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1. INTRODUCTION

In May 1976 , T r o p i c a l  S t o r m  O l g a  d r i f t e d  S l o w l y w e s t w a r d
a c r o s s  the  P h i l i p p i n e s  and e s s e n t i a ll y s t a l l e d  s ome 75 n ml no r th -
n o r t h w e s t  of S u b i c  Bay , one of  the m a j o r  U . S . Navy  i n s t a l l a t i o n s
in the w e s t e r n  Nor th P a c i f i c .  As t h i s  r a the r  w e a k  t r o p i c a l  c y c l o n e
( m a x i m u m  w i n d s  o f  40 kt ) c o n t r i b u t e d  s o u t h w e s t e r l y  w i n d s  in to  S u b i c
Bay , the v u l n e r a b i l i t y  of  v e s s e l s  w i t h i n  the ha rbor  became e v i d e n t .
W i t h  m a x i m u m  s u r f a c e  w i n d s  of  o n l y  35 - 4 5  kt o b s e r v e d  in the h a r b o r ,
f i v e  Navy sh i ps s u s t a i n e d  li ght to m o d e r a t e  hul l  dam age  and  became
par t  of the t o ta l  $ 1 . 4 m i l l i o n  damage  to shi p and ha rbo r  f a c i l i t i e s
c a u s e d  by TS O lga .

With the m u l t i t u d e  of  a n c h o r a g e s  and p i e r s i d e  be r t h s  a v a i l -
a b le , a ma jor problem for ship commanders and other decision makers

in Su bic Bay was where to place vessels w i t h i n  the harbor comp lex

so as to min i m i z e  stress on ship and port fac i l i t i e s .  Knowledge

of the stream l ine-isotach conditions w i t h i n  the harbor for winds

coming from the vu l nerable directions of south throug h w e s t  w o u l d
c e r t a i n l y  h a v e  ci~~d~~d t~~~ ~c~ s i o n - m i k i n ~ ~~~~~~~

T h e m e s o s c a l e  na t ure of the p rob lem i s fur th er co mp l i ca t e d by

the c o m p l e x  t o p o g r a p h y  o f  the  S u b i c  Bay a rea  (Fi gure 1 ) .  The bay
is s u r r o u n d e d  by m o u n t a i n o u s  t e r r a i n  to the w e s t , n o r t h e a s t , a n d

s o u t h e a s t , w i t h  passes through the mountains to the east -northeast

and northwest.

In order to simulate in a lab oratory setting the surface
strea rn line — isotach distributions throug hout the harbor , a scale

mo d el of t h e Su b ic  Bay area was  cons t ruc te d a t the Flu id Dynamics
an d Diffusion Laboratory (FDDL) at Colorado State University .

The information derived from this experiment was compared with

synoptic analyses of strong southwesterly wind situations obser ved

at Sub i c Bay. The experiment results also were compared indepen-

den tly wi t h the r e s u l t s  o f  a h igh reso l  u t i on  pr imi  t i v e  e q u a t i o n
mo del de signed for the Subic Bay area.

This re port presents the finding of these in dependent

a n a l y ses , in order to provide guidance to decision makers who must

plan for tropical cyclone stress co nditions in the Subic Bay area .
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Fi gure 1 . Subic Bay area on the west coast of the
Ph i l i p p i n e  Islands at 140 1 5 1  N , 1200 14’ E .
Anchorages gener ally are available wi thin the bay
area for depths great er than 60 ft. Terrain topo-
g ra p h i cal f ea tu res  an d bot tom con tours shown in
feet. Arrow points to Cubi Point Runway .

“ Ir

t fl i”

Fi gure 2 . Topograp hical model in wind tunnel , viewed
from the south . Grid squares In bay area are four
inches on a side and relate to 0.82 n mi squares .
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2. LABORATORY MODEL AND RESULTS

2.1 LABORATORY MODEL

The 1 : 1 5 ,000 s c a l e  model o f  the S u b i c  Bay a rea  used in the
e xp er i ment i s shown in F ig ure 2.  Th e terra i n w a s  cons tr uc t e d

f rom s t y r o f o a m  shee t s  c ut to ma tch  con tou r  l i n e s  of  the t o p o g r a p h y ;

s u r f a c e s  we re  smoo thed  w i t h  c l a y  and p a i n t e d . The mo del wa s
s t u d i e d  in the F lu id  Dynamics  and D i f u s i o n  L a b o r a t o r y ’ s e n v i r o n -
menta l  w i n d  tunnel , shown  in Fi gure 3 .

