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PROBABILITY OF TROPICAL CYCLONE INDUCED IrbIRDS 
AT THE NASA ~~~ SPACECRAFT C E I ~ T E R ~  

Charles 3. Neumann 

ABSTRACT 

This study presents  a s t a  
cyclones as they af fec ted  the NASA 
( located approximately midway be twe 
over the period of record from 1886 
d i s t r i b u t i o n  is  used t o  es t imate  the p robab i l i t y  of the  Center 
observing a t  l e a s t  n occurrences of sustained 3S-knot winds over 
k consecutive years ( n  = O,?; k = 1,20). The b i v a r i a t e  normal 
d i s t r i b u t i o n  i s  used t o  es t imate  the p robab i l i t y  of an e x i s t i n g  
t rop ica l  storm o r  h w r i c a n e  producing sustained 35-knot winds 
I a t  24-hourly i n t e r v a l s  and within 24-hourly i n t e r v a l s  €or prog- 
nos t i c  per iods o f  up t o  b o r  5 days depending on the  source 
region of the storm. Presented a l s o  a r e  cha r t s  and f i g u r e s  de- 
p i c t ing  the general  G u l f  of Mexics t r o p i c a l  cyclone c l ina to logy .  
This study i s  modeled a f t e r  a 1968 study which presented similar 
data  f o r  the Kennedy Space Center, Fla .  

1. INTRODUCT I ON 

This study was undertaken by the  Spacefl ight  Meteorology 
Group (SMG), Weather Bureau, ESSA, t o  provide q u a n t i t a t i v e  es t i -  
_ _  m P t P c  nf t.ho likelihood of the NASA Manned Spacecraf t  Center (a6SC)2 

o r  hurr icanes.  Many of the s t a t i s t i c a l  techniques and computes 
programs u t i l i z e d  i n  this  s tudy were developed e a r l i e r  by Hope 
and Meumann (1968). 
estimates of the Cape Kennedy, F la . ,  a r ea  ewer i enc ing  c r i t i c a l  
winds from t r o p i c a l  storms o r  hurr icanes 

expepieiiciiig c e r t a l ~  c r i t i c z l  .~ricds asscc ia ted  t . r ~ p i c a l  sxnrms 

This e a r l i e r  s tudy provided p r o b a b i l i t y  

Two broad problem areas are considered: ( I )  What is  
the cl imatological  p robab i l i t y  of c r i t i c a l  winds a t  MSC during 
various exposure periods within the hurr icane season o s  over 
consecutive hurr icane seasons? ( 2 )  What i s  the p r o b a b i l i t y  of 
an ex is t ing  t r o p i c a l  storm o r  hurr icane producing c r i t i c a l  winds 
a t  some fu tu re  time o r  wi th in  some f u t u r e  t i m e  i n t e r v a l ?  

1 This s tudy was prepared by the  M i a m  
Meteorology Group, col located w i t h  he National Hurricane Center 
a t  the Universi ty  of M i a m i ,  M i a m i ,  F l a .  
fe r red  from the NASA Office of m e d  Space F l i g h t ,  t he  Space- 
f l i g h t  Meteorology Group provid the primary meteorological 
support  f o r  the NASA manned space f l igh t  programs. 

The Manned Spacecraf t  Center is  loca ted  approximately midway 
between Houston and Galveston, Tex., near 29.60 N e ,  95.10 W. 

Sect ion of the  Spacefl ight  

Through funds t r ans -  

2 
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Hope and Nemann (1968) accomplished a f u r t h e r  
s t r a t i f i c a t i o n  based on the s t o r m ' s  d i r e c t i o n  of motion. 
Because of an insuf f ic iency  of cases,  i t  was not possible  t o  
s t r a t i f y  the MSC s t o r m s  i n  t h i s  manner. This def ic iency 
was p a r t i a l l y  o f f s e t  by o ther  techniques, t o  be discussed 
l a t e r .  

In  t h i s  r e p o r t ,  a c r i t i c a l  wind i s  defined as a 
I-minute average wind of 35' knots a t  the IO-meter l e v e l  pro- 
duced by a t r o p i c a l  storm o r  hurricane. Assuming the gust  
f a c t o r s  usua l ly  associated with winds of t h i s  magnitude 
( I  .4 o r  s l i g h t l y  h igher ) ,  35-knot 1 -minute winds would be 
accompanied by gusts approaching 5'0 knots. The 3 5 - h o t  
threshold w a s  se lec ted  not  on the bas i s  of any p a r t i c u l a r  
opera t iona l  l i m i t  a t  MSC, but r a the r  on the basis  of conven- 
ience.  A regression equation and other  techniques developed 
f o r  the Cape Kennedy study were based on 35 h o t s .  Also,  
35 kno t s  i s  a convenient f i g u r e  s ince  i t  i s  the lower wind 
speed l i m i t  def ining a t r o p i c a l  s torm.  Furthermore, s e l e c t i o n  
of a threshold wind higher than 35 knots would diminish the 
number of cases ava i lab le  f o r  s t a t i s t i c a l  ana lys i s  t o  the 
po in t  t h a t  r e l i a b l e  p robab i l i t y  estimates could not  be obtained. 

2. DATA SOURCE 

As discussed by Hope and Neumann (19681, the basic 
da t a  source cu r ren t ly  ava i lab le  f o r  s tud ie s  of t h i s  type i s  
computer card deck 988 , "North At lan t ic  Tropical Cyclones, 
~ ~ ~ l f l  ah1 P k h r n n ~ h  v Nnf. i  nnal Weather Records Center! Environmental 

modified, e r r o r  checked, and brought up t o  da te  through the 1967 
hurr icane season by SMG, Miami, and then t ransfer red  t o  binary 
tape ,  This f i n a l  tape l i s t s  a l l  p o s i t i o n s  ( e i t h e r  once o r  twice 
a day, depending on whether the storm w a s  pre- o r  post-1930) of 
the  660 t r o p i c a l  storms and hurricanes between 1886 and 1967. 
The s torm t racks  through 1958 (with some modification) a r e  
b a s i c a l l y  those given by Cry, e t  a l .  (1959). Those from 1959 
through 1963 a r e  given i n  Cry (1965). 
through 1967 were obtained from records maintained a t  the  National 
Hurricane Center, Miami. Also included on the master da ta  tape 
a r e  the mean maximum wind speed recorded i n  the storm on each 
day of the  s torm's  exis tence and other  p e r t i n e n t  s torm i d e n t i f i c a -  
t i o n  da ta .  All computations were performed on the IBM 7040 o r  360 
computers ava i l ab le  t o  ESSA through arrangement with the University 
of  Miami Computing Center. 

Data ger.vice, T X c I c 1  f iDDWt A at ~ s i i e v i l l e ,  1i.c. m ~ - 4 n  ~ n - 1 7  T . 7 - n  
1 1 1 1 3  LULL4 U b b L L  w u s '  

Tracks f o r  the years 1964 

3 ,  SELECTION OF CASES 

the s i t e  of the Manned Spacecraft  Center, i t  was necessary t o  
r e l y  on an i n d i r e c t  method t o  determine which storms over the  
@-year per iod of record 1'886-1967 were l i k e l y  t o  have produced 

Since de t a i l ed  wind records a r e  not ava i lab le  from 
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a t  l eas t  35-knot s teady-s ta te  winds a t  PISC. Hope and Neumann 
(1968) found that the r eg res s ion  equation 

30 

could be used t o  descr ibe  the  re la t ionship  between the radius  
of the 35’-knot i so t ach  CR) and the  maximum wind near the storm 
cen te r  (Wmax). Although t h i s  equation was developed f o r  the 
Kennedy Space Center, it should be reasonably va l id  f o r  any 
exposed near -coas ta l  l o c a t i o n  i n  the  t rop ic s  o r  subtropics .  

