interesting to note

I 
that a majority (75%) resulted in very deep •‘~entral pressures (

~ 920

tub). This classificatio n has been used by Fung (1970), and earlier

I by Frank and Jordan (1960), to identify extreme typhoons . A total of

71 of all the  typhoons  occur r ing  d u r i n g  the period 1956—1976 reached

I intensities severe enough to be placed in this category . In order to

determine the prevalence of such minimum pressure following a rapid

I
I 

‘ -_ _
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I
drop of c e n t r a l  pressure , a s c a t t e r  d i a g r a m  was c o n s t r u c t e d  to com-

pare t h e s e  m i n i m a  against the  m a x i m u m  2 4 — h  f a l l  r at e .  The diagram

I (F ig .  5) i n d i c a t e s  a s t r o n g  p r e f e ren c e  fo r  these  deep i re s s u re s  to

occur fo l lowing  a vi gorous deepening. ( In  f a c t , t e c o r d  extremes

I occurr ing  below 885 mb were all obtained in th i s  manner.) Only l4~

I 
of the 71 cases d i sp l aye d  a more g r a d u a l  rate of deve lopment  (< -4 2  mb

per d a y ) .

f . D u~ ~~~~~~~~~ r a t i s o f dcvclop wnt

I The e e i i t r ; i l  p r e ss u r e  l i i  st ry  f o r  each typ hoon was examined to

I 
d e t e r m i n e  I n i - ~ i 1 I i l U ~ m l  c s  of fa l l  over v a r i o u s  t i r e  periods d i t r  i i g ,  the

d u r a t i o n  of rap id I n t e n s i f i c a t i o n  (6 , 12 , 18 Ii as wel l  as 24 h w i t h

I some cases i> . t end i to 30, a i(i 36 h )  . The numb er s  of o c c u r rt  il i t S

fo r  t a - I f a l l  r a t e  (nib h 1) over these i n d i v i d u a l  t ime I n t e r v a ls  are

I shown in  1- i g s . 6a and 6b. As c o n s e c u t i v e  6 h obse rva t ions  were not

I 
a lways  a v a i lab l e  f o r  each t y p hoon , the comple te  sample  is not  repre-

sented fo r  al l  t imes  (number  of cases are noted at bo t t om of each

f column) . I so p l e t h i s  of number of occu r rences  are sh own in Fig.  ba ,

while the isolincs in Fig.  Gb i n d i c at e  r a t i o s  of t h e  a c t u a l  r a t e  of

I deepening to the minimum criterion for rapid deepenin g (42 nib in 24 h

I or less). In tne case of Fig. Gb data points r i g h t  of the 75% iso—

p let li , but left of 100% isopleth indicate falls of greater than 31

I but less than  42 mb ( f o r  e x a m p le , 3.0 mh h~~ for  12 h is 36 nib).

The general picture portrayed by the diagrams is that rapidl y

I developing typhoons sustain the bulk of their pressure fall over short

time scales , and durations of fall rates of 1.75 nib h~~ beyond 24 h

I ~~~~~~~~~~~ 
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I
areS relativ ely uncontuion. Exanpies of some of the more extreme cases

include Opal 196/ (~ 4 nib iii 6 h), Ir ;; i 1971 (41 mb in 6 h) and Vera

I 1959 (39 nib In 6 h). The rt latlvt - frequencies indicate that 20 nib

is a fairly common fall in hi and is slightl y less (46%) than half

the minimum criteri on for r ap id d e e p e n i n g  (42  nib) w i t h i n  a day . Data

p resen ted  in F ig .  7 show t h i e s c -  peak f a l l s  are most l ikely to occur

d u r i n g  t h e  f i r t 6 hi of t h e  per iod . E x t r e m e s  fo r  hal f  a day inc lude

Irma 1971 (77  nib in 12 h)  and Vera  1959 (58 mb in 12 h ) .  I t  is noted

here  t h a t  th i t  m aj o r i  t v (44)  of the  incidences  recorded  have deepened

at l e a s t  75 % of the 24—h criterion f o r  r a p i d  g r o w t h .  by 18 hi t he  b u l k

of o c c u r r en c e s  (53) have re~ichie d 100% . Max ima  fo r  th is  per iod consist

of I rma 1971 (85 mb in 18 h ) ,  June 1975 ( 7 7  nib in  18 h) and Ida 1958

( 7 7  nib in 18 Ii) . i’eaks fo r  24—hi  deepen Lu g inc luded  the saut e Lyp hoons

with rates of 95 , 89 and 88 nib , respec t ive ly .

I It is noteworthy that the duration of rapid deepening extended

to 30 Ii in some cases (15 typhoons). Some of the more striking m di—

vidual examples were Kit 1966 (89 mb in 30 Ii) and Ida 1958 (95 nib in

30 h). Both Louise 1976 (58 mb in 36 h) and Elaine 1968 (83 mb in

36 h) accounted for those typhoons of longest duration with fall rates

I ~ 1.75 nib h~~.

~~~ . Relation of onset of i n t e n s i f i c a t i o n  to t ime  of day

Over the years observers aboard both operat ional  and research

a i r c r a f t  missions have remarked that  hur r icanes  appear more active at

I nigh t than du r ing  the day (Sheets, 1969). A study by Sheets (1972)

I 
of maximum wind changes in hurricanes (l96l—1968)~ however , indicates

F ’ 
_ _ _ _  

_____
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I
I no significant diurnal variation of hurricane intensity. To

determine if any preferred time of day might be prevalent for the

I onset of rapid intensification , the individual central—pressure

I 
histories of th e available sample were checked . Fifty—six of the

cases had sufficient consecutive 6—h observations to determine the

I onset of rap id deepening within 3 h. The majority of the data was

collected from the period 1957—1959 and 1966 onward , as late night

I penetrations were not often conducted during intervening years.

I 
Data were biased toward the standard observations of 03, 09, 15

and 21 CMT. The few observations occurring at other times were in-

cluded with the nearest standard t imes . A listing of occurrence of

the onset of deepening appears in Table 2. For the region considered ,

Table  2. Time_of occ urren ce of onset  of rap id deepening.

I 03 09 15 21
(13) (19) (01) (07)  (LsT)

I 10 11 25 10 56 cases

Day (21—03 CMT) Nigh t (09—15 CMT)

1 21 35

(37 .5%)  (62 . 5%)

I — —_ _ _ _ _

I 
the local standard times for Tokyo (1400 E) were used (conversion

times are indicated in Table 2). The cases were grouped into periods

I (1900—0100 LST and 0700—1300 LST) to emphasize either day or night

periods and to insure that the first 6 h of deepening occurred within

I one or the other period . The results in Table 2 indicate greater

frequencies (35) occurring at night. This suggests that a diurnal 

_

- . 

_ _  
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I variation might be a contributing feature to intensification.

It is no tewor th y t ha t  r ect i l t  s tudies  of rap idly g rowing  t rop i —

I cal oceanic cumulonimbus clouds from s a t e l l i t e  imagery (Welckinann

et  al., 1977) show t h a t  pronounced d i u r n a l  v a r i a t i o n  ex is t s  in th e

t ime of i n i t i a l  d e v e l o p m e n t .  Maximum f r equenc i e s  occur  near mid-

ni gh t .  Obse rva t ions  such as these have not been ex tended  to t rop i-

cal s torms . Stud i es of t rop ical  storms have been l imi ted  so f a r  to

analysis  of the o sc i l l a t i on  of d iu rna l  cloud cover (Browner  u t  a l . ,

1977) .  One exp l ana tion  of poss ib le  d i u r n a l  v a r i a tio n s  has been

offered by Sheets (1969). In h i s  repor t  of mean h u r r i ca n e  soundings ,

he suggests  that differences migh t exist in the s t a b i l i t y  of the

day vs. nigh t hu r r i cane  cond i t i ons  as a r e s u l t  of d i u r n a l  va r i a t i on

of t empera tu re  in the middic and upper  t r oposphe re .  Both Sheets

( 1969) and Frank (1.976) have documented such d i u r n a l  va r ia t ions  of

t e m p e r a t u r e s  in both hur r icanes  and typ hoons respectively .

I
I

ii 
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I
- 4. ASPECTS Dr STORM ORGANIZAT ION

a. Fo rm~-i t1on j~~r iod

To gain an idea of o r g a n i z a t i o n a l  t ime requi red  before  confluence—

m e n t  of rap id deepening, an evaluation was madc of best track analyses

for  i n d i v i d ua l typhoons in the  Annua l  Typ hoon R e p o r t s .  Two i n t ens i ty

c l a s s i f i c a t i o n s  were cons ide red , i n c l u d i n g  t h e  weak depress ion  stage 3

I and the point when trop ical storm force was f i r s t  a t t a i n e d .

The da ta  fo r  weak c i r c u l a t i o n  e v a l uat i o n  were l i m i t e d  to 1967

and the  yea r s  t h e r e a f t e r  when r o u t i n e  o p e r a t i o n a l  s a t e l l i t e  data  be-

came a v a i l a b l e .  Anal y s i s  of th i s  po r t i on  of t h e  cyclone t r a j e c t o r y

s t a r t e d  o f t e n  two days prior to aircraft reconnaissance coverage. The

I a i r c r a f t  da t a  ava ilab le  in these  e a r l i e r  s ta g e s  indica ted  t ha i  the

c e n t r a l  pressures of the  t rop ica l  cyclones ranged f rom 1006 to 1008 nib .

For ty  cases i n d i c a t i n g  t h e  t i m e  elapsed f ron t  the weak circulation stage

to the  onset  of r ap id  deepening were ava i l ab l e  fo r  s tud y ,  and the

- 
f r e q u e n c y  d i s t r i b u t i o n  of the var ious  time s elapsed arranged into 12 h

i n t e r v a l s  appears  in Fi g. 8. The d i s t r i b u t i o n  shows p redominan t

f r e q u e n c i e s  of maximum deepening occur r ing  between 312 to 4 days f o l —

I ]owing ori g in .  No cases could be id e n t i f i e d  at  2½ days or earl ier .

The range i n c l u d e d  Typ hoon Nina ( 1975) which requ i red  onl y 3 days be-

fore entering the stage of exp losive deepening (68 nib in 24 h) and Olga

I
3The JTWC track analysis begins when a weak circulation is identi—

1 fiable in the c loudiness  pa t t e rn  which is c lass i f ied as the d is turbance
I stage. A depression classification is not assigned until the circulation

has strengthened (25—30 kt) and central pressures have fallen near 1000 nib.

1 H

a ’ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _
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Fig .  8. Time e l a p s e d  f rom o r i g i n  (weak c i r c u l a t i on
stage ) t o  onset of r a p i d  d e e p e nin g .

(1976) which  de layed  f o r  8 days until accelerated ~ie v e) o p m 1 n t  t ooK

place (46 nib in 24 I i ) .

j  A mapp ing of the p o i n t s  f i r s t  i d e n t i f i e d  f o r  ana l y s i s  of weak

c i r c u l a t i o n  c h a r a c t e r i s t i c s  (F ig .  9) ind ica tes  a p redominance  fo r

longi tudes  eas t of 135° E and l a t i t u d e s  equatorward  of 15° N.  S ince

circulation systems often move at rates of 9—13 kt , between w e s t e r l y

and northerly headings , the presence of topographical barriers

(Philipp ines , Taiwan) to the west and physical barriers (cooler sea

surface temperatures , unfavorable upper tropc.spheric conditions)

dictate a geographical distribution well removed from these influ-

ences. (This is discussed further in Section 5c).

Fig. 10 shows a histogram of variations in time elapsed between

tropical storm generation and rapid deepening. Of the total sample

ava ilable , 60 had sufficient data to determine the onset of tropical
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‘ I
storm m t  ens i t  v .  Thic cen t r a l  p r e ssu r e  value of 995 nib was se lected

fo r  a thrc~~ 1 1 d  i d C n t i f i e r  as i t  corresponds closel y wi th t h a t  sug—

gested by the  r & - l a t i o nsh i p  developed b y A t k i n s o n  and H o l l i d a y  (1977) .

As can be no ted  f r o m  t h e  f i g u r e , t he re  is a p r e f e r e n c e  f o r  marked

i n t e n s i f i c a t i o n  b etween  2 and 2 days  a f t e r  t rop ical  s t o r m  gene ra t i on ,

as 62Z of t he  cases f a l l  w i t h i n  th i s  i n t e rva l .  Development of type 2

storm s c h a r a c t e r i z e d  the m a j o r i t y  of these i n t e n s i f i c a t i o n s. At one

ex t reme b o t h  I d , -t ( 1969) and Wend y (1963) e rup ted  i n to  sharp  p re s su re

falls (61 and 49 mb in 24 h , respectively) with iin 6 h of trop ical

storm generation as they traveled slowl y near t h e Marianas. Agnes

(1968) and  Olga  (1976) , on the  o t h e r  hand , meandered  across the

Ph i l i p p i n e Sea and took 4 to 4~ days b e f o r e  rap id deepen ing  began .

Of t i l l ’  many n u m e ri c a l  s im tn a l i on  model s  of hu r r i cane  i nt e n s i f i -

cat ion dcve lopu d in  t i t t ’  last  decade (see C r a y ,  1975) , few have simu-

la ted the rap id g rowth  process to meet  the c r i t e r i o n  e s t a b l i s h e d  in

t h i s  p a p er .  Onl y the  m odel of K u r i . l ia ra  and Tu leya  (1976) has repro-

duced t h i s  f e a t u r e .  Their  i n i t i a l  maximum w i n c h  was assumed at  17 kt

with a central pressure of 1006 mb .  The c i r c u l a t i o n  s t r e n g t h e n e d  to

t rop ical  s to rm i n t e n s i t y  w i t h i n  42 h and s u b s e q u e n t ly began deepen ing

( r ap id l y (po rt r ay ing a type 2 development) 4 60 h after initialization .

Accelerated growth lasted 24 h during which the central pressure was

reduced 57 nib.

Observational evidence shows that relatively few (4) weak cir-

culation systems intensified rapidly in less than 3 d following origin.

~ V
numerical simulation model reproducing type 1 development has

yet  to be duplicated.

M ru ~~~~~~~~~~~~~~~ 
f i r  y
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However , an 18—h lapse be tween  t rop i ca l  s to rm ge t s ~i t i on  and r ap id

i n t e n s i f i c a t i o n  is r ea l i s t i c  ( a l t h o u g h  s1i~ , 1tt 1 y sho r t  of the observa—

I t iona l  m e d i a n ) .  Thus , the la rges t  c o n t r a s t  b e t w e e n  the  model and

observa t ions  appears  to be the  s h o r t e r  t i m e  e lapsed frs:i i l l i L i a l i z a —

t ion in the case of the model .  Cray (1975)  has commented on the

failure of most models (with relatively s t r ong winds , 30—42 kt , at

i n i t i a l i z a t i o n )  to  in tens i f y w i t h i n  a reasonable t ime  (usual period

taken is 3 to 5 d ) .  Compar i sons  wi th da ta  in Fi g. 10 under score  th is

14 . 
I3 Typ . I d.velopment

1 1  ,— r i r~~.. ,. -
12 - ‘~ - .‘~ LLLLJ ype ~

10

(13)

~ : .

