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I. INTRODUCTION

• The author has undertaken a comprehensive study of the origins

and characteristics of tropical cyclones. Many of these results are

. 
believed to be relevant to the U.S. Navy for forecasting and numerical

simulations of these storms, and this report is issued to disseminate

this information . This Is the third report on this subject. Previous

reports by Gray and Frank (1977, 1978) give additiona l information .

a 
This research includes composite studies of large amounts of rawinsonde

and satellite data .

~ect  ion 2 presents information on globa l t ropi cal cyclone o c c u r —

re nce .  Sect Ion I discusses current research on cyclone genesis an~
1 .1

StI~~5est ed  p ar a i l e t er  which  might be used to opo ’r a t i on a l  lv  f ’rcc~I s t  timis

ph enorm ena . Sect ion 4 gives new I n t o r r ~smt ion an the intens it’ 1+ 100”

t roi’ I cal cVc lones . Sect I on 5 d l scusses t ro ’~ Ic a I cvc lone ~ot ion and

g i ve s  intormnat ion on ht”.j a ’ V a ’lI. lflC tu rn ing  motion can he antic h ’m t e t 1 ‘r~~”

s u r rou n d i n g  low p m r .m : : i c to ’r s 1.~ to Ma hour s  l’e t o r t’ i t  takes P1 , l a ’e •

Sect  ion 6 di s c m I s s o ’s new m :.iv s t o  t l e t  e r n in e  t rop i cal  cvc lone in t ~ ns i t v

1’he’ last section dI scu ss e s  the large diurna l v ar i a t i o n s  which ar t ’ ‘c

observed in t r o p i c a l  weather  sstem vertical notion . Other tropical

cyclone information is also presented and discussed .

More detailed information Is contatned in the Colorado State

l’niverstty Department of Atmospheric Science tropical cyclone project

repor ts of Gray . 1975 n , 1975b; George , 1975; Frank , 1976; Zehr , 1976;

S. ErIckson , 1977; Arnold, 1977; and other papers by Frank , 197Th, h, c;

Gray , 1975a , b; Gray , 1977a , b , c; Ntiñez anti Gray, 1977; McBr ide and

Gray, 1978; Gray , 1979; McBride , 1979 ; and Chan, Gr ay  and K idder , l97~~.

-I 
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_ -



-~

2

1. 1 1a t a anal  Ama l v s  is Techn iques

The i n f o r mat i o n  In th is  paper is tak en ram v ar i o u s  studies ot

a 
t r o p i c al  cyclones  using compos t ted raw I nsondt’ dat  .i • ci m a  to log! c i i  in—

0 rina t iOn , NO~~ t l igh t ala t a .i~itl DM51’ sat e  Ill t e pho tographs . flitS hi t  a

sources used are l i s t ed  be l ow :

1) Fourteen year s  ( 1957—1 970 )  of N . W .  P a c i f i c  rawins ond e d a t a
( 18 ,000 soundings)  f r o m  30 st at ions as shown in Fi g. I . This
data samp it ’ is cu r r en t  iv being expanded t o  20 y e a r s .

2) Twenty—two years ( l Q 5 t — l 9 7 a ’I of N.  A t l a n t i c  rawinsondt ’  d a t a
ron ti le s t a t i on s  shown in Fi g. 2.

fl F i v e  ~‘ears ~1q 7 1_ l q 7 S I  1’t d i r ect  r e a d - ou t  s a t e l l i t e  i ’l lo t a ag r , Ip !ls
a t t~oni Guam i1et  ense ~t t~ tt~a’ra ’ log ~~ i Sate lii te Program IIMSI’ ’i

a ’t ~ t rep i c.i l cv c  lones and c lou d  ~ lus  t er s  in  t i lt ’ N . l~. I’ .i~’ I ‘ I c
th i s  1 / 1 n. I t l t  t a a  1 ml i~’ resolution dat a has been al I ~ I t  I ~~~~~~ . lf l a ~
1’omposlted t o  p e r f o r m  quan t itat ive  an a ly s e s  a ’~ t h ~ a ’0’~V 0 a t  j , a.~

associated w i t h  West Pac i t ic t r o p i c a l  wea the r  sv~~t c:~is .

~ All a ’t the  Jot n t  Typhoon W a r n i n g  Cen t e r  k.1TWC ) . Gu am t Vp ha ’1’~
sununaries  t o r  the ~~

‘ — r e ar  pe r i od  et  I a)4~,_ l ‘~~ .‘ 7.

5) Se .tsena I s e a— s ur  t ace t empe ratu r e  and t i icrmoc l int’  d i  t a in
marsden squares  fo r  the whole P a c i f i c  as t u r n i s h e 1 !
by the Na~~’ O c e a nog r a p h i c  ~ t t I c e

- - :
~~~~~~~~~~~~ 

~~~~~~~~~~ - .

1 ~i 
‘
~~~~~~~ -

.
~~~~‘-

-: ; ~;
‘ 5

- __________

Fig. 1. Western North Pacific rawinsonde data network .

• Rawinsonde ~~~~~~~~~~~ Phi losophv and Techn ique. Trop i c a l  a’v c la ’ila ’5

and cloud clusters spend most of their lifetimes over the  warm t r o p i ca l

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. -• —-‘ - .~~ ‘.—.-._ •—--•• 111111.1._.1111111111111111111~11j1j
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oct’ans • Trat i  I t  I ella I d.i t a s~ ’ii r 1-os .1 tO  V O  rv sp.i  r se in  cli t cc. t ons  • and .

d a t  lv  t rep i a _ I  I WC.I  the’ r _ inj 1 v se ~; I I 0 ii~’ t ‘ I O t i S  1 v unr e  I t  at’ t o  - The a c v o r e~

wind s t ound in t1a ’1’ i c.t I c v~ I a ’nt’s I t i r t l i e r  f C a t i i C O  t i l t’ i v i l  i~ a 1 1 I t  V a ’ I s L I ~+

‘i_ i I a . I t 5 T I O t  1’” S S  il ’ l t’ 10 (‘111.1 I I I  t’nottgii i _ lw I i lSa ’Ildt ’ ~! i t  .i a ’ - ur  act ’

1’h s e i~~at  i a ’ i i s  l !~~’( I fd  .pnv i i i d i v i , h i . i  I s t 5 ’t~’~ or a lust~’i at a ’11 e t :0 N’ ! i a ~ a !

10 p e r m i t  a~~ i_ i i I t  f l i t  ( V t ’  . t t i i l v s t s  a ’t S t  l u a t t i r t ’ , a!\ I1a ~~~i a S  .‘~~ O l l O r a . t  t a ’~~.

A i r t — r a t  t d a t a  h.ivc p rov ided  t h e  lie -st  I n t  orri l t ion a c n ~~c t f l  in~ t l i t ’

ic t iv  it  105 In t h e  lot  t ’flSt ’ a ’ t ’ I i t  i a  I care  r e g i on s  ot t ra ’o ‘~. .i l a \  a

rhe ’r e’ are  a nic~”er  O~ ~‘.is~’ st ud i e s  of ind1~’i d t i i l s ter n s  a, i ~~t , i ,!, N o r t  hwest

.\ t  I a n t i~ h u r r i .  inc - I I  i ght  a h i t . i  ~R ieh 1  and ~t . t l k t p s , I - ) t ~l ; ~~~ . ( ‘T . ‘~~6 . :

• I ’~t’ ; I .iSeur and hawkins , ~~~t’ S he e t s  • i~i~~~.1 . ‘~ ‘Th . 1q68:

h awkins and Rut’sam , 1968; Haw kins  and 1 ‘enh5 ’ , I’) 7t’ ’~ .io~! .i s ’  s i t  i s —

t i~ - . i i  t r e a t m e n t s  of the  f l i g h t  ~! .i t . i  ~Shea and Gr as- . 19’ 1 ; ~ r a v  .ind Sh ea ,

107 31 . However , l o g i st i c a l  ~onstdera tions t~ave lim ited t h e  t~’f l ity

• of aircraft to provide I n f or m a t i o n  c on c e r nin g  the  o u te r  convect  ft ~

r eg io n s a~ f he st o r m  and I s h r 5 ’.i d r ~c a I ~ c~~~ I . ‘t~~’ a - a t • - :

a1~ o have been it~ tted to  at ~ew flight levels ocr St 0 i ~~ 
a~~~, ~‘t ’r i ~’d 5hi~

to the usually low nu~her ot a v a i l a b l e  a i r c r a t t , ~ax i  ~~~ i ’ c r a ~ t e t U n g s

of 200 sib or less , and dangerous low leve l fli ght oenditlons.

None of the above data sources can prt~~uce an accurate vertic al

profile of the radial wind p at t er n  around a sv ste’n . W i t h ’ t i ~ suc h a

prof ile it is impossible t o  ct’mputt ’ meantn g fu l  b u d g et s  S ’ f  e r o r a ’v . w a t e r

vapor , momen t ulr , verttt’itv. e tc .  In ~dd it1on , v e r t i c a l  l’r~’ t i ~~eS a ’t  the

other dynamic anti th ermo dvn 5im I var tat ’ I es ~~Iflflot  ho de t  t’fl” I ~t’a! u l  Iv

oVt ’r the mesost-a It’ area . It is n eces sary  t o  0a5 ~ P t ’S t t ~ \ a ~~ V a V

amounts of dat .i f rom many ~im 11 ar we ’athe ’ r svs I ems .11 ‘.1 f l \  - I -‘c ‘i ‘.~ S

to ohta in meaningful quant  i t a t  iv,’ r~easurcr ’e’n t  s.

• • - --r -~ -. . - ---
a 

• 
_ .,-~~~~~
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Although the  ext reme van at ’ I tit l es and individual asvmmt- t r les of

t rop It-a l  c vc lone s and  ci cud c lust ers ar e ’ we l l  known , t he ila t u re  ot  t he

basic dynamic and energetic processes w h i t h  g o ver n  these sv’.t  ems mus t

• be largely invar iant . Compositing allows quantiative a n t l v s t s  a~ t t hes e

features. Any c o m p o si t in g  SV s t t 1 t ~ ~ ma ’c tht - s out  many  of  t he  i n d i v i d u a l

characteristics of single systems , hut a great deal of i n f o r m a t I o n

concerning asvtmnetrical or “eddv ’ qualities can he deduc ed by the use

of proper data h .inditng techniques .

l a ’tt ~~’s ’S i t I ng w.i s ;’e r t~ ‘rm ~ .~ a t ’  a ~ ° 1~it  i t  t ide r l a I  i n s c vi  I t id  r I i l

g r i d  ex t e n d  tu g  f r o m  sea I eve i •~ ~~~~ :-- h . The sv st t ’m a’ ir cu  it  i on ~~~~ t’t

was b o a t  Ca l  it  t - a ch  t in e h e r Oa~ i~ 5 ing -~~~
‘ and NdAA M i a m i ! c p a - !  I s . i :~~I / -r

sat e l l i t e  p h i o t a ’ g r i p hs . an~h t h e  g r i d  was positioned with t ht’ sy s t e m  it  c r i d

co:l t er  a l t  I I t ’ l a ’ ,t ’S t  l i VC 1 . h~’n , ’.~ ’i i ’ .i I .ii’ t o  r .i’:~ i lsor~!o Sa ’t a l . I  I ~~~~ e l i

a ’n the  ~zr Ia t. i t  a i von  t i:’:t per I a’a! f o r  .i c i  von  S t er n , each sound  i n c  ~•as

I oc , it t’d r e l a t i v e  to th e  st  O T . ’ a ’ O~~ or  a V  i nd ri  c i  a’a ’or aI m i t  a S  . ~‘I care

shows the a~r Id and ti’o numb er  ‘f sot :  mc s per  g r i d  space  t o r  a tv!’ i —

c.i 1 s t r a t i f i c a t i o n .  A l  I of th e  o i r a r ’ , t e r s  t o  he compos ited . whe t h e r

direc t I  v measu red  or c om p u t e d  f r ot : t h - - d i r e c t  iv measured paramete rs ,

were determined a t  the observation stat ion locat i o n s  at 21 verti cal

pre ssure levels .

The geograph ical alignment of the grid varied with the a ’a ’a’r d i r i at e

system used. After a l l  parameters were  e i t he r  measured or co mp u t e d  t o t

each sounding , the value of eat -h p ara : : t ’t er  was assigned to  a p o i r t  at

.4

~~~~~~~~~~~~~~~ • • • -
~~~~~ --- ~~~~~~~ ~~~~~~~~~~~~~~ 
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• the center of the grid box in which the sounding fell. All soundings

which fell in that grid space for the particular group of storms and

time periods being analyzed were composited.

The data set was suffic iently large to allow compositing of

various subsets. Data could be grouped according to any characteris-

tics observed in individual systems such as location , season, intensity ,

motion , or intensity tendency . By comparing the composites of dif-

ferent types of systems it was possible to quantitatively analyze the

persistent differences between the groups. It was also possible to

remove obviously atypical systems or time periods ~r cm a da ta  grouo to

improve the quality of the  da ta  set .

Rawinsonde compositing procedures involve the use of four

separa te reference fr ames:

1) With respec t to the instantaneously f ixed cyc lone
center in a N—S or geographical coordinate system.

2) With respect to the cyclone center in a geographical
coordinate system with the cyclone motion subtracted
out of all the winds (portrayal of data relative
to the moving cyclone center in geographical coordinates).

3) W i th respec t to the instantaneously f ixed cyclone
center and the direction to which the storm is moving .

4) With respect to the cyclone center and the direction
to which the storm is moving with the cyclone motion
subtracted out of all the winds.

See our other project reports for more information on this compositing - -

procedure.

The relative positions of the system and the balloon changed due

to their respective motions during the balloon ’s ascent time . These

motions were estimated from the data , and the positions of each were cor-

rected at each pressure level. In this study horizontal edd y fluxe s were

~~~~~~~~~~~~~ 
- - . •~~~~~~~ 

— --
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est imated by compositing Individua l fluxes of quantit ies and comparing

them to mean fluxes . The radial winds were int tially eomposited and

mass balanced from the surface to 100 mb by adding a small constant

correc tion factor (
~
V
~
) ‘to each individual radial wind value In ~i given

radial band . Changes in mass of the volume within the radial band were

neglected . For each sounding the product of the corret:ted V and the

quantity being analyzed was computed at each level. Such products for

all of the soundings in an octant were then composited as before ,

giving a mean transport value for each octant at each level , V Q ,  where

the bar denotes time and space averaging of the V ‘Q products. Rvr

subtracting the product of the mean V
r and the mean quantity (Q) one

could achieve a good estimate of horizontal eddy transpo rt :

V ‘Q’~~ V .Q - V .Qr r

Susnnary of Recen t and Curren t Resear ch Proj_ee l s .  Ta~i I e  1 shows

the t ropical cyclone resear ch project s which are e i th e r  now in p r og re s s

or have been completed since 1972 at CS1’ . Some of the more useful

findings for operational purposes are s u m m a r i z ed  In the  f o l l o w i n -

c hap t e r s .

-
~~~

,
• - •.
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2. STATISTICS ON GLOBAL TROPICAL CYCLONE OCCURRENCE

There arc approximately 80 tropical cyclones of maxim um sustained 
-

winds of 20—25 rn/s which occur over the globe per year . Figure 4 shows

the location of the initial genesis point of cyclones for a 20—year

period . Abo u t ha l f  to  t w o — t h i r d s  of thes e cvC - lone s reach h u r r ic an e

st rength (maximum sustained winds > 33 mIs). %s shown by Table 2 , the’

year to year percentage variation in the global number of trop ical

cyclones over the 1a~ t 20 years has ranged from — 13 % to +23% . The

t ve-rage annual variation is only 8 percent which , considering the in-

d ividua l ocean basin variation of cyclones4 is quite small. This table

- (iso gives the Northern and Southern Hemisphere occurrences. The ratio

of yearly Northern to Southern Hemispheric cyclone frequency varied

from 1.5 to 4.0. The numbers of tropical cyclone formations by month

and year for the Northern and Southern Hemisphere are given in Tables

3 and 4. Individ ual monthly variation is large. About 3’~ times .is

many cyclones occur in August and September as in Ap r i l  and Ma y .

Individual ocean basins can have wide year to year differences in
$ VI 4

cyclone occurrences as indicated in Table 5. Basins are defined in -a.

Fig. 5.

Figures 6 and 7 show the variation of cyclone initi ,-il occurrence

by latitude . Note that only about 13% of cyclones form pa ’leward  of 200

la titude and nearly al l ‘~ t these occur in the Northern Hemisphere.

l arge land—se:i mon soon-il m l  l~ieiices do not  ( ‘ C - C - C i t  In  the Southern Hemisphere

and the polewa rd penet  F - it I on ot  the Equa tor i -i I Trough Is much more

restricted t h an  in th e- Northern Hemisphere . .\hout two—th irds a ’t  a l l

-ycl ones occur in the - Northern Hemisp here. ~ m i  lariv , ab~ i i t  t~~ a ’— t h i  r~ls 

-~~~~~~- -

- 
- 

- - ~~~~~~~~~~~~ - - —
- 
- -  - - a- I ~~~~~~~ a. a 4-
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Fig . 4. Annual cyclone origin locations Fig. 5. Regions of cyclone o r i g i n .

for 20 years.
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TAØLE 2 LAST 20 YFAIS’ flAT ($tl (1 ON ~*OPI( Ai ‘o IONC a~i u s epi ’ a  I’. .ail~~I i~~*N ~pO ~~~~~ai tua*i,a

H#MISPHI~ I,a

‘ ., de~tat,on
Yea r No o(,.yclunes fr,,m 20~~r Rat io NH

NH. SH NH 511 Tot al aicra ~r to SI-I.
195$ 1958—59 52 25 77 2 -I
1959 1959-60 48 21 69 I %  2-1

l960-61 48 22 70 12 2- 2
196 1 (961-62 58 18 NI  - I
1962 1962—63 50 10 110 - 1  1 7
1963 1963- 64 49 II 72 9 2 - I
1964 1964-65 65 19 84 - 6 3- 4
1965 1965-66 56 22 711 I 2- ”
1966 1966-67 64 16 78 I 4-0
1967 1967 -68 63 28 91 - ( S  2-2
1968 1968-69 61 23 84 . 2-i-
1969 1969—70 49 23 72 9 2 - )
1970 1970-7) 56 26 82 - 4  2 - I
1971 197 1-7 2 70 27 97 - 23 2-6
197 2 1972-73 54 91 1- 3
197 3 1973 - 74 46 28 74 u - i -
1974 1974—75 55 19 75 — $  2 - ’)
197 5 1975-76 47 29 76 4 I- i ,
1976 1976-77 55 30 85 - 7 1- 8
1977 1977—7 8 47 20 6’ I S I

Total 
- 

1093 489 (583
A~erqe 54-6 24 -5 79-I :8 2 7

TABLE 3 Fq ’a~N ‘I OP ~9(*THEAP~ HIMISPHIaI T~ OPiCAt CVCCON$ ~aNISIS a~ ~PA * A%t MONTH

Year Jan. Feb M a r .  Apr. May June JuI~ Aug Sc~. Dci N.-~. Dec Tot al
1958 I 0 0 0 2 5 10 9 I I  9 4 I 52 ‘ - -

1959 0 0 0 I 2 6 7 I I  9 S 2 2 48 a(960 0 0 0 1 3 7 6 14 i- 1 1 48
196) I I I I 4 . tO ~ 14 9 e. I 58
1962 0 I 0 I 3 2 7 I I  I I  4 3 50 p
1963 0 0 0 I 3 ~ 6 5 14 I ’  0 4 49
1964 0 0 0 0 3 4 I I  I S Il S 10 2 65 L1965 2 2 I 1 4 8 8 8 (2 3 4 3 56
1966 0 0 0 2 2 3 9 13 20 5 — 7 64
1967 2 I I I 2 4 10 12 Il  13 5 2 i-3
1968 0 0 0 I 2 5 7 (7  I I  I I  t. I i-I
1969 I 0 I I I 0 7 13 10 9 4 1 49
1970 0 I 0 0 4 5. I I  10 9 8 ‘ 0
1971 I 0 I 3 ‘ 1 I~ I I  I~ 9 4 I ‘0
1972 I 0 0 I 4 2 9 12 I I  1- 4 1 44
(973 0 0 0 0 0 . II  8 8 7 4 I 46
1974 0 0 2 4 Si 14 I I  5. 4 0
1975 2 0 0 0 2 3 1, I I  9 11 6 0 47
1976 I I 0 3 1 7 9 I S  10 4 0 ‘5
1977 0 0 I 0 3 4 8 4 )~ 9 4 47

To t al Ii 
- 

7 6 20 57 ‘40 173 218 231 15$ Si. 74 1093
- 

- As-era s 0-7 0-3 0-3 1~0 2-9 4 - 6  8-6 10-9 I l - S  ‘-9 4- 3 I - ’ 54-Si

I-  ~~~~~~~~~ ~~~~~ - -~ 
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2.1 Clustering of Cyclone s in Time

Cyclones tend to cluster in time and space. One often observes

5—15 cyclones occurring about the globe within 1—2 weeks between 2—3

week periods when there is very little cyclone activity. This cluster-

ing in time for Northern and Southern Hemispheric cyclones of the last

20 years is shown In Figs . 9 and 10. These active periods produce 2—6

times the number of cyclones that would normally be expected for that -

date. Similar time clustering of weaker tropical systems exist most ii

of the tine and can occur in large—scale environmental situations not

conducive to cyclone genesis. It appears that cyclones are a resul t  of

the larger scale general circulation changes in the t ropica l  a tmosphere

which occur on time scales of about 10 to 20 days. Unfavorable genesis

situations can exist In some locations for weeks and/or months. These

active genesis periods make up about a quarter or a third of the hurricane—

typhoon season days yet they account for about two—thirds of three—

quarters of the cyclones which form .