The stud y included flow visualization using oil fi l ms and

smoke ( t i t a n i u m  t e t r a c h i o r i d e ) ,  as w e l l  as h o t - w i r e  anemomete r
measur ements. Rotation of the scale model facilitated development

o f surface flow patterns , mean w i nd s peed i so tachs  , and gustiness

values for the entire Subic Bay area for incoming wind directions

from sout h th roug h west (15° intervals). For more details on the

ex per i mental  tec h nique , the reader is referred to Woo et al

1978 .

Values of mean wind s peed and turbulence intensity ~ (related

to gustiness) were examined at four scale elevations --  .06 , .12 ,
.16 and .22 inches , represen t ing heigh ts in the real atmosphere
of 70 , 150 , 195 and 275 f t , respectively -- for the 60 locat i ons
shown in F i gure 4.

The mean wind s peed and maximum gust pro files taken upstream

of t h e bay en t rance , are c h a r a c t e r i s t ic  o f the boundary  l a yer
u pstream of the model . The boundary layer thickness ~ w a s  2 .5
i nches , corres ponding to a prototype of 3125 ft in the real

atmos phere. The relationship to examine the vertical variation

o f the ho r i zon tal w i n d  s p eed can b e wr i t ten as

U -

U ~ cS 1

wher e U is the mean wind speed at level z , U is the mean w i n d

s p eed at the to p of  t h e boundary  la yer at he ig ht ~~, an d n i s a

1 lur bu lence intensity , UT, is relate d to mean wind speed , U and
max i mum gust , U g i by: U g 

= U (2U T + 1) .

3
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Figure 4 .  Meas urement  l o c a t i o n s  for w i n d  speed and
turbu lence in tens i ty . Topograph ica l  e l e v a t i o n s
shown in f t .
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v a r i a b l e  d e l i n e a t i n g  the v a r i a t i o n  of  the me an w i n d  speed  in the
vertical . As indicated in Bates (1978), data from hurricanes have
shown n to va ry  f r om 0 . 1 4  to 0 . 3 0 .  An n v a l u e  o f  0 . 2 2 , w h i c h
fi ts well within the range of observed values , w a s  foun d for the
ver ti ca l  v a r i a ti on o f w i nd i n t h e la bo r a t o r y ex per i men t . F i gure 5
presents the mean wind speed and maximum gust profiles of the
a pproach flow.

2 .2 RESULTS

2 .2 .1 Mean Winds

Fi gure 6 shows examples of the stream l ine -isotach distribu-
tions derived for incoming wind direc tions of 180° , 225° , an d
255° . The fi gures in Appendix A show the streamline -isotach

distributions for the seven incoming directions examined. The
distributions shown in Fi gure 6 are for the lowest level of isotach

me asurements (i.e., s imulation of 70 ft), w i t h an  a pp r o a c h  w i n d o f

30 kt. 2 A pproach wind speeds for other levels can be obtained

from th e p r o f i l e s  p r e v i o u s l y provided in Fi gure 5.
I n  g e n e r a l , the wind speed is uniform inside the bay for

sou therly winds (Figure 6a) , exce pt to the lee of  lan d a r e a s . T h e
wind ch aracteristics become more and m ore complicated as the wind

becomes more westerly, b e c a u s e  o f th e  m o u n t a i ns an d v a l l e ys to th e
wes t of the Sub i c Bay com p l e x .  W i n d s st ron ger than the a pp roac h

w ind are also observed near the m outh of the harbor for the more

sou thwesterly wind directions (see Fi gure 6b). For westerly winds

(Figure 6c), the flow has a sl i g h t  n o r t h e r l y com p o n e n t i n t h e