-

~~~~~ 

_
S12 ~24 ~~~ s411 14&O ~72 !~&4 ~96 ~~I08

I: TIME (mi )

Fig. 10. Time elapsed from tropica l storm genera—
tion to onset of rap id deepening .

discrepancy , as the bulk of development occurs short of 3 d.

I 

—-~~~~—•-- - 
- - — -  t
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h .  I n ten s i  a t  ~ n s ct  o f L~p id_ deep~~~~~~

S e v e n t y — f i v e  of  the typhoons were suffi cientl y documented by

1 r & c enn n~~,sance obse rva t ions  to allow f ai r l y a c c u r a t e  d e t e rm i n a t i o n

( .~ 3 h )  of the  onset  of rap id g rowth .  The f r e q u en c y  d i s t r i b u t i o n  of

cen t r a l  p~ , u r l -  o c c u r r i n g  at t h i s  t i m e  is p r e sen t e d  in F i g .  11.

75 CAStS

[ 
~~...J Type de-ie~cr~ru nt

28~ ~Z2’Lti Type 2 develop ilent

-

. ::~
11 V~2

- ‘,(~c -~.+ f t ~ -966 -~~5Ci -~i~-6

CENTRA L PRESSURE (mb~

FIg.  11. Frequency d i s t r i b u t i o n  of c e n t r a l  s e a — l e v e l
pressure  a t  onset  of rap id d e e p e n i n g .

The d ; $ t ; t  a re  s egr e g at e d  i n t o  10—mb class i n t c - rva l s .  These da t a  sug—

I gest t h a t  t h e  m a j o r i t y  of the  cases of r ap id deepening (8 1%) commenced

in the i n ter v a l  956— 985 mb. The variations appear to have a sl igh t

I bioniodal t e n d en c y  f a v o r i n g  the 976—985 ( 32%)  and the 956—965 nib

i n t e rva l s  (28%) . The da ta  also show ti - L y~~ e 2 development  p r c d o m i —

I nates for central pressures of ~ 976 nib , an ’ t -  p~’ 1 g rowth  hecome~ more

cov~non for lesser pressures. The range of cas ; varied from Ida (1969)

_ _ _ _  

- _ _
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,~~ I
at 995 ntb to Patsy (1973) w i t h  950 m h .

I I t  is n o t e w o r t h y t h a t  t h e  b u l k  of cases (89%) did not  commence

r a p i d  deepening  u n t i l  va lues  of 985 nih ‘ cre r eached . This is w i t h i n

one St ;tnd ar d  er r o r  l i m i t  of t h c e n t r a l  p r e s su re  ( e s t i m a t e d  in the

I A t k i n s o n  and h l o l l i d a y  r e l a t i o n s h i p )  r e q u i t e d  to produce typ hoon f o r c e

I 
w i n d s .  T h t i s  pvc  s core  t h r e s h o l d  has  some p h ys i  cal  si g n i f i c a n c e . In

the w e s t e r n  ~ o~~t l t  P a c i f i c  as t h t i -  m i n i m u m  p r e s su re  f a l l s  to the  vicin-

i t y  of 9b0 nib , t h e  r a d a r  p r e c e nt r l t ion of the  r n in h r t n d s  begi  t i c  to

appear  m o r e  p r ’n a i i e n t  , t h e r eb y d i s p l a y i ng  a sp i r a l  c h a r a c t e r i s t i c; and

f t he  f o r m a t i o n  of an eye is o f t e n  noted at th i s  t ime . This deve lopmen t

I 
in t h e  s t r u c t u re  of t h e  r s in h a n d  ~ i v i t — ’  most o f t e n  marks  the tran-

s i t i o n  f r o m  a r p 1 ,~$l s t o r m  to  a h u r r i c a n e  (Dunn and N i l l t r , 1961+ ) .

Mm- va lo c 01 c e n t r a l  p r c c s t t t c  < o t i t a j  nod in F i g .  i were compared

to the t i r e  t y p i c s  f o r c e  uSS f I T c  t at  tainc’d . A c e r i t r - i  I p ressure  ot

I 980 ml> was chosen as a t l i r c - c h o ld  s rP  for  d e t e r m i n i n g  t y p hoon i u t  e n—

s i t y  fo r  re l s ore ;  a l r ea d y s t a t e d . T h i s  v a l u e  has be e-n used as a

s i mi l a r  s t r a t i f ic a t i o n  by Frank ( 1976) and f a l l s  ~-.‘el I w i t h i n  the u rn —

i t s  of e s t i m a t e  of ~~ :t 1- i n ~ o n — I I o l J  iday r e l at  j o i c i ;  i p .  To m i n i m i z e

the e f f e c t  of l i n i e — i r r  rva i  v a r i a t i o n s , r e l a t i ve  t imes  were rounded

to the  n e ar e s t  12 h .  1~~x typ hoons d i d  not  have s u f f i c i e n t  da ta  and

were e l i m i n a t e d  f r o n t  cons idera t ion . Fi g. 12a p o r t r a y s  the f r e q u e n c y

I distrih ution In h i s t o g r a m  form and es tabl ishes  t h a t  62 (85%) of the

73 cases of rap id deep l i n g  occurred during the period from 6 h before

to 24 h after typhoon generation. The cumulative frequency distribu—

t ion presented in Fig. 12b shows that the  majority (67%) of the rapid

- 
deepening had commenced by 18 h a f t e r  t yphoon  genera t ion .  The range

_ _ _ _ _ _  
-- —- _ _ _ _ _ _  _ _ _ _ _ _
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01 L , c i J ~ - r ces  l u : i u d c  Ida (1969) w h i c h  began a rap id deepening 6 h

p r ior  ‘V p l- o c u  e n ’ e t  • and Ag n e s  (1968) wIt i i i  had L i k e n  3 2  days a f t  1-r

~~l ’  gelier I t  LOl l  be f o r e  v i gorous developmen t began .

c.  I i ’  - V e — ~ l o u d wall system

Rap id  d e e p e nin g  in close p r o x i m i t y  to  onset of typhoon intensity

iS un doli l )  cdi y related to t I c s tab  1 i s lu : ,~ - uu L of an c - y e — w a  1 1 ci nod sys—

t e n  at t h  (- re of the s t i r .  This sys te ; ;  (20— 4 0 n r i  i i i ; -  in t luc-

aver , - ) r u n t  it i t - -  o n l y  I to  5Z of th e t o tal stoic-  V I r e  ‘- ‘c -p t  y ,

1969) ; i t s  u r n. L i o n  and ma i ot  l Oan er , however , I liv or  I r t i e

in the P. -ru ; I t y  of t 1~ - t r op i cal cyci one - The -
~~ c— w a l l  ‘u s cr

rind I t s  pr 4 - - ‘ i l  - i r r o n d l u u g  r;ui nh - m d ;  pro~’ i I  an or- ; I n iz  on a l

