
Determination of Tropical Cyclone Surface Pressure and Winds 
from Satellite Microwave Data 

by 
Stanley Q. Kidder 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, Colorado 

Department of 
Atmospheric Sciencc 

Paper No. 307 





DETERMINATION OF TROPICAL CYCLONE 

SURFACE PRESSURE AND WINDS 

FROM SATELLITE MICROWAVE 

DATA 

by 

Stanley Q. Kidder 

Department of Atmospheric Science 

Colorado State University 

Fort Collins, Colorado 

April, 1979 

Atmospheric Science Paper No. 307 





A new approach to the problem of deducing wind speed and pressure 

around tropical cyclones is presented, The technique, called the 

Surface Wind Inference from Microwave data (SWIM) technique, uses 

satellite microwave sounder data to measure upper tropospheric temperature 

anomalies which'may then be related to surface pressure anomalies 

through the hydrostatic and radiative transfer equations. Although 

current satellite instruments have too coarse resolution to accurately 

estimate central pressure, surface pressure gradients outside of the 

radius of maximum wind are estimated for the first time. Future instru- 

ments may be able to estimate central pressure with + 0.1 kPa accuracy. 
Surface pressure gradients determined by the SWIM technique are 

related to surface wind speeds using the gradient wind equation and a 

shearing parameter. The method is first tested using simulated satellite 

data constructed from temperature, pressure, and height data recorded 

by aircraft reconnaissance of four hurricanes. Wind speeds in the 

- 1 80-95 kPa region are estimated with 2-3 m s accuracy. Next, data 

from the 55.45 GHz channel of the Nimbus 6 Scanning Microwave Specto- 

meter (SCAMS) over eight typhoons during 1975 are used to estimate the 

-1 
radii of 15.4 m s (30 kt) and 25.7 m s-I (50 kt) winds. Accuracies 

of - + 80 km and + 65 km, respectively, were found. These results are - 

sufficient to provide valuable information to forecasters. It is 

suggested that the technique be further tested using data from the 

54.96 GHz channel of the TIROS-N Microwave Sounding Unit (MSU) launched 

in October, 1978. 
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1.0 INTRODUCTION 

Ai rc ra f t  reconnaissance f l i g h t s  i n t o  t r o p i c a l  cyclones have long 

been the  standard method of measuring surface wind speeds and c e n t r a l  

pressure. There a r e  severa l  disadvantages t o  t h i s  technique, however. 

The f l i g h t s  a r e  expensive and a r e  becoming less frequent ,  t h e  s p a t i a l  

and temporal r e so lu t ions  of t h e  observations a r e  low, and only t h e  

United S t a t e s  maintains a f l e e t  of reconnaissance a i r c r a f t .  It i s  

becoming increasingly important, therefore ,  t o  monitor storms using 

s a t e l l i t e  da ta .  S c i e n t i s t s  have been attempting t o  do t h i s  f o r  many 

years  beginning with Sadler (1964) and progressing through F e t t  (1966), 

F r i t z  e t  a l .  (1966), Dvorak (1975) and others .  Today the  scheme of 

Dvorak (1975) i s  widely used (Gaby e t  a l . ,  1977) t o  est imate storm 

i n t e n s i t y  (maximum sustained surface  wind speed) and c e n t r a l  pressure 

(minimum sea l e v e l  pressure) .  

-1 Although t h e  Dvorak scheme is f a i r l y  accura te  (6-10 m s rms), 

th ree  c r i t i c i s m s  may be made. F i r s t  it has a s t a t i s t i c a l  r a the r  than 

a physical basis .  The forecas ter  c l a s s i f i e s  each storm according t o  

ca tegor ies  based on various cloud c h a r a c t e r i s t i c s ,  observed i n  v i s i b l e  

o r  inf rared s a t e l l i t e  images, such a s  t h e  nature  and amount of banding, 

the  shape of t h e  c i r r u s  overcast ,  and t h e  appearance of t h e  eye of t h e  

storm. These ca tegor ies  a r e  s t a t i s t i c a l l y  re la ted  t o  c e n t r a l  pressure 

and maximum wind speed. It takes  a s ign i f i can t  amount of s k i l l ,  acquired 

primari ly by experience, t o  cor rec t ly  c l a s s i f y  a storm. Second, 

Arnold (1977) has shown t h a t  convection i s  not w e l l  r e l a ted  t o  storm 

i n t e n s i t y ;  thus the  Dvorak technique probably cannot be improved by 

using higher resolut ion data.  And t h i r d ,  the  Dvorak scheme does not  

est imate winds a t  outer  r a d i i ,  which a r e  not well  r e l a ted  t o  maximum 



wind speed or to central pressure. Outer wind speed is important ror 

ship routing and disaster preparedness. Jelesniansky and Taylor (1973), 

for example, found that the shape of the wind profile is more important 

for storm surge prediction than maximum wind speed or central pressure. 

More recently, geosynchronous satellite data have been used quite 

successfully to measure wind speeds around tropical storms by tracking 

low level clouds (Rodgers et al., 1977). While good accuracy has been 

achieved, the method has some drawbacks: it needs sophisticated man- 

interactive equipment to track the clouds; it is tedious to perform; and 

it requires the presence of trackable clouds. It cannot be executed in 

clear areas nor in areas obscured by high or middle level clouds (though 

low level clouds can sometimes be tracked through thin cirrus). 

An attempt has previously been made to use microwave data to infer 

tropical cyclone winds, Rosenkranz et al. (1978) have used data from 

the 22.235 GHz and 31.65 GHz channels of the Nimbus 6 Scanning Microwave 

Spectrometer (SCAMS) to infer surface wind speeds in the central core of 

Typhoon June of 1975, Their technique requires the assumption that the 

atmosphere is saturated; thus it is useful only in the inner core. 

The research reported in this paper explores a new approach to the 

problem of surface wind speed determination from satellite data around 

tropical cyclones. We call the technique Surface Wind Inference from 

Microwave data (SWIM). It is an objective technique which is soundly 

based on the radiative transfer, hydrostatic, and gradient wind 

equations. In short, the tropical cyclone's upper level temperature 

anomaly is sensed using an upper tropospheric channel from a microwave 

sounder (such as the SCAMS 55.45 GHz channel). Brightness temperature 

anomalies are related to surface pressure anomalies through the radiative 

' I  



t r a n s f e r  and h y d r o s t a t i c  equat ions.  Surface winds a t  o u t e r  r a d i i  a r e  

t hen  deduced from su r face  p re s su re  g r a d i e n t s  through t h b  %?'dient wind 

equat ion.  Because t h e  microwave d a t a  a r e  not  s i g n i f i c a n t l y  a f f e c t e d  

I 1  
by clouds o r  p r e c i p i t a t i o n ,  t h e  SWIM technique can be used r e g a r d l e s s  

of cloud cover.  A r e l a t i v e l y  s m a l l  amount of d a t a  is used i n  t,,& p a l m  

l a t i o n s ;  t hus  computing time is  minimal. 