As previously discussed (Cray , 1968), about 80—85 percent of the

tropical cyclones originate In or just on the poleward side of the

Inter—Tropical Convergence Zone (ITCZ) or doidrum trough . Most of the

remainder (-sj 15 percent) form in the trade winds at a considerable

distance from the ITCZ but usually in association with an upper

tropospheric trough to their northwest (Sadler , l967a , 1967b, 1974).

There Is another smaller class of sub—tropical or semi—tropical

cyclone. These are anomalous warm core systems. They comprise about

3—5% of the global total of tropical cyclones. They form In sub— 

-
- -~~~-
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- tropical latitudes in haroclinic regions within stagnant frontal zones

or to the east of a westerly upper trough . Typically, they produce weak

-
, intensity storms.
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Genesis Potent  tai l (CP) —

when a p p l i e d  over 0_6 0 r ad iu s .  :l’ t~ three t i tsses gre;stc’r I e ’r deve l op i ng

tropical weather systems than I or non—eleveloplng systems .

A U of [lit’ above t a et o r s  re late to dynamic’ I~~~ I ;IlIss’t t - t o  a ir  [he w i n d

I Ic ici s around the, ci 1st i rbances . There ;it e  no cons Is tent till I a ’ l i ’ f l c c ’ S

between develop ing and non—develop log syste’ms In t tie rusodynam Ic para—

mot ors ouch as moisture Content or ve rt ie -al st ability , 
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3 . 1 IndivIdua l Day Cyclone Cciie’ois

Dur tog the hurricane seolsoll the  Nat I C ’ I I a . I  l llurr I c.-snc ( t ’ I l  t o t -  In Ml ,insl

routinel y performs computer ; l f l a . l l V Se ’ S  over the  N o r th  A t l a n t i c  Ocean of

the wind fields at the 200 mb leve l and a t  the ATOLL level  ( A n a l y s i s  ol

the Trop ica l Oceani ,- Lower l.a.sver) . Grid po in t  values 01 (bet -ic 11 p ids

(at 1.5
0 

grId resolution) wa’rt’ subtracted to pr ov ide  f i e ld s  01 v c r tit ’al

shear by Mr. Mark Zinuner of the National Hurricane Center (NBC). T h i s

is representative of the vertli-al wind shear between 200 and 900 mh .

Maps were •el so provided of zon al  and meridiona l shear for the At l a n t  I C ’

Occan cov e r i n g  the region I ron the equator  I C ’  6 5°N ot -  t h . and I ron C(, Woo l

to 95°West. Data were prov ided  twice d t s i l v  I C ’r th~ h u r r i c an e  S O ; 1 O I ’I I O

of 1975 , 1976 and 1977. The dat  :t were t aken f r o m  the opt ’ r a t  101101 da t  a

tapes a.6 I the N}IC - ;a t he re  were some’ l a ~’ t t I ova 1 jirob 1 ems and sa ’mo po r tt ’d~

of miss ing d a t a .  The At l a n t i c  Ocean s a r e l a t i ve ly  d at a  void ar e- a , so

the re  are , of course , many dcfictencie~ in the a n aly se s .  The d a t a

sources and the ;mna lv s i s  t ec h n i q u e s  used by the NBC have been Cl ’ ’ S C - r i beCl

by Wise and Simpson (197 1) . The 200 mh an a l  vsl s I n c l u de s  lIC ’ ft :51 r~- i:s I t

and satellite winds and is const’lcrcd to by the most reliable I I p p- ’r  ~s l r

a n a ly s t s.  The ATOLL ( ‘ -  900 mh’h is augmented lay surface 516 1 1’ a ’ h s e ’ t v ; a —

tions. These two levels are considered to be t h e  best l eve ls  av ; s l l a hj e

in the tropics.

There were 22 named trop ical cyclones In the At la nt la.- In  the per iod

1975—1977, 16 of which were classified as distinct tropi cal sy s tem s and 
-

had suff icient data coverage around them so that a r ea sona ble a c c u ra t e

analysi s could be made .

For these 16 t rop ica l cyclones , maps o f the ver ti cal shear a ’I t h e

zon al  wind and the mer id iona l  wind  were ex am ined foi’ ev t ’ s ’V  I 2 ho t t ~-s ,

—- _- ‘ -
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beginning 60 hours before  the point at  whi ch the system f i r s t  reached

a maximum sustained wind of 35 knots.  The forme r t ime  is l a b el l e d  —6 0 ,

the latter 00.

Seven parameters were examined for  each system . They are :

(1) Ml: the v alue  of t h e  v e r t i c a l  shear  oI t he  zonal wind at .s
point  6° l a t l  tude no r th  ot the posiçIon a.’t the sy st e m  minus
the va l ue of t he  shc:sr a t  a p o i n t  II s ou t h  ot the  sy s t e m ;
6(1 is p r o por t  loii:i I to tC/ a y ( —  l~t /

( i i )  6V:  the  ver t  [a.’a 1 shea r of the n s e r I d I C ’n ~’11 w in d  6
0 west a. a t

the  sy stem m in u s  t he  she-ar 6° v i st  a ) I  t h e  os ’ s tpm ~
\V is proportional to / x( -~V/ - i )  QflI ~ —~’OOt1tb1

(iii) 611 + .\V:  t h i s  is p r op o r t  I ona I t C 
- 

C I O I 1 -i h  
-

- 200mb ’ 
, I V 4 ’ I ’ , l C ’ , O C I

C ’ver th e 0—b :i roa ;

( iv )  ex i st ence  a I  ~S . Ia ’ I l , l ]  ~era I b Ile : t he  V I !  III ’ ‘1 t i l l s  p-l r :smet a -r
is YES it the  vor t I ca l  1’ sh e l l’  i s  ( l a lO  ‘C t  ly e  Ia I a ’ 1 161’ n o r t h
.~,i,I h o C- s t  ly e  t a a  th e ’  SC)Ilt ll a l t h i e l ’W j Sd’ th e ’ V ,1I I I1’ I s  :

(v) existence ot’ a ncr I a h i O f l l l  1 Z l ’ V a ’ 11115 ’ : the  v i l  ut a I s  ~1~S I f
the vertical V shear Is pa ls  i t I va ’ I’ t a~ the  west  and Il ’ g a t  ly e
6° to the t a . 1 5 t

(vi) sub jec t ive  ex i s t ence  of zonal zero line : the zero line a
of ten e x i s t s  but  does not IUCOt the strict criteria a~~? I ten
(iv) above ; for example the zona l :~ero I toe exists at
posi tion —60 fo r  s torm Amy shown in Fl ~~~. I I  • hut t i le ’ shear
6 to the south ot  the storri position is i’a ’sltf ve ;

(vi i)  subjec t ive  exis tence  of m e r i d i o n a l  ~ero l i tw .

Typ ical maps of zonal and m e r i d i on a l shear at r e p r e se nt a t i v e  t i m e s

for the thirteen systems showing a positive rc ; aonsc are dlsplave’d In

Figs. 11 and 12. Point X 00 the figure is the position of the prestorni

disturbance. Point T is the posit 1Cm a t  which It eventual 1 v lacceInlec :4

named tropical storm . The important features of t h e figure art ’ t h a t

every pre— storin d is turb ance  has a large region of p o s i t iv e  ~a.at :s l shear to

the  nor th  and negat ive  zonal shear to the sou th .  In the I l l C r h u I t ’flti l

shea r I t  has a pos it ive  a rca immt ’dl at  el  v t o  the west and a neg;l I I s ~a ’ - I  l O a

t t ’  the east . The shears ci  Oi -I& ’ to hut not ove r th e pOSI 11011 C~ I [111’

_ _ _ _ _ _ _ _ _ _ _ _ _ _
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necessir’ have silue: of 

~~ 
~\ h Ith great:~ ~ 20 knots m d

z e :~ ’ rti ~- :~ a—h a ’- : :  ca i  t~:c :a ’rLl I ‘~~~a i: t l t a 2 r o J  -~~~ : C~~ C t ~~~~~ ,‘ 5 ’ ,’

t -‘h~- .: r c the ::’’’: .1 _ 51_ . :10 ~ .i ?-: 550,1 r : t . ,  - 5~’~ t 1!’ , ~~~50 a - , - 
-
, —

- a ~~~ -‘ - I : ~~~ 01 1a ~ la l  S C I I i C,5  1 — I C  ,5 0 I h~’ :1 - a !  I t f l . l  1 : 1

pos i t  iv~’ shears  to the west  and nega t ive  shears to t i ;e  east.

3.2 A t l a n t i c  Non—deve lop in g Systems

l ’ t a ’’ t i l e  !‘C ’r I ’ d  ~ ‘r wli i oh ~on, e I in~; Si’S ’ I i l l~~’S 5  I ~;ii~sii’ a l i t  5

: 1511  1 tb  b e  • t I~ k 4 ’ ~’a ’’ ’ a 15 I t t ’ I I ’ ’  f~~r 6 ,‘ ‘:a b i t  - - ‘  a ’ - -  a s-~t i  I oh , ,~ t a c t

l . a  t t’ a b C ’Va - 1 ’ ’~ I O t a ’ t I ’ - ’ ’ I  ‘ i i  ‘ t  a I F ” t S - l a ’ SIC ’S It i a ’t ii  a ’5  t h c s _ ’ ‘a’: ’ ,:

a I ~,’ 1 1 1 si~~! is ~‘ I I  C ” C , .

- T~T .__ 5
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TABLE 6

a Mean characteristics of the patterns of vertical shear for the aixteen
pre—tropical storm disturbances . Values are in knots. AU is proportion—
al to a/~y( — 3U / ap) 9oo_2o~~b ; t~V is proportional to a/3x(3V/!lp)goo_ 2o~~b ;
AU + AV is proportional to 

~9OOmb~~200mb ’ averaged over the 0_60 radiusarea centered on the system.

Position AU AV AU + AV Zonal Zero Line Meridional Zero Line

—60 11 7 18 3 YES 10 NO 5 YES 8 NO

—48 17 10 24 6 YES 7 NO 7 YES 5 NO 
-

—36 28 18 46 9 YES 5 NO 6 YES 7 N

24 35 27 64 8 YES 5 NO 9 YES 4 NO a

—12 50 34 82 12 YES 4 NO 11 YES 4 Nil

00 54 33 86 12 YES 4 NO 9 YES 6 N~
)

Mean 33 22 53 50 YES 35 NO 47 YE S 33 NO

(59~ , 4l~~) (58~ , 32~
’-)

TABLE 7

Mean characteristics of the patterns of vertical shear for the three
optimum time periods prior to the development f each tropical storm
(values are in knots). These are not the thrc .i time periods with the
highest values, but rather the earliest three time periods showing the
required shear pattern. AU is proportional to 

~
/
~y (—aUI~p)9oo...2oo~b;AV is proportional to ~i/3x(3V/ap)q0Ø_2Ø~~~; AU + ttV is proportional to

~9OOmb~~2OOmb ’ 
averaged over the O.-6° radius area centered on the system .

AU AV AU + AV Zonal Zero Meridional Zero
— — _______ 

Line Line
— 

37 28 65 28 YES 7 NO 25 YES 4 NO
(80%, 20%) (86~ , 14%)

_ _ _  ~ _ _ _ _ _ _

- ~~~~~~~~~~~~~~ --
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Non—deve l oping_ tr~j~ Sa1 dCpressions (16 svst en I s ) : The S i t  Ia ,- i a  1

t racks  ot A t l a n t ic  depressions were used as obtained f rom the
Nationa l Itllrricane Center. Only systems were usod that died over
the ocean . (Systems are from the 1975 , 1976 and 1977 seasons).

Dvorak systems (8 systems): These systems are from the sajie source
as the systems making up the A t l a n t i c  cloud c l u s t e r  d a t a  set of
Chap te r  7 ( Sy st e m s  t rom 1975) .

Frank  systems (11 sy s t e m s ) :  These systems are from the same sour C~e a
as the systems making up the Atlantic wave trough cluster data
‘set of Chapte r  7. (Svs tens  f rom 1975.)

Shapiro systems (11 sys t ems) :  Shapiro ( 1977 a , h) of the N at i o n a l
H u r r i c a n e  and E xp e r im e n t a l  ~fe teorology  L a b o r a t o ry , N 13 -\ , has also
s tudied  the d i f f e r e n c e s  b e t we e n  develop ing and non— C I e v e l op i n s  tro-
p i cal d is turbances .  The tracks of the sYstems which be used as
non—develop ing cases wer e provided by h im for  t h i s  s tuds ’ . ( Sv s te :- : s
f r om 1976 , 1977.)

~1cBride systems (17 s y s t em s ) :  The author  p i cked p o s i t i on s  of p rom-
i n e n t  conserva t ive  ( l i f e t i m e  g r e a t e r  than  2/ + h ou r s)  c loud  c l u s ter s
in the Western Atlantic from geosynchronous s a t e l l i te  i15aa:erv .
(S ystems from 1976 , 1 9 7 7 .)

shear p a t t e r n s  fo r  these sy stems were a n a ly se d  a t  on ly  12 C~ T ,

though at least 2 s a t e l l i t e  ra ic tu res  per day were used in the a c t u a l

positioning of the systems . For the 63 d i s t u r b a n c e s  v e rt i c a l  shear

data were available at 178 different 12 CMT time periods , an average t
of 2.8 per system . Four randomly chosen examples of the zonal and

mer idional vertical shear patterns surrounding the positions (marked Y ’t

of non—develop ing disturbances are shown in Figs. 13 and 14. The mean

values of the shear parameters for the non—developing systems an ’ shown

in Table 8.

Al l  the non—deve lop ln~ sys tems have very low v a l u e s  o ’ ’V . -\ zonal

zero line exists for 25 percent of the positions and a m e r i d i o n a l  zer o

line for 19 percent. This compares with 46 percent and 58 percent for

prehurricane systems 48 hours be fo re  deve lopment .

______ ~~~~~~~ 
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t ~ o~’~; s - ~ - aaa , h - we~ a t  , ~ r oar r ih a S t~~a a t  t e a - vahaa ’s ‘i ‘~ si

- \ sh e ar  or the exi-~t cu,-~- ot a a a o I I no are a i r  l v .  i a  0 - C :  t ’V O f lt  S

t a e ~t-ste rn .\t l a nt  i c .  The i : 1 j ~~a F t  aai t t . i e t o r  or  t t  - a ’ a  -~ c v a l,a~i-

15 l ,h a ’ he l 1, ea  V~~~~~ , - ; a 1 sl i t ’j i cx i s t  a O t i a ’ il .  U C l a  t i ’ -  ca~ h a - I ha Ca

-~ ‘‘ a F ~ ’ i’ t t o t  ‘ lo re th,ua on,- day .

1 lie I 5 noti— di -ve op lug p osit i a S S  we re ~-x a l r i n e d  f r  a c o n c u r r e n t

~~~~ (I ) ‘-1 a~t a - a t a ’r t h a n  20 k n o t s , ~ i i ~ \ c r o - atcr t h a n  20

knots • i i i )  t la ~- c x i  S a i S a S f  .1 i a ’n,i I -~~~ r o  l i n e , ( v ac ex i st a l i c e

-ae r 1 d i  a ) l S l l  .:cr ’ Inc .

i’herc -~-er e  o n ly  3 ussit i on s  o u t  sa I 5 (o r  ~ sas- h th  i t  t rca ’

t l a ’ t a ’t , i i  I i t e n t C- a - r e  r e t .  by  - - s t i t  t i st  , for t 7- ~ vc~ c-~ i :  SV-ater-5

c - l i — i d c r a ~d l 3 a,or S2 a ’ t h er . ha :i ’’a - n i  a ’a! of it 1’ 1 t  ‘! a S i C ,

h i t  o f  t a t - • c t - i  t e r i .~ we - c t  • s , s-a ct  i t  i l l  I n -  r -  -
~~~ - r  - -

a V C  l a ’IiC d~’v~- lea ’ c u t

1~ t t he t’ on—d e e 1 a : ’  a ma s’a - - a t  ems -‘a lv 2 O r  
- ‘t - - - ZZs ’iS 

- 
i l l

t i - re period s ,a t  i s :  r i u a ~ o r  t l a o  3 er  i ta ’r Li .  a t he i t  sI- c i a -

C F  it ci’ La were be i t l a ~ used to nred jet CVa lone ~eiies is. a ’ 
~~~~~~ t CO s v et  c a - s

one Shap ~~F a ’ S V S  t t’Zl t a d  one ~~ i - ak  ~‘V St  c~ I V O lt  Id I ~~~~ b a a t Sa ’al 1 a t  ~ al 0

dc~’e l o n .  7ie shear  c r i t e r i a  t h e r e f o r e  ap p e ar  to SI j e t  7-~ ~‘~ e ’”ra ’ 1 l a t

genes i s .

In summary , f o r  the li urric ine season ~ t l~~~5 — h 7~ ia ~ t ’’t ’ ‘ ‘ a ’~ l t t ’ U l l

At 1_ t n t  a ’ • I he use of  t h e  v , ’r t  l a i l  C !l t ’ l l ’ a L i t ~~i ‘,,‘a ’ a a  I ‘a v~ S~~~~~!’ a ’ a t  lv  ‘‘c , - —

d i  ~‘ ted he dcv,’ 1 opraeait of 13 out o : h a  t r o p i c a l  St  ~~- . I t  t~oa~ 1 al

I lv ‘ t t ’J i et a ’a l na ’n — dev t ’  I O p m t ’ f l t  or t ’ 1 s i l t  ~~t 1’ aa ~’n — d e v e  I op i na

we ither S’a’ 5 t  ens .  t i n ’ ~et i e r a I  skill ~‘ a on~’r a t  ion.i - F a c i s t  i S”. a ’t

P i c I  I ev~- I ‘lie c,eni’S is is much he low this stic ,-ess r i t e .