~ I ~~~. ~~~~~~~~ -
~~~ ~

- e ~ ~~~~~~~ e~~~v~~c L  i s  t -  I f r I- th .~ e : ‘~ , r. , , ., of

r . - ; . i  - u i  n I ; - r  and l ower t r o j a - ;p l i - r e  f o r  t Lid - t mao ’ . u r r i p s p r t

‘Rich ], h u i . ) .  A .  t i l t  s t r u r t  i r e  is f o r  - - d , the onsc-~ of s u s ta i n e d

l u r r i c a ne s t r e n g t h  winds  is u s u a l l y obse- - ved arid a i t .  rc- rap id develop-

ment  may ce ‘mI nce  (Dunn  and Nil I - n , 1964)

Sev e r a l  in v e st ;  ‘ .- t o r s  ( J or d - r . - 19~’l ; -C - - - to - , ‘963;  C ray and Shea ,

1973; and Bel l , 197 ) have i t t  ci ‘ ‘ t i ,  t i - - • .ma l l c r  t h e  ey e — sy s t e m  radi-

us th e more  e f fj ~~j+’nt is t i  r u - u - c ~ 1o -i - cent  t o  p r t - - su re .  Ih i s  is

due to a more con es-o t T -~ r d  o~ t l~ ‘ t rfl, ’ S thermod ynamic  engine ,

thus I - i d  I u m 1 .  I - - r i  .it i - i  I r.U h S ideTl C C insi( le  the r ad ius  of

cumul is a t i v i t y .  i n  or de - mc i f  rap id deepe ning occurs

- - l i - i d  wal l sys tem the repor ts  of eye

di Inte L 1 - r 1111 ‘r i , ,  t ion was not Inc  1 t ided in A u - 1 Typ hoon

~ 

I.
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I
Repor t s  p r ior  to 1959 and ava i l a b i l i ty  of sufficient consecutive 6—h

observations in the remaining typhoons furtln-r reduced  t h e  samp le  to

42 cases .  Most  of the e y e - — d i a m e t e r  obse rva t ions  used were determ ined

f rom the r a d a r — d e t ~ cte d  r a i n — f r e e  c en t e r  and encompa s; ;ed I - ~ 50% of

cloud w i l l  a r c .  Otherwise  t i m e  c e n t e r  d i a m e t e r  was measured  b y the

r i n g  of maximum f l i gh t — l e v e l  w inds  (700 nb or below). Investigations

by Shc’:i and Pray  (1973)  f o r  d e v e l o p e d  hu r r i canes  h ave shown t h a t  t u e

rad ius  of maximum winds  lies iu s t  beyon d the  ed ge of t i n e  r a i n — b c a r i u m ~

clouds (on t h e  average 5 n mu). This d i sc repancy  probab l y p l ay -d onl y

a minor  r o l e  in r c u l n p t r ; s on  of obse r v a t i o n s,  in a d d i t i o n , a lm o s t  a l l

ey e - o b s e r v a t i o n s  ( 17) i n  t i n -  ru amp 1€ w e r e  r e p or t e d  c i r c u l a r  shaped -

The e l l i p t i  . u i l y — s l m a p e - d  e y e  d i a m e t e r s  (5) were  o b ta i ned  b y av er a g i n g

t It i i  n o  or and m i n o r  O xes  -

‘flit- c-ye d i a u ; s -t  Cr v a r i a t i o n s  oi e ;cr v -d a t  t he  o u t s e t  of r ap id  deep—

c l u i n g  and 12 to  24 i l i t e r  are ’ p r - ; - r i ed in F i g .  13. Since eye obser—

vat  j e l l s  normal l y we- r e  r epor ted  in  m u l t i p l e s  of 5 a m i  when > 15 n ml ,

the  class int e r v a l s  were  a r ran ge d a p p r o p r i a t e l y .  To provide some

p e r s p e c t i v e -  of the  general  range of eye ’  d iameters  and s t r a t i f i c a t i o n

b y c e n t r a l  p ressure , the s t a t i s t i c s  compiled by B e - l i  (1975) are pre-

sented in Table-s  3a and 3b.

For the  t ime of onset  of rap id deepen ing ,  the d i s t r i b u t i o n  shows

a predominance  of cases between 16—20 n mu w i t h  a mean of 2 2 .0  n ml

and s t a n d a r d  d e v i a t i o n  of 7.1 n m l .  The range is relatively small

with n u n  eye d i a m e t e r  l a r ger  than 35 n ml and 60% of the cases occur-

ring at  d i am e t e r s  of 25 n mi or less. Central pressures at this stage

mat ch with Bell’ s category of 960—979 nib . This group ing possessed a

— __
L___ -~ - __________________ — —~- — - — —
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I
Table 3a. F requency  d i s t r i b u t i o n  of eye d i am e t e r s  f o r  wes te rn  Nor th

______ 

P a c i f i c  t r o p ica l  cy c l o n e s  d e v e l on i n ~ t o  typhoon f o r c e .

Eye i) i am ete - r  ( i i  n i l )  <5 10 20 30 40 50 60 70 80 ~ 85 Total

No. of o b s e r v a t i o n s  14 407 586 480 265 104 65 19 37 36 2013

Percen tage  7 20 29 24 13 5 3 1 2 2 100%

Average- D i a m e t e r  2 7 . 8  n m i

S tan d a r d  P u - v i a t f o n  18.5 n mi

Table  3b. Same as ‘l’ a h l e  3a b u t  s t r a t i f i e d  f o r  c e nt r a l  p ressure .

Eye Pressure  (mb )

<920 920—939 94 0—95 9 9 6 0 — 9 7 9  ~980

Mean I - y r
1) iameter (n m i )  19.4 21i . O  28.4  29 .8  28.0

Stand ard
Devia t i o n  11.7 10.7 18.1 18.2 20 .4

mean of 2 9 . 8  n mii i w i t h  41% of the cases c o n s i s t i n g  of d i ame te r s  20 n mi

or less. Thus t ine  comparison suggests a p r e f e r e n c e  fo r  smal ler  eye

d i a m e t e r s  t h a n  average  f o r  r ap id deepening.  The l a r g e  d i a m e t e r  eyes

(> 35 n R n )  appear  to  be of i nadequa te  d imens ions  fo r  e f f i c i e n t  pres-

sure r e d u c t i o n .

In h i s  study of several Atlantic hurricanes (1958—1961), Colon

(1963) sII~gests t h a t  the eye size (radius of maximum winds) during the

early stages of hurricane development may influence the intensification

rate. The eye vortices of larger diameter (~ 40 n mi) were noted to be
a sso c i a ted  w i t h  a more g radua l  i n t e n s i f i c a t i o n  than those wi th  a small

initial eye size .
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I
Black et al. (1972), in disc ussing the r e l a t ively min or changes

iii eye size- and shape of steady—state hurricanes , remarked that sudden

significant changes  in eye wall s t r u c t u r e  u s u a l l y accompany rap id deep-

ening or l il l i n g  of a storm. The first situation is c lear l y demon-

stra ted in Fi g. 13 , where the mean eye diameter reduces to a smaller

size after onset of rap id deepening (22.5 n mi at onset , 16.5 n ail l 2 h

l a t e r , and 13.8 n ml at  t he  end of the  p e r i o d ) .  On the other  hand ,

w i de n i n g  of t i l e  eye a lmos t  a lways  accompanies  f i l l i n g  (Colon , 1963).

Some of the  mo st  a b r u p t  changes took p lace  in j u s t  6 ii f r o m  onset of

r a p i d  i n t e n s i f i c a t i o n . These In c l u d e d  Viola  1969 (20 t o  2 ii mi)  and

Elsie  1975 (35 t o n  10 n m i )  . B o t h  w e - r e -  r educed  to less than  10% of

t h e ir i n i t i a l  area  in a very  sho r t  t ime .

I

I
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5. TRAJECTORY AND SEASONAL——GEOGRAPHIC ASPECTS

a.  Tr~ j~ c t or v  d I r e c t i o n  and speed

Possible sy st c~~a tI c  a l t e r a t i o n s  of t racks  clue to r a p id intensi-

f i c a t i o n  have r e-re i ved  l i t t l e  documen ta t ion .  Dunn and M i l l e r  (1964)

have c i t e d  some o bse r v a t i o n s  t h a t  t i-n e a cce l e r a t i on  of a h u r r i c a n e

center is f r eq u e n t l y a cc o m p a n i e d  b y i n t e n s i f i c at i o n .  Forecas te rs

also have m e n t i o n e d  t h a t  ea r ly  n o r t h ward movement  of a f o r m a t i v e

h u r r i c a n e  possib ly is r e l a t e d  to I nt e n s i f i c a t i o n  processes r a the r

than to  s t e - c -r i n g  c u r r e n t s  (Sugg and Plc ’ i s se r , 1968). However , Cress—

nian ( 19 52)  p r o v i d et ;  e v i d e n c e  t h a t  t i m e  a real  ex t en t  of a developed

typ hoon is t h e  s i g n i f ic a n t  f a c t o r  fo r  a p p r e c iab l e  n o r t h w a r d  movement

h e e - a u~~e of l a t i t u d i n a l  v a r i a t i o n  of t h e  C o r i ol i s  e f f e c t  across the

c i r c u l a t i o n ’s d i a m e t e r .

In order  to  I n ve s t i g a t e  t h is s u bj e c t , the’ t r aj e c t o r i e s  of 79

sample cases i-n t h i s  s tud y were exam ined . T h e  t racks  of t i re  typhoons

wete d i v i d e d i n t o  two 24—h s e gm e n t s — — o n e  p r i o r  to and the o ther  dur—

In g the  r a p id g rowth  pe r iod . The average 26—in d i r e c t i on  was de te r—

m i n ed b y a ; ;t ’a i ght l i r ~e l i n k i n g  the  onset p o i n t  to the t e r m i n a l

p o i n t s  on t i m e -  t r ac t 7/ ‘ ‘ r~ ere  and on t h a t  segment a f t e r  the onset

of u~~ld d e e p e n i n g .  Th i s  was f~- 1 t to he morc conservat ive  and rep—

r e sent a t iv e  ot s y n o p t i c — s e - a l e  Iumc - ,a cation of the s t o r m  r a the r  than

sho r t e r  p er iods  w h i c h  o f t e n  may show considerable variability from

on .n 6— h p e r i o d  to another  (Jordan , 1963). For the same reason , 24—h

averages w~ m e  used to d e t e r m i n e  t i n . -  t rack speeds. In this case the

me an of t h e  t o u r  specds of ii... 4— h i n te rva l  was used .

I
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I FIg. 14 p resen t s  a s c a t t e r  d iagram showing t i r e  r e la t ion  be tween  the

d i r e c t i o n  of mean s t o r m  mot ion  dur ing  the 24 In b e f o r e  i n i t i a l  intensi-

f i c a t i o n  t ime , T0, and the  d i r ec t ion  d u r i n g  the 24 h beg inn ing  a t  T0.

050

040

0 ctnorip
030 • 2 O c ~ ori~ ,(v t e , in m ) J’
020 / /

/ 20 Ctn orngl
(boc~ ng)

I
/ — • — . / . t tpl~Oofl riot depIcte d —