A by-product of t h e  SWIM technique is  t h e  e s t ima t ion  of s u r r ,  

p r e s su re  anomalies. The r e s o l u t ~ i o n ~ , ~ ~ ~ ,  cpJrFepp @$ct;owgye sounders i s  

too  coa r se  t o  a l low accu ra t e  de te rmina t ion  of c e n t r a l  p re s su re  o r  

maximum wind speed, but  improvements i n  f u t u r e  instruments  may ma1-- 

such determinat ions poss ib le .  

F ina l ly ,  i t  should be noted t h a t  i t  may be poss ib l e  t o  use  t h e  

SWIM technique i n  conjunct ion wi th  o t h e r  techniques t o  o b t a i n  a more 

complete view of t h e  su r f ace  winds around t r o p i c a l  cyclones.  

The SWIM technique w i l l  be presented a f t e r  d i scuss ions  of t h e  

i n t e r a c t i o n  of microwave r a d i a t i o n  wi th  atmospheric c o n s t i t u e n t s  and 

of t h e  temperature s t r u c t u r e  of t r o p i c a l  cyclones,  which form t h e  bases  

of t h e  theory.  



2.0 RADIATIVE TRANSFER THEORY 

. . r ,  The SWIM t e c h ~ i q u e  depwds,.on the  de te rmina t ion  of t h e  magnitude i 
I 

of upper t ropospher ic  temperature anomalies above t r o p i c a l  cyclones.  

This  chapter  reviews b a s i c  r a d i a t i v e  t r a n s f e r  theory  and d e t a i l s  t h e  

method by which atmospheric temperatures  may be i n f e r r e d  from s a t e l l i t e -  

borne, pass ive  radiometers .  

? ,  2.1 Basic Theory 

The propagat ion of e lectromagnet ic  r a d i a t i o n  through an atmosphere 

i n  l o c a l  thermodynamic equi l ibr ium is descr ibed  by t h e  r a d i a t i v e  t r a n s f e r  

equat ion (Chandrasekhar , 1960) : " a " '-'" , . .  fir , 

where LA i s  t h e  s p e c t r a l  rad iance  (power per  u n i t  wavelength per  

"+ 
s t e r a d i a n  pe?r -;nit a r e a  perpendicular  t o  fi 5 .) a t  t h e  poin t  r i n  t h e  

d i r e c t i o n  B (T} i s  t h e  Planck func t ion ,  CIS, aa,  and ae 
"s' A -  

- 
(ae = aa + os) a r e  t h e  volume s c a t t e r i n g ,  absorp t ion  and e x t i n c t i o n  

3 
c o e f f i c i e n t s ,  r e spec t ive ly ,  5 ( r .  Qi, Qs) is t h e  s c a t t e r i n g  phase 

func t ion ,  and s is  t h e  d i s t a n c e  along t h e  r a y  path. Due t o  t h e  l o c a l  

thermodynamic equi l ibr ium condi t ion ,  i n e l a s t i c  s c a t t e r i n g  need not  be 

included (Goody, 1964). Qua l i t a t i ve ly ,  Eq. (1) g ives  t h e  r a t e  of change 

3 
of t h e  rad iance  along t h e  pa th  a t  po in t  r i n  t h e  d i r e c t i o n  R s i n  

terms of 1 )  t h e  rad iance  absorbed and s c a t t e r e d  ou t  of t h e  beam by t h e  

-- 
*Symbols and u n i t s  i n  t h i s  paper conform t o  recommended usage by t h e  

I n t e r n a t i o n a l  Associat ion of Meteorology and Atmospheric Physics  ( IAMAY)  
Radiat ion Commission (1978). 



atmosphere, 2) t h e  rad iance  added t o  t h e  beam by t h e  thermal emission 

of t h e  atmosphere, and 3) r a d i a t i o n  s c a t t e r e d  i n t o  t h e  beam from o t h e r  

d i r e c t i o n s .  I n  the*microw&e reg ion  (A > 1 mm) , t h e  Planck func t ion ,  

. a 1 L!::I; \ )  

where h is  ~ l a n c k ' s  cons t an t ,  c speed of l i g h t ,  k ~ o l t z m a n n ' s  

cons t an t ,  and T thermodynamic temperature,  c a ~ ,  ,e ran laced  wi th  t h e  

Rayleigh-Jeans approximation. I n  t h i s  reg ion  a t  temperatures observed 
i 1 ' CfI.# .>p  ' 

i n  t h e  atmosphere, hc/hkT << 1. Therefore,  

4 
I f  Eq.  (1) is  mul t ip l i ed  by h (2kc)-I. 

4 The quan t i t y  T I h (2kc)-I LA is c a l l e d  t h e  b r igh tnes s  temperature 
B 

because it  is equal  t o  t h e  temperature of a b lack  body emi t t i ng  s p e c t r a l  

rad iance  LA*. TB, l i k e  LA, i s  a conserva t ive  quan t i t y ;  t h a t  is ,  it 

does no t  vary  as t h e  inve r se  square of t h e  d i s t a n c e  from a n  o b j e c t  

i n  a vacuum. 

The b r igh tnes s  temperature measured by a sa t e l l i t e -bo rne  

radiometer can be obtained by i n t e g r a t i n g  t h e  f i r s t - o r d e r ,  l i n e a r  

d i f f e r e n t i a l  Eq. (4) from t h e  e a r t h ' s  su r f ace  t o  t h e  top  of tL- 

*The f a c t o r  h4(2kc)-I has  u n i t s  m3w1 K sr, t h a t  i s  i t  
a d d i t i o n a l  u n i t  sr 30 t h a t  TB has  t h e  u n i t  K i n s t ead  c 



I I 
atmosphere, .,,,,T.A..T"' H. A t  t h i s  poin t  i t  is  customary t o  invoke plane-paral lel  

I I 
geometry (Figure 1 )  i n  which atmospheric temperature, absorpt ion and 

s c a t t e r i n g  c o e f f i c i e n t s ,  and s c a t t e r i n g  phase funct ion  a r e  . f , ~ ~ c ~ i o n s  

of he ight  (2) only. While t h i s  geometry is not  exact ly  appropr ia te  f o r  

t h e  problem s tudied  i n  t h i s  research  ( t h e  temperature i n  a t r o p i c a l  

cyclone is  d e f i n i t e l y  a funct ion  of r a d i u s ) ,  t h e  equations w i l l  be 