~ - - —  _____ - -
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• I l’ ac i f  I c Fret yp itoon Vet sun No~ -— dev e I op I ng ( 
- loud ( I ui -a t e t C

In  tiit ’ Westa’rn P,i~’ I i  Ic i i i’  grid point a i , i t , i  on vert 1 , 11 s l i t - j r  wt ’i e

,+V . I I l . t h l t ~. Ne vt ’r t l i e l e sa i  • a I I m i t e d  t e s t  t~n the use ot v e nt  ia ’:j I s h ea r

as .i pred t a t  or u t  trop i cat I s t o r m s  in  t h i s  1 1 , 1  was pert  ormed liv sub—

t e a t ( y e  Iv p l t ’k l u g  wind v - i l tieS around a ’ l u s t  i ra; ot  t w e - i t  lia r n i p s . l’ns i t t ‘in ;

Wa’ Fe t abu I at ted t or non—devo lo in g  an(l p no typhoon a’ loud a ’ h i s  t a - a ’ ;  t ron t h e

years 1972 and 1974. Values of the U and V component of the wind a t

t
200 mb and the surface were estimated from the weather maps at p o i n t s

60 
to the north , 6

0 
to the south, 6° to the east and 6° to the west of ‘

c, icli  c l u s t e r .  The p o s i t i o n s  of the c lusters  were those obtained In the

DMSP s i t  ci lit e study of S. Fr l+ ’kson ( 1 9 7 7 )  . Weather  map s ve r a ’  u\- ’:i l i a b l e

a l t  182 time p er i o d s  for  18 pretyp hoovi clusters and 31 non—developing

cloud clusters. The wind  va lues  were p i cked  o f f  the w e a t l ’r maps w i t h —

out the kn owled ge of w h e t h e r  the p o s i t i o n  was fo r  a develop ing or a

n o n — d e v e l o p in g  sy s tem .

Thi s method is crude , s i n c e  t h e r e  is no cons i s t ent  and d e t a i l e d

W t I1~ I t n t  a ’ i Z ; . i t  (‘~i i  ,II’ a ’ tIli a l - 5 . 1  - .~~ -a , ‘:fla ; .i ui , I  l u - s i  a C t  m i t t  t a ;  h a ,t  t a h ’  al , R I a - -

l’Ita ’ v i i  a , .  i i  . i  .~~ ‘ ‘ 1 + ’ . - l . : i , - i I v  by  vi a . - t h a - i  - i  no t  I I C  -pe t i t  l i i i . 1 1 1 . ;  l \

drew eIther .uii upper level ant lcy cio nc or a low level cyclone over the

system. Desp ite these drawbacks the method snows some predictive skill.

Wi nd values at all different t ime period s for a particular system

were averaged togethe r to yield one value per system . From the

resultant numbers three parameters were extracted : (I) a value of

\U + .W , f o ll owing the same conven t ion as used in the Atlantic , (iI~

the exist ence ot .i zero line in the vertic a l shear of the ;~oi i ; t  I Wlfl (I,

anti (l it) the existence of a zero line in the vert te al shear ot t h e

meridiona l wind . The actual values of each parameter fo r  each s’a’st em

i i i . ’ l i s t  (SI I i i  I In ’ A pp ’ uia l  I x 3 , 1.11 ’ I es -\ I a u n t  \ /  .
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I t t , - r c s a i l t s  - i i  c stimniati zed in  i’ , u i i l e  9. Both it t , - ~~i l a u~~s of ~t -  +

V a t t ~h t h a ’ 1i0 r a t i l  t i~ a a ’ a ’ t sv s t  t ai ts w i t  ii ,~ a ’ t ; ~ I j u t ’s , i  I a ’ - ;  I ~
- t a il ta -~ I l 1 t  I

gt-e .u t a t  I si l i ii’ da ve l ’ ~’i og I i  ~‘5 t  ellis

The Cvs t caaaa ; wit Icti h a a i  I i i  gh va t  l a u c s  a ’t  31’ 4 \ ‘~‘ Wa ’ i a ’ u s u al I I ~ ‘ I lie S Oll a ’

svst ant i s  t h i (  l t . u t l  ‘ a l a ’ 111105. I’ ll lug Iii,’ a t  i t  or ( a t  that t a  d e ve lop  h i t  a ’ .1
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region 200 mb a n t i c y c i o n i c  f low is the r e su l t  of a l r e a d y  e x i s t in g  m i d —

l a t i t u d e  w e s t e r l  i l -s t I  t he n o r t h , e q u a t o r i a l  ( a i s t i - r i l e s  to the south

and /o r  large scale uppe r leve l t roughs  to the n o r t h w e s t .  The source

of the an t i cy c  ionic f low is thus ex te rna l  r a t h e r  than  in t e r n a l  to the

a deve l op ing  sy s t em .

The m a i n  d i s t i n g u i s h i n g  f e a t u r e  of cyc lone  gt -nes is  is a f avorab le

upper and lowe r leve l e n v i r o n m e n t a l  r e l a t i v e  v o r t i c i t y  or t a n g e n t i a l

v i l la  h o l d s , i l l  o t h e r  p ar a m e t e r s  i n d i c a t e  m u c h  loss d t f  I ( ‘r I -n e e s .  T h i s

i t s  ‘~ a r o l l - i~, t a h  t I t o  I t’ cv  j o l u s  a aua pi ias  i s  t h i t  I t s l u o u l  d ‘l i ve  . ‘t u ’a -t I 
-

a l l t a :  r s  i n  t i l l  s - i a -I h : u\ ’ a - a - t n p l u t s i z e d  L ie  d i v e r ~~i - n a  c - a ‘:~- r t  ic , t I a a t i ’ t  i on

4
field . :-- lam ’n a l s l - ( 1 9  7~~1 and Sadler (1976 , 1978) ia d ’ a - stressed the inapor—

tainco o I upper lov e  I ou t  I’ low channels for cvi - I at ~~tc dcve 1 a ’paa la ’tl t t O o c c u r .  
I

The c u r r e n t  sttalv Inte u’urt-ts those ant ia’vc-loni c suit I low chattinels as

indica tors ‘a st ron~ surrounding rcaaion antiivc Ionic I l a w  and not nt ’c c ’s—

s,ur il-: that a ’ ’ enla ;n~- ,’;l I f l  :~r tab  a ’u t  u - a - l u  - - :r c u l t t i - -n .

.-\ p lc  t u r 1- i s  v a l o r  ~~i n~ a a~aS5 b o t h  ~h a -  a Is-a~Si tC ~ I t o  . I f l a a  t~tc j f l a  j  ‘a I —

dual case ~i : t :  t a t - u t tr spucal stort:a aleva ’10~n:aent is a r e s u l t  of ]trpe

sca le i n f l u e n ce s .  I t  a p p o i r a - a  t ! a : a t  t i a t - uni que f e a t u r e  t a ’ spec  I s i ng  t i m e

and 1 oc a m t i on  of tropical c’-clone genesis is not so r’lu a la t !te characterit-i—

t i c  of the individual meso—snaule system itself. Those systems are

common and occur  in a l l  seasons and a -it m o s t  l o c a t i o n s .  Once t i i a ’ clint -i —

t o l c~~ical  c o n d i t i o n s  of i~c ne s i s  a re  met , i t  appears  t h a t  favorable la luge

scale changes in the t ropical  gene ra l  c i r c u l a t i o n  arc the  primar y

f a c t o r s  d e t e r m i n i n g  w h e t h e r  tile o f t e n  p resen t -  ind iv idu a l organi ‘cii mes o—

scale  sys tems  w i l l  i n t e n s i fy  or n o t .  I t  appears  t h a t  genesis occurs

when un o r g a n i z e d  t r o p i c a l  c loud c l u s t e r  torlaas or moves into a 1’i’a ’or ,- i h l e

I a m r a a e - ~sca l e  en v i r o n m e n t .  In p a r t i c u l a r  • b o t h  lot la ’ve l no s i  Lisa ’ r e l a t i v e

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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vor tic ity and upper level negative re lative vortic ity over a very large

surrounding area must be present.

These resu lts indi ca te tha t a realis t ic theory of t ropi ca l cyc lone

genesis and develop men t must give primary considera t ion to the i n f l uence

of the t rop ical sys tem ’s surr ounding flow patterns and much less con-

sideration to the characteristics of time disturbance itself. This may

esplain the la rge t ime clustering of trop ical cyclones.

These large scale general c i rcu la t ion chan ges o f the t rop ics are

likel y rela ted to the strengthening and weakening of the ITCZ in associa—

t ion wi th the equa tor ia l  pen etration of middle—latitude baro~- iIn ic pat —

terns from both hemispheres. The a s so c i a t i o n  of these large tropical

general circulation changes with trop ical cyclone a ct iv it~- needs more

documentation. 
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4. TROPICAL CYCLONE INTENSITY CHANGE

Most current theoretical and numerical models of tropical cyclones

show the rate of the cyclone ’s in tensity change being dependent or. the

streng th of the ver tical motion field and therefore on the streng th of

the low level mass inflow and upper level mass outflow.

There are now , however , several sets of observations available tha t

indica te tha t the streng th of the disturbance or cyclone ’s vertical

motion fields is not related to its genesis or intensification potential. 
- 

- 

-

Figure 15 shows vertical prof iles of vertical velocity averaged over _
~~~I _ I

the 0_ 4 0 
area for Pacific composite data sets Dl to D4. h~ is for the 

- 

I

cloud clus ter , D2 for depression stage , D3 for tropical s torm stage

and 114 for typhoon stage. Figure 16 shows the same data for the Atlantic

systems. In both oceans, the upward vertical velocity actually decreases

prior to the intensification to tropical cyclone stage . Thus, in bo th

oceans , the maximum vertical velocity in stage 112 is less than tb—m t in

stage Dl. This phenomenon was observed by Arnold (1977) in a studs’ of  t h e

amoun t of convection around ind ividua l devel op ing tropic al wea ther svst  a VIS

using Defense Military Satellite Program (D~lSP) data. Arnold had four

stages of development for Pacific typhoons, stage I being the cloud

cluster and stage IV the typhoon . He considered three quantitative mea—

sures of the amount of cloudiness or upward vertical motion : the per—

centage area of visible deep convective cells , the percentage area of

cirrus at an infrared temperature of less than —50°C, and the percen tage

area of cirrus with temperature less than —63°C. For all three fields

he found a decrease in the amount of cloudiness from stage I to stage 11.

His resul ts are shown in Table 11
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Fig. 15. Vertical velocity averaged over the 0—4° area f or l’ aa  ~t ic

-‘ composite data sets Dl to 114.
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TABLE 11

Per centage of area covered by convective and cirrus clouds within the
R — 0—4.2 region around tropical storms at different stages of develop—
meat (adapted from Arnold, 1977).

I II I I I  IV

Cloud Depression Tropical Typhoon
Clus ter __________ Storm _______

Area of visible deep 
3 2 2 1 2 2 4 5convective cells

Area of cirrus , T < —50°C 49.9 46.9 47.5 62.8

Area of cirrus , T < — 63°C 16.1 10.7 13.2 32.8

Arnold (1977) also studied the variability of individual time

period penetrative convection and cirrus cloudiness both of which are

closely related to upper  leve l ve rt i ca l  mo t ion . He found  t h a t  between

different weather systems and at different times within the s-~me system

there is a variation in cloudiness of at least  the same s ize  as the mean

cloudiness. This variability exists in all stages of d e v e l o pm e n t .

Figure 17 reprod uced from Arnold ’s paper shows the individual values o f  - 

-

percentage area of cirrus at a temperature less than —50°C fo r  all the

— separate storms studied . The variability is so great that it renderat

meaningless any comparison of cloudiness or vertical motion between

developing and non—developing systems. S. Erickson (1977) using tita ’

same techniques as Arnold compared developing versus non—deve l oping

Western Pacific cloud clusters. The variations between dit b rent

systems within each sample are orders of magnitud e greater titan the

difference between the means of the two samples. In addition it Is ob-

served that Atlantic prehurrica’ depressions have less verti cal motion
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Fig . 17 a—d. Percen t area of cirrus (T .
~ —50°C) within the R — f l_4.20

reg ion of differen t storms . The order of the cases is
random (from Arnold , 1977). (a) Develop ing ctu~ ter ( st , t g e
I); (b) Tropical depression (stage ll)~ (c) Trop ical
storm (stage Ill); (d) Typhoon (stage IV). Dashed lines
above and below the mean show the mean positive anti nega-
tive deviations respectively . 
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than non—developing depressions . These ob s e r v at i o n s  make a f o r c e f u l  case

f o r  the a rgument  t h a t  the  p o t en t i a l  of a disturbance for development

is not directly related to the magnitude ot  the v e r t i c a l  m o t I o n  f i e ld .

W i t h i n  4
0 

radius ~f these var i a a t i s  cyc lone  a,’ i.ts~~~s , i t  i s  observed

a~tt the mean vortic itv ina -reJsa-s about I iva - t in es  - ron st  .Ige Dl to 1)4 .

but the mean vertical notion increases only by l~ tines or less. A

comparison of the rad ia l  wind ( V )  f l o t ;I n g  i n to  t i l l in g  and deepening

r a c if i c  storms shows that at lower levels , the f i l l i n g  svst ~~l~s 1I~~ VC

~reater inflow.

Eighteen of our tropical cyclone data sets have been d i v i d e d  i n to  -~ 
-

two groups:  a) deepening ~‘vclones and b) f i l l i n c  or s te a dy  a,-Vc l ones.

Table  12 compares the average i n f l o w  angle , lote~~r a ted  f r o m  tile s u r f a ce

to 850 mb , of the deepening vs. the f i l l i n g  or s t e t d v  syst ems . L i t t l e

d i f f e r e n c e  is found . What d i f f e r e n c e  there is i t - id ia ,’ates tha t  the f i l l -

ing systems have s l igh t l y  larger  in f l o w .

Budge ts of ~oist Static Energy. All tronical disturbances import

t o t a l  mois t  s t a t ic  energY (h) 1 at lowe r levels  and exn o r t  it  at the

upper  levels .  There is at loss of energy  due to r a d i a t i o n  and a sub—

st an t i a l  energy gain due to a f l u x  f rom the ~‘urface. ~‘hen in t e g r a t e d

through the whole t roposphere it is found tha t the net r e s u l t  is an

e :<p ort of Ii as illustrated in Table 13. This means t h a t , o the r  con—

d i  t ions remaining the s,i r ie • if  the r ad ia l  c i r c u l a t io n  t h r o u g h  the  svs— -~~

tea: is reduced , then the sy s tem w i l l  a c c u m u l a te  ener~ v a nd i nt en s  i i v .

‘It — g~ + C T  + Lq .

~~ : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---- 
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fABLI- 12

In f low angle in tegra ted f ro m the s ur t ~t~-e to 850 ml) for d i i  ferent radii
of deepening vs. f i l l in g  or steady systems .

Radius Are.i Weighted

2
0 ~~0 0 6 0

D atj  Sets

0 - 0 atDeepening 5.~ ii. 10.7

Filling or Steady 10.3° 12.

I
We may thus  b e t te r  un d e r s t a n d  the  findings of t~ae previ ous section .

Genesis  (Dl —, D2 )  t akes  p lace  when the  radi al c i r c u l a t i o n  i s  decr c iscd

and the system a c c um u l a t e s  e n e r gy .  Since the tl:ne sca le  ~or a

d own at I these sys tems is of the order  of a cou p l e  a,~ a,1,tvs , surface energy

f luxes  are not much affected by a decrease  in t i t e  r a d i a l  wind. Once the

system has started to intensify , a larger radial circulation can ha:’

:naintained for a storm at equilibrium . } Iot. -cve r , i f  the  new radial

c i rcu la t ion  is smaller  than  wha t is demanded by equi lih rlu r :. ~ha ’ Sv s t e~:

can keep accumulating energy and intensifying.

t~ind—pressure !~alan cc. The rat to  ot’ the  wind to p r es s u re  - : r t J  i & ~t t t

accelerat ion has been c a l c u l a t e d  using the gr ad iet i ~ wind equation .

dV 
2

( -- . l~

accelei’ i— •h’celet’a—
t Ions due t ion due to
to  wind pressure

g ra d i e n t

whe re the normal symbols ar t ’ used .
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TABLE 13

The export of moist static energy (h) due to horizontal divergence
( ‘a.’ ~Th) w i t h i n  var ious  rad ia l  i n t e r v al s .  A nega t i ve  s i c n  deno tes
a loss of energy f rom the svstea-t . Values are expre ssed  in  e q u i v a l e n t
mean s u r f a c e  to 100 mb t emp e r a t u r e  increase (°C / d )  — f rom ~- 1:Bri~~o ( 19 7 9 ) .

~c ::c-’:—~:_ . :::~ -~

‘- 1 Ci: :d clust : — .5 — .5 — . 3

.d-~J1 LC D~~~~L 1 - P Id

~2 ~.~~hoon c loud  c lu s t : r  —1 . 3  — .7
)3 ~~~~~~~~~~~ cvcL’ne — 1 . 3  — i  . ‘) — . A

~~~~ ci s te r - .3  - .3 - .3
— .2 0

:-~ - — c o - 1 - j r ~ de-~-r a,ssi n — 1 . 7  —~~.3  — .~~~

A i ~-’d~~ Ic Dd’:dL i ::.~; 

-~ ri inc clo: c1~ ste: — 1 .0 — .5 — .5

~: - c r r 1 c ine d c p r e s s i c ~ — . S  — .5 — . 3
~‘3 Into - 1n ~ ~~~~~~~~ 1.2  .7

~~~~ ~iurricane —1. 4 — 1 .2 — .

m—.___
— 

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

— - — —

~~~~ ~~~ — ~~~~~~ ~~~ -
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E i g ht c t -u a L i t a  set s  were  d i v j a l a - a ,I I n t o  d e e pen i n g  v s .  i l l i n e  or stoad~’

svs t a ’~f l S  . The t e t a i s  o f Eq . ( 4 .  11 were a ra ’j we i ght ca l  an d  j \ t ’ r a e ~d ron

to 11 ° rad ius . The ratio o t  wind  to pressure  .ta , - a, - t ’l er a t  Ion W,IS ca lculated

in the upper  and lowe r t roposphere  and then averaged. The r e s u l t s  arc

shown in Table 1-. . In  t he lower lev e l  the de e p e n i n g  sv s t  c - - s  sh ow super—

gr a d i e n t  w i n d  w h i l e  t h e  f i l l i n g  or stead systems indicate stih—e rad ient

winds. \t  the  upper  level , bo th  sy s tems hav e  sub a;tad ient w i n d s .  FL.

deepening  sy s tems  howev er  i n d i c a t e  less s u h g ra d ien t  w i n d s . Sir - i lar

results are o b t a i n e d  f or  c a l c u l a t i o n s  ha ’tw~efl 5 0
a 

radius an -

r id i -as.
4

Supe rgrad jen t or le ss siabgrad l e n t  w i n d s  von 1 ~1 res u .1 t I a: .i a,ie a,- rease

in the r a d i a l  c i r c u l a t i o n  through the system as ~~~~ [S i l l u s t r a te s  f or

the l owe r t r e p o sp he re .  C Iven a g r a d i e n t  b a l a n c e  w i n d  V , 1 i t  i--ecoares

supergradient by an amount s, the:: i i ’  ou t w a r d  i~- c c 1 e i -a t  ion a w o u l d  r e s u l t .