~~~~ 

~~~~~~~~~~~~~ fr” 

•

‘

•

,
/ 

~~ 

Wen dy 1963 (210 b.fose, 240 o f t . ~)

240 2~0 200 270 260 290 3~’0 3 0  320 330 340 330 360 010 020 030 040 050

I 24h belora ‘T. (degrees )

Fig. 14. Mean 24—h direction of typhoon track Immediately prior to
rapid deepening vs. mean 24—in direction during rapid deep-
ening period .

The majority of cases in each time interval  segmen t f e l l  between the

I d i rec t ions  of 280° and 310° (57% of these before T0, and 53% of cases

after T0). This was not surprising, as another  s tud y (Crutcher  and

I
I
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Quay le , 1974)  i n d i c a t e d  t h a t  the  d i r e c t i o n s  290° — 345 ° are p re fe r r ed

s torm t r a c k s  at  the  l a t i t u d e s  considered In th i s  s tudy  (~ 25° N ) .

Two sto rro—o we-re  soi~n ewhat  anamolous in d i r e c t i o n  d u r i n g  t he i r  deep-

ening period , namel y Wend y (1963) and Faye ( 1968) .  Bo th  s torms were

r e l a t i v e ly slow m o v i n g  (~ 8 k t ) ,  w i t h  Wend y d i r ec t ed  southwest  and

Fayc h e a d i n g  n o r t he a s t .  This  serves as a po in t  of c au t ion  aga ins t

a c d t  i n g  on l y s t n r o - r ;  mov ing  from west  to n o r t h  ( w i n i ] c  s o u t h  of the

s u b t r o p i c a l  r i dge )  as c a n d i d a t e s  fo r  deepening.

Of t i n e  t y p hoons i n  t i n e -  samp le  t h a t  e v e n t u a l ly r e -curved in to  the

w e s t o n  ic- s (-() , m o i r e  had ye t r e ac h e d  the r e - c u r v a t u r e -  point b e f o r e

t i r e  v i~~1Jro u s g r o w t h  st ag e  wa s  comp l e t e d .  Th is is c o n s i s t e n t  w i t h  t ine

f i n d i n g s  of R i eh l  ( 1 9 7 2 ) ,  wIno examined the  i n t e n s i t y  of 66 r ecun  vin g

typ hoons 5 ( l 9 5 7 — l ° ~~~ ) and f o u n d  a l l  load re-ached the i r  peak im n i e - i l s i t y

be fo re  re - m o r v i t u r e .

A i n : o o s t  h a l f  (4 t ~2 1) of the d i r i - c - t i o n a l  changes  observed were r e - I —

a t iv e l y sm a l l  (± 1 0 ° ) .  Of the  l a r g e r  d i r e c t i o n a l  s ln i f t s  (> 2 0 ° ) ,  more

cases ve t - red  ( 2 1 )  a f t e r  d e e p e n i n g  commenced than backed ( 6 ) .  The

m a j o r i t y  of these ( 64%) were ’  moving at slow speeds (~ 8 k t ) .  T h i s

behavior  is I I  t - - n i  observed when  major  t r a c k  s h i f t s  occur . More

dir ec t i e n m r m l  s h i f t s  o c c u r r e d  to the righ t of the p r e v i o u s  24—h t r a c k

(46) than to the l e f t  (28) . Such behavior  of t r a c k s  of t r op i ca l

storms Is well known (Tannehlll , 1956; Dunn a r K l M i l l e - r , 1964 ; see also

Cressman , 1952 ) .

Fig. 15 po r t r ays  a sca t te r  d iagram of mean storm speeds 24 h

I
5A11 typhoons regardless of deepening rate are considered .
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Fi g. 15. Mean 24—h t y p hoon speech i mm e d i a t e l y p r ior  to r ap id deep-
e n i n g  vs.  2 4 — h  speed d u r ing  t ine -  r a p i d  deepen ing  pe r iod .

before  sl g n m i t i - a n t  d eepen ing  and  d u r i n g  the  f o l l o w i n g  24—h period .

The bu lk  of the  cases (36) b e f o r e  deepening  were c h a r a c t e r i z e d  by

modera t e  speeds. 6 A s l i g h t l y lower f r e q u e n c y  (28) existed f o r  st ro’ s

of slow movement , and even less ( 15)  f o r  f a s t  speeds.  D u r i n g  the

deepening  period , the m a j o r i t y  of t h e  cases ~40) t r a c k e d  i t mcderate

ra tes , w i t h  a near  equa l  number  a t  bo th  slow (21)  and above norma l

speeds (18) .  The range of the speeds (5—20 k t )  spanned about  the

6~’~ classif y relative rates , categories of slow (~ 8 kt),moderate ( 9 — 1 3  k t ) ,  and fas t (~ 1.4 kt) were chosen as defined byShea and Gray (1973).
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same i n t e r v a l  as those p r io r  to deepen ing . The d i f f e r e n c e  be tween

- the I we t ime h e r  i d s  showed onl y a m i n or  inc rease  in the mean of 1 kt

( 9 . 9  b e f o r e  to 10.9 k t  a f t e r ) .  The median speed remained  at  10 kI

for bo th  p e r i od s .

An e x a m i n a t i o n  of in d i v i d u a l  cimzmn ~- c - s  in speed i n d i c a t e d  t h a t

ther e -  were  more cases of a i - c eh - r a t in g  (39) than  d e c e l e r a t i n g  (28)

syst t o o . Twelve s torms d i  sp layed no change in speed of movement.

The m a j o r i t y  of t v g b ; e e o m m s  (56)  showed cli;mnrgm-o - ~ 2 5Z of the  24—h speed

i m m e d i a t e l y b e f o r e  rap id d e v e l o p m e n t .  A g r e a t e r  n u m b e r  of a c e - e l e r a —

t I omo ;  >25% (16) we-re no t ed  t h a n  dec - c I c - r a t  i c - n s  ( 5 ) .  These accelera-

t ions  , hi o~ c-ver di d  not  re o - mul  t In o ;p e - c ’d s  g r e - - m i c e  t h a n  1] kt  . Of the

i n d i v i d u a l  cases , t i n e  mos t  n o t a b l e  change In speed o c c u r r e d  d u r i n g

Typ hr ’  ‘ur n -Joan wi t  i ci t  ~~~ ap~- r u i  k in g  Ice  P h i l  i pp ines at  a r a t e  of 16

kt and d ec e l e rat e d  to 10 k i  (31% change) d u r i n g  the  d e ep e n i n g  p e r i o d .

At t1~e o t he r  ex t re -m ’- , Typ hoon  Tr i x  ( 1 9 ( 0 -  moved a t  9 k t  d u r in g  the

f i rs t 24—li pe r iod  p r e c ee d i ng  i n t e n s i f i c a t ion and accelerated to 15

kt (66% change)  d u r i n g  the  i n t e n s i h i c a t  ion. By contrast , Typ i n oon

Noi -i (1973) deepened some (m 9 mb in I s -  Phili p p i n e Sea w i t h  l i t t l e  or

no ulnan ge- in I orw ,jrd sjx-e d observed.

No p r e v a l e n t  r e l a t I o n sh i p appears evident In speed or ; .pee - d

I 
changes in cases of r a p i d  d e e p en i n g . In  sunnnary , however , it is

i n t e res t ing  to note ’  an apparent tendency in Fig. 15 for storms

I t rave l ing  f a s t e r  t h a n  normal  to  d e c e l - r a t e ’  du r ing  t ine  deepening

process while those initiall y moving at slow speeds disp lay a gradual

I . accelera tion .

I
i-
I 
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b. Seasonal  r l i s t r i h u t i o n

The annua l  d i s t r i b u ti o n  of rap id d e e p e n i n g  is presen ted  in Fi g .

16. As no s u r p r i s e , i t  i n d i cat e s  t h a t  th i s  phenomenon occurs d u r i n g

J u l y  t h r o u g h  N c ~-cr~be ’r , the ma in  months  of t he  typ hoon season. How-

ever , the  d a t a  p o i n t  out  t ha t  r ap id  d e c - p c - n i n g  is not  c o n fin e d  to

t he ; t -  r oan o h m s , h u t  o : e v e - r ; m l  occur rence-s  have bee-n r ecorded  In the w i n t e r

and s I r i n g  seasons.  In c i d e n t s  of m x ?  r e-mo d eep e n i n g  (~ 60 mh i n  24 h)

also have h e - e n  i n c l u d e d  f o r  ( - c l i p -ir i son  and  are  note - d to be most

p r e v a l e n t  d u r i n g  Sep tember  and Oc tober .  Values are g iven  at  th~ bo t-

tom of t h e  I i ~- cmm e f r  t ine pe rcentage of rap id dc-c -p i n i n g  as compared

t O  t o t  - m I m o n t h  l y f r c - q m m e n c y . 7 N ove mb e r -is a t - c - n  t o  have the  h i ghes t

p e r ( - t - n t a t ~e- W i t in  i i - . - m o n t h s  J t I J y — O c t o b c r  h a v i n g  n i c - a r 1~ equal  fr c - q u e n c y .

The m i n i m - a r m  n o t e d  f o r  A u g u s t  by Brand (1973)  fo r  typhoons  i n t e n s i f y—

ing more  t h a n  50 k t  In 24 ii i s  not  appa ren t  In these d a t a .

A b reakdown of t i m e -  most  act  ive p a r t  of the  y e a r  i n to  l5— d

periods 8 as disp layed  In F i g .  17 is some w h -n t  more revea l ing  of t he

seasonal d i s t r i h u t  ion . The bu lk  of cases is c o n f i n e d  to summer and

ear l y f a l l  ( 7 ( Z ) .  A c t i v i t y  b e-gao in t i n e  las t  p a rt  of June  (a l l  cases

were c o n f i n e d  to t i r e  las t week) , incre -ase d d u r i n g  la te  Ju l y through

August , and peaked between mid—September and mid—October. An absence

of any activity was noted durIng the last 15 d of October (Ida , 1969

7Based on average frequency per month from data comp iled by JTWC
for period 19)9—1976 (1976 annual typ hoon report). Months must have
at least 30 t vp lmo on o-c  f o r  compar ison , t i mt i s  r e s u l t i ng  in exclusion of
w i n t e r and spr ing m o n t h s .

8Thirty—one day mon ttns have l a s t  day included in l a t te r  l5—d

I
I
_ _ _
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oc c-nrrr e-d on t i r e -  16 th ) ,  whi ch served as a conven ien t  poin t to  d e m a r c a t e

tine-  m a i n  season.  Act v i  V r ;g o a r e d  d ur i n g  t h e  f i r s t  of Zov :: I e-r

b u t  t ap er e - d  o f f  shar~ v l h - - r e o f t c i  . The most s t r i k i n g  per iod  of ac—

i~’ 1 t y  o c c u r r e d  d o r  i 5~ t li first part of Octob -r , when 13 s to rms  were

r - ‘ ‘ C  ded , 10 of the m of t i n e  e x t r e m e -  v i r  i e t y  (~ ( 1) oh in  24 h)  . Combin—

I ng tine- p c -r i  od 1 ( a t e -nrb er  ti n r oug ln  1 5 Oc iah  m’ , I ’ e- a ce  t i m - m t  the- peak

of a n n u a l  m e t  iv  i t  y i s  rep r e s e n t e d  f o r  b o t h  rap id (21) and ex t r e m e  (13)

de- -pen ing s .

c. Cefl~~r flj )Il (: d t s t r i b U t  i on

The gmo gt’ap in ic  d i s t  r i h u t i o n  of l o c a t i o n s  w h e r -  t y p h o o n s  intensi-

f i ed  rap idl y is shown in  Fi gs. 18 and 19. T ime d a t a  were d i v i d e d  as

s m ’ ;’g

~~

s t e l  b y t he  s -acon1 I I r o q i m  - n c - v  . I- i g .  i~ shows rime Su u ;iom e- r and

e a r l y  f a l l  (20 June  — 1.6 ( O c t  ober)  and  F i g .  19 shows til e- r - I 5 i  i n d - r  of

the-  yea r .  Tile mid p o i n t s  f tine - t r ;o -k  sc ’gmc io  ts were  ide n t~ f i e - d , and

the  l a t i t u d e  and l o n g i t u d e  of these  p o i n t s  were  averaged f o r  mcli

5° M a r s d c mi squ a r e  to r e p r e s e n t  the  ce n tr o i e i  c f  t i ne  p o i n t s  o n t a in e d

in the square .  lsop letb s  of the-o ;e v a l u e - s  we-re drawn to h igh l i gh t

areas of m i ght - s t  a c t i v i t y  (Fi gs .  20 and 21) .

The snnm: ;n ;. - r — e a r i y f a l l  si t u a t  i o u  ( F i g .  20) p o r t r a y s  a l a rge

m a j o r i t y  of a l l  o c c u r r e n c e s  c o n c e nt r ;n t -d in -
~ 

50 band between 15 and

200 N b e g i n n i n g  some 300 n ml east of Luzon and stretching eastward

to the  v i c i n i  t ,- of the nor the rm M ar i a n a s .  In con t ras t  to the

P h i l i p p ine Sea , the  South  China Sc-a is a lmos t  f r e e  of rap id growth

case-s .  T h i s  was not  u n ex p e c t e d  ins t y p hoons l i m I t  f o r m  in the South

China Sea o f t e n  reach l a n d f a l l  b e f o r e  they can I n t e n s if y s ign i f i can t ly.
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H
Those s t o r m s  t I ~~ m I  e n t e r  f r o m  t h e  P h i l i pp i u m - Sea a re  weakened  or s t h e i r

c i r cu l  t i o n s  , ir e- d i s r u p t e d  by t i r e -  rough t e - rr ,n in  of t ine P h i l ]  ipp iu c

Arch ipe I ago  - Urn  e e re -gi  - mn r m t  i *n occurs ove r the open sea , i t is a

r e l a t i v e ly  ch ar t tine before landf all on the Indo—China P e n i su l a  or

sou th -rn  C i n i n a .  Time r e - l a t i v e - l y f e w  o c c u r re nc e s  e- - - t  of the ~- ri.anas
are pr I O l 4 C  I l y t h e  r e s u l t  of the normal ahaetncc- of t ine  l o w — I c  v-i run—

soon t r ’ m ig hm in t i r  is rt-g ion . E iy , I t y — f  ive  pe rcen t  of a l l  t y p hoons

0 genera te-  w i t  in  t ine -  monsoon I rc * ighm ( O r — ’,’ , I ) 7 5 )  . Tho~ eo tV ; h i o on o ; that

do d c -v t - l o p  in tin i s  r e g i o n  a r c  in i t  l a tc - d b y d i s t u r b an e ’  0; ;r s so c i at e - d

— w i t h  u p p e r  tro po sp lmm- ri c lows and a c c o u n t  f o r  tine reo . ining 15%; f ’  u

i f  any  au d i cases ,(-c(mtuieO w e l l  deve loped .

Du r ilm g tine late fall through spri ng , ( F i g .  2 1)  t h e ’  p r e f er t - n -

I E n * - . 4 ~~ - _ _ . -  - - a , I ~~~~fl : n s  C e ,  C 4 U u 1 * * L ~~ ’. ,  Cl am,  S b  C ’ ’ ~~~S . L ’ U L t C L C u  A U C I C

l i n t i  t u j i ’  b e l t  l n - t w c * - i i  i0~~l~~° N .  The m a x i m u m l u m  is not  as l o n g i t u d i n a l ly

spread , be-i r m g  d isp i ;m cc -d f e r r t h e - r e a st w a r d  f r o m  t i r e  Phi l  li p p ines  and

litn i ted b y t i m e -  s o u t h e rn ~1ari - m ~~~~~ S u r g -o- ; of t I i ’  - nor t  lo om s t monsoon

d o m i n a t e  I i -  a rea  east of Luzon w I t h  c- c c - I c r  d ry  a i r  during November

t h roug h e a r l y c ;p r  i m n g (Ranra ge , 1971) t i m e  i c i c y  p r e s e n t i n g  a I n o s t i  I c  en-

v i r o n m e n t  for  add i t ional  d e v e l o p m e n t  of a t * r r , os  t h a t  m i g r a t e  to t h i s

reg ion . Fav o r a b l e  .- o r n d l  t i ons I or  s to rm m a i nt e n a n c e  n or t h e a s t  of

Luzon u s u a l l y do not  r e t u r n  u n t i l  l a t e  s I* rin ~ when the southwest  mon-

soon h e- - m e -s e s t a bl i s h e d . This  was t h e  case fo r  Olga , 1976 , which

was s t a l l e d  o f f  the coas t  in the lat  r p a r t  of May.

]) Ocean tern attIre influence

I
The t r o p ica l  cyclone gains i ts energy from the ocean and also

_________________________ ________________ _________________- -~~~ --- -



I

• - I
te-nds to he mo re- i u i t e - n n t -  wh ere  se-~n — ~-- u r f a - e- [ *  r p &  r;mt ’mr * $ ; *- ~i - the h i g i - —

1 c - o c t ( M i l l e r , I~l ’ o~~). In an mt t emp t t o  expl ain the g.-n ,’r a i* hm ~~ a1 d i- - t r _ —

but Ion of r a p  d d i- e lm e fl i ng , t h e s t - a — -  u r f  I e t I l j * c - r - . 141 4 was exami ned

over t i c - 1 * g u n  ~or each t ’7’p l ; oo ;n  i i  . c r i s if l c . - - - i t ’  the  s 4 m l m l  .

m a r in e  se - a — ~~u r f ; m - * - t e ro 1- * ’ r c t  - c r c -  c - h a r t s  p m  e - I a r m -  I~ - - t i l e Jaj - i 5 ( ’~~ 4 : l c - t c  ‘ —

r o lo g i ca l  Ag, - n’y were- i u i s i - e - ~ ’ t *  I to  * 14 t - 1 0 t o 0 $  ~h ~~ - r , ’~ - r a t u r t -  1~t i o r  a

~mr ri v ,~l of t in - u ’ , - 4 - — S O  th o nt t h , * -  t i - n I  (-~~f1 t u r -  ~- - * l d n- - u  - .  n a l ,  -

! 
er l i - * d  b y a t m  c - c m 4 ’, i i d - ;  o t  th e- S t m ’ r  ins and coub;. i t  m.~ ,wi i n i n g  ‘ 1  ceol - - r

wat e r .  ~- itln Ih ie  d a t a  d v i i  l , n i * l i - , t i c e  j - t - t  ,ud o l  i - - urd o - t udlc d ~‘ - n s

I -

Tab i i -  4 shows t i m e  f r - - - p i ’ ’ n c y  -f  t t - m p e r m t  . 4  - - a t  c -mcao- - n c (  Ps-nt ;mn-i

t m  r~ ; i n at - ton ot  r - * * i i  d * - I r i g .  T u e  j o  r i t  y m c  as c- s  we rn - ii I 1 0 *  d

Table 4. S e a — s m n r f ; m c e ’  I * -~~p - r a t u r e  v a n  m t  i - - n asIc- i iated w I iii r a p i d
- d -  p m - n i  ng  ( 1 9 ’~ c — I ~l O ) — 

~2 ~‘;i~~ -s

I c m -  es

‘ Fir 1- ° C Onse- t Termi nci t i o n

26 t o  26 .9  0 0

i 2 7 to 2 7 . 9  1 2

28 to 28.9 15 19

I 29 to 29 .9  43 38

30 t 4  30.9 3 
- 

3

I
I 

_________

I 
9A lt h o u gh  loca l  u c e a — s u r f - i c ’ e -  t emperature may vary over just a

few days , the l O— d s ea - s u r fa ce  t~ n o p e - r a t m n r c  should provide su f f i c i e n t
i n f o r m a t i o n  as t im e- t r o p ica l  c y clo n e  c i r c u l a t i o n  covers a re lat ively
larg e area.
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to va lues  of 28~ 29 0 C. This c o r r o ho r a t * -s t u e  f i n din g s  of I to  (1963)

who f o u n d  rap id d e e p e n i n g  (2 . 0  mb h~~~) o f typ hoons ( 1 9 5 4 — 1 9 6 0 )  asso—

c iat e d  w i t h  sc- , n — s u r f a c e ’  t e m p e r a t u r e s  of 28 0 C or g r e a t e r .  Few t imes ,

i f  any , d id  t l i c -  t e m p e r a t u r e  i n  t h e  p r e s e n t  n ; s~o ] e  reach t h e  t h e o r e t i -

cal va lues  r -q ir i r ed  f o r  deep s t ron m s ( 30_310 C , c e n t r a l  p r e s su re  ~ 914

;b ) as a d v a n c e d  b y Mi l i e -  r (1958)

Sever om i I n v e s t i g a t o r s  i n c l u d i n g  Per irot h (1967)  and Le c ippe r  and

V * - l ge- u m mu ( 1 9 7 2 )  h ave- - o , o ’- l m as izcd t ine i m p o r t a n c e  of c o n s i d e cr i  ng not on]

I or  f a c e  t e - m p c - r a t u r - h u t  a lso  the  t e m p e r a t u r e  of t i m e ’  upper  ocean

l a y - r .  S i m m o I l d  onl y a sh ;ml low l a y c  r of  warm w : m t c - r ex i s t , t h r a n  t he

l ar ge -  s u r f ;m * - * c - c o  r~-, v r eu q l l i  l en i e n t  f o r  s u s t a i n  i ng a rap idl y i n ten s  i f y —

ing t y p h m *on roo m y  not  In - m e t .  A s t u d y b y Jo rdan  and Fr ank (1964)

J i m - i  1 c: m t e S  I c O t  ‘m m i X e d  I ~c v - - r  dep th  o f  some ii) on i s  r e qu i  red to p rev e n t

cold  w a t e r  m i x i n g  I r e r o  b e l o w .  Gray  (1975) has  g ive -n a t t e n t i o n  to an

increased dept h  of 60 m in as sc- ssnmc-nt  of ocean thermal  p o t e n t i a l  for

t rop ica l  ey e ]  one- gen t -n i  s

In order  to e - x a m : ; i n c  t h i s  aspect , a c l i n m — r t o l o g ical approach  was

n ecc-ssary , as v e r t i c a l  d e p t h  measurements  of the upper ocean layer

are not routinel y available in advance of a typhoon. An atlas of

month l y s u b s u r f a c e  ocean t e m p e r a t u r e  comp iled b y Robinson and Bauer

(1971) was consu l t ed  and values at  30 m and 50 m ex t rac te d a t poi nt s

where  rap id deepening beg-rn and t e rmina ted .  Table 5 presents  the

results for the 62 typhoons examined earlier for surface temperatures.

Almos t all showed high temperatures of ~ 280 C to 30 in. However ,

cool er temperatures often were in evidence at  the 60—rn levels . Cli—

nia to logicall y ,  these data  would suggest a mixed layer depth of ~ 280 C
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Table 5. Suhsunfam -e ci Loo m t o l o g  I ca l  t m - m g i - r a t  n r ~ - v a r i a t i o n  a s soc ia ted
wi tin r ap i d  d e * - o - - n i n g  ( 19 5 9 — 19 7 6  — I -  cases .

30 in d e p t h  (~ O s e ; )  60 in de-pt h (cases)

Temp °C O m n s - t  T e r m ln ;m  t - -ii U n s e t Te rmina t ion

23 to 23.9 0 0 0 2

24 to 2 4 . 9  0 0 0 1

25 t o 25 .9  0 0 2 1

26 to  26 .9  0 0 1 8

27 to  2 7 . 9  0 3 8 20

28 to 28.9  13 31 27 20

29 to 29. °i 49 28 23 10

to 30 m as a I u n i t  ing c r i t e r i o n  f or  r ap id  d * - v e - h o p n i e n t  -

Fi gs.  22 m r - g d  27 d isp l a y  t in e  c l i m a t ol o g i c a l  l o c a t i o n s  of the

mean m o n t h l y 28 ° (2 I c - ;u t h er m  f o r  sea s m r r f a c - , 30—rn and 60—rn d ep th

based on t h e  at  i . m ; ;  of i l o b in so n  and  Baue r  (1971)  . Track  segm en t s  of

j rap id l y in t e i - r s i l  y .ln g  t y p hoons c c c i  m r r  i n g  w i t h i n  the mouth are also

mapped. i~ i t i c  I I , - - c x m - t - I I t  ion of A n i t a  ( A u g u s t  1970) , Th e lma  (Augus t

1962) , a n d  l i e - l i - r i  I, S e - p t m - n m b e - r 1 9 6 4 ) ,  a l l  t r ; r c k s  t e r m i n a t e d

at m r  - q u i t  o rward  of t i m e  30 rn i s o t h e r m . Thus the  c l i n nat o log ical

i o c ; m t  i on of t i l e  28° C i s o t h e r m  at  30 m depth might , in p a r t , exp lain

t in - poieward limit (and western demarcation line in the South China

Sea) of t i l e  geograp h i c a l  d i s t r i b u t i o n  of storms d isp lay ing  rapid

10growth

‘0Several storms such as Ellen , (July 1973), Mary (J uly 1971)
and TrIx (August 1971) began rapid deve l opment (.. 1.75 nib h ’) pole—
ward of this limit. However in each case  the trend was a short one
(6—12 h) .

I

-a ——e—~’~~- — 
__________________________________ — — — — - —--———---———— ,-— .---———————— ———-.--—-.———————————,——.————-—.—— —‘--I
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However , ocean t emp e r a l ~i rc  in f 1u e m - e c ~ can be CI-nsidcrc-d only as

a nect-r ;I- :lrv bu t n et  su l  I i c i e r i t c e r id it  ion  f o r  cj i u * e r : - l 1 intensi ty gr- -:-.-t h .

The b u l k  of the typ hoons t r a v e r s i u p  t i l t-I - c warm waters displayed only

norma l d -vc- I copn * -n t and ri rny wt - ii- -nr- d (I; c-md • 1 9 7 3 )  - I t i : : cvi -P- :C t l ia t

upp er t ropnsp lcr is circu la t ion featur -o p lay  t I -  s ipn i i  i ca nt  role

(Rama gi- , P 4 / ’ 4 )  -

2 ) t ~~pc-r t - roposp her i c  4*1 l uen -es

Upp e r t r I p I I o _ ~ I I I l  n c  ou t f ow to t i L c  ~- :&-s t c -r l i e s  in t i i ~- n o r I I c - . - r :2

s e c to r  of a t r o p i c a l  c y c U - n r  h a s  l t lflp br-en r t  - - - - i c i z e d  as a r e r 4 u i r * - —

*- I ) Il t f I r  h t i r r i & - n i l c  d e v * - l o i * n - c t (R i c h i  * 
195/ ; Dunn and  S t  4 f f . 19~ - - ~

- Col on  and i p u t  i t i ga le  , 1963) • D - ep t r oup l l s  n t h e  ~~‘c
- , L en  i c . c can

o f t -n f a c i  I i t . a t e  t h i s  f l o w  d u r i n g  the  l a t e  f a l l  and r p r i n ~; .
d u r i l p ’  t h e  sl immer : i - d  e ar l y f i l l  t r ( o u i ~~l Iu  in  the  m i d — l a t i t u d e  w e s t ’ - r - -

1 ic - s s - l d o n t  * x r * - n d  in t o  i I -  t r o p ]  c a l  4 --J ( -s ta ’rn N o r t h  P a c i f i c  ( S a d ler ,

1976a) - T h e  ci r c *i l ; i t ion  f e a t u r e  t h a t  p r o v i d e s  a ~- i - st e r l y channe l fo r

out I 1 *w dun up L i i i : :  ;e- n o d  ( I f  t h e  y e a r  i s  t he  Trop i ( :11 ~pp er  ‘l’ropo—

spheric T r I * I I p I I  (Turf ) , 11 f ( - : i t l I r t -  I i  rst id (-nt ific- d by Ramage (l9~~-J)

as i m po r t an t  for  typhoon cI t-v t- lOpm(flt

4 Fig. 29 dep icts a u c h i r - i n o l t  i c ( t  r -~ Sadler 1974- -i ) of storm out-

flow ]nt (- ract i l - f l  with l:irgc- r scale circ lat i i-ci: in the upper trc’po—

sphere . li p . 28a p o r t r a y s  a model  v i e w  of o u t f l o w  i n to  the  sub-

t rop ical  w c s t + - r I  ic- s enhanced by a deep mid—l it it u c l e trough while out—

f J o w  - q L l - l l o r w 4 l r d  is d i r ec ted  In t o  the  east&-rlies. ITh i s  semi—

p e r m an e n t  f e a t u r e  of i n c r e c t c ; i n g  speed wr - s t w a r d  (due  to the  eas ter ly

j e t )  p rov ides  a p er s i s t e n t  ( - L i t  f l ow m ech an i s m  f r o m  the  s t o r m ’s

I
I

-~~ -~~~~ -.--- —----- - • .  - — — — _______
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I

Troug h
(a) in

we st er ( ies

—
~~~~~ 