De ta i l s  of the storm-selection technique u t i l i z i n g  
equation ( I )  are shown i n  f igu res  I and 2. Figure 1 descr ibes  
the l o g i c  i n  terms of a standard computer program flow cha r t ,  
and f i g u r e  2 schematical ly  represents  a f i c t i t i o u s  case. I n  
the a c t u a l  program described i n  f i g u r e  1 ,  one storm out  of the 
660-storm d a t a  f i l e  is  read i n t o  the  computer a t  a t i m e .  A 
linear i n t e r p o l a t i o n  between the  recorded 0000 GMT and 1200 GMT 
storm p o s i t i a n s  gives +hourly storm pos i t ions  f o r  0300 GMT, 
0600 GMT, and 0900 GMT, whereas in te rpola t ions  between the  
1200 GMT and 0000 GPlT recorded pos i t ions  give intermediate 
pos i t i ons  f o r  1500 GMT, 1800 CMT, and 2100 GMT f o r  each day 
of  t h e  s t o r m f s  ex is tence .  The actual dec is ion  a s  t o  whether 
the storm ever produced c r i t i c a l  winds a t  the  s i t e  depends on 
whether d i s t a n c e  2 (DISTZ i n  f i g u r e  2) i s  equal t o  o r  l e s s  
than the r ad ius  of t he  35-knot winds as defined by equation (1 ) .  
The constant  52 i n  the expression f o r  DISTX i s  simply the  length ,  
i n  n a u t i c a l  m i l e s ,  of 1 degree of longitude at the  l a t i t u d e  of 

‘foe term WLLXU as use6 in b u i h  L i g u ~ e s  i ~ L L U  L I C l G i 3  G U  

the mean m a x i m u m  wind near the center  of the  storm on a given 
day. 

- t c I  n _._ I -  

It is r ea l i zed  that  this method of  s e l ec t ing  storms 
affecting MSC f s  somewhat a r b i t r a r y .  I n  some hurr icanes,  sus- 
t a ined  winds i n  excess of 35 knots w i l l  extend much f a r t h e r  from 
the storm cen te r  than equation (1 )  i nd ica t e s .  I n  some minimal 
t r o p i c a l  storms the radius  of 35-knot winds might be smaller .  
Also, i t  i s  genera l ly  t r u e  that  asymmetry i n  the  wind f i e l d  
i s  observed i n  most storms which i n  tu rn  i s  a funct ion of the  
intensity of the storm, i t s  d i r e c t i o n  of movement, and surround- 
ing synoptic features. But it i s  believed t h a t  i n  dealing w i t h  
m e a n  condi t ions where l a r g e  numbers of storms a re  considered, the 
method descr ibed i n  f igu res  1 and 2 co r rec t ly  i d e n t i f i e s  most of 
the t r o p i c a l  cyclones tha t  have produced sustained 35-knot winds 
a t  the Manned Spacecraf t  Center. I n  any case,  t h i s  method of 
storm selection i s  believed super ior  t o  considering a l l  storms 
passing within a f ixed  d is tance  from the s i t e ,  regardless  of 
storm i n t e n s i t y .  

- 3 -  



I I El 

k 
0 

c .  
0 

rn 
I 

- 4 -  



The paths of the 25 t r o p i c a l  cyclones 1886-1967 which 
were ca lcu la ted  t o  have produced c r i t i c a l  winds a t  MSC according 
t o  equation (1) a r e  shown i n  f i g u r e  3. Table 1 l i s t s  add i t iona l  
storm data f o r  the same 25 cases .  The storm numbers i n  column 1 
of t ab l e  1 correspond t o  those i n  f i g u r e  3.  The storm category 
i n  column 6 of t ab le  I r e f e r s  t o  the  s torm source region and w i l l  
be explained in subsection 4. 
include the  t r o p i c a l  depression stages, if any, of the 25 cases, 

The program described i n  f igu re  1 a l s o  has the  opt ion 
of counting the number of t r o p i c a l  cyclones ( including depression 
s tage)  passing wi th in  f ixed  d is tances  (50, IOO, l%?? and 200 
n.mi.) of MSC, without considering wind. Figure 4 is  a p l o t  of 
these da t a .  The f i g u r e  shows t h a t  t he re  were 76 storms gassing 
within 200 n.mi. of MSC i n  the  82-year period of record,  52 
storms passing within 150 n.mi., e t c .  It should be noted t h a t ,  
by i n t e r p o l a t i o n  f igu re  4 i nd ica t e s  t h a t  t he re  were 25 storms 
passing within 78 n.mi. of SC during the period o f  record 
(dashed l i n e ) .  This i s  the same number of storms t h a t  was counted 
by the use of regression equation ( 1 ) -  This suggests a simpler,  
a l t e r n a t e  procedure f o r  counting the  number of cases producing 
c r i t i c a l  winds. But it should be noted t h a t ,  although t h i s  a l -  
t e rna te  procedure might be expected t o  count the c o r r e c t  number 
of cases ,  some of these would be the  wrong ind iv idua l  cases .  

Problem Area 1. 

Both the f i g u r e  and the t a b l e  

As outl ined on page 1 ,  an objec t ive  of t h i s  study i s  
---l ----9 --- -1 4.--&*1--.. -11 4 4 -  r\h*+o.(rro 

Y't ------ io i e i e r m i r i e  Lilt= Laaic;  t ~ ~ p ~ b a r  by'cIAv++= ~rruuuurvbj ccu * w  

t o  MSC, What, f o r  example, i s  the p r o b a b i l i t y  of p4SC obsezving 
c r i t i ca l  winds on a p a r t i c u l a r  day, month, year ,  o r  over s e v e r a l  
consecutive years?  

A graphical  d i sp lay  of the time d i s t r i b u t i o n  of the  25 
storms composing the da t a  sample i s  given on f i g u r e  5. Twenty- 
f i v e  cases over 82 years o f  record y i e ld  a sam l e  mean of 0.305 

t h e r e  were two 
occurrences each year ,  giving a frequency of 23/82 o r  28 p e r c e n t  
of the  years when c r i t i c a l  winds occurred a t  l e a s t  once. 
and Neumann (1968) showed that the  observed spectrum of storm 
occurrences i n  single years c lose ly  approximates the  p robab i l i -  
t i e s  computed by f i t t i n g  the da ta  t o  a Poisson exponential  
d i s t r i b u t i o n ,  where the  sample mean ( .305)  i s  used as the  Poisson 
parameter. S imi la r ly  i n  this MSC s tudy,  t he  observed frequencies  
c lose ly  approximate the  Poisson p r o b a b i l i t i e s .  
the comparison. 
t o  

storms per  year .  But i n  the years 1940 and 19 t 1 

Hope 

Table 2 shows 
The Poisson p r o b a b i l i t i e s  were computed according 

P(x) = e'mmx/x! (2) 

where e is the  base of n a t u r a l  logar i thms,  m i s  the  expected 
(mean) value,  an4 x i s  the number of presumably independent 
occurrences over the  same time unit as the  mean value,  