1, $u 
, 8evdoped using p lane-para l le l  geometry, and it w i l l  be shown i n  

Sect ion 3 . 3  t h a t  t h e  r e s u l t s  a r e  independent of geometry. Performing 

t h e  above-mentioned in t eg ra t ion ,  y i e l d s ,  

- ?,.J,>t 

where 
1 

e r t i c a l  t ransmit tance between he igh t s  a and b is  

: ' 3  

where 6 i s  t h e  o p t i c a l  depth, - 
I I a ,b  

The su r face  br ightness  temperature, TB , c o n s i s t s  of two terms, t h e  ', :, 

r a d i a t i o n  emit ted by and r e f l e c t e d  by t h e  sur face :  
1 , , r  11" .* 

1 7- 

where E ( 0 )  i s  t h e  surf  ace  emittance, T i s  t h e  thermodyna%fE %urf ace  
I S 

temperature, and T is  t h e  r e f l e c t e d  sky br ightness  temperature. For 

a specular  sur face ,  



. . . j  J,' ' ! j  ,+! 

I, 
Figure  1. P lane -pa ra l l e l  geometry 



where TB i s  the  sky br ightness  temperature. The brightness temper- 
sky 

a t u r e  measured by the  s a t e l l i t e ,  then, can be rewr i t t en  

Qual i ta t ive ly ,  Eq. (8) gives t h e  brightness temperature measured by the  

s a t e l l i t e  a s  the  sum of 1 )  that por t ion of t h e  apparent surface bright-  

ness temperature which is transmitted through t h e  atmosphere, and 2 )  

t h e  energy which i s  emitted and sca t t e red  i n t o  t h e  beam along the  atmo- 

spheric path and then transmitted t o  t h e  s a t e l l i t e .  

r ~ ' ' $ $ Y . s  
2.2 Active Atmospheric Consti tuents  

The th ree  atmospheric cons t i tuen t s  which s i g n i f i c a n t l y  a f f e c t  the  

t r a n s f e r  of microwave rad ia t ion  a r e  oxygen (0 ), water vapor, and l i q u i d  2 

water (Westwater, 1972). Trace cons t i tuen t s  such a s  ozone and carbon 

monoxide have absorption l i n e s  i n  t h e  microwave region, but because they 

a r e  not  p l e n t i f u l  enough t o  a f f e c t  electromagnetic r a d i a t i o n  a t  t h e  

frequencies used i n  t h i s  research,  they w i l l  not  be discussed fu r the r .  

Figure 2 shows t h e  ca lcula ted  transmittance of t h e  15' North Annual 

Atmosphere (U.S. Standard Atmosphere Supplements, - 1966). Trace gasses 

have been neglected. The absorption l i n e s  a t  22.235 GHz and 183.31 GHz 

a r e  water vapor r o t a t i o n a l  t r a n s i t i o n s  caused by t h e  in te rac t ion  of 

electromagnetic r ad ia t ion  with the  H20 e l e c t r i c  d ipo le  moment (Van Vleck, 

1947a). The band near 60 GHz (ac tual ly  numerous overlapping l i n e s )  

and t h e  l i n e  at; 118.75 Gflz have been described a s  "spin reor ieqta t ion"  





t r a n s i t i o n s  (Herzberg, 1950); electromagnetic r a d i a t i o n  i n t e r a c t s  with 

t h e  oxygen molecule's magnetic d ipole  moment t o  change the  molecule's 

sp in  (Van Vleck, 1947b). 

A l l  of t h e  gaseous absorption c o e f f i c i e n t s  used i n  t h i s  study were 

ca lcula ted  with a computer algorithm supplied t o  the  author by 

D r .  Hans J. Liebe,* The algorithm was f i r s t  described in Liebe et I. 

(1977) and was revised i n  Liebe and Gimmestad (1978). The a l g o r i t  $ 
was modified s l i g h t l y  t o  be use fu l  above 35 km where pressure broad ning 

has decreased t o  t h e  point  t h a t  Doppler broadening and Zeeman s p l i t  ing t 
a r e  important. This modification was accomplished using Eq. (11) fdom 

Liebe and Gimmestad (1978) with a value of 0.35 x T a l a  f o r  H 

( the  e a r t h ' s  magnetic f i e l d  s t r eng th ) ;  t h i s  value represents  a coarse 

average f o r  t h e  t rop ics  (Chapman and Bar te ls ,  1962). The algorithm 

uses Rosenkranz's (1975) pressure-broadened l i n e  shape model modified 

by a s e t  of in ter ference  c o e f f i c i e n t s  t o  produce good agreement between 

theory and observations of the  microwave spectrum in. moist a i r .  The 

absorption coef f i c ien t ,  which includes both oxygen and water vapor 

absorption, is  calculated a s  a function of frequency (range: 10-300 GHz), 

temperature (175-310 K ) ,  dry a i r  pressure (0.01-101 kPa), and 

water vapor pressure (0-6 kPa). The calcula ted  absorption c o e f f i c i e n t s  

agree with observations t o  within t h e  4% experimental uncer ta in t i e s  of 

t h e  observations (Liebe and Gimmestad, 1978) . 
Atmospheric l i q u i d  water may be divided i n t o  two c lasses :  

Cloud-size drops and precipi ta t ion-s ize  drops (Deirmendjian, 1963). 

* I n s t i t u t e  of ~ e ~ c o m m u n i c a t i o n  Sciences, O f f  i c e  of Telecommunications, 
U.S. Dept. of Commerce, Boulder, CO 80302. 



In clouds with modal drop radius less than 50 pm (which includes the 

vast majority of clouds (Fletcher, 1963)), the scattering of microwave 

radiation with frequencies less than 60 GHz may be neglected in comparison 

with absorption. Clouds, therefore may be treated with a simple absorp- 

tion coefficient which is proportional to the cloud liquid water content 

(Westwater, 1972). Figure 3 shows the volume cloud absorption coefficient 

for a 0°C cloud normalized to a liquid water content of 1 g m . 
-3 ring 

a typical value of vertically integrated liquid water content for a 

- 2 nonprecipitating cloud (0.2 kg m ), one can quickly estimate from 

Figure 3 that typical nonprecipitating clouds have optical depths of 

approximately 0.1 and thus transmittances of about 90% near 60 GHz. 

This is the greatest advantage of remote sensing in the microwave 

I 
region: clouds are essentially transparent to microwave radiation. 