[‘ -\ :~LF I --

Ratio of the wind to pressure gradient a~’celerat ions fa,’r the d e ep en i n g
and i l l in g  or stead data s e t s  area w ei g h t e d  rem to 1 r

Deepen ing Fi1linj~~er Steadv ~ifference

200 mb 0 . 7 4  0 .64

900 m b  1.14 0.86 33~-
_ _  --~~~~~~~~~~~~~ -- 

Mechanism for Supergr adient  w i n d s .  An at by I o t i s  q ue st i on  i s :  wh a t

• t ~pe of m e c h a n i s m  woti Id pr oaluc e  an i ner t  se In t ht ’ w in d s  t o  m i k e  t her :

supe rgr ad  l e n t  or less suhgrad ient  I I t  is h y p ot h e s i z e d  t h a t  they cci i  l al

be brought about  h~ Cb Uj 1~~ifl(I~~l a ~Wi1al ra ‘ t s e x i s t i n g  In a sheared en\’ I rear -en

Downdrafts spread out In the hound .ii-v lav.-r and i c r  t o  produce w i n d

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Increases not related to the cyclone ’s large—scale convergence. Moncrieff

and M i l l e r  (1976) and M o n c r i e f f  and Green (1972) have shown that Ch

clouds existing in a sheared environment can produce wind ac ce lerations

iii the upper and lower troposphere . The active convection existing

in the strong squall—lines of spiral bands would certainly fulfill the

requirements to br ing about increased winds  at upper and lower levels

and cause lower level supergradient winds. Our many kinetic energy 
a

budgets for the various classes of tropical cyclones are show-leg large

res idua ls which we can balance only by assuming that the deep convec tive

elements are acting to Increase the kinetic energy. This residua l is of

comparable magni tude  to the genera t ion  by the mea n f l ow , — V. ‘;~~~~. It is

though t tha t this sub—grid scale k i n e t ic  energy generation is accomplished

by Cb clouds existing in a s t rongly  sheared environment  in a f ash ion

akin to that hypothesized by the above authors.

Angular Momentum . All of our systems show a la rge  expor t  of nega— - 
-

tive angular momentum at the upper levels (from McBride . 1979) as Fig. 1°

illustrates for the hurricane . This is equiva len t  to a large import

of positive angular momentum. This import is much stronger fo r  develop-

ing than for non—developing disturbances.

From an angular momentum point of view , these systems are maintained

against fric tional losses at the surface largely by upper level inward

eddy transport. A large radial circulation is consequently no t needed to a

maintain them .

FIgures 20 and 21 show how Inward angular momentum transport at

large radi i  can be accomplished through horizontal standing eddy pro—

cesses due to large asymmetries In the outflow layer indicated (from

Ndñ ez and Gray , 1977) .
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H
rn/sec - rn/sec °Iat

FIg. 19. Total horIzontal flux of relative angular momentum
and f l u x  by the mean c i r c u l a t i o n  (V

r ‘T 
r )  a t  60 rad ius  f o r

the h u r r i c a n e .

Discussion.  Tropica l  eva -lone fere~-asters general lv agree t h a t

skill at operational forecasting of t r o p i ca l  cy c l o n e  i n t e n s i ty  change

is nearly zero. Our results arc showing that kinet ii’ energY export in

the upper troposphere out of the cyclones en their poieward side is a

major characteristic of their filling—intensf lring process. Outward

kinetic energy transport at 200 nib is 4—6 times greater for f i l l i n g

cycl ones than for growing ones. It is from 2— I times larger when

comparIson is made of the filling and st cad —st ate a’VclOneS . We

believe there Is a skill to be (Icrived in intensity forecasting change

if the upper tropospheric (‘i- 200 mh) flow pat t e m s  to the poleward side

of the cyclone can lie con t inuous  l v  men it ored wi t h the gee— stat lena r’-

s,i tel I I to. Be fore plant ! tat lye fo rce a s  t I ng rules t or I nt 005 I t  V

- - k--- -- L~~—--.~-.- a - —— - Li..~. -.“- -- -~~~~ --- ---—-—~~~~~~~~~~~~~~ - . —
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• Fig. 20. 150 mb plan view of radial wind fo r  the mean s teady s t a t e
typhoon
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FIg. 21. 150 mb plan view 01 radIal wind for the mean steady st il e
hurricane .
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can be confidently established , much s tatistical backgr ound work and

study has to be accomplished. Not only for  the average cases of ~;n -i - ~~~~~~

steady , and fillIng storms must such relationships be foun c’ , bu t  -iIs ’

for the Individual case situations. We propose that the 900 nib and 2? mh

weather naps at individual times can be used to better forecast tropics 1

cyclone intensity change . It appears that there exists n:esningful rd -c—

tionshi ps between the large—scale upper t ropc~~pher i - c  c u t f ~ oc’ o f t h e

tropical cyclone and its Inner region tangential winds.

5 -
‘C

_ _ _  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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5. FOIlECAST INC TROPICAL CYCLONE flIRN INC ~ltl1 ION

The largest track forecast L I ~ rors I or t rop i c a l  ‘va - I t ) I l a ’5 a ra’ usua II V

associated with cyclones underga ing a t u r n .  To e x ii::! no t h i s  forecast

orob 1cm more closely we have made -i special St udv of t rop i  c~i I ~vc tones

occurring in the West m d  ies during the p ’ r led 1961—1977 tha t underwent

a left or right turn or moved relative ly s t r a i g h t  f o r  a p e r iod  of — i t

least 48 hours .  The f o r e c a s t  e r r o r s  made around the t i m e  when t h .

storm began to turn (hereafter referred to as the t u r n  t ime  T) ver a

analvs5d . Table 15 gives tlie aa.~ca ra~ e -I- ’,—ho u r  o f f i c i a l  for e ca s t  errors

Issued by the N a t i o n a l  H u r r i c a n e  C e n t e r  (N U C )  f o r  these s torms  i t  t h i - co

t ime per iods :  24 hours be fo re  t u r n  t in e  ( T — 2 4 )  , the  t u r n  t in e  ( T i . a: ’ I

24 hours after turn time (T+24). It can he seen that ta :r eit1ic: - : 1 ~- - 
- -

a r  r i g h t — t u r n i n g  s to rm , the re  I s a l a i r e j ump i n  t h e  ~c reca s t  e r r o r s

made a t the t u r n  t ine  compared t- -i th those made h e f o r e  anal u t  e l  t ’-e t i t r a ’  
4.

or for straight—moving cs-clones. The forecast errors are even

f o r  16 of the 22 r i g h t  t u r n  cases .  ror these cases the average I - ~~a a ~~

forecast error nearly tripled , l unping f r o m  SO n ml b e f o r e  the t an- n t o

225 n ml at turn time .

FIgure 22 shows the scatter of 24—hour f o r e c a s t  p o s i t i o n s  r : u a i a  at

tu rn time and the corresponding verif ying position s for cacti turn ~-l.uss .

The forecast positions for right—turning storms are nearl y a l w a y s  t o  the

left of the ic-tual storm track wiu i Ic the reverse is true I or let —t in-n

s torms . Forecast  p o s i t i o n s  tend to c l u s t e r  around  th e  extrapola~ a - al

position of the storm on its current path. The strong H~is based on a

persistence Is evident. For s t s - a  iglut —mo ving s torms , th e re  I s  •s I ~• i a ~~ ’f l a ’

to I orecast the future posit ion slig h t l v  to the  r lgjit o~ the ac t i - a l

track, a l i k e l y  ind i c a t ion of a slight ci iniatologiccu l bias, It i ” a ’ - a v , a

— - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 15

Average 24—hour official tropical cyclone track forecast errors (n mu)
issued by the National Hurr icane Center , Miami . T is the t ime when the
storm starts to turn. See Section 5.1 for description of T for a
straight—moving storm . Special right turn cases have forecast errors
at T greater than 100 n ml.

24 hour forecast  error  (n ml) for lure--
Turn C l a s s i f i c a t i o n  casts issued at the fo l lowing  t imes_____

Lef t  Turn (10 Cases) 127 156 111

Straight (23 Cases) 80 91 106

Rig ht  Turn (22 Cases) 96 175 l 2~

Special Right Turn (16 Cases) 80 225 111’ 
-

tha t  there is a def iciency in the sk i l l  of f o recas t ing  t u r n i n g  m o t i o n .

This is probably a result of insufficient observationa l I-anowiedge of the

charac teristi cs of the cyclone ’s surrounding environmental flow pattern , —

and /o r  a r e l u c t a n c e  of the f o r e c a s t e r  to commit h im s e l f  to a fo r ec a s t  
- 

-~

very differen t from the climatology—persistence techniques which u s u a l  Iv

ver i f y we l l .

This paper presents  i n f or m a t i o n  on the e n v i r o n m e n t a l  f l o w  p at t e r n s

around turning and s t r a Ight—movin g t rop ical  cyclones p r io r  to am a at

t u rn  time . It  w i l l  he shown tha t  there are s i g n i f i c a n t  d i f f e r e n c e s  in
I -~

the large—scale surrounding wind fields at fOO nib , and also at tipper

(200 nib) and lower tropospheric (900 mh) levels fo r  these t u r n  c1~~sse s.

Tempera ture  sound ing  da t a  f r o m  the N lmbus—6 Scann ing  Microwave  Spec t ro—

meter provide further evidence of these differences. It Is anticipate~!

t h a t  knowledge of surrounding flow patterns may improve t h e  s k i l l

in turning motion forecasting .

- - - 
- 

a 

-
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1 Composite  Fiat .~

Because of the sc-arcit of a’ce.tnic rcuwlnsonde data , representative

i n fo rmat ion  on the charac -teri st ics a ’t t r o p i c a l  svst  ems is u s u a l ly  not

a v a i l a b l e  fo r  in d i v i d u a l s i t u a t io n s .  l e  overcome this pr oh iem a r awi n—

sonde counp ositing approach has been used in u~hIcli data from s t o r m  svs—

tens having similar characteristics cure averaged together. The ration-

ale behind this type of data conpositing has been discussed In a number a

of recent papers (Williams and Gray , 1973; Frank , 1~ 77a ; and others).

This study composites tropical cyclones according to the different turn—

1mg c l a s s i f i c a t i o n s .

Composit ed d a t a  samples  enabl e r e l i a b l e  q u a n t i t a t i v e  a n a l v s a -~ to he

made , and allow meaning f u l  conc lus ions  to he drawn about the “ average~

d i f f e r e n c e s  in the s u r r o u n d i ng  envi ronm ent  between d i f f e r e n t  d a t a  set s .

Compo s it i n g  tends to suppress rando m d a t a  noise and i s o l a t e  the  me an

characteristics a--oiinon to each c’m~ ositc class .  Differences between

t u r n i n g  classes ( i f  present)  u - i  I I ~ iv o  h i n t s  to fere~-isters is  Ia ’ wh i ch

su r round ing  .-v c  lone parameters tc :-eni t or in I tid ividtt;u l cases .  k~ P a ’ c . if l

usua l ly  f i n d  meaning f u l  r e l a t ion s h i p s  in data del Ic lent m dl vi a ’ t nl I c~une

s i t u a t i o n s  much easier if  OflO knows w h a t  to I o~~. for.

This study investigates tr.-’n ic.-il cyclone turning motion v1:i~- l - a

occurred w i t h i n  the ~est Indies  rawinsonde network (see Fi~’. I ~~ aIur~ ng

1961—1977. Cvc lones which  underw en t  a l e t  t or r i g h t  t u r n  ~‘r moved

rc’lativelv straight I or a p e r i o d  of I t  least 45 hours  were sel eat ed ,

giving a t ot a l  of 16 l e f t — t u r n , ~t-i straigh t —moving and 29 r I g h t — t u r n

cast’s . The tracks I a) r these cv c l o u t ’ tiii -n c 1 ass a ’s a t a ’ ~ 1ia ~wti I n F I c s . .‘ - ‘

2 5 and 26 .  For each t u r n  c la s s  i f  i .- - l t  ion , the I .‘ I lew i t i c  t inc :~~- t -  1 0 ~,et e

________ 
- 

~~~~~~~~~~~~~~~~~~~~~~ -
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composited : t ime when the storm starts to turn (turn time , T), and 12 ,

24, and 36 hours before turn t ime (T—12 , 1—24 and T—36 resna”a- t ivc l v ,

see Fig . 27). These time periods correspond to OOZ and LIZ host track

positions issued by the NHC frot: storm track post—analysis. The T

designation for a straight—riovin~ storm is the intermediate t it—ic before

and alter which the storm moved relatively straight for a period o~ 24

hours. If a storm starts to turn between two standard tim e periods (~ OZ

and 12 1 ) , the nearest time period before turu is taken to he th e  tu r n

time . ~or example , OOZ will be the turn t i:- :a - l a -a r a storm w!1ic~ st-irts

ta-a turn at 06Z .

RIGHT TURN

STRAIGHT

LEFT TURN

T 

T-12
T-24 

T-36

Fig .  2 7 .  I dea l Ized  p i c tu r e  of the three  tu rn  classes of t ropica l
cyclones and of the t i m e  per iods  p r i o r  to t u r n  1• -hU - I1  wa ’- r a ’
composi ted.

_____ - - 
_ _ _ _ _ _ _  
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Ca’tmpats It ing Is performed nfl a 15 1 at it LI dC I a I a l  t us 1 
~~ I I  ml r ((:1 1 

- *

grid consisting of eigh t al t - t a i n t  S and e igh t  r a d i a l  bands , as shown In

F 1g. 2 8. l’he con Ic -  r of the gr Id corresponds ta t the st orm center . The -
~~

g r i d  is ro t at ed  so ( b a i t  O etn n t  1 Is :il i gned a long the di rt-ct jam a~l

St  0 F~~ Al a ) t to l l  (see Fi g. 28) • See ( eorgc  and (r:Iv (1976) i o r  as riort’ ale—

a 

• t a i l e d  d e s cr i p t i o n  of this coordinate system.

! ach wind vector  i s  resolved Into two components , one l a I r s  li t I to

(110 a - I l  te e t I am o I s t ortn not ion (V ) and oOc’ nornIa 1 Ia” I t (V ) , as shown

F 
(~ j

~ ‘9 \1 I vi tid atb ’,c rv it  I onc I i l l  in~ with in ~ u t  I a I l l  i t  t m t

iuid r~id tat hand a Fa a ave raged  I o g lee  the COIfl I~a)5 i t t ’  
~~~~ 

:1111 1 \~~~ i / i t  l i i  It

t h a t  sa ’cto r .  The : s v e r s g t u i g  nroa-eoa;es are describ ed In g t e . I I  -r Jet t i  I 
a

by Fr ank ( l 9 7 ? ~i~~. I -

a • I i t  m-o ci ud tu g I- a iW all L u  rn 1 (mc-

I’

-

10- It I ’I [O i l  Ot t t a ’i )  i i : i i  , \ c  I d t f l t ’5 SI a9tlS I a ’ b1’ l a a a . t r - 1 - l t  a a I  t o  uii i a - I - a

I F0~iO-a ~)lII.- n c - Ii a ’’aa l ) i t t  i a m s  . ( a - o m ~’a .iii ~l ( 
~~~~ Ia I~~

) 1 1 i ) I i i  i a a ’lu ~~a t s  i t  ~
- ot  iia ’i\

a~ I I rep (c-at a - V a-- tones St rat if led accoral lug I 0 d i  rc a - I  l a m  0! O t a ’ l ilt 11011 I Oil ,

li l t a ’ l t  ~ it V~ e tc .  f o u n d  t h a t  iO( l rnb i s  l i l t ’  he St sI a -~-r  I II~~~ l e v I  I 1 i  t i t  a - c t  I a ’It

and , i ~~()  tnt I Is  (lit ’ h a ’ s (  I or  ~vc lotte speed . l o  bet  ( e m  i c  t i e  out knaiwl edge

c i i  ( l i e st e e r  tug fl ow lSSoa ’ t i l t  cal wi tli eve lOIl t a~ :a nclergo I tt ~~ t 1 1 1 1 1 1 i ig  11101 1( 111 •
Wa ’~ ll .IV e St (Id I ott the ca )mpoa; it a I low I id als as a-~I ) t )  nib • iCR ) lull ’ , i O I )  t i t l i , I i l a I

2CR) nib a lt turn tima- I a’ F l i s a ’ t Ii i- ca” t u r n  e I a l aa : ; a s - A It bough i I~~~~ , :aI ’ I s I

t a t  he t lie lti.’S t S I ea t I ug I eva I , I low I te l tIM all I lie sptte t l ‘& fl ) itiI ’ 1 snal I a’wc I-

1a-) CR ) tiali) t rttposp ht- I- ia I a V e  I s i i  ~ a a l i t t i e l I r  o h  i t t ’  ( I S a ’ f t I  I . n 1 - a - o I f l l lO I l a 9 l t

ol  t hc- wind norma l to t l i i ’  d i  l ea t l a l i t  of s l o t - n t  fliot la i n (a ’r  \ ,~~~ l~~a p I a i a a  ( o

‘o i i ~ - I i i  a - lit -st w i l i t  t 1 1 1 1 1 1 1m g tna ’( i o u  ~1I t I l l-f l  I Ins ’ .

1 l k - i - e ~s I  t t’i~ , III c l t s t  . I n I - l a S  t i e  1 - I - I  I t r e at t a ’ In aI e 1~ I a a a a a  l i t  i t  id a ’.
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a la - tau t s . Numbers Ins i cb’ gi  l~ 1 I ital l a s t  ~ a al t - a l  l e e d s  I ron I Is’
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STORM MOTION SYSTEM
MOTION COMPONENT VECTORS
VECTOR
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Flow f ie ld_at 500 mb . FI gure 30 shows tim e ca ’nipa islted 500 mh flow

I icids  at t u r n  t ime fair the three turning classes. These st reaml h it-

pattern s c l ea r l y v e r i f y the m i d d l e  level s te er i ng  f l o w  toncept.

1’o descr ibe  t i l l s  in more q u a n t i t a t iv e  terms , t he “N coillpssnc-nts

of the  wind a t  500 mh in tlw fr o n t  and hack oc-( an t s  ~sr a a  shown In Fi g. 31 -

The number next to each arrow indicates the n i a g n i tu d e  a - f (lie 1
N 

component

in m s 1 
within radii 5

0 to 110. Taking a weighted avera ge of in the

front three and back three octants (V
N in octants I (ft-out) and ~ (back)

are g iven a wei ght  of one and those In the r i ght  and l e f t  oct ants a

wei ght  of 0 .5)  , and subt  rac t  ing t 11~ hack octant a1ve ral~:a- frotai the f ro t i t

octant average , we obtain the V~ shear values sh own lt  the  I’ot tout 01 t ime

figure. These front to back V N shear d i f f e r e n ce s  c a - a r r e i a t a - i ae l  I i4- It h

turning m o t i o n  at t u r n  t i m e .

- i t h  t I : a -- p r a ’asen t and i n c r a - a s in g l v  l t n m i t a ’-d occ i t a i c  n ii d all , - l a v i i

observat ion network , such 500 nib I a-v el inforniat ton ~ou l d tic regular lv

iva I lab lo on lv if a-a ~ ca -  j a m  I ra - a-- onna  I s sat i~- . f 1 iglu t s at  na- m mdc - a t a ’wmd S t  a ’ Fills at  —

t h e -’sc out c r r a dii. Since tipp er and lower t roposplia- r Ic wind dstat are

becoming more alva l i a b l e  w i t h  t h a  f ron t  satte l i i i  a’- and j a - t  au r clas I t  obser—

vat ions i t  w o u l d  ha ’ not - c use f i t  I I a es tab Ii sit  I. if ~os -a t b le
’
~ st e a r i n g  flow

r e lat  lonshi ps at t l i c ’se have is.

t~~~~~~~~d Low er Trop o~~~e~~ c Flow. The ~ I 1° r aa i  h u t s  a s i c  t age of t lie

f r ont and ba ck O c t  a l i t  S V (200 nt b a I t a l  V (900 nih ) fa ’i t ha t i l l - i - I - I ut-n
N N

e la sses a l t  t u s rn 11 ma - I - - a  shown in Fi g . 12 . --\ti oist t h i- ~- sm. - nias’it i t  i sle

f ron t minus  back \
N 

shear d if f e r e n c es  art ’ I ound I or t h a -  c~rmi c i  sl a S

those I ound fo r  500 m i-s . It  should  thus  be ptuss ible Ii ’ use t ha’ sv.’I ig e

200 mh and 900 mb winds  to i n fer  t u r n I n g  ma-s t I s-sn of ( I~a’I’ h-al a v e  1 ou t- ia  i t

t u rn t ime .
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5.3 Surrounding Flow Before Turn Time

A study of the composi te 
~
‘
N 

f low f i e l ds  24 or 36 hours befor e turn

time at various levels reveals no sign i f ican t d i f f erences be tween the

turn classes. This is to be expected since , by definition , storms wlfl

still be moving straight. The V
P component of the wind at 500 nil ’ and

the upper (200 mb) and lower (900 nib) troposphere , however , sI’~ wi-a In—

portant relationships with cyclone turning motion 24-36 hours 1-a e fo ra , i t

takes place.

500 nib Flow. The V~ compon en t of the winds (pa ra l l e l  to the direc-

tion of storm motion) at 500 nib in the fron t left (2), hack loft (-a ,

back right (6), and fron t r ight (8) octants are found to best  ca ’i r e L u t a

‘3with turning motion 24 to 36 hours before turn time . These co--ap~’a~ -ei ~a

are shown in Fig. 33. At 24 hours before turn time ( T — 2 4 ~~, th e re  exi atat

at the front of the storm a strong cvclonic shear of \‘~~~ (V
p

la r i : - : t :t ’t -

V~ (lef t)) for the left—turning storms . This shear is dent-steal h’-

\V p /a\ n , where ~n represen ts the distance between octants I a l l l -  ~~ a r  -~

and 6. This fron t V~ shear is about zero for the other two turn a’ ¶ n -a ;  a- ; .

Behind the cyclone , the r igh t minus  l e f t  y
r shear IS  a a y a I a i f l j C ~ a ’V i l l

three classes. The magnitude of this V~ shear is l arg es t  l a i r ri~ i’t --

turning storms . Subtracting the V~ r igh t  minus  l e f t  shear b eh i n d  the

storm from that in front of the storm , r(V~ —V p /-\n) — (V~ -