- 5 -  
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Table l.-Tropical cyc2ones (including depressions) computed t o  have produced c r i t i c a l  Kinds a t  the NASA 
fhnncd Spacecraft Center, 1886 through 1967. T-0 ( t o  the closest three hours) refers t o  the time 
Of i n i t i a l  ons& of c r i t i c a l  winds. Storm number corresponds t o  those given i n  kEABUR Technical 
Paper Number 55. Storm type refers  to  c lassi f icat ion a t  T-24 hours. Categories 1 anf. 2 refer, 
respectively, Co northeastern GuLf of M d c o  aixl Atlantic source region and t o  southwestern Gulf 
ef Pkdco ani western Caribbean source region. 
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Oiotanur of Storm Center from MSC (RIM) 

Figure 4. - Number of t r o p i c a l  cyclones 
passing within f ixed  d is tances  of 
t he  Manned Spacecraf t  Center, 
1886-1967. 
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Table 2 .  - Observed frequency and computed probabi l i ty  of 
c r i t i c a l  wind occurrence a t  MSC 

Observed frequency. 
Poisson p robab i l i t y  

m = 25/82 = 0.305 

. . . e .  . . . . 0.737 0.225 0.03 

The p robab i l i t y  of a t  l eas t  one occurrence of  c r i t i c a l  
wind a t  MSC i s  therefore  P ( 1 )  +- P(2) -+- P ( 3 3 )  = .263 o r  26.3 
percent of the years.3 

The Poisson exponential  p robabi l i ty  funct ion can a l s o  
be used t o  compute the p robab i l i t y  of any number of occurrences 
over any nurnbes of consecutive years .  I n  t h i s  case,  the expected 
value (m) i n  equation (2) i s  computed by multiplying the unit  
mean (0.305) by the number of consecutive years over which the 
probabi l i ty  i s  t o  be computed. For example, suppose we want 
the p robab i l i t y  of a t  l ea s t  one occurrence i n  10 consecutive 
years.  The estimated mean occurrence r a t e  i n  I O  years i s  com- 
puted t o  be 10 X 0.305 o r  3.05. The probabi l i ty  of a t  l e a s t  
O ~ E  occurrence i s  ouL~i . l i& by auLLia t t i i 1 ,  the  pr,kkili>; 25' Z Z F Z  
occurrences from 1.000. Since zero f a c t o r i a l  i s  I ,  equation i 2 j  
becomes 

This i s  t o  say t h a t  95.3 percent  of the time, any consecutive 
10-year per iod would be expected t o  have a t  l e a s t  one occurrence 
of c r i t i c a l  winds. I n  the ac tua l  data  sample 72 of the 73 o r  
98 percent  of the 10-year overlapping consecutive periods observed 
a t  l e a s t  one occurrence. 

Table 3 gives  the mean occurrence r a t e s  and the computed 
p robab i l i t i e s  of 0 ,  a t  l e a s t  1 ,  a t  l e a s t  2, and a t  l e a s t  3 occur- 
rences f o r  consecutive-year periods of up t o  20. The probabi l i ty  
of exac t ly  one occurrence i s  obtained by subt rac t ing  the proba- 

two occurrences from the  pro b i l i t y  of a t  
ce .  The probabi l i ty  of one a only one occur- 
i s  therefore  0.953-0.808 o r  only 0.145. Some 

of the  mater ia l  of t a b l e  3 i s  displayed graphical ly  i n  f i g u r e  6. 

3 This compares with 0.364 o r  36.4 percent  a t  Cape Kennedy, F la .  
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14 4,243 0.0141 0.986 0.526 0.7 
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17 5,183 0.006 0.994 0.9635 0.890 
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I Consecutive Y e a r s  (I:) 

Figure  6 .  - Probab i l i t y  of c r i t i c a l  wind 
occurrence at MSC over extended time 
per iods .  

F igu re  7 s t r a t i f i e s  the 25 cases i n t o  calendar months 
and sugges t s  t h a t  the peak of the t r o p i c a l  cyclone season a t  
In-raseason;r'L - - -  .-- L 1  -.- 
8. The f requencies  i n  t h i s  f i gu re  a r e  based on a 3-week moving 
average of t h e  d a i l y  c r i t i c a l  wind occurrence a t  MSG over t he  
period of record.  For example, the percentage frequency read 
as 0.35 on Augus t  15 i nd ica t e s  t h a t  between August 5 and 25, 
1886 through 1967 ( a  t o t a l  of 1,722 days ) ,  c r i t i c a l  winds were 
observed at. MSC on s i x  days  (.OO35 X 1,722 = 6 ) .  

shown on f i g u r e  8 can be a t t r i b u t e d  t o  chance occurrence owing 
t o  the  r e l a t i v e i y  s h o r t  period of record r a t h e r  than t o  a c t u a l  
physical  atmospheric processes .  Nevertheless,  the d i p  t o  a 
minimal value around J u l y  10 i s  probably r e a l  and r e f l e c t s  the  
ove ra l l  de f i c i ency  i n  t r o p i c a l  cyclone formation i n  mid-July. 
The broad peak i n  August comes well  ahead of the o v e r a l l  September 
m a x i m u m  a s  shotm i n  Cry (1965).  T h i s  i s  because most of the  
September s toms which produced the September maximum shown i n  
Cryls d a t a  d o  no t  pene t r a t e  i n t o  the G u l f  of Mexico but r a t h e r  
recurve northward i n  the  At l an t i c .  Indeed, a s  shown i n  f i g u r e  
3, on ly  two of the  25 storms were recorded as having or ig ina ted  
east of t he  A n t i l l e s .  One of these was the devas ta t ing  1900 
"Galves ton" s torm.  

MSf! ran  ho O ? O P + Q ~  c n m e v h o r n  C ~ ? T  The cnr_l-_n_d k . _ - l f  cf > - ~ - 1 , + +  t) -- " . 
V C ~ L  ~ L L U U S  are S i l U V J I I  i i r  g r e a i e r  i i e t a i i  i n  f i g u r e  

More than l i k e l y ,  most o f  the in t r a seasona l  v a r i a t i o n s  

The e a r l i e s t  seasonal  occurrence of c r i t i c a l  winds a t  
MSC subsequent t o  the  year  1885 was June 16 (1888) and the  l a t e s t  
was October 6 (1895). Most of the October storms which form i n  
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1886 thru 1967 

Figure 7. - Percent frequency of 
c r i t i c a l  wind occurrence by 
month. 
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the  western Caribbean da n o t  penetrate  i n t o  the G u l f  of  Mexico 
as fa r  w e s t  as MSC but, as shown i n  the bottom panel of f i gu re  

(mean vector)  storm d i r ec t ion  of motion (p lo t t ed  t o  the neares t  

represent  ftconstancyff o f  storm d i r e c t i o n  of movement. This value 
i s  obtained by dividing the  mean t r a n s l a t i o n  vector  speed of a l l  
storms passing through a given box by t h e i r  mean s c a l a r  speed. 
The numerical value of constancy as defined here  i s  between 0 
and 1 zero indica t ing  that storms moved through a box from v i r -  
t u a l l y  m y  d i r e c t i o n ,  and 1 ind ica t ing  t h a t  the d i r e c t i o n  of' 

s t rong nor ther ly  and nor theas te r ly  component a f t e r  ' 
The arrows on f i g u r e  9 represent  the r e s u l t a n t  

ree  t rue)  for e a r l y ,  mid-, and l a t e  season storms f o r  
d of record 1886 through 1968. The i s o l i n e s  on the f igu re  

s always exact ly  as indicated by the arrow. Since the 
value i s  not  l i n e a r ,  it can be used i n  the r e l a t i v e  

y, i . e . ,  a fo recas t  based on a constancy value of 0.8 
can be expected t o  be more r e l i a b l e  than one based on a value 
of 0.4 brut n o t  necessar i ly  lltwice" as r e l i a b l e .  
f i gu re  9 were derived from Hope and Neumann (1969). 