Figure 3 also shows that microwave absorption for ice clouds is approxi- 

mately two orders of magnitude less than for water clouds. Calculations 

of cloud absorption coefficients made in this research all used the 

formula of Westwater (1972). A more complete analysis of the effects of 

clouds and precipitation on the SWIM technique will be presented later. 

Water droplets which are large enough to have significant fall 

velocities (to precipitate) are large enough to interact strongly with 

microwave radiation. Scattering, therefore, cannot be neglected in 

precipitating layers, and to obtain a complete understanding of the 

transfer of microwave radiation through these layers, one must use the 

full Mie equations (Deirmendjian, 1963). These calculations are lengthy 

and complicated, but a few things can be said in general. 
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Figure 3 .  Cloud absorption coef f i c i ent  (y )  per unit  l iquid 
water content (L) (af ter  Westwater, 1972). 



F i r s t ,  because t h e  complex index of r e f r a c t i o n  04 i c e  is much l e s s  

than t h a t  of water (1.78-0.0024i and 4. 75-2.77i, respect ively ,  a t  

24.2 GHz and O°C) i c e  p a r t i c l e s  i n t e r a c t  much l e s s  strongly with micro- : s ~ p  ae.crl -.<.++ - cc*+- 
wave rad ia t ion  thZn water paYficles (Battan, 1973). I n  f a c t  most micro- 

wave models used in remote sensing ignore frozen p rec ip i t a t ion  completely, <. +q- C 
6 - . 

though t h i s  may not  be completely v a l i d d ( ~ a v a g e ,  1976). 
' 

Second, f o r  frequencies below about 50 GHz, t h e  atmosphere, even 

with clouds, is very transparent  t o  microwave radia t ion.  Adding u1 
precipi ta t ion-s ize  p a r t i c l e s  increases the  opacity of the  column. 

t h e  land,  which has a high background br ightness  temperature (see next 

sec t ion) ,  t h e  increased opacity causes t h e  cooler  atmosphere to  be more 

evident ,  and t h e  s a t e l l i t e  observed br ightness  temperature tends to  f a l l .  

Over the  ocean, which has a low background brightness temperature, pre- 

c i p i t a t i o n  tends t o  increase  t h e  brightness temperature t o  a point  where 

backscattering becomes important. For p rec ip i t a t ion  r a t e s  higher than 

t h i s  sa tu ra t ion  p rec ip i t a t ion  r a t e ,  t h e  br ightness  temperature decreases 

(see Figure 4) .  A s  frequency increases,  t h i s  sa tu ra t ion  point occurs 

a t  lower p rec ip i t a t ion  ra tes .  

F inal ly ,  a s  frequency approaches t h e  center  of an absorption band 

such a s  the  60 GHz O2 band, t h e  r a d i a t i o n  sensed by a s a t e l l i t e  c m e s  
I I  I I 

i d  I 
from increasingly higher l e v e l s  i n  t h e  atmosphere (see Section 2.4). 

Because the  densi ty  of p rec ip i t a t ion ,  e spec ia l ly  nonfrozen p rec ip i t a t ion ,  

decreases with height ,  i t  has a decreasing e f f e c t  on sa te l l i te -measured 

brightness temperature a s  the  frequency approaches t h e  band center .  

The e f f e c t s  of p rec ip i t a t ion  w i l l  be f u r t h e r  discussed in  Section 2.4. 

2 . 3  Surface Charac te r i s t i c s  

Because t h e  atmosphere i s  so transparent  through much of t h e  

microwave spectrum, surface  c h a r a c t e r i s t i c s  become important. Three 
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types of surfaces are common: ocean, land, and ice. Land emittance 

depends on soil type, vegetation, and moisture content, and ice emittance 

depends on the age of the ice, but both are near 0.9 (Wilheit, 1972). 

The emittance of the ocean surface is more important for this work. For 

a plane water surface, the emittance can be calculated from electro- 

magnetic theory (see Kidder, 1976). Figure 5 shows the emittance of a 

smooth ocean surface (for nadir viewing) as a function of frequency and 

surface temperature. Figure 6 shows the variation of emittance as a 

function of viewing angle. The dielectric constant of the ocean was 

calculated according to Stogryn (1971) using a 3.5% by weight NaCl 
\ 

! \  i %  
i \ "! 

solution. 

h~ n c ~ n r l  surfare is very seldom smooth, however. W59d causes I".: ~! 
scales, and the emittance of the sea surface changes with 

itogryn (-1967) has modelled this effect. Figures 7-8 show 

G H z  brightness temperature of a 290 K ocean as a function of 

viewing angle and wind speed. For nadir viewing, wind speed (at least 

low wind speeds) make very little difference in emittance, but at higher 

viewing angles, wind speed increases emittance. Figure 8 shows that 

brightness temperature increases approximately linearly with wind speed 

at a viewing angle of 50' (with some variation due to the direction of 

the wind with respect to the plane of observation). 1 'i 
At wind speeds higher than 7 m s-I, foam begins to form on the, sea 

pi 
surface, and the brightness temperature increases. In an aircraft .3 

experiment over the North Atlantic, Nordberg et al. (1971) found that 

the 19.35 GHz nadir brightness temperature increased linearly with wind 

- 1 speeds greater than 7 m s . Because the sea surface temperature 
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Figure 5.  Nadir emittance of a smooth ocean surface as a function of surface temperature 
-- 

. . 



on these flights ranged from 275 K to 283 K, this brightness temperature 

-1 
increase translates to an emittance increase of 4.3 x m s for 

-1 
wind speeds greater than 7 m s . 

The above relationships indicate that one should be able to I /  

determine surface wind speeds over the ocean from satellite microwave 

data; however, corrections must be made for competing effects such as 

water vapor, cloud liquid water, and precipitation. The solution is to i".V I 
b ' . ' T ? l  I I 

use a multichannel radiometer to simultaneously solve for all df these 

variables. Such a radiometer, the Scanning Multichannel Microwave 

Radiometer (SMMR), was launched on the Nimbus 7 satellite (October 24, 

2.4 Retrieving Atmospheric Temperature Profiles 

Multichannel microwave radiometers operatin the 5 

band may be used analogously to infrared radiometers operating in thc 

i pm CO band to produce atmospheric temperature profiles (soundings). 2 

advantag )f microwave sounders is that they see through clouds. 