2The approach speed at 70 ft is purel y a funct i on of the ve rt i ca l
var iation of wind from the relationshi p shown in Figure 5. The
value at 70 ft is 0.43 the value at the top of the boundary layer.
For  s i mpl i c i t y, th is  i s se t  at 30 kt for ease  i n the com par i sons
w ith the synoptic and dynamic model results to be discussed later.
Th is value could be adjusted either up or down with resulting wind
distributions appropriately adjusted. For example , if the incoming
w i n d i s 45 kt ra ther  than 30 kt , then the 20 kt isopleth with in
the harbor would become a 30 kt isopleth . The laboratory experi-
ment was not performed at varied incom ing wind speeds , but only at
var i ed d i r e c t i o n s .
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Figure 5 . Mean wind speed and max imum gust profiles of
the a pproach fl ow . U is the mean wind speed at level z ,
U~ is the mean w i n d  speed  at the top of  the boundary
layer at hei ght  o~, and 0 g is the maximum gust w i n d  v a l u e .
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upper s e c t i o n  of  the ha rbo r .  The mounta ins  g e n e r a l l y  p rov ide
good shel ter i ng for the reg i on near th e wes t o f th e b a y w h en th e
w ind appr oaches from behind the mountains , but this effect is no
observed on the east side of the bay. In some case s win ds even
hi gher than the approach  w ind  are o b s e r v e d  due to c o n v e r g i n g
seconda ry  f lows through the v a l l e y s  be tw een  mountai n peaks .

2 .2.2 Maximum Gustiness.

As noted ea r l i e r , an other  a p p l i c a t i o n  of the model r esu l t s  ~as
the develo pment of the capability to derive maximum gustiness values
i n c o r p o r a t i n g  the mean w ind  and tu rbu lence  i n t e n s i t y  m e a s u r e m e n t s .
For exampl e , Figure 7 dep i c t s  ( a )  the mean w i n d  of  an approach
fl ow  of 25 5° at 30 k t and (b) the derived maximum gus t values
(hi ghest wind over a one -m inute period). Maximum gusts over 5O kt

wer e o b s e r v e d  i n th e cen t ra l  b a y re gion. In the sheltered western

por ti on of t h e harbor , max i mum gus t v a l u e s  w e r e  a pp rox i ma tel y
twice the observed mean wind values. Near the harbor mouth , wh i c h

is much less infl uenced by terrain than the interior of the Ba1,

the gust factor (gust value) was approximatel y 1 .4 the mean win -~
value .

These fi gures can be compared w ith a tropical cyclone gust

factor of 1 .1 to 1 .8 found by Gentry (1953) for the ratio of gu st

speed to five-minute mean speed. Sh iotani (1975) found values

ran gi n g f rom 1 .2 to 1 .5 for a ty phoon pa s s a g e  as o b se rve d by a
meteoro lo g ical tower. Atkinson and Holliday (1977) deduced a

value of 1 .25 for a maximum sustained 40 kt, one-minute wind

speed for a t r op i ca l  cyc lone  over w a t e r .
S h i p commanders will sometimes find it more important to

have knowledge of the gustiness as sociated with wind conditions

than simply knowledge of a consistent strong wind. Commanders can

ad just to consistent strong winds , but the variable forces of

gustiness can be hazardous to a shi p a t a n c h o r  or  a t  p i e r s id e .

A n a l y s e s  of the maximum gusts  for the s e v e n  w i n d  d i r e c t i o n s
examined in the laboratory experiment are shown in Appendix B.

9
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?

Fi gure 7. Streami i ne- i so tac h  d i s t r i b u t i o n s  for ( a )  an incoming
w ind from 255° at 30 kt and (b )  the maxi mum gust va lue s  in kt .
Bo th d istributions are for the 70 ft elevat ion.
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2 . 2 . 3  V e r t i c a l  V a r i a t i o n

The vertical variation of wind and the turbulence associated

wi th w i nd are impo r tan t  c o n s i d e r a t i o n s  in the s t r u c t u r a l  d e s i g n
of l arge buil dings and bridges in coastal reg i o n s  a n d h a r b ors
likely to be affected by tro pical cycl ones. Personnel at coastal
air port locations also must be aware of the vertical wind shear
in the critical lowest few hundred feet under strong w ind or
typnoon stress conditi ons.