The da ta  on 

Problem Area 2 

In the previous sec t ion ,  p r o b a b i l i t i e s  of MSC observing 
c r i t i c a x  winds any given year ,  years ,  o r  port ions of years were 
computed without regard t o  any current  t r o p i c a l  cyclone synoptic 

These p r o b a b i l i t i e s  a r e  nonconditional and intended 
t o  be used f o r  longer-range cl imatological  es t imates .  Once a 
t r o p i c a l  cyclone i s  i n  exis tence,  i t s  loca t ion ,  speed, and 

considerably.  For example, f i g u r e  8 ind ica tes  t h a t  the proba- 
b i l l t y  of MSC experiencing c r i t i c a l  winds on any given day i s  
always Less  than one-half percent .  Obviously, i f  a Gulf of Mexico 
t r o p i c a l  cyclone is moving d i r e c t l y  towards MSC, the  p robab i l i t y  
of observing c r i t i c a l  winds approaches IO0  percent .  The purpose 
of t h i s  s e c t i o n  i s  t o  es t imate  the storm s t r i k e  p r o b a b i l i t i e s  
from an e x i s t i n g  t r o p i c a l  cyclone, given the s torm's  i n i t i a l  
p o s i t i o n  and po in t  of o r i g i n .  

I .  7 7 . 7  . I ?  izirec i i w a  u l  u u i i u r i  w i i ;  aiLai uiaat: GLLuI~.Lu;u~LLQL' y ~ u u a u l l L t , ~ c ~  

In the  Cape Kennedy s tudy,  16 out  of the 23 ( o r  70 
percent)  of the  storms that approached Czpe Kennedy from the 
southeas t  were i n  exis tence f o r  5 o r  more days before a f f ec t ing  
the  site, A t  MSC on the  o ther  hand, only nine out  of the e n t i r e  
25 storm da ta  sample, o r  36 percent ,  ex is ted  f o r  a t  l e a s t  5 days 
before producing c r i t i c a l  winds. Obviously, t h i s  se r ious ly  re -  
s t r i c t s  t h e  length  of time p r i o r  t o  storm s t r i k e  for which proba- 
b i l i t i e s  can be calculated.  A s  i t  turns  out ,  depending on the  
s torm's  po in t  of o r ig in ,  the p r o b a b i l i t i e s  could be computed o u t  
t o  5 days (120 hours) o r  4 days (96 hours) i n  advance, depending 
on the source region.  Since a c t u a l  t r o p i c a l  cyclone forecas ts  
are given f o r  per iods up t o  72 hours, t h i s  means t h a t  o n l y  1 o r  
2 days! advance p r o b a b i l i t i e s  can be given over the 72-hour 
regular  f o r e c a s t .  Storm s t r i k e  p robab i l i t i e s  f o r  periods of 72 
hours or l e s s  can and should be based on the forecas ts  themselves, 
and studlies are ava i l ab le  f o r  t h i s  purpose. A l i s t  of these 
s tud ie s  fs given on page 61 of Hope and Neumann (1968) . 
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Figure 9 .  - Resultant 
s torm d i r e c t i o n  
w i t h  i s o l i n e s  of 
d i r e c t i o n  
*lconstancytt (K) 
f o r  e a r l y ,  middle 
-.,a i - ~ -  
UIIU A W U b  U b U . J U L L  

storms (O<K<l j 
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Before proceeding fu r the r ,  J_t is necessary t o  determine 
raph-ic source regions of the storms which eventual ly  

i n  osdier t o  insme tha t  an assmptioa of b iva r i a t e  

The tracks of the 25 storms which a f fec ted  M6C were 
shown OM f igure 3. For the same per iod  of record, f i g w e  
the o v e r a l l  frequency of tropJlcal storms o r  hul~ric  
la t i tude- longi tude  boxes, whether o r  not  they affe 

ugh the Yucatan Channel (between w s t e r n  Cuba and 
eniansula) , with the s t o m  frequenc 
nortbrastward and southwestward of 

MSC. As w i l l  'be shorn later, th i s  de t e r  

of the two co~ponents  of storm positions is  not v io la ted .  

sh-ows a well-defined storm t rack  or iented general ly  

dimlninisking 

Figure 3p  an the other hand, does not  show a ~ ~ ~ ~ ~ ~ t ~ ~ t ~ ~ ~  

Figure 10. - Number of t r o p i c a l  storms o r  hurr icanes passing 
through each 2*-degree la t i tude-longi tude,  box June 15 
through October 6, 1886-1962. 
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of storms passing through the Channel en route to MSC, b u t  rather 
shows a f a i r l y  l i nea r  s c a t t e r  a l l  the way from Florida south- 
westward t o  Central America. In  the re la t ive  sense, then, there 
i s  a disproportionate share of storms which eventually a f f ec t  
MSC without f i r s t  moving through the Yucatan Channel. This 
suggests t w o  broad storm tracks : one t o  the northeast and one 
to  the sout s t  of the main climatological track. One group 

e inaf ter  referred to  as category 1 storms, are  
rmed i n  the northeastern G ~ i l f  of Mexico o r  the . The second group of s torms,  hereinafter referred 

2 storms, a re  those which formed i n  the western 
Caribbean o r  the southwestern G u l f  of Mexico. A l i n e  extending 
southeastward from MSC through 00 N . ,  600 Fb. was used as the actual 
dividing l i n e  between category 1 and category 2. Even though 
a storm crossed over the l i n e ,  i t s  categorical assignment was 
based on i ts  f n i t i a l l y  reported position as given i n  the computer 
card deck, regardless of storm intensity.  Individual s torm 
categorical assignments were given i n  table 1 .  O f  the 25  t rop -  
i c a l  cyclone composing the data sample, 11  were category 1 and 
the remainin 

The geographical breakdown in to  category 1 and category 
2 storms does not  conform t o  any convenient time breakdown. Most 
category 1 swrms formed i n  August or  ear ly  September, but there 
were a f e w  cases i n  the e a r l i e r  months. Category 2 storms formed 
i n  each month June through October, without a well-defined modal 
value 

14 were category 2. 

fi. ELLIFTI DI STRI-BUTIOMS 

The locations of a l l  tropical cyclone centers calculated 
t o  have produced c r i t i c a l  winds a t  MSC were plotted a t  24--hour 
intervals  b inning with the time of onset of these winds (T-0)  
and working c h a r d  6 days (T-144) o r  t o  the or igin of the storm 
i f  i t  existed l e s s  than 6 days. Category 1 storms were plotted 
separately from category 2 s torms.  