.cai  asi is for remotely sounding the atmosphere is outlined 

If scattering is neglected and if Eq. (10) is used for 1 

s f  1 ec t ion term, we have 

In a plane parallel atmosphere TB (8)  is given by 
sky 



ANGLE OF INCIDENCE ( degrees) 

Figure 6. Emittance of a smooth ocean surface a s  a 
function of zeni th  angle 
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Figure 7. 19.4 GHz br ightness  temperature of t h e  ocean surface  
a s  a function of zen i th  angle a t  a height  of 1 km f o r  
severa l  wind speeds ( a f t e r  Stogryn, 1967) 
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Figure 8. 19.4 GHz br ightness  temperature of t h e  ocean surface  a s  
, a l l  , ,  a function of wind speed f o r  a zen i th  angle of 50' ( a f t e r  

Stogryn, 1967) 



Therefore, 

poting t h a t  

and t h a t  

we have 
i .  

sec80aT (z) dz 

(143 

d - (rsec8) = seceo r sece 
dz z,H a z,H ' 

where 

. i a 
1 ,  -L 

WA va r ies  slowly with temperature and E and more rapidly  with 

viewing angle. Plots  of the weighting functions (WA1s) f o r  the  Nimbus 6 

SCAMS and f o r  the  Microwave Sounding Unit (MSU) on board TIROS-N are  

1 shown i n  Figures 9-10. The 15' North Annual Atmosphere a s  used t o  ca l -  

cu la te  the  weighting functions, but the U.S. Standard Atmosphere gives 

almost iden t ica l  curves. ~ ! .  

Because the  weighting functions fo r  d i f fe ren t  frequencies peak 

a t  d i f fe ren t  levels  i n  the  atmosphere, simultaneous measurements a t  

several frequencies can be inverted t o  yie ld  an atmospheric temperature 

sounding. Several methods a r e  available t o  inver t  the  sounding data  

(Fr i t z  e t  a l .  , 1972), but none of them w i l l  be discussed ' here. Because 

sin a t rop ica l  cyclone standard assumptions about atmospheric s t ruc ture  

# 3  . . . 
8 ,  . ,. I :rq ' 3 ;  i I 



- NADIR ---- MAX SCAN ANGLE 

<:."i~+. .,. Figure 9. Weighting functions fo r  the  Nimbus ( 

Scanning Microwave Spectrometer (SCAMS 
i n  t he  15' North Annual Atmosphere 



WEIGHT1 NG FUNCTION (km-') 

Figure 10. Weighting functions for the TIROS-N Microwave 
Sounding Unit (NSU) in the 15' North Annual' 
Atmosphere 



a r e  not necessar i ly  v a l i d  (see Section 3.1) and because high winds 

cause extensive foam formation on the  ocean surface,  normal inversion 

techniques do not work w e l l .  I n  t h i s  study, no use was made of inverted 

atmospheric soundings. Instead t h e  brightness temperatures measured by 

t h e  55.45 GHz SCAMS channel were used d i r e c t l y .  As can be seen i n  

Figure 9, t h e  55.45 GHz brightness temperature i s  proport ional  t o  a 

weighted average upper tropospheric temperature; thus  it can be used 

i,"J <- 

d i r e c t l y  a s  a mhasure of the  magnitude of t h e  upper tropospheric warming 

abave Gropical cyclones. 

The e f f e c t s  of clouds and p r e c i p i t a t i o n  on microwave rad ia t ion  a t  

" I  
frequencies used f o r  sounding t h e  atmosphere a r e  important t o  t h i s q  , 

study and were c losely  examined. To estimate t h e  magnitude of t h e  
I _ I.. 

.e "S- 
cloud problem, a numerical computer model which performs t h e  in tegra t ion  

of Eq. (17) f o r  ex te rna l ly  prescribed +atmospheric condit ions was devel- 

? M* 
oped. The v e r t i c a l  resolut ion ;£ t h e  model was 0.5 lun from t h e  surface  

t o  50 km. To avoid in tegra t ion  over t h e  220 MHz band width of the  

radiometer, the  concept of an equivalent  frequency was used (Waters, e t  

a l . ,  3975). Using the  c l e a r  15@ North Annual Atmosphere over a smooth 

300 K ocean, a frequency e f k q t h e  rad,iqmgfer band wi$h was found 
.r J 2 ;? ;, :A ,, <, 5,. 

f o r  each channel such t h a t  the  nadir  brightness tempe;ature a t  t h a t  

frequency was equal t o  the  average brightness temperature over the  band 

width of t h e  radiometer. The equivalent  frequencies so ca lcula ted  

a r e  l i s t e d  i n  Table 1. 

1 The e f f e c t s  of clouds were assessed a s  follows. The 15' North 

I 
Annual atmosphere was used as t h e  bas ic  atmosphere, and clouds of 

varying thicknesses were inser ted  a t  l e v e l s  l i s t e d  i n  Table 2. A t  t he  



Instrument 

Table 1 ~ 
Equivalent Frequencies f o r  t h e  Nimbus 6 

SCAMS and the  TIROS-N MSU 1 

Center Frequency 
(GHz 1 

Equivalent Frequency 
(GHz 1 

SCAMS ~ 55.450 

SCAMS 

SCAMS 

MSU 

MSU 

MSU 

I 
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Table 2 

Model Cloud Properties 

L iquid Wa tgr 
Content 

(g m-3) 

Cloud Base 
(km) 

Stra 3 
. - . 1. 

Altostratus 

Cirrus I 

0.25 

0.14 

0.03 ( i c e )  



l e v e l s  where clouds were inse r t ed ,  t h e  r e l a t i v e  humidity was increased 

t o  100%. The simulated br ightness  temperatures f o r  t h e  f i v e  SCAMS 

frequencies f o r  var ious  thicknesses of cloud over a 300 K ocean a r e  

l i s t e d  i n  Table 3. 

Several s i g n i f i c a n t  deductions may be made from t h e  da ta  i n  Table 3.  

F i r s t ,  c i r r u s  clouds barely a f f e c t  t h e  brightness temperatures a t  a l l ,  

and t h e  small change in t h e  lowest two channels is caused mostly by t h e  

increased water vapor. Second, the  brightness temperature of the  

lowest two channels increase  with increasing in tegra ted  l i q u i d  water 

and water vapor. However, channel 1, which is a t  the  center  of a water 

vapor r o t a t i o n  l i n e ,  is more s e n s i t i v e  t o  water vapor than channel 2; 

channel 2 ,  which is  a t  a higher frequency than channel 1, is  more 

s e n s i t i v e  t o  clouds. Third, the  change i n  t h e  brightness temperatures 

of channels 3 and 4 depend on t h e  l e v e l  a t  which t h e  clouds a r e  placed. 

F ina l ly ,  and most important f o r  t h i s  study, clouds have almost no e f f e c t  

on channel 5 .  