~~~~
, I : n ) 1

8 2 6 -~

where the subscripts denote octant numbers , we obtain a front “lu c a s  b .u ~

V1, shear which night he used to identify the type of m o t i o n  at s t o t r :  Is

going to take in 24 hourst a positive value for left—turn ing, sraifl

negative value for straight—moving and l arg e ns’galt lye va l ise ¶o r i 1 a ~ i ’ I  -

turning .

a\t 36 hours before turn time (T— 16) a similar differen~’e in tl ~ia

_ _ _ _ _ _ _ _
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fron t minus back V~, shear exists between the three turn sa-l asses, as

indicated in the lower half of Fig. 33. Notice that the front minus

back V~ shear for  stra ight—moving storms at T— 36 is the same as that

for left—turning storms at T—24. This appears to reduce the distinguish-

ing power of this shear to forecast turning . However , given the current

low skill of forecasting turning motion , this 500 nih shear Information

may still be useful. -a

If aircraft reconnaissance flights were available to better measure

these middle level outer radius shear patterns , then an improvement in

forecasting turning notion night result. Such aircraft reconnaissance

requires special prop aircraft capability and will l ikely he unami-ailable

in many or most cyclone forecast situations. By contrast , sat e llite —

derived winds in the upper and lower troposphere should i-se available

in most forecast situations .

Upper and Lowe r Tropospheric Flow. The a’-oin pa ’n c t a t s  of the 20(1 nih and

900 nib ver tical wind shear parallel to the direct hon of s t a ’r: : ia i t  !a’n 2-~

to 36 hours before turn time are si gnif icantly difte ren t )‘etveen the

three turn categories.

Figure 34 shows the av erage V~ wind wi thin 7
0 

to 11
0 

radius I ron

the storm center in oc tan ts 1 ( f ron t ) and 5 la sack) a t 200 ml-’ and . 00 nih

24 hours before the turn time (T—24l. In front of tise storm , right—

turning cyclones show Ii large negative wind shear between these twa’

levels (V~ (2OO mh)—V~ (900 nib)) wh ile both left—turning and straight-

moving storms have positive wind shear values. Behind the S t a i i t ~~. t ht’

vertical wind shear Is negative for straight—m ovin- storms a n a 1 aa l i a ’~h t I v

positive for the other two turn elaisses. If we add the front rna’l hack

wind shear values , we obtain net vert I a- am 1 wIn d  shears in the di ra’c (Ion

_ _ _ _  _____ ____ __ --_ _ _ _- -
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of storm motion of 13, —1 , and —10 m s~~ fo r  lef t , straight , and right—

moving cyclones , respec tive ly . The same shear values at T—36 are 7, —1 ,

and —20 m s~~ (see Fig. 35). Thus , for  left—turning storms the net

vertical wind shear in the d i rect ion of storm motion in oc t an t s  1 ( f r o n t )

and 5 (back) is positive . The shear is about zero fo r  a s t r a i g h t — m o v i n g

storm and negative for a right—turning storm .

Such differences in tropospheric vertical wind shear between the

turn classes only exist 24 and 36 hours prior to turn time (see rig . 
a 

- 

-

36). Shear differences disappear as the storm approaches its t ar”i tine.

If one is able to obtain winds in the uoper and lower tra -a raais~-”ere

around a storm ( f o r  example , from satellite observations), it “iov he

posstbie to better anticipate cyclone turning motion 2A—36 hi-’-:rs ‘-‘e~ ore

it takes p lace .

Individual Case Analysis. To see how val id the composite results

are for  ind ividual turning storm s, we also investigated the V1, ver tical

shear for individ ual cases in the sample. Individual case - i n i h - -si s is

severely handicapped by dat~ availability . Wind and height d a t a ~m ?‘ust

oe interpolated from analyzed weather maps. ~-evertheless , an attempt

was made to evaluate this vertIcal shear para-neter (V~~( 2OO !b ) - V~~(~~O0

nib)) for individual turning situations. The 200 nib winds were estimated

from the height contours , using the geostrophic wind relationship. If

there were no contour maps an estimate was nade from the 200 a~) % stream-

line analysis. If neither was available , the case was no t analv~~a’a t .

The 900 nib winds were estimated from either the 3000’ PIBAI. maps or

from the National Hurricane Center ATOLL (top of the Fkmami I :~~~r) naps.

If  ne i the r  was avai l ab le , an estimate was made from surface pressisre

maps , again using the geost rophic  wind relationship. These m et h o la ;

--
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Fig. 36. Vertical wind shear fo r  d i f i e r e n t  tine perioa :s. the ordin a-ate
is the value of the average ver tical wind shear in in s 1 within
70_h O 

radius from the storm center.

restricted the analysis of the vertical wind shear to only about

two—thi rds  of the individual  cases in the sample.  Figure 37 shows the

spread of shear values obtained . Although there is a arge spread in

the v e r t i c a l  wind shear for  each c l a ss i f i c a t i o n  (which is to he ex n e c t e d

because of the inherent data uncertainties) a satisfactory relationship

be tween the ver tical wind shear and the turning mo tion ex ists f or

most cases. If we set threshold values for the 200—900 nib vertical

wind shear as:

> 5 LEFT Ti RN

—5 to 5 STRAIGHT

-5 RIG HT TURN

it is found that 64% of the left turning storms have vertical w i n d

shears greater than 5 for both 1—24 and T—36 time periods. For the

straight—moving storms , 77t~ occurred within the range at T—36 an~! 7S

_ _ _ _ _ _ _ _ _ _ _  - - ~~~~~~~~~~~~~ - 
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FIg . 37. Vertical wind shear at T—24 and I—36 tine periods for indivi—
dual s t o r — - s .  The ordinate is the same as in Fig .  36. Each
cross represents the wind shear value cren one stern . Equal
values c( the wind shear are plotted next to each other. The
dashed lines indicate the threshold values described in tl-.e
t ex t  -

at T—24. 87~ of the right—turning storms have vertical wind she—irs less

than —5 at T—36 and 72t~ at T—24. The present skill in forecasting turn—

ing motion is considered to be significantl y less than this , os evident

from the scatter of forecast points shown in Fig . 22.

Since the skill in deriving lower and upper tropospheric winds

from (geostatlonary) satellite observations is increasing , the informa-

t ion on such vertical wind shear should become more availab le as time

goes on. One might then expect- an improvement In future turning motion

forecasts.

5.4 Study of Satellite Temperature Sounding Data

The vertical wind shear structure described in the last section

should be rela ted thro ugh the thermal wind relationship to tl ;a a me~in

.

- . - - - 
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tropospheric temperature gradients across these storms. An estimate of - 
;
‘
~

the magnitude of the t empera tu re  g rad ien t  can he obtained from the 
- 

-

therma l wind equation :

AT f ~l - - 1
— — [an(—) J V

T 
(5.1)

--
where An — h o r i z o n t a l  d is tance across which a tempera ture  d i f f e r e n c e  

- 

-

AT is measured , VT 
is the thermal wind , or In th i- .  caqe , V 1,(200mb )—V~

(900mb), p
1 

900 mb , p , — 200 mb , f the Coriolis parameter and R the - 
- - 

-

gas constant. If we assume f to be 5 x l0 5
s~~ (corresponding to 20

0
N)

and \n 18° latitude , then for am vertical wind shear of 10 m ~~l
,

2.2°C.

To inves t iga te  the exis tence of such :i g r a d i e n t , t empera tu re  sound-

ing damt a f rom the Nimbus 6 Scanning  M icrowave S p ect r o m et e r  (SCAMS) vera -

examined . Since the wind shear  ~ il i  t a l  m e d  from the  compos i te  st iidv is o~

this order of m a gn i t u d e ,  we should expect the sounder  d a i t a  to  sp e ci fy

turning motion .

The Scanning Microwave Sp~ çtronmeter. The Scanning Microwave Spea -t ro-

meter (SCAMS) on board the Nimbus 6 polar—orbIting satellite Is a m f i v e

channe l ins t rument  sensing radiat ion  n o m i n a l l - - a t  22.235 , 31.6~ , 52 .85 .

53.85 , and 55.45 GIlz (S tac l in  Ct a l .  , l975n) . The up p em - th ree  channels -

ar c used for  soundin g the atmospher e , w h i l e  the lower two are used to 
-

Infer vt’rt Lea I ly integra ted a tiiosphcr f water vapor and liquid W alt ta r

content. The N imbus 6 spat -ecraf t is In a sunsynchronous (ii 30 and

2230 Local T ime) n e a r — p o l a r  or b i t  a l t  arm altitude of approximat ely 1100

kin . The SCAM S In s t rumen t  scans aic toss the spacet- rat I t tr ait -k I n  I st eps -

I I  7.2° I n t e r v a l s  each 16 s which rt’sul t s In at spatt ta i l ri~~ olitt ta ’~ 01 -

~ 
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145 km near nadir , degradIng to 200 km downtrack by 360 km crosstrack

a t  the max imunt scan ang le .  Approx in ia  t clv 400 1 nd iv Iduat 1 soundIngs a-an

be o bt a i n e d  w i t h i n  I~~ ol the center of as tropi a - a il cy c lone  for each 12

hour per iod .

~~~~~~~~~~~~~~~~~~~~~~~~~~ A tot ;i l of II  c : l 5 t ’s (11 Indiv Idual

storms) in both time (‘aci I ic (NI-~ and Ni-.’) and A t l a n t i c  ~lca ’a~t~5 atti ring 1q 7 5

were examined . This is a t  11 the SCAMS Information aival I able to us at

tim Is time . The tracks for these storms are shown in Fig . - The di s—

t r ib u t i a sn  of s torms in each turn class Is g iven  In Table if’ . S at t elli te

were &- a t e g o i - i z e d  by t h e  (1, 1 — 1 2 , T — 2 , T—36) am s alest - r i b o al I n

sect Ion 5 - 1 - The mean 1.000— 250 nth t a a-ipe rat ure 5 a round eat-h t i’ m I or

each t ime period were derived from the bri~i1itnoss temperatures (the rn - -

data obtained from the sounder)  as desc r ibed  in U:mters et ai l. (1Q75) -

The same method useal in the rawtnsonde conpos ite w~is enip loved to obta In

aiveralge layer mean temperature at each ef the grid points in F i g .  38

fa~m each storm . To in In itn i :‘e con tami nam t Ion 1w ~rec I p i t  at ion - dat t~t ~‘~~‘ I —

_ a,

w i t h  i n te g r a t e d  l i q u i d  wate r  con t en t s  0.5 kg m ( p r e c ip i  table mm)

were not used in the averag ing  process .  This , a c c o r di n g  to St aelin

et al .  (1975b) , should e l im i n a t e  most of the c o n t a mIn a t e d  da ta .

The accu racy of atmospheric temperatures derived from satellite

sounders is at pertinent point. Data from m microwave sounder were used

hecamuse microwave sound i ngs are unaffected by non—raining clouds

(S ta el in  Ct ai l. , 1975b). The extensive t-i oudlness near trop ical cyclones

prec hides tIme exa- lusive use of in f ra red sounding ala ta t . When the 1000—

250 nih layer mean t emper atu re  at  a s i n g le  spot Is compared w i t h  the

nearest grid point I aver ana l yzed 1w the Nationa l Met eom- o 1 t ’~’ I cai l Cent jr

t (NMC) the root—m ean—squauu - a’ d ifference Is approxImately 2 k I .;lfl~I 5a i  t!
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Fi g. 38. Tracks of 1975 t ropical cyc lones in various oceans used In the
Nimbus 6 SCAMS temperature sounding study . (a) NW Atla ntic
Ocean (West Indies) : (b) NE Pacific Ocean : (c) NW P a c i f i c
Ocean . Track symbols are the same as in Fig. 24.
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TABLE 16

Distr ibut ion of turn cases in the Atlantic and Pacif ic Oceans used In a

studying satellite temperature sounding data around tropical cyclones.

Ocean Left Strai&ht Right

Atlantic (West Indies) 0 2 4

N.W. Pacific 1 1 3

N . E .  Pacific 1 1 
- 

0
TOTAL 2 4 7

Nimbus Proj ect , 1976) . It must be remembered, however, that 2!~~~ 
tern—

perature gradient and no t absolu te tempera ture is a requ iremen t f or the

wind shear determination. In addition , each grid point value is an

average of a considerable number of observation points , and precip i ta— -
- -

tlon -.contaminated data points have been eliminated. The satellite—

derived tempera ture gradien ts used in this study shou ld therefore be

accurate to within a ‘ew tenths kelvin (Staelin et al., l975b).

1000—250 mb Mean Temperature Fields. For convenience , the 1000—

250 mb layer mean temperatures were analyzed in the following way . All

layer mean temperatures at grid points within 5
0 

to 150 f rom the storm

center were averaged to get an average layer mean temperature T. The

deviation of each grid point temperature from T was calculated (for all

points in the grid). These deviations were used for the analysis in-

stead of the absolute values. An example of the temperature deviation

field for three individual cases (one in each turn class) is shown in

Fig. 39. ThIs figure shows the typical expected difference in tempera-

ture structure existing between a left—turning , straight—moving and

right—turning storm as implied by the difference in vertical wind shear

structure discussed in the last section . The left—turning storm shows

— ~~~~~~~~— - t—-
~~~

—-; - - — ~~~
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a temperature gradient acrosa the storm corresponding to al therma l

wind , or ver t ical wind shear , in the direction o~ storm motion whi l e

the opposite occurs for the right—turning s te r n a . There is very little

temperature gradient for the straight—moving case. An e x a m in a t i o n  of

all other cases seems to indicate that the temperature gradients ol most

significance exist in front of the storm.

Another important feature to be noted is that such am t enmp er a ture

gradient across at tropical cyclone implies that the storm tends to move

into a region where the troposphere is relatively cold — as indicated by

the areas of relatively cold air in the three cases shown in Fig . 39.

To describe this in more quantitative terms , we studied the  temp era—
~

ture deviations at 9_13
0 

radius in ocran ts 2 (left front) and S (right

front). The tempe rature deviations in these two ~1ctants for -al l cases

are shown in Table 17. Both l e f t — t u r n i n g  cases shem ~- t h a t  the mean

tropospheric temperature is lower to the left fron t ‘1 the storm . For

the straight—moving storms, only Caroline shows am l a rge  nega t ive  trop~’—

spheric shear. The reason for this is unknown . Howevet- , a l l  ether

s t ra ight—moving cases showed only a very weak t empera tu re  gr adient  acm-ess I -~~

the front of the storm . In addition , all  thre e ~~a l s O s  show a t-egion ot a

cold air in octant 1 (not shown). Of the seven r i g h t — t u r n in g  storms. -‘

only Cora shows no temperature gradient. The o t h e r s  Indicate a

tively cold troposphere to the right front of time storm . An ex .u r ai n tt Ion

of time temperature deviation field around Coram shows t hat  the a’t ’ l — lt’S~

spot Is 150 
from the storm center In octant 8 (right front). Th Is

suggests tha t one should look at this Liver  mean t emperature ¶ lel d around

a tropical cyclone in addition to calculating th~-a t emperature t~t ,td1~~n t s

to forecast its turning motion .

________ 
—
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84 j
These results were obtained , as described earlier , a f t e r  elimina-

t ion of data points with integrated liquid water content 0.5 precipl—

table mis. To see if this process is of any great significance , we also

analyzed the temperature deviation fields without eliminating any data.

A comparison between the two sets of results shows very litt le d i f f e r ence

in the temperature structure and temperature gradients at large radii

from the storm center, It would seem therefore that it is not necessary

to el iminate those data points wi th appreciable liquid water  content

provided temperatures at large distances from the storm center are used.

This satellite sounder data indicates that very pertinent informa— a

t ion on forecast ing t ropical  cyclone turning motion 24 to 36 hours in

advance may be ob tained in regions devoid of rawinsonde , a i r c ra f t  and

clouds for wind vector determination .

5.5 Discussion a

The results of this study indicate that there are parameters in

the large—scale environment around tropical cyclones at upper and lower 
- a

tropospheric levels (in addition to the previously—considered crucial

middle level) which can provide information about their turning motion

24—36 hours before it occurs. An estimate of the V
N componen t of the

winds at 200 mb and 900 mb for 5—ll~ radius around the storm from

satellite observations may be used to make a more reliable short range

(0—12 hour) forecast of turning motion , Of grea ter signif icance is the

possibility of obtaining the V
P vertical wind shear to specif y the pro-

bability of turning motion 24—36 hours in advance . The fact tha t

‘fav orable ’ environmental conditions are evident 24-36 hours prior to

tu rn  time indicates that  there may be a t ime lag between a change in the

surrounding f low parameters and the response of storm to such changes.