After plo t t ing  these positions, equiprobability e l l ipses  
from the d is t r ibu t ion  of the s t o r m  center locations 
r i o r  t o  affect ing MSC f o r  each of the two groups of 
ng a bivariate normal d is t r ibu t ion  o f  the l a t i t ude  

and longitude components. Hope and Neumann ( 1968) established 
tha t  t h i s  ass t i on  was reasonable providing storms f i t t e d  t o  an 
e l l i p se  were ing along a reasonably common track. If the storm 
tracks are  nod; treated separately, f i t t i n g  the data to  an e l l i p se  
w i l l  a r t i f i c i a l l y  create a storm track where one does not  ex is t .  
In  the case w e  a re  dealing with here, t h i s  would have created the 
main storm t r aek  through the Yucatan Channel where, as discussed 
i n  the previous subsection, one does not ex i s t .  These s torm 
locations and t he  computed e l l ipses  a t  T-0 f o r  both category 1 
and category 2 storms a re  shown i n  f igure 11 .  The s torm locations 
and computed e l l i p ses  for category 1 storms a t  24-howly intervals  
s t a r t i ng  a t  T-2b are shown i n  figures 12 and 13, and those f o r  
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Figure 12. - Probability ellipses of the distribution of category 1 
t 
d e Manned Spacecraft Center, 

es 24 and 48 hours prior to pro- 
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a t  aft Center. 

the d i s t r i b u t i o n  of category 1 
96 hours p r i o r  t o  producing 
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$:ategory 2 s torms  a r e  shown i n  f igures  14, 15, and 16. 

1 group because the  s i z e  of  the e l l i p s e  became m a n a g e a b l y  
and probably unrea l i s  t i c a l l y  l a rge .  I n  the f igures  , s torm 

w i t h  open c i r c l e s  a r e  e i t h e r  t r o p i c a l  storms o r  de- 
pressions and those with darkened centers  a r e  hurr icanes.  

storms t h a t  would be i n i t i a l l y  producing c r i t i c a l  winds a t  MSC 
i n  exactly the  number of hours indicated.  E l l i p t i c a l  p robabi l i ty  
Fings have been drabm f o r  p r o b a b i l i t i e s  of  0.10, 0.50, and 0.90. 
Over a long per iod of record,  90 ercent  of the s torm centers  
should l i e  w i th in  the 0.90 r ing ,  f:O percent  between the 0.50 
and 0.90 r i n g ,  e t c .  The most recent  comprehensive publ icat ion 
tha t  deals  w i th  this sub jec t  that  has come t o  the a t t e n t i o n  of 
the author i s  by Groenewould, e t  a l .  (1967) . 

A r a t h e r  thorough treatment of the mathematical l og ic  
behind these e l l i p s e s  was given by Hope and Neumann (1968) and 
need not be repeated here .  For a given s e t  of  storm pos i t ions ,  
each envelope of e l l i p s e s  i s  uniquely defined by f i v e  derived 
parameters. These a r e  (1) the  mean l a t i t u d e  of the storms, 
(2) the mean longi tude,  ( 3 )  the  standard deviat ion of  the l a t i -  
tudes from the  mean l a t i t u d e ,  (4) the standard deviat ion of the 
longitudes from the mean longi tude,  (5) the  l i n e a r  co r re l a t ion  
coeff ic ient '  between the  l a t i t u d e  and the longi tude components. 
If the s tandard deviat ions a r e  equal and the co r re l a t ion  coef- 

I t  was 
possible  t o  cons t ruc t  a 120-hour e l l i p s e  f o r  the category 

These e l l i p s e s  dep ic t  the theo re t i ca l  d i s t r i b u t i o n  of 

f i c i e n t .  i s  zPrn; &hen t.he ellinse * r~)CJiic~)s t.n 2 c i r c l e -  

The centroids  (mean l a t i t u d e  and longi tude components) 
of the two groups of storms a re  p lo t ted  a t  24-hour i n t e r v a l s  
( f i g .  17) as they approached the Manned S acec ra f t  Center. 

2 storms t o  T-120 hours.  The r e s t r i c t i o n  here  was the number 
of cases diminishing t o  l e s s  than f i v e .  The l i n e  connecting 
the centroids  can be considered Itthe most c r i t i c a l  t rackst t  
insofar  as MSC i s  concerned. This f igu re  i s  p a r t i c u l a r l y  useful. 
f o r  es t imat ing the  time a storm w i l l  be i n i t i a l l y  producing 
c r i t i c a l  winds a t  the  s i t e .  For example, i f  a s torm located a t  
19O N . ,  860 W. were t o  produce c r i t i c a l  winds a t  MSC, it  would 
be expected t o  do s o  i n  about 110 hours. 

Category 1 storms were p lo t t ed  out  t o  T-I f: 4 hours and category 

T h i s  es t imate  i s  obtained by construct ing a l i n e  per- 
pendicular t o  the appropriate  centroid t r ack  through the storm 
posi t ion and reading the in te rpola ted  time. 
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Figure 14. - Probabi l i ty  e l l i p s e s  of the d i s t r i b u t i o n  of category 
2 t r o p i c a l  storms o r  hurricanes 24 and 48 hours p r i o r  t o  
producing c r i t i c a l  winds a t  the Manned Spacecraft Center 
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Fig  15. - Probabi l i ty  e l l i p s  of the d i s t r i b u t i o n  of category 
t r o p i c a l  storms or hurr i  nes 72 and 96 hours p r i o r  t o  

producing c r i t i c a l  winds a t  the Manned Spacecraft  Center. 
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Figure 16. - Probabi l i ty  e l l i p s e s  of the  d i s t r i b u t i o n  of category 
2 t r o p i c a l  storms o r  hurricanes 120 hours p r i o r  t o  producing 
c r i t i c a l  winds a t  the Manned Spacecraft  Center. 
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Figure 17. - Location of storm center distribution centroids at 
specified 24-hour time intervals before and after producing 
critical winds at the Manned Spacecraft Center. Nunbers in 
parentheses are number of cases from which ellipses were 
computed. 
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6 .  PROBABILITY COPIPUTATIONS AT FIXED TIMES 

The Zrequency of an event, F ( E ) ,  i s  given by 

F(E) = C/Q (4) 
where C represents  the number of occurrences of the event,  and 

s u f f i c i e n t l y  Xarge, then F(E)  becomes a good est imate  of the 
p robab i l i t y  0% E. 