The e f f e c t  r a i n  has on microwave rad ia t ion  i n  t h e  5 ma oxygen 

band is  more d i f f i c u l t  t o  assess.  To date ,  no adequate s c a t t e r i n g  model 

ca lcu la t ions  in  the  oxygen band have been reported. The d i f f i c u l t y  

i s  that atmospheric absorption i n  t h e  oxygen band changes rapidly  with 

height  (by an order of magnitude) i n  t h e  troposphere. Most sca t t e r ing  

models consider a l ayer  of raindrops with uniform proper t ies ,  including 

gaseous absorption, throughout. Fortunately, however, t h e  e f f e c t  of 

r a i n  on sounding channels can be empirical ly determined. 

Shown i n  Figure 11 a r e  t h e  11.5 vm imagery recorded by t h e  Nimbus 6 

Temperature Humidity Infrared Radiometer (THIR) and a p l o t  of t h e  
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Figure 1d. Data recorded by Nimbus-6 on 26 September 1975 on the 
I 

descendidg portion of data orbit 1425; Top: 11.5 urn Temperature Humidity 
Infrared Radiometer (THIR) imagery; Bottom: Nadir brightness tempera- 
tures fr m the Scanning Microwave Spectrometer (SCAMS) 0 

I 
~ 



I 
nadir  br ightness  temperatures recorded by t h e  Nimbus 6 SCAMS on 

September 26, 1975 on t h e  descending por t ion of o r b i t  1425. The 

s a t e l l i t e  passed d i r e c t l y  over a l a r g e  cloud c l u s t e r  centered a t  

about 5" North and then over New Guinea (under t h e  cloud a t  5' South). 

The brightness temperatures recorded by SCAMS channels 1 and 2 over t h e  

center  of the  cloud c l u s t e r  (238.7 K and 214.0 K, respectively)  a r e  

much l a rge r  than those calculated f o r  the  th ickes t  clouds i n  Table 3 

(219.4 K and 185.9 K, r e spec t ive ly ) ,  which ind ica tes  that r a i n  is being 

detected.  A f u r t h e r  indica t ion of r a i n  is t h e  small d ip  i n  t h e  channel 

4 br ightness  temperature; a s imi lar  d i p  was noted by S tae l in  et  a l .  (1975) 

i n  the  53.65 GHz channel of t h e  Nimbus E Microwave Spectrometer (NEMS) 

a s  i t  passed over ra in ing areas.  
, - 2 '  - . Y 

\ 

The important conclusion reached from t h e  data  i n  Figure I1 and 

severa l  s imi lar  examples is that r a i n  has very l i t t l e  e f f e c t  on the  

channel 5 br ightness  temperature. This conclusion is reasonable because 

1 )  the  l e v e l s  sensed by SCAMS channel 5 (see Figure 9) a r e  above most 

p rec ip i t a t ion ,  and 2) t h e  temperatures at  those l e v e l s  a r e  cold enough 

t h a t  any d rop le t s  which a r e  sensed w i l l  be  frozen, which g rea t ly  reduces 

t h e i r  a b i l i t y  t o  change upwelling microwave radia t ion.  This same con- 

clusion wasiireached by S t a e l i n  et  a l .  (1975) and by Rosenkranz e t  a l .  
I . j-7 

c1978). 

Armed with the  theory of how satel l i te-observed microwave brightness 

temperature i s  r e l a t e d  t o  t h e  v e r t i c a l  temperature p r o f i l e  of t h e  

atmosphere, we a r e  now ready t o  see how surface  winds and pressures 

around t r o p i c a l  cyclones can be deduced. . , .  
I Ill 



3.0 DETERMINATION OF THE SURFACE PRESSURE FIELD 

To obta in  surface  pressure informatipn from satell i te data ,  one 

must have knowledge of atmospheric temperature s t ructure .  I n  t h i s  

chapter t h e  temperature s t r u c t u r e  of t r o p i c a l  cyclones is discussed and 
r - - - - . .  

an equation is  derived which r e l a t e s  satel l i te-observed brightness 

temperagure anomalies t o  surface  pressure anomalies. 
I ,! r (...., <. 

3.1 Tropical Cyclone Temperature St ructure  I -! 

4 

The surface  pressure drop i n  t h e  center  of a t r o p i c a l  cyclone is 

caused by warming i n  t h e  upper troposphere (Frank, 1977). ~ ; 6 e z  and 

Gray (197 7) have ca lcula ted  t h e  qean anqmalies (dif f e r ~ n c e s  
r', 

\A !'*I - I 
from mean environmental temperature) i n  typhoons and i n  hurricanes from 

composiged rawinsonde data.  The anomalies a s  functions of pressure and 

dis tance  from t h e  storm center  (radius)  are tabulated i n  Appendix I and 
4 

I 3! I plo t t ed  i n  Figure 12. The main fea tu re  of t h e  temperature anomaly pro- 

f i l e s  is a l a r g e  warming centered between 25 kPa and 30 kPa and extending 
I..' . 

severa l  hundred kilometers from t h e  storm center .  

The temperature anomaly p r o f i l e s  a r e  remarkably s imi lar  i n  t h e  two 

oceans, but the re  a r e  d i f ferences .  At lan t i c  storms a r e  genera l ly  lower 

and less in tense  than Western P a c i f i c  storms; i n  Figure 1 2  t h e  peak 

tempera anomalies a r e  smaller i n  magnitude i n  t h e  At lan t i c  and they 
. ..- -- - . -  - . --- .-L&.*- 

fi 
occu: .ower i n  the' atmosphere. Because the re  were few s t a  ; t i c a l l y  

signifi,,,lt anomalies i n  At lan t i c  storms below 70 kPa (see Appendix I ) ,  

the  anoma: p r o f i l e s  were extrapolated t o  zero a t  70 kPa. Similarly 

f o r  West P a c i f i c  storms t h e  da ta  were extrapolated t o  zero a t  100 kPa. 

Above t r o p i c a l  cyclones the re  is a region which is cooler than t h e  

environment caused probably by evaporation of overshooting cloud tops 



W 
E 50- 
3 
C/) " [  2 50 - 

- [II 
a. 

70 - 

80- 

: i r i la: 

4, 
30 - 

100- - 1 

' l,Yf * 7  

.I. ' 

< z '  1 . .  I .  