In the Su bi c Ba y model ex per i ment , the vertical variation of

the w i n d  throughout  the harbor  for each w i n d  d i r e c t i o n  was  deduced
for the s imu la ted  boundary layer  from 70 ft to 275 f t .  An exa mp l e
o f the vertical variation of the wind for one particular location

(Poin t A in Figure 4) is shown in Figure 8. Assuming south-

westerly wind s , this location is downwind approximately 1/3 mi

from th e end of Cub i Po i nt runwa y.

11
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3. SYNOPTIC ANALYSIS

In the wake of the damaging southw est winds generated by
Trop i ca l St orm Ol ga in May 1 976 , the Naval Weat her Service
Env i ronmen tal De tachment  at Cu bi Poin t coord i nated a data c o l l e c-
tion program within the Subic Bay area . The aim was to obtain
extens ive synoptic information from ships located thro ughout the
har bor complex , whether at anchor or at pierside , dur ing strong

sou thwest wind conditions . During the period May 1976 through
Se pt e m b e r  1 977 , five synoptic situations resul ted in strong south-

westerly w inds: four were associated with tropical cyclones in

close proximity (Tropical Storms Ol ga , 21-25 May 1976; Iris

14-16 September 1976 ; Sarah , 12 July 1977 ; and D i nah , 16 Se pt em ber
1977); and the fi fth included a period of unusually strong

monsoonal sou thwesterly winds (17 May 1977).

The data se t included observations from shi p s as w e l l  as
information from a recording weather station located near the

airport runway at a hei ght of approximately 70 ft (see Figure 9).

Since ship anemometers vary considerably in elevation (fo r example ,

some carr iers have their anemometers over 150 ft above mean sea

level), all observations were normal ized to the 70 ft e l e v a t i o n  by
the vertical variation of tropical cyclones discussed by Bates

(1978). Figure l0~ shows the normal ized profiles for the vertical

w ind variation for tropical cyclones over land and over wate r as

descri bed by Bates. A mean value between these two curves was

use d in this segment of the study . The normalized pro file for

the approach flow of the laboratory model was very si m i l a r  to the

mean value of the lan d and water profiles .

Incomin g or approach wind information was estimated from

syno ptic data provided by Fleet Numerical Weather Central , the
National Meteorological Center , the Japan Me teo ro lo gical A gency,

the Royal Observatory at Hong Kong, and the Naval Weather Service

Environmental Detachment at Cu bi Point. This data base was

supplemented by the wind dis tr ibution info rmation contained in

tropical cyclone warnings issu ed by the Joint Typhoon Warn ing

Center , Guam.
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In order to simpl i fy the anal y s i s  an d p resen tat i on o f
resul ts, est imated incoming winds (generally rang ed from 25 to
35 kt ) w e r e  n o r m a l i z e d  to a v a l u e  of  30 k t .  The r e s u l t i n g
harbor winds were modified proportionall y as appropria te . For
e x a m p l e ,  i f the incoming w ind  was  35 kt a nd reduced to 30 kt , a
sh ip in the harbor reporting 20 kt would be proportionally reduced
to 17 .1 k t .  Fi gure l l a  shows  the resu l t s  of  the s y n o p t i c  anal y ses
of c o m p o s i t e d  da ta  for incoming  approach winds from 225°-255° .
Figure ll b presen ts a laboratory model composite wind distribu-
tion based upon the incoming win ds from 225° , 240° an d 25 5 ° and
drawn for the c o m p a r a b l e  l la  r e g i o n .