represents  %he number of possible  occurrences. If N t  becomes 

The e l l i p s e s  given i n  f igures  11  through 16 merely 
spec i fy  the t h e o r e t i c a l  d i s t r i b u t i o n  of storms 'that would be 
a f f ec t ing  HSC %n exact ly  the number of hours indicated.  In  
order  t o  arrive a t  a d e f i n i t e  probabi l i ty ,  C i n  equation (4) 
must represenk %he number of storms passing over some geometrical 
a r ea  within the t o t a l  e l l i p t i c a l  area and then af fec t ing  MSC, 
while N t  i n  eqBation (4) must be replaced by the t o t a l  number 
of storms moving over the same geometrical area during the same 
per iod of record,  whether o r  no t  they a f fec ted  MSC. A s  d i s -  
cussed by Hope and Neumann (19691, a convenient area t o  work 
with i s  a 2-$--dsgree la t i tude-longi tude box. Five-degree boxes 
a re  too la rge ,  Because s i g n i f i c a n t  nonlinear var ia t ions  can 
occur within box. Any box s i z e  l e s s  than 24- degrees i s  
too small be e the number of cases i s  ser ious ly  cu r t a i l ed .  
Figure 10 ted an ana lys i s  of the t o t a l  s torm count by 
2S-degree The da ta  presented i n  f igu re  10 cannot be 
used as Nt ,  uat ion (41, however, s ince  the source regions 
c?f the s t n r  re not. consiaereci. mgiarss 16 ana i y :  on me 
o ther  hand, give the storm count by category 1 and 2 respect ively.  
Figure 18 includes only those storms which i n i t i a l l y  formed t o  
the r i g h t  of the dashed l i n e  extending almost exact ly  southeast-  
ward from MSC, These a r e  category 1 storms. Storms on f igu re  18 
t h a t  appear o n  the l e f t  s ide  of the l i n e  i n i t i a l l y  formed t o  the 
r i g h t  of the e but moved across the l i n e .  Similar ly ,  f i gu re  
19 includes o i n i t i a l  category 2 storms. A s  was the case with 
f i g u r e  10, bo f igures  18 and 19 exclude the t r o p i c a l  depression 
stages of s t o  . The sums of any given box t o t a l  from f igures  
18 and 19 w i l  of course, equal the box t o t a l  given on f igu re  10. 

Summarizing the above, the probabi l i ty  of an ex is t ing  
storm located at the center  of a 2-$~-degree la t i tude-longi tude 
box a f f ec t ing  e MSC a t  a f ixed time i s  given by 

B N \ ( N t > O  

where PI = Pro b i l i t y  that  an ex is t ing  hurr icane o r  t r o p i c a l  
s t a r -  w i l l  a f f e c t  MSC a t  a s p e c i f i c  time 

N = A c t m l  number of hurr icanes o r  t rop ica l  storms of a 

e was constructed (excluding t rop ica l  depres- 
cu lar  category a f fec t ing  MSC from which the 
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Figure 18. - Number of t r o p i c a l  storms o r  hurr icanes passing 
through each 2$-degree la t i tude- longi tude  box June 15 
through October 6, 1886-1967 and having or iginated t o  
the r i g h t  of dashed l i n e  (category 1 s to rms) .  
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Figure 19. - Number of tropical storms o r  hurricanes passing 
through each 2*-degree latitude-longitude box June 15 
through October 6, 1886-1967 and having originated to the 
left of dashed line (category 2 storms) 
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B = Contribution OS the 2*-degree la t i tude- longi tude  box 
t o  a 99 percent  e l l i p s e  

N t  = Tota l  number of hurricanes o r  t r o p i c a l  storms o f  t h i s  
given category passing through the  2$-degree l a t i t u d e -  
longi tude box over the period of record 

- A  sample computation of B i s  given i n  the appendix. A s  
an example of a p a r t i c u l a r  computation of P I ,  consider a category 
I storm loca ted  a t  28.80 N . ,  91.30 W. What i s  the p robab i l i t y  
of t h i s  storm producing c r i t i c a l  winds a t  MSC i n  exac t ly  48 hours? 

N = 9 (Note from f i g u r e  17 t h a t  t he re  were 10 storms i n  

B = ,070 (See Appendix) 

N t  = 25 (from f i g u r e  18) 

Pf  = ,070 X 9 /25  = .025 o r  2.5% 

t h i s  group; however, one of these was a depression) 

The r e s u l t s  of these computations for category 1 storms 
a r e  given i n  f igu res  20 and 21 and f o r  category 2 storms i n  
f igu res  22 through 24. 
computed values f o r  the center  of each 2&degree la t i tude- longi tude  
box, Some subjec t ive  smoothing of the d a t a  was required where the 
e l l i p s e s  i n t e r s e c t  land masses (mainly over Central  America). This 
was a g r e a t e r  problem i n  t h i s  study than i n  the Cape Kennedy study 
where most of the e l l i p s e s  were over open water,  Actually,  the 
ass1JmFtlon 01 bivar ia  it! n u r m a i c y  3ue=s LIU t L i . G  "\-ti- ,kGi-k2GilS ;f 
the e l l i p s e s  t h a t  extend l a r g e  dis tances  over land masses. The 
net e f f e c t  i s  t o . f o r c e  more storms over t h i s  land area  than ac- 
tually e x i s t  i n  na ture .  In  equation ( 5 ) ,  therefore ,  N t  approaches 
zero s o  that the spec i f i ed  bounding conditions a r e  no longer va l id  
and PI becomes f i c t i t i o u s l y  l a rge .  Hence, some subjec t ive  smooth- 
ing was required i n  these a reas .  

The ana lys i s  on the f igu res  i s  based on 

Figures 20 through 24 should be used t o  es t imate  the 
p r o b a b i l i t i e s  of MSC observing c r i t i c a l  winds i n  exac t ly  the time 
period ind ica ted .  
for example, has a 16.0 percent chance of  i n i t i a l l y  a f f ec t ing  MSC 
i n  exac t ly  24 hours, a 3.5 percent chance i n  exact ly  48 hours, 
and l e s s  than 1.0 percent i n  exact ly  72 hours. These da t a  were 
extracted d i r e c t l y  from f igu res  22 and 23. According t o  f i g u r e  17, 
the maximum p robab i l i t y  would be expected i n  about 27 hours. 

A category 2 s torm located a t  250 N . ,  950 W . ,  

7. PROBABILITIES OVER EXTENDED TIME INTERVALS 

So f a r ,  a l l  of the p r o b a b i l i t i e s  computed r e f e r  only t o  
s p e c i f i c  times p r i o r  t o  the  onset of c r i t i c a l  winds a t  MSC. O f  
g r ea t e r  importance opera t iona l ly  i s  the t o t a l  p robab i l i t y  t h a t  an 
ex is t ing  s torm will a f f e c t  MSC within a spec i f ied  period of time 
r a t h e r  than & a spec i f i ed  time. I n  the previous subsection, i t  
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Figure 20. - Percent  p robab i l i t y  of category 1 t rop ica l  storms o r  
hurr icanes producing c r i t i c a l  winds a t  the Manned Spacecraf t  
center  i n  exact ly  24 and 48 hours. 
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Figure 21. - Percent  p robab i l i t y  of category 1 t r o p i c a l  storms o r  
hur r icanes  producing c r i t i c a l  winds a t  the  Manned Spacecraf t  
Center i n  exac t ly  72 and 96 hours. 
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Figure 22- - Percent  p robab i l i t y  of category 2 t r o p i c a l  storms o r  
hurr icanes producing c r i t i c a l  winds a t  the Manned Spacecraf t  
Center i n  exac t ly  24 and 48 hours. 
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Figure 23. - Percent p robab i l i t y  of category 2 t r o p i c a l  storms o r  
hurr icanes producing c r i t i c a l  winds a t  the Manned Spacecraft 
Center i n  exact ly  72 and 96 hours. 