WEST PACIFIC TYPHOONS 

' /// 
,,,rt, t 4 2 f . , _JB f j  * *  - I /// 

I fi 
I I I I 

4 lo- 

TEMPERATURE ANOMALY ( K )  

Figure 12a. Piean temperature anomalies i n  1" r a d i a l  bands 
f o r  West P a c i f i c  typhoons (after ~;fiez and 
Gray, 1977)  

. . 
".A .. . . - . . , # , , , . , , , , , &,, J. 1 , 



Figure 12b. Mean temperature anomalies in lo ' 
rnW*?2> >' Atlantic (West Indies) hurricanes 

and Gray, 1977) 



and/or r a d i a t i v e  cooling of t h e  top of t h e  c i r r u s  deck. For At lan t i c  

storms t h e  cooling was parameterized by assuming t h a t  above 20 kPa the  

temperature anomalies go t o  zero a t  16.25 kPa and 5 kPa. Between these  

l e v e l s  the  cooling was assumed t o  be parabolic with t h e  amplitude deter-  

mined from t h e  20 kPa anomaly such t h a t ' t h e  slope was continuous across  

16.25 kPa. This approximation gives  a reasonable f i t  t o  t h e  data i n  

Appendix I. I n  t h e  West Pac i f i c ,  a l l  of t h e  cooling (shown schematically 

with t h e  dotted l i n e )  appears above 10  kPa where it is d i f f i c u l t  t o  make 

good rawinsonde observations. Because few s t a t i s t i c a l l y  s ign i f i can t  

da ta  points  were ava i l ab le  above 10 kPa, and because it made an insig-  

n i f i c a n t  d i f ference  in t h e  f i n a l  ca lcula t ions ,  t h e  temperature anomalies 

i n  t h e  West P a c i f i c  were assumed t o  go t o  zero at  1 0  kPa, and cooling 

above t h i s  l e v e l  w a s  neglected. 

A most important c h a r a c t e r i s t i c  of these p r o f i l e s  is t h a t  the  shape 

of t h e  p r o f i l e s  change very l i t t l e  with radius. The p r o f i l e  in one 

r a d i a l  band i s  w e l l  approximated by t h a t  of a d i f f e r e n t  r a d i a l  band 

mul t ip l ied  by a constant.  I n  mathematical terms. 

where T t ( r , z )  i s  t h e  temperature anomaly a t  height z and radius  r ,  
A 

T(z) is an ideal ized temperature anomaly p r o f i l e ,  and a(r) is a 
A 

"strength" parameter. T(z) is s l i g h t l y  d i f f e r e n t  i n  t h e  two oceans. 

Although t h i s  r e s u l t  is based on t h e  average storm, cbnsis tent  f indings 

have been reported f o r  individual  hurricanes by LaSeur and Hawkins (1963), 

Hawkins and Rubsam (1968), and Hawkins and Imbembo (1976). 

The mean environments around At lan t i c  storms and West P a c i f i c  

storms a r e  very similar as shown i n  Figure 13 and Appendix 1. 





3 .,2 S a t e l l i t e  Observations 
I 

Because t h e  warm temperature anomaly in a t r o p i c a l  cyclone is i n  

t h e  region sensed by the  55.45 GHz SCAMS channel, warm brightness temper- 

a t u r e  anomalies should be de tec tab le  in t h e  data. Such anomalies were 

f i r s t  observed over Typhoon June of 1975 by Rosenkranz and S tae l in  (1976) 

and were reported by Rosenkranz e t  a l .  (1978). I n  order t o  f u r t h e r  

inves t iga te  these anomalies, SCAMS data  over e igh t  typhoons and f i v e  

hurricanes during 1975 (Table 4) were col lec ted .  It was found t h a t  

warm 55.45 GHz brightness temperature anomalies e x i s t  over many storms. 

Figure 14 shows 55.45 GHz temperature anomalies over four storms of 

varying in tens i ty .  Figure 15 shows concurrent 11.5 pm THIR images of 

t h e  storms. The temperatures p lo t ted  i n  Figure 14 a r e  devia t ions  from 

the  environmental mean 55.45 GHz brightness temperature defined a s  t h e  

average br ightness  temperature between 4' and 10' from t h e  storm center .  

Before any processing, a l l  brightness temperatures were corrected f o r  

limb darkening (see next sect ion) by adding a correc t ion developed by 
IF E a 
1 - 2 4  

Rosenkranz e t  a l .  (1978) and l i s t e d  i n  Table 5. The warming in t h e  

center  of June is s t r i k i n g ;  it  reaches 4.1 K and extends severa l  hundred 

kilometers from t h e  storm center .  Warming in less in tense  storms has 

a smaller magnitude and covers a smaller area. I n  Caroline, which was 

weak (25 m s - l )  a t  the  time of the  observation p lo t t ed  i n  Figure 14, t h e  

warming is  probably not  detec table  due t o  t h e  1 0 . 5  K noise  l e v e l  of t h e  

radiometer. A s  pointed out  in Section 2.5, these  warm brightness 

temperature anomalies are not  caused by clouds o r  p rec ip i t a t ion .  Also, 

they a r e  not  caused by foam formation on the  ocean surface  because the  

transmittance from the  surface  t o  t h e  satel l i te  a t  55.45 GHz is 

e s s e n t i a l l y  zero ( - . The anomalies represent  r e a l  therumdynamic 
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Figure 14. 55.45 GHz briptngs tempgrature anomalies. The three 
circles are at radii of 2 , 3 , and 4 from the interpolated best track 
storm center. The interpolated maximum wind speed and central pressure 
are shown in the upper right-hand corner. The environmental mean 
brightness temperature and its standard deviation are shown in the bottom 
right-hand corner. (a) Typhoon June on 19 November 1975 at 1426 GMT; 
(b) Typhoon Cora on 4 October 1975 at 1528 GMT; (c) Hurricane Caroline 
on 29 August 1975 at 1753 GMT; (d) Hurricane Gladys on 30 September 
1975 at 1558 GMT 



Figure 15. 11.5 Urn THIR images of the four storms in Figure 14 
(a) Typhoon June on 19 November 1975 at 1426 GMT: (b) Typhoon ~ o r a  on 
4 October 1975 at 1528 GMT; (c) Hurricane Caroline on 29 August 1975 
at 1753 GMT; (d) Hurricane Gladys on 30 September 1975 at 1558 GMT 
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4 .  4 Y I L  . 'wa&ing i n  t h e  storms, a conclusA~n a l s o  reached by Rosenkranz et a l .  