—

~~~~~~~~
-. -

~~~~~~~~~~~
------ - - -

~~I - —“ - -I-

(b) S T R ~~

j —- -- - —
-
~~-

(I - - -- ~- -- -

FI g.  28. Sc-h - -lrat L c of s t o r m - I  o u t f l o w  i n t er a c t i o n  (dashed l i n e s )
w i t h  the  ]:irge r c m - t i e  c i r c u l a t i o n  ( ‘ e l  I d  1 i n c -s )  . SIR
is the Sub t rop ica l  R i  dge; ~~~ , l i i i  Subeq u a t *r I a l  Rl d gc
and TUTT , t h e  Trop i c : i I  Uppe r i r I t I l o s p h t - r i  c T I I ’ I I p I i  -

( f r o m  S adl e r , 1976a)

_ _ _  

_ 
_ _  -
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e q u a t o r i a l  flank d u r in g  thic- summ er and fall]. Fig. 28b portrays the

~nt - t , o - t  ion ci t h e s t o r m  o u t f  low wi th t ie-  i r l I l l i  - - a ]  U p p e r  ‘Tr oposph e r ic

Troug h (TUTT) and the  r e s u l t a n t  c h a n ne l, in to  t h i t - - w c s t e rl i e s.

Th e- TUTI ‘ s s p e c i f i c  rol c- in e n han c i n g  d e v e l o p m e n t  and i n f l u e n c i n g

i n t e n s i ty  change- s has been documen t e d  r c - c : c - n t  I y by S a d ler  ( 1976,i , 1 9 7 ( h )

In view of tI le fort p c - m g e v i c l * - I 4 - c e , i t  is of i m p o r t a nc e  to  cons i  U c T

t h i s  f e - a t u r e  ~-i t en ex a m i n i n g  g e o g r a p h i c  d Ia-; t r i u i u t  ion 01 r ap id  P~ e p en  i ng.

The m o n t h l y c l i m o t t o l o g i c a l  p o a i t i In s  of t hu ~l L ’ ~ a-~ d e t e rri nc- d

f r o m  an a t  1 as of 200—m b c i r c u la t i o n  ove r t l t e  t ropi  (‘5 p r e p a r e d  b y ~a d l  er

(1975)  h ;ivc- bc-c -n  n~~iPc- d on Ui pa • 2 4 — 2 7 .  I t  i no t  e-d t h a t  P ~u -  I i  - -:. o rd

I m t  of r ap id  de-c-peninp sn i i i  w i t h i n  t 2° of l a t  I tude  of the TUTT

d u r i n g  thu-ne i n c l n t r l a . In ( I 0 - t ( - l i ( t - , for  those typhoons t i c - i t  mr - - v i -  p o l e —

ward  ot the se -  l a t i t u d e s , t I i i -  t r o u g h  r e f on r s so u t h i  of the  typhoon thus

e f f + - - - t i v e l y c u t t i n g  off ( - - I u ~i t I r w ; i r c 1  f l o w  to the e a s te r l i e : ;  w ith con-

c u r r e n t  t I - c r : -  m a t  11111 :11 the- i nt cfl~;if jc-; t t ion .