- 34 - 



Figure 24. - Percent p robab i l i t y  of category 2 t r o p i c a l  storms 
o r  hurricane producing c r i t i c a l  winds a t - t h e  Manned 
Spacecraft  Center i n  exac t ly  120 hours. 
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was pointed out  t h a t  a. t r o p i c a l  cyclone loca ted  a t  25O E., 950 W. 
has maximum p r o b a b i l i t y  of s l i g h t l y  over 16 percent  of a f f e c t i n g ,  
MSC i n  exac t ly  24 hours. The p robab i l i t y  a t  the  o ther  24 i n t e r -  
va l s  was considerably less.  The t o t a l  p r o b a b i l i t y  of t h i s  storm 
a f fec t ing  MSC would, of course, be much g r e a t e r  than 16 percent .  
Figure 3, f o r  example,  i nd ica t e s  that seven storms (numbers 2, 
4, 8 ,  I O ,  13? and 20) which passed through a 2$-degree l a t i t u d e -  
longi tude box centered a t  250 N,, 950 N, went on t o  produce c r i t i c a l  
winds a t  MSC a t  some f u t u r e  time. Figure 19 ind ica t e s  t h a t  there 
would be 23 category 2 storms moving through this  same 2$-degree 
boxwhether or no t  they eventual ly  a f fec ted  MSC. The observed 
frequency of 'Ihitsll from this  box i s  therefore  7/23 o r  about 30 
percent ,  considerably higher than the maximum f ixed  t i m e  computed 
p r o b a b i l i t y  of 16 percent .  

The indiv idua l  24-hourly p r o b a b i l i t i e s  cannot simply 
be added t o  ob ta in  t h e  t o t a l  p robab i l i t y .  The sum would s t i l l  
be l e s s  than the t o t a l  p robab i l i t y .  I n  the  cumulative process,  
i t  i s  necessary t o  consider the number of boxes i n  which the  
storms a f f e c t i n g  MSC were located during each 24-hour per iod.  
When these  a r e  counted and the  sum divided by the  number of  storms 
involved, a f a c t o r ,  M ,  i s  obtained which can be applied t o  the  
fixed-time box p r o b a b i l i t i e s  computed from a p a r t i c u l a r  e l l i p s e .  
E f fec t ive ly ,  th is  adds storms t o  each box because the  number o f  
storms i n  each box during a given time span i s  considered, no t  
j u s t  the storms i n  the  box a t  a spec i f i ed  t i m e .  This f a c t o r  M 
var ied between 1.8 and 2.6 depending on the  storm category and 
the p r o b a b 3 l i t y  r o r e c a s t  per ioa .  

In  summary, the t o t a l  o r  cumulative p robab i l i t y  wi th in  
a spec i f i ed  time period i s  obtained by adding the  sum of the 
p r o b a b i l i t i e s  obtained from equation (5) p lus  a quant i ty  which depends 
on the  number of add i t iona l  boxes through which a c e r t a i n  group of 
storms have passed during each appl icable  24-hour period. 
cumulative p r o b a b i l i t y  f o r  a p a r t i c u l a r  24-hour period s t a r t i n g  a t  
T-48 and ending a t  T-24 can be expressed 

The 

'(48*24) = ''48 k(b8-+24) - I )  (r) ATP '48 (6) 

where P48 i s  the p r o b a b i l i t y  a t  p r e c i s e l y  48 hours, M(48+24) 
i s  the  mean number of boxes i n  which the  storms have been during 
the 24-hour per iod,  and AT i s  the  t i m e  i n  hours between e l l i p ses .  
If the  e l l i p s e s  are spaced a t  24-hour i n t e r v a l s  (as they are he re ) ,  
equation (6) becomes 

' (48 4 24) (7) 
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The t o t a l  01" cumulative p robab i l i t y  within a spec i f ied  period of 
time a n d . f o r  a given box i s  then 

where j is the number of days within which the cumulative proba- 
b i l i t i e s  are compu-ted, i r e f e r s  t o  a p a r t i c u l a r  day, and PO r e f e r s  
t o  the zero-hour p r o b a b i l i t i e s  e 

included i n  t h i s  study but can be ca lcu la ted  from equation 5) 
The cumulative p r o b a b i l i t i e s  of category 1 storms producing 
c r i t i c a l  winds a t  MSC within 96 hours and computed according 
t o  equation (8) a re  shown on f i g u r e  25, and the p r o b a b i l i t i e s  
of category 2 storms producing c r i t i c a l  winds within 96 and 120 
hours are shown on f igu res  26 and 27 respec t ive ly .  The da ta  
presented on these cha r t s  were smoothed by averaging the box 
p r o b a b i l i t i e s  a t  t h e i r  common i n t e r s e c t i o n ,  boxes with no en t ry  
being counted as zero. 

(Note: Values f o r  Po  a r e  not  

8. DISCUSSION 

The p r o b a b i l i t i e s  computed i n  t h i s  study a r e  most usefu l  
f o r  time s c a l e s  beyond those f o r  which fo recas t s  a r e  issued.  
Normally, m i l i t a r y  and NASA i n s t a l l a t i o n s  w i l l  have fo recas t s  

been made on the accuracy of these f o r e c a s t s ,  and some use the 
fo recas t s  themselves t o  compute storm s t r i k e  p r o b a b i l i t i e s .  

.Among these  a r e  Tracy (19661, Appleman (1962) U.S. Navy Weather 
Research F a c i l i t y  (1963), and Veigas, e t  a l .  (1959) 
cl imatological  p r o b a b i l i t i e s  f o r  periods i e s s  than 72 hours a r e  
presented i n  this  paper, they a r e  not  intended t o  replace those 
based on the  l a t e s t  ava i l ab le  f o r e c a s t .  

of the storm sample, based on a s to rm ' s  d i r e c t i o n  of motion. 
Obviously,.a storm which i s  moving through a p a r t i c u l a r  2*-degree 
la t i tude- longi tude  box but heading away from MSC has less proba- 
b i l i t y  of a f f ec t ing  MSC than one heading d i r e c t l y  up the centroid 
t rack .  N o  a t t e m p t  w a s  made t o  perform these add i t iona l  calcula-  
t i ons  because of an insuf f ic iency  of cases.  A minimum of 20 storms 
per  category would be required.  This def ic iency was p a r t i a l l y  
o f f s e t  by d iv id ing  the  25-case s torm sample i n t o  the two ca tegor ies .  
Eliminating category I storms when deal ing s t r i c t l y  with category 
2 storms will el iminate  from considerat ion many of the  cases of 
A t l an t i c  os  Caribbean storms moving westward o r  westnorthwestward 
across the G u l f  of Mexico a t  almost r i g h t  angles t o  the  category 
2 cent ro id  t r ack .  S imi la r ly ,  when deal ing with the category 1 
group, those  storms moving across  the t r ack  from the southwest 
would be l a r g e l y  eliminated. Nevertheless, some subjec t ive  

* -  7 1 . *--- _ _  - - - =  - 2 -  ---L--J:--- -.-& A, nq L -.--- CL-L..a,' -- L ^ T . ^  a v C u & C & u L C  %VI P G I A W U D  G A U G L A U L A A 6  U U V  V U  { L  . L A V U . . L U .  U W U U I U U  A . . L U W V  