- - ~~~~~~ - ~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
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Sometimes, it may be difficult to derive winds at these two levels a

from satellite observations because of an extensive cirrus canopy or

because upper—level cloud motions are lacking . In these cases satellite

sounder data , with its tropospheric temperature measurement capability ,

may be useful to augment missing wind data. Since contamination of the

sounding da ta by precipitation is negligible at large radii , the Micro-

wave Sounding Unit (which does not have any water vapor channel) on

board the TIROS—N satellite now in orbit might be used to monitor tropo-

spheric temperature gradients across a storm to determine the upper to

lower tropospheric vertical wind shear . We suggest that temperature ~
- -

data obtained from such a sounder be used on an operational basis to test :~e
the applicability of these results.

Another important resul t of this study is the time difference be—

tween the presence of a temperature gradient (at 24—36 hours before turn

time) and the appearance of a suitable steering flow at middle—level

(at turn time). This may suggest that winds in the middle level are

responding to the large—scale temperature gradients . One of the problems

in cyclone track forecasting is the fact that we still do not know the

physical mechanism which causes the movement of tropical cyclones. A

study on the dynamics of this process may lead to a better understanding

of the underlying physics of storm motion.

With the large increase in computer technology and the development

of more sophisticated cyclone forecast schemes , one would expec t a con-

tinuous increase in tropical cyclone forecast skill. While this has

been true on the average in the 1960 ’s and early 1970’ s , cyclone t rack

24 hour forecast errors have been showing a slight increase in the last

_ 
_ _ _  

_ ~~~~~~~~~~~
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three to four years2. The8e forecas t error increases are likely a

result of an over—reliance by the various forecast techniques on middle

level flow pa tterns , and a subsequent gradual reduction of oceanic ra—

vinsonde and aircraft  data to measure such flow patterns . Atlant ic  wea— —

ther ships Echo and Delta were decommissioned in 1973. Very few oceanic

prop aircraft flights are now made. These changes have significantly

reduced the already—scan ty mid—tropospheric Atlantic wind—height data.

Accura te analysis of middle—level flow fields has always been difficult.

At some locations and time periods it is now nearly Impossible to obtain

a meaningful  analysis. Neumann 3 has discussed how NMC tropical analysis

— schemes can produce a quite unrepresentative oceanic analysis which

1 then gives an incorrect (but strong) bias to middle—level steering cur—

rent determination. He has documented cases in which an erroneous wind

a observation drastically changes middle—level computer—analyzed flow

fields to make them quite unrepresentative of actual conditions . This

seriously affects the performance of tropical cyclone forecast models

based or. middle—level steering flow concepts (Neumann , 1979; Lawrence ,

1979). New forecasting schemes (regardless of how sophisticated) which

u tilize middle level flow patterns will encounter similar unsurmount-

able observational problems .

Because of the increasing availability of satellite—derived info ma—

tion at upper and lower tropospheric levels , it is suggested that  research

on storm motion be concentrated on studying the relationships between

upper and lower tropospheric parameters and storm movement . The next

step to carry this research fur ther  will  be to try to relate these para-

meters with cyclone speed changes, stalling and looping motions, and

other specia l cyclone motion characteristics.
2’3Panel discussion , 12th Tech. Conf. on Hurricanes and Tropical

Meteorology, April 24—27 , 1979 , New Orleans , LA, ANS.

4, £ .0,a4J1.aa’ a~~ 4~~~”
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6. TROPICAL CYCLON E INT ENSITY DETERMINATION FROM UPPER TROPOSPHERIC

AIRCRAFT RECONNAISSA N CE

It is proposed that attention be given to the possibility of

tropical cyclone intensity determination through upper tropospheric

jet aircraft reconnaissance . The cyclone ’s upper level temperature

anomaly and its gradient can be related to surface pressure and wind .

This is par ticularly r~~ evan t to foreign countries affected by these

cyclones who do not have a dedicated low altitude aircraft reconnaissance

capabil ity,  but have available jet aircraft, No special aircraft instru—

mentation would be required. Jet flights are faster , longer ranged , and

less turbulent (if echoes are avoided), than prop flights. Many more

a i r c r a f t  are available for  such missions .

Al though very significant strides have been nade in the ‘itiliza tion

of s a t e l l i t e  p i c t u r e  da ta  for cv-:lone ía cr4s~ t —  terni:aat ion 
~~~~~~ 

den—

onst r a t ed  by V - Dvorak , 1975) operational forecasters usuaU ’-- a lso

desire v e r i f v i n ~ a i r c r a f t  i n t e n s i t y  in f o r - ~at i o n  when c c i e aes  ~r e n e ar —

in~ popula ted  coastal  regions aind they m ust naVe maj or  fo re  st~~--,~

decisions.

Desp i te  the f a c t  that  cyclone in tens i ty  L-~~t ima tes  f rom s a t e l l i t e

p i c t u r e  c o n f i g u r a t i o n s  by Dvorak (1975) have seen found to be g e n e r al ly

satisfactory in the ma oritv of cases (especiaiilv when a p p l i e d  by expe r ts

such as V . Dvorak) the relationship between c loudiness  c o n f i g u ra t i o n  and

i n t e n s i ty  is q u i t e  complex and significant difficulties in intens~ tv

de te rmina t ion  can occur in ind iv idua l s i t u a t i o n s.  Arnold (l9~~~ has

d o cumen ted  seaie of these cases for West Pad f t c  cyclones - In a~ Jtt iOn .

the satellite reception and i n t e r p r e ta t i on  ex p er i en c e  in  an my i~’r - i ~~n

countries is not adequate for cyclone intensity determination .

— —— 
______ 

I -H

~ — k ~~~~~~~~~~~~~~~~~~~~ — - -~~~~ - —~~ —



~~~ a - a ~~~ 
-- - ,,,,., ,,...-,...--JRT~ 

~~~~~~~ -

88

Even when maximum wind and central pressure are known there i—

a question about the reliability of these parameters for estimation

of the outer cyclone streng th and damage potent ial .  Cyclone damage

will vary greatly with the horizontal size of the high wind—low pressure

region and the concentrated nature of the inner—core circulation. A

£pecified value of maximum wind or central pressure , as currently

.available from the satell4 ’-e in tens i ty  estimations , even if accu ra t e ,

may not allow a forecas ter  to always make a very reliable eva lua t ion  of

potential cyclone damage from storm surge , wind , and rainfall.

It Is important that the outward hor~ zonta1 extent of the cyclone ’s 4 - -4circulation and asymmetry are known . Such infornat ion is o f t e n  not

readily available from satel l i te  p i c tu re  images . Storm c i r r u s

canopies of:c-n obscure the measu nent of low level wind v e c tor s .  iJntil

satell ite ~easurements car. ~rovije i~ icr~ ati3n there is libel-:

be a continued rec-oire~ ert for aircr:ft recDnnaissance in i-mportant

forecast situations. This is C S ~ ) O c~~ i - - true vit~ t~ o f:~~r- -”-c-i -- c a- :- ~~~
-

storm warning and e’.-acuation procedures ~chich alic;; for nero ;--ise

orderly civilian response to cyclone alerts.

There are , nevertheless , growinc financial and technical d i f f i -

culties to the cont inuat ion of t r a di t i o n a l  (since mid 1940’ s) low

and middle level aircraft reconnaissance by the United States.

The financial and technical requirements of maintaining prop aircraft

are becoming more difficult as aviation interests focus more on jet

operations. Low level reconnaissance as current ly  used requires specially

equipped and maintained prop a i rc ra f t  with high instrument and main-

tenance costs. Also, specially trained crews have to be committed for

extended periods of a tropical cyclone season. This is not cost effective .

T a  
- . - -~~~~~

-
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Those regions affected by these storms typicall y req uire only a f ew

crucial cyclone strength determination measurements per year and some—

times none. It is only when cyclones are within 24—48 hours of popula—

ted coastal areas that such measurememts become so important and re—

dundancy of intensity determination with the satellite becomes critically

impor tan t .  The growing expense of main ta in ing  a traditional prop air—

craft reconnaissance capability along with the major developments in

satellite technology have led to decisions causing significant reductions

in United States reconnaissance fli ghts.

FliThts at low levels by :~ro~ aircraf t ire slow (by j e t  st ~ i a ; a 
~r -~s)

a mc are usually ~aiite t u rba a i~- amr. Couior o:;otr~1t~ otm oocass i -aa 1~~ - e t a ; —

not  be :aiade wh en ~vL~~o:;cs arc ea- ’- 1:~~-a-te and ox: a- c- -c t rbt - -;-.ec

Suci; as v i i i  :~u:-a-i~- lI;t~ :~m i t~ ~~~- - ~~~ - :1- f s -; ’ : : - - . t i ’; ;  c m ;; e~- --c r

~-r it aa foreca st rc;-~~-ds just mc 1 m f ’ ’  - :‘v - ‘ :- a m - m- - a : .

jet aircraft recc;iaia ssai-;ce -co ~~’1is- c 1  il-c

e nc o u nt er s  s ~mii icrn: I -oah~-r a - ha-Is • -;~~ a - : . : 1 1’ - l~ ~~ i~~~~ :a- a

turbulence (i: oc ces arc -oidca ~ • i r d  a - a nh— s ‘as c m : ;  1’ - ’

in halt to  a third cm tI• L t lao root. I r cl a or c~ :avo :m: - ‘ama I a’: -c n I s :

Nearly all countries have j et  a I ta - u .  - t ha: c - a t  d ~‘o :aad ~ ava I :1- o

on slier t not ice for su ci: up:’e r t rchcs~-l:e rio rece:mn~m I ssatm~-c - N o s -’~-~- a

crew ira it ;  lam u c u  Id be rela:i rod f the ft h-hat -;~~u ~-cndec ~-d v im : a

i tat i m o d  -e l  core ;j ~~~~~ :~ ar c  o :a ’ cm -~ a liv _ I~-~’ 1 eve_ I ci s a t  ~-h a -

This paper is wi-itten to su~tgest the examination of a no;- t ica~I~- il

cyclone reconnaissance technique . For emergency situations &-aust ’d 1’;-

- - the approach of a tropical cyclone it is suggested that a jet aircr a ft

- I 
cou ld be obtained on an emergency basis for 6—8 hours to make a f l i g h t

at 250 mb through the center of a threatening cyclone . A d et e r m in a t i o n

. ~~~_~~~~~~~~~ --::~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - - . -
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of the magnitude and areal extent of the approaching cyclone ’s upper

t ropospher ic  t empera ture  s t r u c t u r e  could be r e a d i l y  made . Previously

prepared monographs and information could be available to translate this

upper level temperature Information into estimates of low leve~ pressure

and wind and horizontal extent of the strong wInds . Only the measurement

of temperature on a constant pressure surface would be made. Such mea-

surements are routine on jet aircraft. Most oceanic jet airliners

have weathe r radar for echo ave i lance . Sate 11 ite informat lea; ;~-~‘:;I

1 h-moi v be av~i i tab le at the take— off po int (major nat icaial ajr-: ’a-ts~ for

Ii ~l: t p 1 .1:;:; l a m e .  No ex t ra a i r c r a f t  c rcu u~- a sorm:ae I would he reca t, red -

~a m I - -- one or poss i I Iv t;,-e p mmsse ~ :la a-o:a,ala the urIc:- eve lone u-~’ul -i

requit-ed . The atr ca - ti t vould fl— a ~-orast;ut pressure level and ro e

t erap erat  mi re at  sped a led in t o  ~ of 5— 10 ii rai - TIme ex e ct t t  ion o

th i s  flight track mi ght be appr oxianatel v is indicated in Fig . can -

Determination of Cyclone Intensity. TropIcal cyclone s are warn—

core systems . Their intensity is proportional to the magn itude of urper—

tropospheric temperature anomaly at the cyclone ’s center. A cyclone ’s

i n t ens i ty  might  be d i r e ct l y de termined by measurement  of t h i s  t e r a n e r a —

ture anomaly. Aircraft flights between 200—300 rab — optimum leve l for

jet aircraft flying — may likely give a very accurate measurement of the

cyclone ’s overall intensity and damage potential.

Figures 41 and 42 portray rawinsonde composited temperature anomaly

~ I in typhoons and hurr lcain ~ s as obtained f rom compos i ted r a i w l i m s e n d e  hi t i

in the Western P a c i f i c  and Western Atlantic. Note that the : : - l \  -c

tempera taire an~’ma 1;- occurs in the ;:r:’c i- t ro~ osta1io re m d  t ha  a - ml  ;-~ I — c ma -

0
temperature anemil v ext en is 2 — 4  ri d l~~t a ;  out;~ m rd fi ’-- : the ev e  i va.’

center. l iree p ositiv e tt ’aa ap eraturo itme ntlv 1mm not pr esent in  r-

i i  e i - ~~ - ‘ t  i - m a - i -  radii these II~’c.:r t r ’a ’e sp h e i -  i c t emn em- tt am - c i : m ’ - : . t  1 l e e

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ -~ -~ - ~c- —~~~~~~~~ - —~~~~ ~ - .~~~ — -~~~~~~~~~~ 
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Fig. 40. Flight track flown at 250 mb into Helene on 26 Sept. 1958 by
a National Hurricane Research Laboratory B—47 a ir cra ft .
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Fig. 41. Rawinsonde composited mean temperature anomaly ( “C) for West
Pacific (from Frank , 19778) . The dashed inner isotherm s have
been inferred from N}IRL a i rcraf t  data.
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Fig. 42. Rawinsonde composited mean temperature anomaly (°C) for West 1
Atlantic hurricanes. (From Ntiñe~ and Gray , 1977).
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F’ :g. ~3. Vertical cross section of temperature anomaly from m ’•’n I r ’-  1
pical atmosphere along radial traverse of Hurricane Cleo , -,

1958. (From LaSeur and Hawkins, 1963).
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can be as large as 10_150 (Figs. 43—44). Figure 45 portrays the inner

core (S—SO n ml) radial distribution of upper t ropospheric temperature

anomaly from the mean summertime tropical atmosphere which has been

measured by the National Hurricane Research Labora tory  upper tropospheric

research flight missions during the late 1950’s and 1960’s. Note the

large inner core gradient of upper tropospheric temperature anomaly which

are portrayed . Figure 46 portrays mean inner cyclone region (Ø_30 radius )

temperature excess over temperature at 3_ 7 0 
radius for five progressive ly

more intense classes of West Pacific cyclones as determined by C. Arnold

(1977) from composited West Pacific rawinsonde d a t a .  Table 18 describes

these intensity classes. Note the direct correlatIon of average upper

level temper~~ure anomaly with intensity class.

tABLE 18

Five .‘st l’ i~~i t i~ Tropi~~tl ~v~-ltlnc I n t e n s i t y  ~~ lsse~ ~ ror~ \r nold • 197~~ .

I .t  Li. i t t ’~ I ~t O l U  ~~~ ~~It ~~’ , \ \ ( ‘ ~~ \ —

Con t ra 1 1’ r o ~ sure j - . ~ 
j nod

r - 
~ I ~dSt i~~e N l ;~i. (I ’1l~ • •

1 ’ - •
~~~

- 
- -

I Dove iop in ~ C l u s t e r  1005 1 ~‘

II Trop ica l Depre~~-.Ion 1002 •“

111 Troph d St~ir”i 990 ~1 ’

IV Typ hoon 965

• STY Super—Typ hoon 915 11’

I lydros t at  Ic  cons Idera t ions d i ~ t lIe that the s~ U t . i c~ pi  c - ‘ - s i c  .ln I r i.l  Iv

(P ’ 
~ 

be ye rv c I ose lv  r o )  -~ ted to upper tropospheric to- ‘I’ . I t  1u0 ~~~-i~ l v

‘I . 1~iii~-~

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 

- 

:~~~~~~~~~~—~~~~~
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H U R R I C A N E  HILDA O C T O B E R  1 . 19 6 4
V E R T I C A L  C R O S S — S E C T I O N

OF T E MPERATURE A N O M A L I E S  1 C )  .
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Fig. 44. Vertical cross section of temperature anomaly for Hurricane 
- 

I;

Hilda on 1 Oct. 1964. (From Hawkins and Rubsam , 1968).
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~~~~~ III m l

Fig. 45. Inner core upper—tropospheric temperature anomaly from the
mean suninertime tropical atmosphere as measured by NHRL upper
level flights (data from Gray and Shea, 1976).
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Fig. 46. Mean 0—3° radius temperature anomaly (AT) profiles for five
progressively more_intense tropical storm stages 1 , II , I I I .
IV and ST~ . tsT • T(0_3o)_ (3_70)for stages I , IT and 111.
IT (0—3 )—8 for stages TV and STY. See Tab~ &’ 18 for -i
description of these classes of cyclone intensity (from
Arnold , 1977).
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P’ 
- - 

- 
— K (h . I )

~s t l  I

wlie re K
1 

Is a l’0t’ rec t I on . o ’  I I ( c i  t ’ i i t  wh I cli vi I ~~~~ v t. I Ii l~’ • ~ 1 0 0  S ur e

lev e l , and r ad I us. K 
I can he cup Ir Ic .i l i v  SN O  1d I t ‘ 1  .1 1 1~~ U . 1 1  1

co~npos i ted rawinsondo data .

The cvc lone s lower tropospheric wind Vt’ I o~- I - - I\ w i l l  be t e l  i t

to the  tad i a l  gradient of T’ , radius ( r I  and  00~’It ~ coU rt - c t  i - s i  . se t  I b l e n t

K~ related t o  T ’ • i , pressure leve l , ‘‘ s I s ’u ~ i :  I - t .~ II . iSs!  •~ 
-
~~- ‘ l.i t I t s - . - .

it c.in iso b. ~
-
~ i i ’  I r I - i l  l v  ~I. t t ’ 1 ’ l i  icd . T h u s  •

V — K (h .  1 )

I i i t0U~~ll a co~’ll1 1 l I l t Ion 0 r a w  i ss5 ’nd. ’ I l l ! : -sal - ,l i .  ~~- - ; . - .I U

I i k’ r a t o t  ‘- ‘ r- , -- ; , .. lr~-h I 1~~ht lli1ol -- I . I t  ion  - l  1 . 1 t i b l . .’ ~!et  -i i~ t i o n  ~~~~~ - •

i : ’ .~ —~~~ ~~- i r • ~-~ 1 - n ’  :a 5 - t ’ r s  -~~ ‘s~~- i- c o!.t  l t~~~~l~~s I .

I - ! L ~~ ~~ 1 ~~~~ 4 5  i i  5- - ( 1 - I t o  I - ’I: I 15 a ~ : -  t t  S t  ~ ~o-’ - . - 5 ‘ ‘I

- -~~ : ~~
- 

~~~~~~ C e  1 ’ O  r it  U t s ’ .111 ’~ I 1 ~ I 01 5! e l  1 - :s ’~~ 1.i ’ -
. -

i n t e r - I  ~ t V s~U l S ! S  U e L i t e s !  t o  l~n - e r  t ro - s sn~u - r i c  ‘‘c I - -
~~~~ rn - - - s e . -

‘U t~ io di t . ’t  - n t  inC ens it’ -- c v.- 1 0110 1 s 
— 

- i; 1 iS. 5 - I ’ I t s ’

on ly  s t i  t 1st 1.-at to I at I onsh i ~‘s and , or I ca I • ‘i i  in I i i . !  v i  ~i t I . t  5 I .~~ - -

t hins , more sped f Ic knowlosI ~ o ot the 1’ and 1- ISs ! r e l at  i o n -~~: i~’ ~i t n; t  1’.’