Fig .  29 and 30 p r e n e n t  s ; I t ( - 1  l i t  ~ 1 C - I g * .- ry  ( - n l l n i l l e s  - ‘lyp ilutIn B e t t y

(12 Augus t 1972)  in  l i p .  29 is an int. t n: ;ilying s t o r m  ( c en t e r  1 * - I - a t cd

near  18° N 138° E ) ;  o u t f l o w  in occurring in tI c northern i—t- ct o r to

t h e  east  w i t h  c l o u d i n e s s  equa to rward  of i l ~ t v j - I I I - - n  i n d ic a t i v e  of out-

f l o w  i n t o  t i ~~- cas t e - r i  i l ’s .  On t h e  o t h e r  hand , ‘l y i h i - - o n  A n i t a  (20  Augus t

1970) Is Show n In Fi 4-, . 30 ( r e l i t c - r l oca t ed  near  28° N 136° E) w i t h  a

c l e a r  zone equa torward  of the  typ hoon , i n d i c a t i v e  of the presence of

an u p p e r — l e v e l  t rough  b loc -k ing  o u t f l o w  equa to rw ard  in to  the easterl ies.

Anita ’s central pressu re  was f i l l i n g  at this ti n s- .

By the early part of October subtrop ical westerlies prevail east

of the As ian continent , and the  TUTT re treats eastward and disappears

4

_____________ 
—-,___ — --- — — —----- —_-—- — ~~- - -
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FIg. 29. ITOS- 1 s a t el l i t e  v i  ow of  t yp i l e l l i l  Pt -t t v  (12 1 1 1 4 - l I n t  1972)
w i t h  - I ou ch  m t - a s  f e a t u r e s  s o u t h  ~~f t 1 - t v 1 h i -o~~i d e p i c t i n g
o u t f l o w  i n t o  t h e  u p p e r  t r c - p l l - ~~~l I ~ ’r i c  eas ter !  i es
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I-i p . 30. ii~ t . — i  nit tell i t t ’ vi ow of t ph i o on  Ai-ii t a (20 Augus t  1970)
wi t h i  - l o u d i n e ; ;  ~i l i s e - n t  - j t i a t  - rward  of t he t v I l I l o c l i I  m di—
c a t i i i p  ou t f l o w  t o  t h e  uppe r t r o p o s p h e r i c  -~~ tt - ri Ia- ; has
been :n - v e r e d  -
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later in t i n -  m o n t h .  The 200—mb s u b t r op i c a l  r i d ge becomes t h e  l a t i -

t u d i na l  b rake  as s u g g e s t e d  b y t h e  t r a c k  segments  in Figs .  2 5 — 2 7 .

Polcward of t h i s  p o s i t i o n , e q u a t o r i a l  f l o w  is severed and the s torm

sy s t e m  is sub ~c c t e d  t o  i n c r e is in g  i; ; i p u i t u d e s  of v e rt i c a l  wind shear

I (Cr ay , 1975) .  This d 1 i  I n c - I ion l i n e  N - r c ; i s t s  through - C w i n t e r

and s p r in g  L in t  il n i e s t  ~o l - l i s i i m e - n t  of the  TUTT in ea r ly  s u r n er .  A

sli gh t  s easona l  p r e f e r e n c e  a p p t - a r a  in the g e o gr a p h ic  d i s t r i b u t i o n

of rap id dec-pc-ni u p  f r o m  summer to  f a l  1. Th is also  lu io ;  bet -n no ted

b y Brand ( i  / 3 )  - In la m e June through August (F igs .  22 and 23)

I 
there is a t c u i c l e n ry  f c r  m o s t  of  t P -  t r a c b s ;  t o  he  locate d  i n  the

wes te rn  p o r t i o n  of th e -  Ph iu ippi uw - ~a-a , w h i l e  during S i - p t c - a u - r  and

I earl y O c t o h i -r ( 1-Jgs. 24 m ind 2 5 ) ,  t r a j e c t o r I es  are c o n f i n-  d ia ;r e  t o

the t - a s t o i  ii  p o r t  i c - n _  The iu~ i I d I a i ~~i l  o r i e n t- l i o n  of the rrmJ~s sug~

~
- st s  that d ‘l~ i : i i d —  l a t  I t u d e  t r o t i - l i ; ,  a re  l e g  i n n i n g  to  appear  d u r i n g

I the l a t t  -r p r  ioch t l I e  r o h t v  p r e - v en t  j u g  more  wc-~; t em - l y mev -i:c- n t. D c-ve l  —

I 
opnen t  t h r o u p h i  proce-s-~~-~; shown in  F i g .  28b is t i tu s  common in t h ese

s i t ua t  ions .

A l t  h u l l -h i i  Im at o log ic a l  f e a t  u re s  may be used to exp l am , in

p a r t , the  pt - gr a p h i c  d i s t r i b u t i o n  of rap id deepening , r ecogn i t ion

I of the individual case w i t h  respect to p a r t i c u l a r  upper  t r o p o s p h e r i c

patterns is n t - ; - s ; i r y  if  p r e d i c t i o n  ski l l  Is to be r e a l i z e d .

I
I
I
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I
6. OUTFLOW CHARACTERISTICS

I
a .  l n t m - c c b l I I - t i l ’ n

The u p p er  t i posp h i er i c  c i  r~ u l a t i o n  has a c r i t i ca l  r o l e  in de t e r—

m i i i  i n k - , a typ ili - i t ul ‘s intensity - This w e ;  bes t  enphas ized  by Sadler

( l 9 7 6 a , 19 T hb ) ,  i- ho showed t h a t  the p r c - c - - u i - t -  of m u l t i — d i r e c t i o n a l  out-

f l ow  c h a n n e l s  p lays  an i m p o r t a n t  p a r t  in t i e  d e v e l o p m e n t  of t r o p i  cm ~i

cyc lones  in t h e  n e a r — e q u a t o r i a l  s u r f - ~ -e t r o u g h . Dvorak  ( 1975)  has

ohscrv -d in s a t  c l l i t c  i m a g e r y  s t u d i e s  t i c i t  c i r r u s  c l o u d s  sp r c - - eI ing

I ou t  I roe t rop ica l  c y c l o n e s  in t h r e e  or mon q u a d r a n t s  a re  inch i: ,~ t lye

of both t y p i c a l  and r a p id d e v c -  I op ine-nt  . F o r e - c - a : ;  t ( r n  , In c  l i d  lap thi-

au t  ho r  f t h i i  I; work , also hi ave ct- w a ne d on t he e- ; - ; i s t  c - u i c e  of c c - ve r a  1

o c t 1 1 ’ - - ’ of out  f l ow  into t Ia: i ~ cg~ - — u c a  I i  c i r c u l a ti o n  - - f t  ofl a t  i cn d an t

with n irk ci Intensification . Ch ,ir ;icte rist ic s specific to t l ~e rap id

deepening case , however , h a v e  no t  h i - c ut addressed , and d i sc -u ss ion  of

gen e r a l  f e a t u r e s  has h i - i - n  l a rg e l y q u a i l t a t  ive.  Thus , the  e f f o r t  in

t h i s  sec t ion  will be to Pt -ocr il - c- q u a n t i t a t i v e l y t h e  p r e f e r r e d  out-

f l o w  characteristics associated with rap id developmen t on a more

q u a n t i t a t i v e  h a c i s .

I To focus  on the most si g n i f i c a n t  f e a t u r e s  of upper  t r i i l l o i h i c - r i c

outflow f r o m  in t e n s i f y ing t yp hoons , two sets of c o n t r a s t i n g  rates of

development  were  selected . One set consI s ted  of ten explosive deep—

I ening cases (~ 60 mb in 24 I i ) .  The o t h e r , used f o r  comparison , in-

cluded slow to normal  deepening typ h oons (~ 24 nib in 24 h ) .

I
I

~. 1
--
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I
b - I) at  - i  d i n t  i u - ,~ • - 1

I
The per ia-c! 17 0 _ l 1 17 5  was s e l e c t  d fo r  s t u d y s ince-  upper t r opo—

~ p h u e  n c  (2~ O--c ,h ) d at  i and d a i l y  t - p c - r a t  lunal s a t t -  11 i t0  i n i i p e  ry  w e r e

I 
read i l v  av a i  l i t - i c  i t  t h o s i -  ve ’ ars  . A l i n t  of the- t y p l u ons  chosen

d u r i n g  t h e  p e r i o d  i s  g iv t- n in Tabh-  P . -- -‘ i t h u  t i l t -  exi - t - p t i o n  (If ouw -

I s t - t r o t  ( P a t s y ,  I~~73) - i i i  t- - t r e m e  dc- t- j s-u ; Iuty t y p hoons ot - c i r r in g  d i u r  i m ~~;

the h c ’r iod ; i u c -  r i - p r e s en t  c - P .  The map t l ine ci ‘ - i - S t  t o  (b u t  icie r 1 -

I t h u  onse t  of r a p i d  d e e p e n i n g  wi n d u c t -n fo r iti. i l y :is. P r i t - r i a  for

I 
t h e  : ; e l c - c t i o n  of ty l- 1~~

o u t : ;  I n  t h e -  e i i t l l p : t u i son sot  : h i t u w ~ : 1 4’ , n o l u — r i p i ci

l o t  - u n - i  f l i n t  ion we-re has.-d on d i-  h u r l i n g  r a t  ( , i f l t o f l S i  .‘ m d  l ’ ( O —

I 
p r a 1t l i ic;il p u - - i t  i o n .  1hi s required Pt v - - lt -pi’e nt i - r - - f i l e s  h - s - i  t h an

t i l l -  c ; t - d i ; m n  n n r u ;i l ( . .  24 nib i n 2” t hi) centr al i lO : S t t r t - a  s up p o r t i n g

I t y j - b i i -  ii ye b e  it I en (: 98() eli) , t t ’fl L or  p c -  - I t  ion t - q u l t o r w , i  r i  of 2 2 ° N

I 
l a t i t u d e -  and a t  I t- - : ; t  30 ii f r i -n ;  l ; i i i d f m i  11

To f u n , ,  the L i l a  h o o t -  f o r  t l u c -  a u u - i l y s  is of tin - i-ic- select c- i storms ,

I c ha r t s  p r e p a r e d  b y thit- lU- C h > r ir n mm r I ly wer e- u t i l i zu  P ( p e r i o d  1 9 7 1—

1975). These maps c i n t a i u i - I l  d a t a  f r o n t  seve ral  sources  i n c l u d ing

I s t a n d a r d  r a w i n s o n d e  observa ions , t r ; i I I n i e n t  a i r c r a f t  Dopp l e r  winds

( w i t h i n  ( hi of s y n o p t i c  t i m e )  observed between h e i g h t s  of 10 and 12

kni , and w i n d  d i r e c t i o ns  d -t e m m i n e d  b y c i r r u s  c loud plumes observed

I In hi gh reso hum t ion satel]ite imagery (Dc lease M et e o r o l o g i c a l  Sate !—

lite Program ; see Meyer , 1973). For the earlier year (1970), upper—

air charts containing similar data and p roduced by Flee t Wea ther

Central , Pearl Uarbor , Hawaii , were u t i l i z e d  also . However , cloud

direction c-lcnue- nt s determined from satellite imagery had to be added

J ( E n v i r o n m e n t a l  Survey S a t e l l i t e s  of t he  U.S. Department of Commerce).
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Fig . 31 (f or Typ hoon Hope~, Sep temb er 1970) disp lays  a typ i c a l  d i s -

t r i b u t i o n  of d a t a .  Both  s t r e a m l i n e  amid i so t ac h  I L ids  were ana l yzed

I from thu mapped d a t a  w i t h  emphasis  p laced on c o n t i n u i t y  and i n t e r —

p r e t a t  Ion of m e t e o r o l o g i cal  s a te l l  I t t ’ image ry  (see Sadler , 1976a)

I where  c o n v e n t  ionai  d a t a  we-r e ah sent .  It  m i gh t  b e- no ted  t ha t  i u i v c - s t i —

I 
g a t i  ons by F rank  (19 7(y ) have i - - I i u - i - ’ n  t h a t  the m a x i m u m  ou t  f l o w  l e v e l  is

b o a t  ~- ch u l t - ; u r  150 nih f o r  typhoons. h]oe vt ’ i ’  , Black and Ant he - s (1971)

have remarked  t h a t  c i r rus  m o t i o n  may not occur  at t h e  levc-1 of laxi—

mum o u t f l o w . Thc us  , C O f l S i I h s i ng  t he  d a t a  an - t i  zed , it  is q u i t e  poss i—

b l c -  that velocity m a g n i t u d e s  o b t a i n e d  may r o t  be a t  t he  levi-i of

I 
max 1 : 1 1 1 - I W ind

In o rde r  to i -va lua t e  t h e  o u t f l o w  c h a ra c t e r i s t i c s , an ana l ys i s

of r a d i a l  w i n d  e o I p o l u - u m t S  - i t  Sc T e e  ted r a d i i  was used - A a t a t  l un ar ’ >-

g r id  of 15 0 l a t i t u d e  r a i l  i i rs  and p o s i t i o n e d  on the typ hoon centc-r

I (g e o g r a p h i c  references; ~or thi — 360 °)  was emp l o y e d .  The gr i d  con—

I 
sist -d of five r a d i a l  bands (5° , 7 ’ ° , 100 , 12t ~° , and 15°) w i t h  in—

crem erm t- s of 30 0 t ; u i ~~ u - r t i ; i l  e x t e n t  about  ea ch  band . Radia l  components

of t he  w i n d  m e a s u r e d  a t  60 g r i d  p o i n t s  pc -r  s t o r m  w ere  e v a l u a te d  by

g r a p ! i i e ;u ]  r : e t h o d ; . No a t t e m p t was made to  o b t a i n  m e a s u r e m e n t s  w i t h i n

I 5 0 of the t y p hoon c e n t e r  d i me to the u s u a l  u n a v a i l a b i l i t y  of dat~a .