The i s o t a c h  max im um to the n o r t h w e s t  of Cubi  Po in t  and the
pr ima ry e x t e n s i o n  of the max imum to the e a s t  a re  e v i d e n t  in both
Fi gu res h a  and b. A secondary extension is also evident to the
n o r t h  i n  F i g u r e  l l a  b u t  i s  more p ronounced  i n ll b. In add i t i on ,
the d e c r e a s e  in w i n d s  t o w a r d  the wes tern shore is detectable in

both f ig ures . W h i l e  t hese  pa t te rn  s im i l a r it ies a g ree , the synoptic

i s o t a c h  v a l u e s  a re  genera l ly l e s s  in m a g n i t u d e , p a r t i c u l a r l y  to
the nor th  of  the max imum and  in the s h e l t e r e d  lee l o c a t i o n s  in t he
e a s t e r n  s e c t i o n  of  the h a r b o r .  W h i l e  a rea l  d i f f e r e n c e  mi g h t

exist , some of the d i f f e r e n c e s  m igh t  be a t t r i b u t a b l e  to over-
e s t i m a t e s  of the wind dis tribution in the tropical cyclone warnings .

An overest imate of the wind distribution would contribute to an

overes timate of the incoming wind. Since incoming wind and harbo r

winds were proportionally adjusted to an incoming wind of 30 kt ,

an overestimate of incoming wind woul d lead to a less than real

har bor wind. In an examination of the effects of 30 typhoons

crossing the Philippines , Brand and B l el l och (197 3) found an

avera ge surface wind decrease of 33%. If the e f f e c t s  o f  the
P h i l i p p i n e s  on the w i n d  and w i n d  distribution is not ful ly taken

into account , the tropical cyclone warnings conta ining such

information might be overestimated .

The compar i son  d i f fe rences  in the s h e l t e r e d  l o c a t i o n s , i f  a

real d i f f e r e n c e  e x i s t s , mi ght a l so  r e f l e c t  the n e c e s s i t y  for a
hi gher r e s o l u t i o n  l abo ra to ry  model us ing  output from the la rger
s c a l e  model as i npu t .

15
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4. DYNAMI C MODEL OUTPUT

A diagnostic examination of the low-level surf ace wind field
was also made by means of a one-level , pr imitive equation model
wh ich computes mesoscale infl uence s of orograph y, friction and
heat ing on surface winds , given large -scale synoptic data . The

grid interval in the Subic Bay applica tion was 0.19 n m l and the
area covered was a 4.3 x 4.3 n m i re gi on cover i ng the eas te rn
section of the bay. 3

An exam ple of one tropical cyclone case that was diagnosti-

call y examined is discussed. The re s u l t i n g  w i n d s  are for an
e l e v a t i o n  at a p p r o x i m a t e l y  70 f t .  The p l ane ta ry  boundary layer
o f the model was assumed to be thoroughly mixed by mechanical

t u rbu lence  and the drag  c o e f f i c i en ts  used  w e r e  1 . 3  x lO
_ 2  

f o r

land an d 1 .1 x ~~~~ for wa ter.  The i nput w i nds a t the top of  t h e
p l a n e t a r y  boundary  l ayer  were  25 0° at 49 kt w ith resulting low-

l e v e l  w i nds of  a p prox i matel y 2 25° at 30 kt. Upper air tempera-

tures were assumed to be sim i l a r  to the mean typhoon temperatures

of Bell and Kar-s iung (1973).

For the exper i mental  case  exam i ned , the resul ts q ual i ta ti vel j
compare w e l l  w i t h  the synop t i c  and l abo ra to ry  w i nd d i s t r i but i ons
for sim ilar low-level approach winds. The dynamic model results

are limited to the eastern sector of the harbor and a ppear to show

the isotach maximums extending toward the east over the water

re gions of the harbor (Figure l2a). The comparable synoptic

compos i te  of a v a i l a b l e  data ( F igure  l 2b )  a l so  shows th is max imum
to the eas t  north o f  Cubi Poin t runway as does the l abo ra to r y
resu l t s  (F igure 12 c ) .  The w ind  maximum to the s o u t h w e s t  of  Cub i
Point runway ap pears also to extend eastward for both the dyna mic

and l abo ra to ry  distributions . For this particular wind comparison ,

synopt i c  data was  not a v a i l a b l e  to the s o u t h w e s t  of Cubi Po in t .