— o b t a i n e d .  If research wor e  f ocu s e d  on t h i s  sit!’ I t - s t  , v e ry  u- ;, - t  t i  h i d ! —

vi dna 1 c.ise rt’ 1 at ionsh I ~‘s could l i k e  lv  he ol. t at nod .

~- !s ’rc r o t  m od e v a lu . % (  ion o C i n -  .- v c  l o t i . s ’ te r i p e r . 1 t t ir e  - r n !  r o s s]  t —

I ns~ l o w — i  i ’ve I ~~~~~~~~~~ m d  cot i l  d be s~~’t . i i i i o s l  1’ .i tt i.11\s’ , i 1 s !  ‘ 0 1  U t  I ~~~~

tt Ic r.’wave s~~00 t roi n.- t ~‘ r s i r - i l l  ar t o  thit f lown on t)ie Ni u~bus Vi s.it o l ’ Ito

was • i l s s -  h i de  a ~•1rt (‘1 the jet a i r c . a f t  i n s t i en t  ~~t~4.as.- . \ . ; d b s —

by l~~’- I 5Tk U . , f l~~ .iiitl t .t . i e l  Iii ( ) ‘ )~~~~ aIi~1 K iddt ’r e t  a l  . I 1~ - S ~ suet’



~~~~~~~
-—- --- - - 

~~~~~~~~
___-S;_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ‘

~~~~~~~

-~~ ~~~~~~~~~~ - -~---.....- -.-f -~~ -.. ~~~~~~~~~~~~~ .0~~~~ ’IV — -.. ~~~~~~~, ,. ... . 

97

800 
- - -  250 mb TEMPERATURE ANOMA LY

70() 900 -700 mb 
~~ 

( r  ‘ 2 )
0 -

~~600~-

STAGE OF DEV ELOPMENT -‘

Fig. 47. The 250 mb temperature anomaly and 900—700 mb tangential
wind at r 20, each expressed as a percent deviation from
the corresponding developing cluster (Stage I) values (from
Arnold . 1977).
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Fig. 48. The mean 3O0—20~ mb temperature from 
0_10 vs. mean s~io mt~

height from 0—1 (from Arnold , 1977).
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microwave  measurements  (see discussion below) :il!ow the  d et e rm i n at ~~-n

of t empera tu re  through a deep t r o 7 s sp h cr i c  lay e r  and would he t -o r o

re l iab le  than  ~t co-lsurement s taken at a s in-~le le\ -el .  I t  m i~~h t  he ~c s —

sib le  to  t emp o r a r i l y  in st~~1l such on i nst r u ~-e nt  on j e t  a i r - ~r ; i f t  ~u s t

p r io r  to a n i ss iom if some p r ic .— r a i r c r a f t  :Ioc!jr~~cat)I--n has be -n

accomplished. A neon surface to 250 nb tc-:- - )cr a tu r e  d e t e rn in at i o n

have a very high correlation with surface pressire . \lt~tou-~l--. ~-t ighl\-

desirable for most accurate intensity deternination , such ~c~itiona

ir.stru.-aentation is not strict~~-- required. lndi’.—idual lc’col -;al i~ s — - i v

~r~ ve to  he q u i t e  sl i t  I l c i e nt .  
- 

-

Satellite Determination of Upper Troposphere Teipperature. A

similar approach to tropical cyclone intensity determination has

been proposed by Rosenkranz and Staelln (1977) and S. Kidder et al.

(1978). They suggest  usinz satellite measurements of the cvoiona ’s u~per

tropospheric temperature to i-~far its strength . flesearch so far acron—

pu shed using N i m b u s  channe l Scanning  Microwave Spec t romete r  (SC.\~~~)

satellite data appears prenisin~~. S. Kidd er (l9~ 9) has re ccnt l— analyzed

temperature data over tropical cyclones retrieved with the SCA~IS cs-i ~inbus

VI. The SCANS has a field of view or spatial resolution of approxi:tatelv

a 78 n mi diamter circle. Temperature values are considerably smoothed.
~ IS

Ever, allowing for  such large smoothing , Kidder  has observed SCA~IS 250— 100 If
—
~~ 4

mb determined temperature differences between storm and environment as

large as 4—5°C. He has also observed that the anomaly increases  as the

-kstorm intensifies from a cluster to a typhoon. The future po ten t i a l  fo r

cyclone moni to r ing  from this  type of measurement  (if increased h o r i z o nt a l

and vertical satellite sensor resolution can be obtained) appears promising .
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Thi s  is an en cour agin ~- avenue to gain  increased knowlod~ t ‘f tr op~ c.i~

cv  c l o n e  I n tens i  t v . I t is es~ ec I a l i v  r e l e van t  be s . t t i S O  t hi r - ; ‘c . t  rs -
he a l i m i t  to  ev e  lone  i nt en s i  t v kno;: i c  w h i c h  yjv be ob t a i n e d  r - y

C u r t h e r  and mor .~ ret  m e d  a n a ly s i s  01 sa te  l i l t  e c loud con( i gu r a t  ions .

St~~~ary . it is suggested that consideration be given by t o r e i g n

gover~~ ents and the United States to trop ical cyclone in t e n sity  determina—

tions from je t  a i r c r a f t .  Measurements of the cyclone ’s uppe r tropo-

spheric temperature anomaly and horizontal configuration may prove as

reliable a measure of the cyclone ’s intensity as low level prop aircra ft

reconnaissance. Such measurements would likely be a more reliable

source  of cyclone i n t e n s i t y  than tha t  of s a t e l l i t e  observed c lo u d  co n—

f igura t ion  and qu i t e  desirab le to have when cyclones  a p p ro a ch  p o p u l a t e d

areas •

~

=~~ ~~~~~~~
- . . 

— 
~~~~~~ -~~~~~~~~~~~~~~~~~ - - - -  
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7. ~ lU RN.\i V ..~R i . \ U i ~ i~- S  t 11 \ t- R t i~ Ai. ‘ti’UION
is i ROP lt ’At WFAIUFf ~ S\ ~ 1FM~-

The ti i u t n a  1 var I a t  ton o t ma ~-s d l  v e t  ~ t -u~- o and ~
-
~~

- r t s-a I v~~l s ’c i t  v is

dec ume-nt ed t o  r t i op I cat .sufliflui’rt i nc ~~~ ca t i t  c weat  i i i~ r ~~ \ - - ~~~~~~ i i i  C t ie ~~t t t i ~f l

}‘ ac i t  i • Wi - st  i -rn  \t  t a u t  t c and I ho ~~SUI r i g  t on.  C t  i s  -~t ts swn ha t  h i s

d i u r n a l  ~a r I a t  ion t -
~ VI - E V  I a ge - ic i d  ha~ C lie sam - ha s  Ic 5-ha r ae t o r  in  a 1 1

rt -g ion s.

t X  I s t  i.- n c t - ot a s ing  1 ~ di urtia 1 c v , - to i n  t i i t -  t ass d i ver ,i-nct - 0!

i ’c t -au  i t i-op i c - il w, -a t  l i t - i  ~- v ~ - t  i . y~~- ~ a’- 1 1 i — C  ~iemon~~t r5 i t cd  by  Ruprt - 5- t t  and

~~~~~~ C’4 . ’ t~.i . b I  . in i s t , i v  111,1 ~i . % O s 5 l 5 S 0 i l  i’~ 
‘I  tot C l i  e t - s t er u  P _ i 5 - i  t i c .

I
orrobs’rat ing cv i d t -n c -  on t h i ’ d i u r n a l  v a t  t a t  ion  ci  h e a v y  pr oc  i p it .t t  i o n

ii.is been p r o  -~-n t ~-d by t a \  and a5- .’t’s~’n 1 ~‘c . ~
- i t  . d,~-a r i_ i’~ S\ and - --

t-’v >l ci i r r \  and ~~i c ’~ l i~

Iso t~ -. ;;a,li o t dat .t o:.i t ho 1” ‘-. ~ .\ I -~-. p - t  ty c t i t  m d  t~~’ -  :i - : a i i v

tr op i ca l dat a set - - c ~’npo~. i t  od ov, - t  the p _ t a t  di - ,- j de  by t I c  t ~~~~~~ i ~
- .m 1 — t  _ ‘t i;

r e se ar c h  p r o  c- c t  o t -‘ t i t  ar . Pi t y  ,‘.~ i ii i a c s  and P l a y  • I ;

and s - t . l \  • ~ .~ s .m • b ; t h i  . 1 u ~~ F i . t nk • I ~ 
- 

• c ; S. F i t  ck son  . ‘~ 
-

Mc t~t- Ide ’ • I ‘~ 
‘7 ;  F i-ank • I ‘~ S.m • is ; t1~-wa t- • t~

) ,‘S ansi - i- ui ’ ,- • I °

4 From tht’si’ sotirs -es • e lt’ven t ota liv indep en dent  conpos i t  ‘ d a t  a s~-

ar e ’ put  together ~or three di f ferent t r op i c a l  occ.’anl  ~ re~~tons . ~- ic ii

~i sot  reproacut S one t v p t ’ of tropic .i I sumner t tn t’ convect iv i ’ u-o.i~ ,‘i

svst em. The’ diurna l va t  i at ton 01 each dat a ~~ t I I nv e - s  I ~a ted and

in ter comp ar  I Sons arc mad e’ between the dii terent dat a st’ t s t o  ‘ le ’ t ei-i”. i i~ -

cons is te ’flc It ’S in  t h e i r  d i u r n a l behavior .

West  t’r’l Pa ,- I t  t o  t o nv e c t  lv i -  Sv s t  ems . F o l l o w i n g  t h e  t c e h n m~I u t - o~

W I i l l  utm s .m~l P r i v  fl • t w i t ’ i~ d a t  lv  ra~- I usonde ,‘l’~~i ’ i v a t  I on~ i t  on C he

4
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standard observational network in the Northwest Pacific Ocean t1.lvc been

compositt’d relativ e to the central positions of tropical convective

sy s tem s . OOL and 1~ Y. rawinsonde data were used from the summer months

• ot the \oars 19b1—1 970.

Five  - l i t  t t - r e n t  types  of W e s t e r n  P a c i t  i i .- convect ive  sy s t e m s  hav e

been composits-d . ihme -v  a re  numbered one to five :

1. CLOUD CLUSTER. Summertime cloud c l u s t e r s  were composi ted
f o r  the  ~‘cars 1967 and 1968. Only clusters which did not
l a t e r  deve lop  i n t o  t rop ical cyclones were used . This da ta
set i s  the  ‘ STAGE 00” da ta  sot of Ze l ir  t 19 7 6 ) .

I. PRETYPHOON CLOUD CLU STER. Th i s  d a t a  sot consists ct cloud
clusters w h i c h  later develop into typ hoons , Data for this
and the following three data sets are from the full ten
s-oar period 19h1—1 970 . This  da ta  set is “STAGE 1’ ct  ~eiur .
It consists of that portion of each storm ’s track prior to
one day before the first r o c o n n ai s s an e t - aircraft observation.
Positions were obtain ed from satellite pictures and by
i x t i - a p s’ l.l t i o n  from Joint iv p h ~~~n Warnin g Center , Guam ~~I W~’)
best tracks . 

—

3. TROPICAL STORM S. P C - 1000 mh.  T h i s  and the following two
data sCts consist of a stratification of the offic ial best
tracks of the JTWC according to the central Pressure (P t-)
of each s tor m .

-~~ . TROPICAL STOR S. 980 nub P -~ 1 000 oh .

5 .  TROPICAL STORMS . P ‘- 980 nub.  I 
-
-

C

Positioning for th~ cloud cluster dat~i s- -t ~ (data sets I , ~ and

6, 7 of the following sec t ion) was ob tained fr om visual daytime satelli te

imagery. Interpola tion had to be used , therefore , to obtain nightt ime

positions for these systems . This procedure did not yield any signi-

ficant day vs. night variation in the composited thermodyna~iic fields

associa ted with the clusters .

To i n s u r e  t h a t  the  v o r t i c a l I ~- in t e g r a t e d  net  r ad ia l  mass f l u x

between the  s u r fa c e  and 100 mb is re ro . snial 1 mass balance cor rec t  ions

had o he added o th e  r a d i a l  component  of the  w i n d  at  each level

-I 
_ _ _ _ _ _ _
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Fv er v  let t nrc of the  d ivergence  pr~’ I I Ic ,h-~ - - r I l’~ -! in t a s t I v  I s

insens it I ye to the rua ss ba l ance  c c i t t - c t  I on , h. w -v ~- 1 . The - 0: , - ion

had t o  be unaslo so that ye r t  I c a l  ye I Oct ties ~~~it i  Id  s I mu It I fl c~ - us Iv ~ oc t -c

at the surface ,mud 100 mb.

Data we:t’ ~-om posIted ~it  19 v e r t I c a l  levels ,-x t~ t i l i n -  r- ’r s e.m l e ve l

t s~ tOO :nh . The her I .~ent a 1 cr Id  was an annul utS , 2’ t o  1 at It do d i  s—

tance f r em the  c e n t e r  of the  c o n v e c t  lye syste t . The radial -o--pon en t

- - - 0e~ t h e  wind was conpo: te,i in e i g h t  O C t f l f l t S  o ’ -~~~ a z m m u t h a

r hi se’ ei gh t  v a l ue s  of the r a d i a l  wind . V~~, were cons idered  t o  be t r u e

at  la t i t  u~k d i s t  auce  f r em t I ~e sv St  c:-~ cent  o r .  The a~-er a~~e her  i .~en a I

d iver gence ~ i I V ~ inside the 3’ radius area of each veat~ or  svster u~as

calcul .ited by ~mn a p p l i c a t i o n  ci the  d ivergence  theorem . V e r t  i c . u l  n r c —

i I i’s cf d ivergence  averaged ever the O_30 are.i for the five Pact Ic

data ~ e ts Sur e showu~ i n P i g .  -~~~ . Pro flies ire shoucn ‘ r the two t a n d a  r d

o~ serv.it Ion t ines , 00 and 12 P~ir ( Id  ,-tM and 10 F~I L o c a l  Tine) .

corresponding kiner ’itl cally d e r i v e d  vertic al vo~ oc It ics are ~~~~~~~~~ i :u

rig . 50. The g e n e ra l  character of t h e se  p r — I  ties is -onvergenoc or in—

: ‘.ow In the lower t u c p c s p h e r e  conpen sa ted for by d i v e t - ~~en5 -e or ‘ u t  f l o w

near the 200 h level. The fe’atures of interest for the present studs ’

are as follows :

a) The low I c v i i c e n \ e - r gen s -e in  t h e ’ I ~ive  r ron the surface - o
850 mh is g r e a t e r  at  10 AM t h an  at  10 PSI.

h) There is c o n v e r g e n ce  at  10PM i n  t h e  m i d d  ic - t r o p o s p he r e near
.~~~1 mb.

c ) In t h e ’ m o r n i n g  t he  tipper level out f low ex tends  t h r o u g h a
de e p er  layer of the atmosphere than It does in the evening.

the correspond j u g  propert ~ t’s ci the’ v cr t  i s’a 1 not ion p r o f i l e  ar e :

d) The’ me an t r o p o sp h e r i c  upward ve r t  Ica l  not ion  is greater in
l i e  morning t h an  In the e’ven I ng

Ia

0

_1

~ 
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e) The level at which the maximum upward vertical velocity
cccu r s  is h i g her in the a tmosphere  in the eveniag than im
the morning.

f) The low level upward vertical velocity (at 800 mb) is ~rvater
in t he  n o r n i n -~ t han  in the  even ing .

WESTERN R4CIFIC DIVERGENCE
2 I •-

~\ 
2 - 3 .

3 CLOUD ~-.t” PRETYPI-IQON ~~P’• STORM ~-4
CLUSTER S’ CLUSTER P3IOOO ,~

8 AM AM ( .  A M )

-20 -0  0 0 20 -~~~ -‘0 0 0 20 -20 -10 C 0 20

‘IV-

~~ 

i 2 Z ( ~~~~ WCAL T~ iE)

DIVERGENCE (in unit s of lO6sec~~)

PIg . 49. Mean divergence within the r = 0—3° latitude area for the five
Wes tern Pacific composite weather systems .

WESTERN PACIFIC VERTICAL VELOCITY

~E~000 ~ PRETYPHOON~~~~~~~~

”

- STORM
P21000 \

)•
SIc _______________ I I I~~~A~~~ _I~~~_

-200 -100 0 - 200 -tOO 0 -200 -100 0

% 2 4
U) STORM If /~ 

( STORMU) 
~ 980 ’ P 000 / P ~98O . — 002 1~oAM ,LOCAL TIME)

AM 

— —  (2 2  ()O~~ ,LOCAL TIME)

-200 -‘00 0 - 300 - 200 - ‘00 0

VERTICAL VELOCITY (mb/day)

z. 50. Mean ver tical velocity wi thin the r 0—3° area fo r  the f iv e
Wes tern Pacific composite weather systems .
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Data sets 1 to 4 exhibit all six of these features. The typhoon

data se t (da ta se t 5, Pc 
> 980 mb) exhibits only properties c) and d).

Wes tern Atlantic Convective Systems. Using the same technique as

described above for the Pacific , five diff erent types of summertime

convec tive systems were composited in the Western Atlantic — Caribbean

area. The five data sets are:

6. CLOUD CLUSTER. In collaboration with V. Dvorak of NOAA/NESS
Applications Group , positions were obtained from satellite
pictures of tropical weather systems which subjectively looked
like they had potential for development into tropical storms.
If a circulation center for the disturbance was visible , i t  —

was defined as the position of the system; otherwise the center
of mass of the cloud area was used. Data were compiled from
the years 1968—1974.

7. EASTERLY WAVE. N. Frank , Director of the National Hurricane
Center , Miami (NHC), has tracked the movement of Atlantic
easterly waves since 1968. Using N. Frank’s tracks in the
Caribbean for the years 1968—1974 a composite was made relative
to the centers of these wave disturbances. Only wave systems
which had a significant amount of convection associated with
them were composited. The center of each system was defined
such that the longitude was that of N. Frank’s trough axis, and
the latitude was the central latitude of convective activity
as determined from satellite images.

Composite data sets 6 and 7 have very weak upward vertical velocity .

In fact , they have subsidence throughout the troposphere at one of the

two observation times. Ruprecht and Gray (1976a) also have composited

Western Atlantic cloud clusters and found very little upward vertical

motion. These systems actually exist in a region of mean environmental

subsidence and negative low level relative vorticity . Weather systems

are often referred to as being in a ‘coasting’ or ‘weakening ’ stage

as they move through this subsidence region.

Official best track positions of the National Hurricane Center for

the years 1961—1974 were stratified according to the official estimated

maximum sustained wind (V
s) to provide the following three data sets:

- 
~L__~ - ~~~~~~~~
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8. PRE-TROPICAL STORMS: V ~- 35 kts.max —

9. TROPICAL STORMS : 35 kts ‘- V ~- 65 kte .

10. TROPICAL STORMS : V > 65 kts .max —

The observation times OOZ and 12Z for these tiata sets are within about

one hour of 7 I’M and 7 AM Local Time , respectively. Diurnal divergence

profiles and vertical velocity profiles are shown in Figs . 51 and 52.

There is a marked similarity between these figures and the cor-

respond ing Figs. 49 and 50 from the West Pacific. Data sets 6 through

9 can be seen to have every one of the properties a) to f) listed for

the r a c i t i c  systems . The hur ricane  data set (dat a set 10) has propertie s :-

a), d) and t~) .

The strong similarity between the diurnal divergence and vertical

ve locity profiles of the two western ocean regions provides conv Incing

evidence that this var ia tion a ctu a lly does exist. This Is not :1 trIvi al

point , as divergence Is a notoriously diff icult atmospheric parauwtcr

to measure . The appearance of th~ six cosunon featu res a) to fl In

these independ ent data sets shows that they are consi stent and re a l is tic

features which should be known about in the evolut Ion of t r op ica l  eon—

vec tion from s~ tetl it e Informat ion .

GATE Convective Systems . The CARP Atl an t i c Iropical ~xper1ment

(GATE) was performed In the trop ical eastern Atlanti c 0ce~n in dune

through September 1974. Ravinsonde data was taken by ships s tationed in

the outer hexagon ~f the GATE network (the A/H—arra y) as shown In  Fl5 . 53.

The GATE array Is ~ipp roxIsn teIv 3½
0 

tat lInde radius . The composl ted

divergence and vertical motion can thus he directly compared with the

results of the previ ous section of this ~itoilv where data are averaged

between 2_ 4 0 r a d i u s .  The GATE , however , observations on the most eon—

vectively act ive days were t aken at 3—hour ly Interv als ; so that much 
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WESTERN ATLANTIC DIVERGENCE
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Fig.53. A/B and B—scale ship arrays for Phase I of GA’tE.

• GATE CLUSTER DIVERGENCE - -
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Fig. 56. Mean divergence within the GATE A/B—array for the GATE
- composite cluster. 
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greater time resolution is availab le than in the western oceans.

Vertical profiles of divergence at  the eight observation t imes of

these convectively active days are shown in Fig. 54. The corresponding

vertica l motions are shown in Fig. 55. The character of the divergence

profile is different than that in the western oceans. In GATE most ot

the convergence is below the 800 mb level , whereas the data sets ot the

western oceans (Figs. 49 and 51), although having a similar total amount

of vertical mass exchange , have their inf low spread through a much

deeper layer.

Despite this difference the diurnal variatten in ( ATF f ol l o w s  a

pattern similar to that in the other systems.

GATE CLUSTER VERTtCAL VELOCITY

4 •