I 
The 50 c -i ru- i c- a l S O  serves as a c o n v e n i e n t  l i m i t  m a r k i n g  the e x t e n t  of

the nmean typhoon circulation scale (Frank , 1976) An outward limit

of 15° radius was considered sufficient to Include the major upper

t r o p u s i i h u c - r i c  c i r c u l a t i o n  in f l u e n c e s  i n t e r a c t i n g  w i t h  the typhoon out—

f low .

The average radial w i n d  component at each of the  data points were

_________ -~__ _ _ _ _ _
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i n c l u d i n g  c o n ve n t i o n a l  rawinds , t r ans i en t  a i r c r a f t
Doppler meastrri.-~ o -n ts , and f l ow d i rec tion de r ived f r om

‘ 
c i r r u s  clouds dep i c t e d  in s a t e l l i t e  imagery . (Typhoon
h ope , 0000 GMT 23 Sep t ember  1970.)
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I
used t o  f o r ~~~an ; l v I - r g u -  wind l ie- id for  a l l  d a t a  p o i n t s  fo r  b o t h  th e

rap id i f l t  c r _ I - ’  i f  i cat  f e - t i  gr o u p  : I d  the m or e  slowly d&-v -1npin~; cases .

I 

The e- - t ; t os  I - - c ha r t  a pe Ct  a in ~n~; to t h e  ts’ i g r o w t h — r a t e -  t ypes  are

pr esentc-d  in F igs .  3? and 33. In a d d i t i o n  a l i st i n g  of sec tor  pr e - f—

I 
crclu- e- fo r  ou t  f low w’1i: ;  c o m p i l e d  f o r  each t ’,’ph oon (Tah l  - -  7) - On ly

r i ?  i ; i l  wi n r i s  W I  ft r:I ’ l : ’ I  i t  udes of � 7 k t  f o r  each d a t a  f - c - i t b etw c-en

r ad iu s  b and s  5 0 to 10 ° wi -re  c o u n te d .

I c

Typ hoon i t t t t - i t - . i  I i c a t i on  o u t f l o w  c ha r a c t e r i s t i c s , as i ) h i : ; ( - r v u - I 1  b y

S a d le r  ( 1 ’J 7 6 h )  , -ire : t r r  upp c - r t r r - c e : j t h t t ’ r i c -  c h a n n e l  to a ] ; i r v o - — s c a l c

w t - s t t - r l y 1 1 w , in  a d d i t  i nn  t o  t i - - n o r n r i i l v a v a i l a ble  c h a n n e l  to the

12rgo-— ~~c a l e  -i - : t er l  i c c .  !‘c-r I. - i - x ~ r~~-sa - -epi’a ing . caaoe  st, udied

th is w a -  the ‘o t  p r 4~ . : i  I cn t  c h a r a c t u r i  a t  h- of i r i t e - r a c t  ion of the

t ; 1i ---- n w ith - ‘u r r und h g  - i r c u l ; u t  i nn  p a t t e r n s . The ~~~~~~~~~~ d a t a

bear I i i ;  o u t  , - i i ;  Fi g .  32 Shio ’f:: ; riagn it I l - I - - S  i - f  r a d i a l  w i n c h  ‘- _ I m p i l t - - I r

I � 15 k t  I ;,- sr d s  t h e -  i~~ r t  I i i  i s t  and eas t  as wel l  as t o w a r d s  the sout h—

Wi ~-~~~t .

Slowc-r d ev e l op i n g  :- t o r m s  a lso were  observed t o  e x h i b i t  o u t f l o w

(~ 15 kt) to the c-aster] ies due- to the pe rsistent nature of t h i s

c l im at o l o g i c a l  f t - ; m t u r e -  ( F ig .  33) .  h oweve r , exhaus t to the north was

fr (-qu (-Irt lv r e s t r i c te d  b y the close p r o x i m i t y  ( w i t h i n  5° of l a t i t u d e )

of the Trop ical  U pper  T roposphe r i c  Trough ( ‘ L u l l ) .  The associated

equatorward flow about the subtrop ical rid ge and into tire TUTT ac—

I 
counts for radial Inflow in the r t i t r t h t e - u t s t  qu-irter . In addition , at

t i  5 0 radi us , t hr - slower d e - v ’ - l o p in g  s to rms  o f t e n  exhibited little

II
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4
o u t f l o w  in the-ir eastern sec to r s , and t h e i r  c i r c u l a t i o n s  f r e q u e n t ly

were nearl y c o n c e n t r i c  in t h i s  reg ion , thereb y i n d i c a t i n g  l i t t l e

i n t e rac t i o n  w i t h  the large sca le ,

Several  typhoons  of t he  slower dev e lop ing g r ou p ,  however , cx—

$ h i b it e d  c o n t r a s t ing behav io r , as o u t f l o w  to the southwes t  was absent

and o u t l e t s  to tire north through east w e r e  in evidence . These ty—

phoons e i t h e r  were cut o f f  by t r o u g h s  f r o m  i n t e ra c t i n g  ~-‘i th i  the

I monsoon e a s t e rl i c s  ( A l I c e  1972; Lola 1974; Poil y 1974) or occur red

in a period when the e a s tt - r l iu s  normal l y are weak [ i rma 1974 ( lat e

I Novemb e - r ) ] .  One- of the v i r g o r o u sl y deve lop ing  s t o r m s  also did  not

I 
disp lay o u t f l o w  towards tire s o ut h w i - ~; t (E ls  I c ’  1975) , as an u p p e r

t roposp h e r i c  c-old low b l oc i r - d any spread  of e x h a u s t  in t h a t  d i rec-

I t ion - The l~ w did , howe -er - - c , r - -nlwncc:e t h e  ~ -- 1-l cc7 ~~5 S o ut f  Ity about i t o

n o r t h e r n  f l a n k  t o w , t r c l  the- \ e c ; t ,  and c o n t r i b u t e d  to the  s to rms  intc-n

I s f 1  i

I 
Evidence of an o u t l e t  to the  no r th~’c-st was a p p a r e n t  in hal f  the

extreme deepening cases . Typ hoon IIo pe~ (1970) was an exception with

I a r ad i a l  component  to the  out e r gr id  1-ing . This was caused by an

upper  t r o p o s p h e r i c  cold low in t i n -  r e g i o n  which  on i t s  eas tward

I f l a n k  was en h a n c i n g  o u t f l o w  f rom Hope (see F 1g 34 f o r  s a t e l l i t e

imager ’ v i e w ) .  O u t f l o w  in this  n o rth w e s t  sector does not appear as

prominent in the compos i te  (Fig. 32) due to averaging . This reg ion

is most often dominated by pi ’ etrat ion of i n f low due to northeaster—

lies about  the Asian monsoon an t i c y c l o n e  d u r i n g  the summer , or

w e s t c-r l i c s  d u r i n g  t i e -  t r a n s i t i o n  seasons (see F i g .  28). These cir-

cula r ion f e a t u r e s  d o m i n a t e d  the m a j o r i t y  of slower intensif y ing cases
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in t h i s  q u a d r a n t .  The result is  r a t he r  a p p a r e n t  i.n the composi te

(FIg. 33) as well as Table 7b , w i t h  n e i t h e r  the 3000 nor  3300 sector

I showing evidence of outflow .

One typh oon in t h e  mor e- slowl y I n t e n s i f y ing group  (He len 1972)

I possessed outlets to the  n o r t h  and c a s t  as wel l  as the s o u t h w e s t .

This suggests t h a t  n u l t i — d i r e - e t i o n a l  o u t f l ow  as an i nd ica to r  of the

deve lopment  tvpc - also needs to be assess  (‘d in terms of its magnitude.

Thus radial compon ents for each 30° sector  fo r  t i le  5° , 7½0 and 10°

rad ia l  r ings  w e - r e  t o t a l e d  a l g e b r a i c a l ly f o r  each typhoon  to no te  if

I d i f f e - r e n c -~; e- ~:i s t e ’d  (~~pc - T a b l e  8) - R a d i a l  component  ne t  f l o w t s f o r

I 
r ap id l y d e e p e n i n g  s t o rms  w e - r e  f o u n d  to r a n ge  b e t w e e n  382 to 456 k t

w i t h  a me in  n e a r  42 6  k t  - In  c o m p a r i so n , those cases  of less than

I average ( l C - t - ! i i - n J  ng  var ice t o -  I 3 - 3 1 - f l  4) 7 and I h i  k t  w i t h  a mean ( i _a~4 1< t )

I han one t i i  ird (29 % )  of th e - r a p i d  grn\-ltTh st o r m s . The val -ic -s  of

I t h i s  measure - d e t e r m i n e d  f r o m  F i t - s .  32 and 33 W e c e -  ~+25 kt  and 132 kt ,

respect  ive l y .

An a t t e - i n p t  was made- t i  a c c o u n t  f o r  th e- r e l a t i v e  s ize of t h e  l v —

phoons b y dr -- t i - r ~- l i n i n g  t he  r a d i u s  of the  1000—mb i sobar  f r o m  p o s t —

anal yzed s u r f a c e  c l i - i r t s  p r e p ar e d  b y t he  Japan Meteoro log ica l  Agency .

I It  i - :  n o t i c e a b l e -  i n - r e -  t h a t  t i n -  s t o rms  d i s p lay ing  a more r e - s t r a i n e d

growth e x h i b i t  a slightl y l i r g ’r s ize  in the mean ( radius  of the  1000—

I mb Isobar of 3.3°, vs 2 6 ° f o r  more vigorous d e v e l o p m e n t ) .  Since

I typ ito -is of v a r i o u s  sizes may e x h i b it  d i f f e r i n g  magn i tudes  of out-

flow , t1~~~
- total outflow measure for each typhoon was divided by the

I radius o, the 1000—mb Isob-ir (in degrees latitude) to provide norma-

lized magnitudes h r  comparison (col um n 3, Table- 8). The variation

- II
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between extreme deepening typhoons ranged from 150 kt to 285 kt with

a mean of 250 kt. The slow to normal develop ing storms showed los

of a range (27 to 65 kt) by contrast , with a mean about 1/6th (16%)

of that for more sign] ficautl y intens ifying typhoons -

No typhoon wi th  a 1000—mb isobar rad i us of less than 1.5 latitude

dt - pr e -s was used in t h e  s tud y .  In o rde r  to check compar at ive  magni-

tudes , the  radia l compon ent  a n a l y s i s  fo r  h u r r i - a n c -  Ce] ia p er f o r m e  i b y

Cla rk  (1975) was u s e d  (see Fig.  35) . Th is h u r r i c a n e  i n t e n s i f i e d

rapidly 200 n mi off tile Texas coast on 3 A u g u s t  1970. A pressure

fall of 43 nib in a 15—h period was observe d in aircraft reconnaissance

observations . The total radial wind component for the 5—10° band

about the cent -r summe d to 214 k t , and tu e 1000—mb isobar s i ze  mea-

sured  r o a r  1°. Therefore thc r s su l t  of 214 kt  compares  favo rab l y
11

with the data listed fir column 3 in T a b l e  8a. It  is i n t e r e s t i n g  to

note that the ’  outflow channels for Celia are to the west and south

with inflow f r o m  the  c - a n t  p e n e t r a t i n g  close- to the  c en t e r ,  This i~

q u i t e  u n c h ar , o t e ’r i st i c  of the rap idly den-pcning typhoon cases studied ,

as no ou t !  low is observed toward  the ea s t  in Celia. Wc-sterlies were

well removed to the n o r t h  but an upper tropospheric low was noted to

the southwest , th us enhancing outflow to the west. It also perhaps

emphasize’s that as long as multi—directional outflow exists with

s u f f i c ien t  r , , h ’ n i t u d e , d i r e c t i o n a l  p r e f e r e nce  may be of less impor tance .

~~Thc outflow level utilizing cloud wind vectors and supp lemen tal
rawinsonde da ta in Clark’s stud y fit bett er with the  1 50—mb level.