3mi s model has p rev ious l y been a p p l i e d  to the Juan de Fuca and
Georg ia  S t r a i t s  in B r i t i sh  Co lumb ia , us ing  a 5 .4  n ml g r id  s i z e ;
see Danard ( 1977)  for d e t a i l s .
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Since the topography to the west of the bay has not been
cons id ered i n th ese c a s e s , i t woul d b e b enef i c i al to r un a l a r ger
sca l e mo del c o v e r i n g t h e w h o l e  doma i n an d th en use t h e ou tp ut
from th i s a s the in p ut for the h ig her r e s o l u t i o n g r i d .
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5. SUMMARY AND RECOMMENDATIONS

An a t t emp t  has been made to e x a m i n e  the low - level flow of a
t r o p i c a l  c y c l o n e  in the v icinity of a harbor that is surrounded
by c o m p l e x  t e r r a i n .  S e v e r a l  a p p r o a c h e s  w e r e  used to deduce the
s t r e a m l i n e - i s o t a c h  d i s t r i b u t i o n s  as f u n c t i o n s  of  i n c o m i n g  w i n d
d i r e c t i o n s . R e s u l t s  o f  both the l a b o r a t o r y  e x p e r i m e n t  and the
dynamic model show promise. However , it is difficult to draw

q u a n t i t a t i v e  c o n c l u s i o n s  w i t hout a g rea te r  number o f  more d e t a i l e d
o b s e r v a t i o n s  from both i n s i d e  and o u t s i d e  the h a r b o r .  W i t h  a
detailed observ ational network , the Sub i c Ba y area woul d p rov i de
a se tti n g for the necessa r y g round t ru th , especially since this

majo r  Depa r tmen t  of  De fense  i n s t a l l a t i o n  is t h r e a t e n e d  by an
a v e r a g e  of  four t r o p i c a l  c y c l o n e s  each  y e a r .

The m e s o s c a l e  ( in  fac t , a l m o s t  m i c r o s c a h e )  na tu re  o f  the
prob lem is c e r t a i n l y  c h a l l e n g ing  from the v i e w p o i n t  tha t  ve r y
l i t t le has been  s u c c e s s f u l l y  a c h i e v e d  in the pas t  on th i s
d iagnostic scale , although this is precisel y the scale that

s e r i o u s l y  c o n c e r n s  many l o c a l  f o r e c a s t e r s , p a r t i c u l a r l y  under
s t r o n g  w i n d  s t r e s s  c o n d i t i o n s .  The a p p r o a c h e s  p r e s e n t e d  in t h i s
s tudy should be further explored , i n s o fa r  as t h e y  d e m o n s t r a t e
p o t e n t i a l  a p p l i c a t i o n s  to the many o the r  ha rbo rs  w o r l d w i d e  tha t
are a f f e c ted by t rop ica l  c y c l o n e s .
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APPENDIX A

STREAML INE- ISOTAC H DISTRI BUTIONS

S t r e a m l i n e - i s o t a c h  d i s t r i b u t i o n s  ( in  k t )  from the w i n d
tunnel l abo ra to r y  exper imen t  as a f unc t i on  of va ry i ng  w i n d  direc-
tion are shown in Figures A-i throug h A -7. W ind speed values are

for a 70 ft elevation; incomin g wind speed is 30 kt.

Figure Number W i n d  D i r e c t i o n  From
A-i 1800

A - 2  195 °
A-3 210°

A - 4  225 °
A-5 2400

A-6 255°

A-7  270 °
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APPEN DIX B

STREAMLINE AND MAXIMUM GUST DISTRIBUTIONS

Streamline an d maximum gust distributions (in kt) from the
w i n d  tunnel  l a b o r a t o r y  exper iment  as a f unc t ion  of va ry ing  w i n d
direction are shown in Figures B-i through B-7 . Gus t v a l u e s  are
for a 70 ft elevation; incoming wind speed is 30 kt.

Figure Number W ind Di rec t i on  From
B-I 180 °
B-2 195°

B-3 210°

B-4 225°
B- 5  240 °
B— 6 255°

B— 7 2700

- 1 ’
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