~~~~~~~~~~ 

,_ ‘~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ )

~~~~~~~~~~~~~~~~~~~~~~~~ 

~
kl: 

~~ :

‘

~T~~VERTICAL VELOCITY (mb/day )

FIg . 55. Mean vertical motion within the GATE A/B— array for the GATE
composite cluster.

~~ ~~~~



109
c

For a more direct comparison of the data so far presented in this

study , Fig. 56 was constructed. This figure shows the GATE vertical motion

profiles at the observation times closest to those in the other locations.

The left hand side of the figure can be compared directly with Fig. 50,

the right hand side with Fig. 52.

Sumina~y. It has been shown above that the diurnal behavior of the

divergence profiles of convective systems is very similar in the GATE

region, the Western Pacific and in the Western Atlantic. The basic pro—

files on which this diurnal variation is superimposed are quite different ,

however , in the three regions. This large diurna l morning max imum and

evening minimum in vertical notion appears to be primarily a result of

day vs. night difference in tropospheric radiational cooling with a 3—6

hour lag time (see papers by Cray and Jacobson, 1977; Fingerhut , 1978;

McBride and Gray, 1978; Dewart , 1978; W. Frank , lQ78a and Gruhe , 1~ 78~ .

GATE CLUSTER VERTICAL VELOCITY
I -  

4~2 -
IV—
.

3 -  ___—;‘— _ _  ,—
.

I 4 H°’30AM I’ ~~ - -

7’30N AM/ -

~~~~ 

- 

10 30
PM,
’

/
Cl) 8 -  - -

Cl)

W 9 -

Sfc — i i i i - I I

-200 -100 0 -200 -100 0

VERTICAL VELOCITY (mb /day )
Fig. 56. Mean vertica l motion for the GATE cluster a t  the o b s e rv at I on

times closest to those in the western oceans. The left side
compares directly with Fig. 50, the right side with Fig. 2.
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Diurnal Variation of Ra infa l l .  This study has been concerned with

the diurnal variation of the wind fields . The variation of rainfall can

be quite different to that of vapor convergence if moisture storage and

significant convective feedback occur.

It has been shown above that in the three regions under considera-

tion the mass convergence below the 850 mb level is of maximum magnitude

near 7 AM local time. In the western oceans this converging moisture

is apparently quickly converted to rain. The diurnal variation of heavy

precipitation in Western Pacific weather systems has been well documented

by Gray and Jacobson (1977). They showed that rainfall has a maximum

near 7 AM and a minimum near 9-11 AL This is in agreement with the low

level convergence being driven by the diurnal variation of diabatic heat

sources as here discussed . A preliminary analysis of Western Atlantic

oceanic rainfall leads to the same conclusion for that region. However,

rainfall measurements are generally contaminated by the presence of many 
- 

IV.

large islands with their afternoon heating influences and by vapor storage.

Although there is also a maximum of moisture convergence near 7 AM

in GATE the rainfall maximum is in the early afternoon. It can be seen

in Fig. 54 of the current study where the low level vertical velocity

has a maximum at 7:30 AM , but the upper level vertical velocity, cot—

responding to the deep convection, has its maximum value at 1:30 PM.

In comparison with the western oceans, the GATE region is quite

stable; in particular in the low levels it is colder (by ~~
- 2°C) and

dryer (by 1-. 1 gm/kg) than the western oceans. GATE is also a region of

large low level vertical wind shear, whereas the other regions , being

preferred regions for tropical cyclone genesis, are characterized by

quite weak low level vertical shear.

- 
-
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In consequence of this greater stability and greater wind shear ,

convection takes some t i m e  to develop in GATE. in agreement with the

d iurna l forcing mechanism , the GATE convection is initiated in the

morning hours (Weickinann et ai ., 1977) but appears to take 4—8 hours

to o rgan ize  i n t o  the observed cloud l i nes  and squa l l  l ines .  The l ine

and squa l l  convect ion  can overwhelm the lar ge—sc~sle f o r c i n g  and cause

rain after the forcing mechanism has subsided. The heavies t  convection

thus comes later than in the western ocean regions where buoyant in—

stabilit y and low vertical shear permit a faster response to the low

leve l mass convergence . One must  thus be c a r e f u l  not to too ciose~ v

assocLite this large two to one morning maximux~ and evening ~ini~ um in

trop 1c~ l disturbance vertic al moti on with rainfall.

Conclusion. it is imp o r t an t  t ha t  th i s  large  s i n g le  cycle i~ d iurnal

v a r i a t i on  of mass convergence into trop ic~il weather systo:-~s be re si i~ ed

and better understood. The implications for the u n d e r s t a n d i n g  of tro—

~‘ical convection need to be more f u l l y  a p p r e c i a t e d  p a r t  icula~ 1v ;~i~~h the

interpretation of cumulus convection as observed fro~i satellite data.
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APPENDIX A

A.4 Pacific pretyphoon versus non—developing clusters

The values of parameters (iii), (iv) and (v) are listed in Table

Al for 18 Wes tern Pacific pretyphoon cloud clusters and in Table A2

for 31 Western Pacific non—developing cloud clusters. The method of

obtaining these values from Joint ~yphoon Warning Center (JTWC) Guam

operational weather maps is described in section 3.3 (Position numbers

are the nisimbers used by S. Erickson (1977).) The latitude , longitude

time and date corresponding to each position number are listed in

Table A3.

TABLE Al

Pacific Pretyphoon Clusters

(iii) (iv) (v )
A 

System Number PosI’ion AU + ‘
~~~ Zonal Zero Meridional

______________ !~~ber _____ 
Line 

~~LoJt~~~
1 36—38 8.4 Y ‘I

.

2 39—41 ,43,45 9.6 ~
. 

N
3 73,75,77 ,78 15.4 V
4 150 ,151 ,153 13.7 Y V
5 159—164 18.0 V V
6 166,168,170,172 10.0 V N

175,177
7 174 ,176,178 13.0 V N
8 179—181 7.3 V N
9 248—251 10.9 V I
10 284—288 —1.6 N I
11 289—293 9 3  y 

~

.

12 294—297 14.3 1 1
13 298— 300 13.3 Y I
14 301—303 11.0 V N
15 312 9.0 N I
16 313—315 — .4 N N
17 319— 321 22.9 1 V
18 322—325 20.1 V V

— —
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TABLE A2

Pacific Non—developing Clusters

(iii) (iv) (v)

System Number Position AU + A’! Zonal Zero Meridional
____________ Number Line Zero Line

1 20—23 14.1 Y N
2 24—26 14.2 N V
3 27—29 7.3 N N
4 30—32 19.9 Y N
5 33—35 15.7 Y V
6 42 ,44 ,46 0.6 1 N
7 47—51 —3.3 N N
8 52—54 ,56 8.9 Y V
9 55 ,~ 7—59 12.7 V V

10 60 ,62 ,64 5.8 N V
11 61,63 ,65—69 2.5 N N -~~~~
12 70—72 ,74 ,16 0.1 V N
13 79—80 — .4 N N
14 121—124 6.9 1 N
15 125—127 8.8 V N
16 128 ,130,132 14.4 V N
17 129,131 ,133 8.8 V N
18 134—136 1.8 V N
19 137—139 14.0 V Y

- - 20 140—144 1.7 N N
21 145—149 12.4 V V
22 152 ,154,155 3.8 Y N
23 156—158 5.1 V N
24 165 ,167 ,169, 9.1 1 N

171 , 173
25 182—186 2.7 Y N
26 187—191 9.1 V N
27 192—194 11.3 V N
28 195—197 7.4 Y N
29 304—306 —9.3 N N
30 307—311 0.2 N N
31 316 318 —6.9 

— N N

_ _  I— -r-~ - paAx- ... ~-Aa. ._~~ - - -—- 
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TABLE .\3

Pacific pretyphoon and non—deve loping cloud clusters (positions from
S. Erickson (1971)).

Position Year Month Date Time Latitude I.ongitude
Number ____ — ~$f~~ ~~ e~~. No rth~ tj )~~~. t - a s t ~

20 1972 5 7 U 8.0 160.7
21 1972 5 8 00 8.6 159.7
22 1972 S 8 12 ‘.9 1S9 ..~23 1972 5 9 00 7.8 159 . 1
24 1972 S 9 00 8.5
25 1972 5 9 12 1.5 1 62. 5
26 1972 5 10 00 7.5 140.6
27 1972 5 12 00 1 1 .1
28 1972 5 12 12 12.3
29 1972 5 11 00 11 . 7 151.0
30 1972 14 00 Q . S
31 1Q72 5 14 12 9.0 160.0 .~

-;
32 1972 5 15 00 8..’ 1~ 5.833 1912 5 19 00 ~..i 1SI~.034 1q71 S 19 12 8.7 lSl .t~ - 

-

1q72 5 20 00 10.0
36 1972 c 26 00 6.0
31 1972 5 12 6.1 166.6
38 1972 5 27 00 6. 1 16~~. 1
39 1072 S 2 7 00 11 .0 l - ~~. 240 1972 5 27 12 11 .1 1 t s ,
61 1972 5 28 00 15.2 1 1 1 .1
42 1972 5 28 00 6.0 I - ~~.843 1972 S 2 12 1S .3 L’ .t’
44 1972 28 12 7 .5 119 .9
45 1972 5 29 00 ic .~ l2 .~.1.
46 1972 5 29 00 8.1 117 .0
47 1972 06 00 7.8 1lt ~.1
48 1972 06 12 7.8 115.6
49 1972 6 07 00 7.8 115.0
50 1972 6 07 11 8.4 I t t ..’
51 1972 6 08 00 9.0 111,5
52 1Q72 6 08 12 .4
53 1972 6 09 00 9.0 lt’2.$
54 1972 6 09 1.’ 9.6 161.3
55 1972 6 09 12 11 .0 19. 5
56 1972 6 10 00 10.0 160.0
57 1972 6 10 00 11 ,2 U,Q.0
58 1972 6 10 12 14.2 166.0
59 1971 6 I i  00 i S . .’
60 1972 6 1.1 00 7.8 150,7
61 1972 6 11 00 16. 1 156 .0
62 1Q72 i t  11 8.0 1-48.0
63 1972 6 11 12 11.4

_
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TABLE A3 (cont ’d)

Position Year Month Date Time Latitude Longitude
Number 

-~~~~~~~~~ _____ — ~~~~~ (Deg. North) (Deg. East) -;

64 1972 6 14 00 8.0 141.0
65 1972 6 14 00 12.5 149.3
66 1972 6 14 12 13.5 146.9
67 1972 6 15 00 14.4 144.5
68 1972 6 15 12 14.4 142.5
69 1972 6 16 00 14.5 140.5
70 1972 6 18 12 10.0 165.7
71 1972 6 18 12 9.9 164.0
72 1972 6 19 12 9.8 162.4
73 1972 6 19 00 9.3 147.3
74 1972 6 19 12 8.9 159.4
75 1972 6 19 12 10.0 146.1
76 1972 6 20 00 8.0 156.4
77 1972 6 20 00 10.7 144.9
78 1972 6 20 12 11.7 141.1
79 1972 6 30 00 5.0 139.6
80 1972 6 30 12 6.0 138.3

121 1972 8 02 12 11.5 141.0
122 1972 8 03 00 12.2 140.0
123 1972 8 03 12 11. 7 138.8
124 1972 8 04 00 11.1 137.6
125 1972 S 10 00 15.7 130.9
126 1972 8 10 12 16.6 129.6
127 1972 8 ii 00 17.5 128.3
128 1972 8 18 00 11.0 148.0
129 1972 8 18 00 10. 1 134.0
130 1972 8 18 12 11.0 145.0

- 

~ 131 1972 8 18 12 10.7 132.2
132 1972 8 19 00 11.0 141.7
133 1972 8 19 00 11.0 130.4
134 1972 8 19 00 7.2 143.2
135 1972 8 19 12 8.1 140.3
136 1972 8 20 00 9.1 136.9
137 1972 8 21 00 7.8 156.0
138 1972 8 21 12 6.9 153.4
139 1972 8 22 00 6.0 150.8
140 1972 8 23 00 7.5 137.8
141 1972 8 23 12 7.2 116.9
142 1972 8 24 00 7.0 135.9
143 1972 8 24 12 7.9 135.0
144 1972 8 25 00 9.7 114.4
145 1972 8 27 00 13.0 145.8
146 1972 8 27 12 13 .8  143.1
147 1972 8 28 00 14.5 140.4
148 1972 8 28 12 15.2 138.0
149 1972 8 29 00 15.8 135.5
150 1972 8 29 00 8.7 130.1
151 1972 8 29 12 10.0 127.8
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TABLE A l (cont’d)
4.

Position Year Month Date Time Latitud e Longitude
Number 

— _____ — (~~~IT) c!~!~g.~ 
North) (j)c~g. East)

152 1972 8 30 (10 5 ,0 153.0
153 1972 8 30 00 11.3 12 5 .4
154 1972 8 30 12 5 .0 151.1
155 1972 8 31 00 5.0 149.1
156 1972 9 01 00 5.0 138.8
157 1972 9 01 12 5.0 137.4
158 1972 9 02 00 5.0 136.0
159 1972 9 05 00 13.9 145.2
160 1972 9 05 12 14.4 141 .4
161 1912 9 06 00 16.9 141.6
162 1972 9 06 12 15.2 138.5
163 1972 9 07 00 15. 5 13 5.4
164 1972 9 07 12 14.~ 11 2 .9
165 1972 9 08 00 0 .0 153.6
166 1972 9 08 00 10.0 119 .0
167 1972 9 08 12 0 .0 1 50.6
168 1972 9 08 12 11. 1 118.5
169 1972 9 09 00 8.Q 137.6
170 1972 9 09 00 1.~,6 118.0
171 1972 9 0. 12 8 . 7
172 1972 9 09 12 12.8 138.0
173 1972 9 10 00 8.5 143.9
174 1972 9 10 00 14. 1 110.0
175 1972 9 10 00 13.1 138.0
176 1972 9 10 12 15.0 129.2
177 1972 9 10 12 11 .2  1 1 7 . 5
178 1972 9 11 00 IS .6 128.~
179 1972 15 00 11 .6
180 1972 9 15 12 14 .5 156 ,8
181 1972 9 16 00 1S .S 1 5 5 . 0
182 1972 9 21 00 8.0 165.5
183 1972 9 21 12 7.6 163.8
184 1972 9 22 00 7.1 162.0
185 1972 9 22 12 7. 1 160 . 1

• 186 1972 9 23 00 7.4 158.5
187 1972 9 24 00 10.0 168.0
188 1972 9 24 12 9.7 165.5
189 1912 9 25 00 9.5 163.0
190 1972 9 2S 12 9.7 162.7
191 1972 9 26 00 10.0 162.5
192 1972 9 27 00 6,0 119 .0
193 1972 9 27 12 6.S 136.0
194 1972 9 28 00 7.0 114. 7
195 1972 9 29 00 7.0 134.0
196 1972 9 29 12 7.0 11 .’.
197 1972 9 30 00 7.0 11 1 . 1
248 1974 1 Ii 00 8.2 t40.~249 1974 1 11 12 8. 2 1 4 1 . 2
250 1974 3 12 00 8.3 142.0
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TABLE A3 (cont’d)

Position Year Month Date Time Latitude Longitude
Number _____ — 

(GMT) (Deg. North) (~e~~ East)

251 1974 3 12 12 8,4 143.7
284 1974 8 21 00 17.3 171.0
285 1974 8 21 12 17.3 168.8
286 1974 8 22 00 17.4 166.6
287 1974 8 22 12 18.1 164.0
288 1974 8 23 00 18.8 161.3
289 1974 9 07 00 14.0 166.9
290 1974 9 07 12 14.4 166.2
291 1974 9 08 00 14.8 165.5
292 1974 9 08 12 15.9 162.5
293 1974 9 09 00 17.0 159.5
294 1974 10 05 00 10.1 160.5
295 1974 10 05 12 10.1 155.8 4 ~‘
296 1974 10 06 00 10.2 151.0
297 1974 10 06 12 10.4 147.0
298 1974 10 18 00 10.1 149.5
299 1974 10 18 12 10.7 146.4
300 1914 10 19 00 11.4 143.3
301 1974 10 21 00 9.2 151.4
302 1974 10 21 12 11.0 150.7
303 1974 10 22 00 12.7 150.0
304 1974 10 23 00 6.2 165.7

- - 
- 305 1974 10 23 12 1.1 163.8

306 1974 10 24 00 8.1 161.9
307 1974 10 28 00 5.1 156.4
308 1974 10 28 12 6.1 155.8
309 1974 10 29 00 7.1 155.2
310 1974 10 29 12 7.3 152.5
311 1974 10 30 00 7.5 150.0 -‘

312 1974 10 30 00 10.3 131.0
313 1974 10 31 00 2.3 146.0
314 1974 10 31 12 3.8 144.7
315 1974 11 01 00 5.2 143.3 —

316 1974 11 06 00 6.4 148.4
317 1974 11 06 12 5.7 145.2
318 1974 11 07 00 5.0 142.0
319 1974 11 12 00 13.0 124.5 ‘

320 1974 11 12 12 13.6 122.9
321 1974 1.1 13 00 14.3 121.2
322 1974 11 18 00 10.0 153.6
323 1914 11 18 12 10.1 150.8
324 1974 11 19 00 10.2 148.0
325 1974 11 19 12 9.8 146.8
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