I
—I-— - - ---- ----- — - - —‘-- -
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F ig .  35. Radia l  wi n d  comp onent  f i e l d  (m ~~ 1) f o r
upper  t r o p o s p h e ri c  leve] (150— mb )
H u r r i c a n e  Cel ia , 1600 ( I-IT 3 Augus t 1970.
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I
7. SUMMARY

I
Several cha rac t e r i s t i c s  r ega rd ing  rap id i n ten s i f i c a t i o n  of

I t r o p ica l  cyclones  in the W I-s  t e rn  N o r t h  P a c i f i c  have been i d e n t i f i e d

in th i s  obse rva t iona l  s tud y .  These i n c l u d e :

a) The m a j o r i t y  (75%) of the  deep c e n t r a l  pressures  (~ 920 mb)

I 
recorded in the reg ion are a t t a i n e d  th roug h the  rap id

growth process .  The bulk (67%) of these pressure  reduc t ions

I occur over a short time span of 18 h or less , a l though  oc-

currences of ~ 1.75 mb h in the r ema inde r  have ex t ended  to

- 
36 Ii.  The larr- i ,,t drop obs --rved is most l ikely to occur

during t he first ( h of the period. Relativel y few typhoons

exhibit a moderate rate of pressure fall preced i ng th i s

phenomenon;  the  r ap id  th-t p c - n i n g  p rocess  is no rma l l y a b r u p t

I with sharp cl’~-p art i i  es f r o m  e x t r a p o l a t i o n  no ted  (T ype 2, 64~ ) -

b) Rapid ib- -jie ni ng is dependent on the  o r - ~~ ii ?ational state of

the storm circul ation system . The majority (85% of cases)

of onse t ol rap id development  coimnenced 6 h be fo re  to 24 h

aft er typhoon generation. The preceding development period

for a weak circulation to strengthen before accelerated

In t e n s i fi c a t i o n  r equ i re s  a t  leas t 3~ to 4 days. Onset of

this r ;i 1 lid deepening  appears  more f r c q u e -n t l y  a t  n ig h t  than

during the day .

c) The size of the eye encompassed by the cloud wall has some

bearing on fu ture development. Most frequently diame ters

of 20 n mi were observed , and always diameters were ~ 35 nmi

at the onset of rap id deepening. This is in contrast to the

A L 
_ _ _ _ _ _ _ _ _

~~~— —--,—~~~~——-—- ~~-7-
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I I

I average eye size of 30 n mi .  Marked eye size r e d u ct i o n

is also noted to be prevalent with vigorous intensification.

I d) Little relation can be found between trajectory direction

and speed (or c-hanges of these two variables) and the rap id

I deepening  of a typhoon. Ihere- is a t e n d e n cy  fci r s t o r m s

I 
traveling faster than not-ma] to decelerat e- d u r i n g  the

deepening process while those initial l y moving at slow

$ speeds display a grad i;il acceleration .

e) Most  cases of r a p i~l growth of typhoons occur in the

I latitude bands 15—20° ~ durin g the- soa r - e r  and e a r l y f al l

I 
in an area beginning sonic 300 n mi  c a s t  of th e- } ‘hi l i pp in i n - ;

and stretching i- -m Lward to t h e  y in  c ity of the Marianas -

I D u r i n g  thn rC- : - t O f  t i n -  yi-:x r , less f r e q u e n t  a c t i v i ty  is

observed as the band sh i Its 5° eq u a t o r w a r d . The peak

I seasonal frequency of significan t intensification occurs

b etween  16 S I - p t c r l h c - r  and 15 October. A consp i c u o u s  (but

une-xp la ined)  absence of rap id i n t e nsi  f i c a t i o n  Is observ ed

for the last half of October.

f) Ocean temperature ~ 28° C at a depth of 30 m appears neces—

sary to support rap id development.

g) Characterist ics of the tropical tipper t r o p o sp h e r i c  circula-

t ion  play the dominant role in determining intensity changes.

In par ticular , the mean position of the Trop ical Upper

Tropospheric Trough during the summer and early fall and

the Sub trop ical Ridge (November—May) appear to determine the

poleward extent of rapid deepening over warm waters (~ 28° C) .

- -~~- - - - - - --  - — _ _ _ _
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h) Thee availability of multi p le outflow channels from the

t yp hoon to t h -  l a r g e r — s c a l e  c i r c u l a t i o n  is necessary  f o r

rap id growth. N o r m a i  l y this is accompl i shed  b y o u t f l ow

avenue-s tic-a r 200 C I I I  f u r n i  s t ee d  by the  Trop i ca l Upper

Tropospheric Trough or subtrop i cal westerlies toward the

eastern semicircle , and L ICe c a ni -rl y jet toward the  western

sean ] i i n -  In . H owev er , v ar i a t  j o in ;  can exist , o f t e n  due to

the  plac -ei;o,-ii t of tipper troposp heric cold l ows r e l a ti ’-e  to

the- c e nt e r .

I i) The e n e t  r ad [al  w i n d  ( -onp one-n t  f i e l d  at t h i c  200—mb 1 eve - I

I 
( r , _ ] ( j O r ing  f r o m  t h e  c en u - r )  is m d i  c - a L i v e -  of r a p i d  growth

;i t  ( l i i -  t i m e  of o n se t  of r a p i d  ( l i e -p c - f l i ng .  Totals of nea r

400 t o  450 P t  appear t co hi’ C (1 U L 1 - ccl [ :r  r n — n t s izes of

typhoons  (1000—n il )  i n c i h i n r  a t  se-a I i v i - ] ~ 1.5 ° in r a d i u s ) -

I Howe-y e r , sinai i c r  s ize typhoons  m ay cxli lb i t  smal le r  val  eies

of t h e -  t o t a l  o u t f l o w  measure -

I
I
I
I
I
I
I

-~~~ I
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8. RECO~-L’-1h,Nb )A T I ONS

The fo l1owin~ re- com m e n d a t i o n s  a re  made  c o n c e r n i ng  f u t u r e  i n v e s t i -

gations of tropical cyclone rapid intensification:

Ci r ru s  cloud v e c t o r s  c omp u t e d  f r o m  c o n t i n u o u s  (30 m m )  geo—

s t a t i o n a r y  s a t e l l i t e -  i m a g - r v  a re  needed to  f i l l  in the  da ta  voids of

the tropical west c-rn P a c i f i c .  A l t h o u g h  q’ ii te u s e f u l . , hi gh — l e v e l

cioudiiu-ss fe-- tur t- s from sing le—pass , p o l a r — o r b i t  i n l ~ s a t e l l i t e s  do

not p rovide  q u a n t i t a t i v e  I n f o r m a t i o n  concern ing  v e l o c i t y  m a g n i t u d e s .

This  r e q u i r e m e n t  nay be met a f t e r  a g e o st a t i o nar y  s a t e l l i t e  ( J a p a ne s e )

becomes p o s i t i o n e d  over t h i s  r i - n i o n  in m i d — s u m m e r  1977 .

The sample’  of cases us ed  in the- s t u d y cou ld  b e- in c r e a s e d  g r e a t  ly

by in c l u d i n ;m  the  yearn 1967 th rough 1969 . ~- I i e n  operational satellite’

da t a  f i r s t h e - c a m e  availab l e’ . Collect i n k ’ . t h  data and thee  n e e - d c d

t r an s  i’ - l i t  ai r e r a t  t ( o ] ) 5  or v a  t i OflS we .l 1 a~: C O i l V c  n t I on :el raw i nsonde

data was im p r a c t i c a l  f o r  t h i s  s t u d y due to t ime t ime -~~i m ; t r a tnt s.

L x ;c i i i i n a t i o n  of u p p e r  t r o~~o~~phe ric  r a d i a l  wind c o n ;p o n c -nt f i t  ids

should be e x t e n d e d  t o  24 and 48 h p r i o r  to the onset  of ex t reme

d e e p e n i ng .  E v i d en c e  of d i f f e r e n c e s  in c o n f i g u r a t i o n  and e agnitude

of t l i e - I - e  f i e l d s  compared  to those  24 h l a t e r  may show t h a t  c i rcula-

t ion f e - a t t i r e - s l ead ing  to rap id deepening  arc established well in

advance of t h e  ac -tua l  onset, In addi t ion , r ad ia l  mass f l u x  cal—

culatioiis for these s torm s also migh t prove r e v e a l i n g .

Typhoons that intensif y more graduall y but reach deep pressures

(

~ 

920 mb) should be investi gated. This should establish what out-

flow interaction with the large scale is necessary to control a

I
-j
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more o r d e r l y  r e d u c t i o n  of c e n t r a l  p r € - s - ; i l r - , and d i s t i n g u i s h  such

ca o— e- s I r i o  time ise- for which deep 101 0 i r e - s  w e - r e  e ’b t a i n e d  more a b r u p t l y .

St~i d i e  s focused  on rap id intensific ation of tropical cyclones

f ron i  d e pr e s s i o n  to t y p hoon st r i -n g , t Ii  in i c - s I ;  t li ne a day should be

under taken. Eff orts should be dire-c u ed to obtaining statistics of

the- event , as well  as stu dy ing u~gar tropospheric influences.

I
I
I
I
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y4 1
APPENDIX

Typhoons selected for investigation of rapid deepening

Max 24 h Press. at Type M m .
Typhoon Mo. Year fali (mb ) onset (mb) Develop . Press. (mb)

Sarah Mar 1956 45 982 2 938
Wanda Jul 1956 47 979 1 913

Virginia Jun 1957 73 986 2 884
Agnes Aug 1957 53 977 2 910
Faye Sep 1957 47 964 2 933*
Hester Oct 1957 69 954 1 898
Kit Nov 1957 42 N/A 2 907
Lola Nov 1957 58 958 2 896

Doris Jul 1958 43 975 2 937
Grace Aug 1958 65 966 2 903

- Ida Sep 1958 88 984 2 877I Nancy Nov 1958 54 974 2 922

- 
Joan Aug 1959 61 967 2 891
Vera Sep 1959 73 1 964 1 896

I Charlotte Oct 1959 55 975 2 905
Gilda Dec 1959 46 980 1 914
Harriet Dec 1959 50 976 2 926

Trix Aug 1960 50 964 1 935*

I Pamela Sep 1961 62 970 2 906
Violet Oct 1961 61 960 1 894

f Opel Aug 1962 56 962 1 910
I Ruth Aug 1962 65 981 2 916

Thelma Aug 1962 50 975 1 946
Emma Oct 1962 48 965 1 893
Karen Nov 1962 50 N/A 2 899

Wendy Jul 1963 49 995 2 925

I Carmen Aug 1963 47 962 1 934*
Bess Sep 1963 56 N/A 2 930*
Judy Oct 1963 56 978 2 914

I Helen Jul 1964 46 973 1 931*
Ida Aug 1964 45 972 1 927
Sally Sept 1964 65 962 1 896

I Wilda Sept 1964 58 956 N/A 903
Opal Dec 1964 68 983 2 903 -~~~

* minimum pressure might have been lower .

I
- ~~~~~~~~~
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APPENDIX (co ntinued)

Max 24 h Press. at Type M m .Typhoon Mo. Year fall (nib) onset (mb) Develop . Press. (nib )

Besa Sep 1965 58 967 2 905
Carmen Oct 1965 46 969 1 927

Kit Jun 1966 79 975 1 886
Cora Sep 1966 51 990 2 927

Violet Apr 1967 47 978 2 929
- Opal Sep 1967 69 979 2 910

Carla Oct 1967 69 979 2 894

1 Emma Nov 1967 60 971 1 898
1. Cilda Nov 1967 46 958 2 901

Lucy Jun 1968 57 987 2 935
Wendy Aug 1968 48 960 1 916
Agnes Sep 1968 49 951 2 904
Carmen Sep 1968 48 981 2 922

1 Elaine Sep 1968 61 984 2 901
Faye Oct 1968 43 N/A 1 911

I Viola Jul 1969 46 980 2 891
I Ida Oct 1969 64 995 2 917

Kathy Nov 1969 43 978 2 929

Olga Jun 1970 60 978 1 904
Anita Aug 1970 47 965 2 912
Georgia Sep 1970 55 959 1 904

I Hope Sep 1970 81 974 1 895
Joan Oct 1970 65 980 2 901
Patsy Nov 1970 46 986 2 918

I. Amy May 1971 70 975 1 895
Harriet Jul 1971 45 974 2 929
Lucy Jul 1971 47 956 1 912

I Nadine Jul 1971 53 960 1 898
Wendy Sep 1971 48 967 1 915
Bess Sep 1971 56 962 2 914

I Irma Nov 1971 95 981 2 884

Kit Jan 1972 54 985 2 933
F

Billie Jul 1973 65 986 2 916
Nora Oc t 1973 70 964 2 877
Patsy Oct 1973 60 950 1 893

I Ivy Jul 1974 44 987 2 945
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APPENDIX (continued)

Max 24 h Press. at Type M m .
Typhoon Mo. Year fall (nib) onset (nib) Develop . Press. (nib)

Nina Aug 1975 68 967 1 904
Phy llis Aug 1975 46 964 1 920

I Elsie Oct 1975 79 983 2 900
June Nov 1975 89 965 2 876

I Olga May 1976 46 980 2 936
I Therese Jul 1976 68 979 2 905

Billie Aug 1976 55 960 2 914
Fran Sept 1976 61 959 1 916

j  Louise Nov 1976 52 976 2 895

I

I

I

I

I
I.
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