Although 

The Cape Kennedy study achieved a f u r t h e r  s t r a t i f i c a t i o n  
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modif icat ion of the p r o b a b i l i t i e s  derived from f igures  2 5 ,  26? and 
27 would be i n  order  and the following procedure i s  recommended. 
If the storm i s  moving within 10 degrees of the appropriate  cen- 
t ro id  track given i n  f igu re  17, the p robab i l i t i e s  should be 
increased by about 15 percent  of the indicated value ( t h a t  i s ,  
a p robab i l i t y  read from f i g u r e  25,  26, o r  27 as 30.0 percent  
should be increased t o  34.5 percent .  For storms moving between 
IO and 20 degrees of  the centroid t rack ,  no cor rec t ion  i s  needed. 
For storms moving a t  even g rea t e r  angles t o  the centroid t rack ,  
15 percent  of the indicated value should be subtracted f o r  each 
mult iple  of 10 degrees the observed s torm t r ack  i s  f a r t h e r  than 
20 degrees off the centroid t rack .  A storm, therefore ,  which i s  
moving a t  r i g h t  angles t o  the t rack  w i l l  have a probabi l i ty  of 
near zero of a f f e c t i n g  MSC. Negative Itcorrected p robab i l i t i e s "  
should be considered as having a value near  zero.  These sub- 
j ec t ive  cor rec t ions  were suggested by reference t o  the  d i r e c t i o n a l  
p r o b a b i l i t i e s  vs .  nondirect ional  p robab i l i t y  char t s  given i n  the 
Cape Kennedy s tudy.  

Somewhat more confidence can be placed i n  the category 
2 p r o b a b i l i t i e s  than the category 1 ,  s ince  the former were derived 
from a la rger  sample of cases .  Furthermore, the category 2 storm 
tracks were somewhat more uniform than those of category 1. In- 
deed, t h e  120-hour category I e l l i p s e  became s o  l a r g e  i t  was impos- 
s i b l e  t o  compute category 1 p r o b a b i l i t i e s  beyond 96 hours. 

T h i s  s tudy was pat terned as c lose ly  as possible  a f t e r  
the Cape Kennedy s tudy (Hope and Neumann, 19681, which should be 
read before  attempting t o  use the p r o b a b i l i t i e s  derived i n  t h i s  
1 -+n.n M q P  E f 7 1 d T 7  p T ~ ~ i n a ~  sf.iid;r i n r 7 i i i i ~ s  a r a t . h e r  thorough 
mathematical treatment or  ̂ Yne b iva r i a t e  iiiiitnai d l s t r l b u t l e n .  
Also,  t he re  are many examples of the use of the various char t s  
and f i g u r e s .  

L t -  I c u v v -  ---- 1-_- 
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APPENDIX 

PART I. COMPUTATION OF B IN EQUATION (5) 

PI = BN/Nt  BE< Nt >O 

This technique of estimating the p robab i l i t y  cont r ibu t ion  
of a given box t o  a 99 percent e l l i p s e  i s  a refinement of the tech- 
nique given i n  Hope and Neumann (1968). 

e l l i p t i c a l  r i n g s ,  each r ing  incremented by .O9 o r  9 percent .  See 
f i g u r e  A .  

( 1 )  The 99 percent e l l i p s e  i s  subdivided i n t o  5 1  

Figure A. - Ellipse used t o  i l l u s t r a t e  the  computation of  B 
i n  equation (5) PI = BN/Nt  
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( 2 )  The e l l i p s e  i s  f u r t h e r  subdivided i n t o  40 equal- 
a rea  sec tors .  For the der iva t ion  of the equal-area sec to r  angle 
formula, see Appendix, P a r t  11. 

440 approximately equal-probabi l i ty  areas  (WA) . Each EPA i s  
worth 99 X 440, o r  0.225 percent .  That i s  t o  say,  i f  there  were 
440 storms contained within the 99 percent e l l i p s e ,  the dens i ty  
d i s t r i b u t i o n  would be such t h a t  each P A  would include exact ly  
one s torm.  

(3) The e l l i p s e  has been subdivided i n t o  I 1  x 40 o r  

(4) Now consider the 2*-degree la t i tude-longi tude box 
bounded by 27.50 N .  and 30.00 N . ,  9O.O* W. and 92.50 I?. (Outlined 
i n  f igu re  A) 

(5) By ac tua l  count, there  a re  31.9 P A ' S  contained 
within the box. I n  terms of probabi l i ty ,  the 2%-degree box is  
worth 31.9 X 0.225 or 7.0 percent .  This i s  the value of  B f o r  
t h i s  p a r t i c u l a r  box. 
the e l l i p s e  would have been i n  t h i s  box, assuming a b iva r i a t e  
normal storm d i s t r i b u t i o n .  Since there  were 10 storms from which 
t h i s  48-hour e l l i p s e  was computed, the t o t a l  i n  the box should be 

That i s ,  7.0 percent of the storms within 

BN = .O7O X 10 = 0.70 storms. 

There a re  more prec ise  methods ava i lab le  f o r  in tegra t ing  
the b ivar ia te  normal e l l i p t i c a l  densi ty  funct ion over an o f f s e t  
c i r c l e .  Extensive t ab le s  of values s o  obtained have been pub- 
l i shed ;  the l a t e s t  and most complete i s  probably t h a t  by Groene- 
would, e t  a l .  (1967). This method would require  t h a t  the storm 

2+--degree overlapping c i r c l e s  ra ther  than the nonoverlapping 
boxes. The r e s u l t a n t  degree of precis ion i s  probably unnecessary, 
s ince  the EPA method when tes ted  against  the c i r c l e  method gave 
a m a x i m u m  probabi l i ty  e r r o r  of 0.4 percent ,  assuming the o f f s e t  
c i r c l e  method t o  be the standard.  

coL22t sho?a? 9,rl f ignres  I O i  18 anrl l'? he made on the na-sl s ox' 

PART 11: DERIVATION OF ELbIPSE EQUAL-AREA 
SECTOR FORMULA 

The equation of an e l l i p s e  i n  a rectangular  x ,y  
coordinate system where a i s  the semilength of the major axis, 
measured along the  x-axis, and b i s  the semilength of t he  minor 
axis, measured along the y-axis,  i s  given by 

I 

Converting t o  a polar  coordinate system and rearranging terms 
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is the radius vec tor  ana 
and the radius vector. T 
swept by the radius vecto 

Substituting (2) in (3) gives 

but, wing the identity 
cos% = 1-sin28, 

where c and d are const 

d = ( 1 /b2-1 /a21 ; therefore, 

A = (ab)/2 ( 5) 

cr 
The area of an ellipse i s  given by 
of an ellipse is given by 

Ilab. The area of Q/kOth 
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If A = A' s u b s t i t u t i n g  (6) i n  (5) and rearranging gives 

92 

r c t an  (a/b)Tan 

01 

If 81 i s  taken as the x-axis, then Tanel = 0 and 

92 = Arctan ( 7 )  

where 82 is the  angle of the sec to r  measured from the x-axis 
which will subdivide the e l l i p s e  i n  Q/kOth of  i t s  area.  Taking 
Q from 1 t o  9 will give all the required angles ,  s ince  those i n  
the other  th ree  quadrants have equivalent o r  complementary values. 
If the e l l i p s e  is  ro ta ted  as i n  f igure  A ,  the' angular measurements 
are made from the  major axis r a the r  than from the x-axis. 
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