(1978). These r e s u l t s  from t h e  1 3  storms were previously reported by 

Kidder e t  a l .  (1978). I '  , - -  , P  ' . i 3%) i ,  -+' -L -1 
. 3 . - ' ~ . > 1 , !  &.!. % ' -- : . f ,$ ,  

3.3 Limb Darkening Correction 

I n  Section 2.1 i t  was s t a t e d  t h a t  although plane-paral lel  geometry 

is  not  s t r i c t l y  appl icable  t o  t h e  present  problem (temperature changes 
. * ' ,  h i .r  l , *  ti -I 

wi th radius  i n  a t r o p i c a l  cyclone), i t  would be used because it does 

not  a f f e c t  t h e  ca lcu la t ions  done i n  this study. The reason f o r  t h i s  

i s  t h a t  t h e  plane p a r a l l e l  assumption is  necessary ox frequencies 

a t  which appreciable rad ia t ion  from t h e  surface  i s  sensed oy t h e  sa re l -  

l i t e .  The surface  was modelled a s  a specular  r e f l e c t o r  wj  !f l ec tance  

'~ . r n i  ; I . "  617Ci14 

equal t o  1 - ~ ( 8 ) .  I f  t h e  sky brightness temperature depends on azimuth 

angle (nonplane-parallel atmosphere), i t  is d i f f i c u l t  t o  ca lcu la te  t h e  

re f l ec ted  contr ibut ion t o  t h e  s a t e l l i t e  observed br ightness  temperature. 

For frequencies which do not  sense t h e  surface,  t h e  plane-paral lei  

geometry assumption may be dropped. For such frequencies, t h e  r a t i o  

't / T  
I * 

o,H z,H in Eq. (18) is  one a t  t h e  surface  and decreases spidly  with 

sec 0 height. The f a c t o r  d ( ~  ) /dz is  s i g n i f i c a n t l y  d i f f e r e n t  -Lorn 

,c : <a I:.-' k9. 
z ,H 

ero only f a r  from t h e  surface.  Thus t h e  weighting functions f o r  
. 1 +I4 -, 4 & 7 ; , & L -  a 

frequencies which do not  see the  surface  reduce t o  
' -  

j - T  - . , l i ,  :(: L 8 ~ i < ' ,  ~ $ 1 .  

. J . -. . . 
and t h e  br ightness  temperature'&easured by a s a t e l l i t e  is 
I 



I 
which is exact ly  t h e  same formula one would have found by in tegra t ing  t h e  

r a d i a t i v e  t r a n s f e r  equation without t h e  plane-paral lel  assumption. 

(T(z) is  t o  be in te rp re ted  a s  t h e  temperature encountered along t h e  

ray path a t  height  z. It may be d i f f e r e n t  f o r  d i f f e r e n t  paths) .  

A t  t h i s  point  it is  convenient t o  d iscuss  t h e  limb darkening 

correc t ion mentioned i n  t h e  last sect ion and used throughout t h e  rest 

of t h i s  study. A s  t h e  scan angle of a sa te l l i te -borne  microwave radio- 

meter increases,  i ts  weighting function peaks a t  a higher level i n  t h e  

atmosphere (c.f .  Figures 9-10). Since l e s s  of the  warmer lower atmosphere 

i s  being viewed, t h e  brightness temperature decreases. This process 

is known a s  limb darkening. Because i t  is inconvenient t o  t r y  t o  

compare br ightness  temperatures observed a t  d i f f e r e n t  scan angles, a 

common prac t i ce  i s  t o  develop a correc t ion f o r  limb darkening and then 

t o  t r e a t  a l l  observations a s  i f  they were nadir  observations. The limb 

darkening correc t ion developed by Rosenkranz et  a l .  (1978) and v e r i f i e d  

i n  t h i s  study f o r  the  55.45 d z  SCAMS channel (Table 5) was computed 

by averaging observed br ightness  temperatures near the  equator (where 

temperature gradients  a r e  small) a s  a function of scan angle. The mean 

brightness temperature a t  angle 8 was found t o  be less than the  mean 

nadir  br ightness  temperature by an  amount l i s t e d  i n  Table 5. The cor- 

r ec t ion  c o n s i s t s  simply of adding these  temperatures t o  t h e  observed 

br ightness  temperatures. That t h e  correc t ions  a r e  so small,  especia l ly  

near nadir ,  ind ica tes  t h a t  the  process w i l l  r e s u l t  i n  accurate bright-  

ness temperatures. 

3 . 4  Surface Pressure Equation 

Because t h e  upper l e v e l  warm temperature anomaly i n  a t r o p i c a l  

cyclone i s  responsible f o r  t h e  surface  pressure drop, measurements of 

I 



t h i s  warming can be used t o  e s t ima te  s u r f a c e  p re s su re  anomalies o r  

* 
g r a d i e n t s  ( s ee  Gray, 1977). The n a d i r  b r igh tnes s  temperature f o r  a 

frequency which does no t  sc the i r f a c e  is, from Eq. (21) 

Near a t r o p i c a l  cyclone w e  may d i v i d e  T(z) i n t o  environmental tempera- 

t u r e ,  T ( z ) ,  and temperature anomaly, T t ( r , z ) ,  and use  Eq. (19) t o  repre-  E 

s e n t  t h e  anomaly: 

.. 
T(r ,z )  = TE(z) + a ( r )  T(z)  . p 1 .A (23) 

0 . .  : -  * .  

'* , E 1 
- 

S u b s t i t u t i n g  i n t o  Eq. (22) ,  !: 

where T i s  t h e  b r igh tnes s  temperature of t h e  environment 

su r f ace  p re s su re  can be c a l c u J a t ~ d  from t h e  hydros t a t i c  qua 

I n t e g r a t i n g  i n  t h e  v e r t i c a l ,  

na 

by t h e  

I .; ' / 

2 s a c e  p re s su re ,  
: 7 -  F r 

and H a r e  t h e  pg$Fgyre 
i ...j r ,  T 

)f some su r f ace  such as t h e  5 kPa s u r f a c e  which is undisturbed 

:vclone below i t  (Frank, 1977).  Using Eq. (23) and t h e  

! ? I -  
*Only nad i r  b r igh tnes s  temperatures  need t o  be t r e a t e d  kecause t h e  

l imb darkening c o r r e c t i o n  w i l l  be appl ied  t o  a l l  obse rva t iona l  da t a .  
**See Appendix I1 f o r  a demonstration t h a t  h y d r o s t a t i c  balance may be 

assumed i n  a t r o p i c a l  storm. 

' 1 .  ' A T q <  - 1 



binomial expansion (keeping only t h e  term l i n e a r  in a (r)  ) , 

Eliminating a ( r )  between Eqs . (24) and (28) , we have 

where A ind ica tes  a departure from the  environmental value. If one 

uses any of t h e  anomaly p r o f i l e s  i n  Appendix I and t h e  55.45 GHz 

weighting function shown i n  Figure 9 ,  t h e  value of A is about 

1 x l o  -2 f1 . A is not very s e n s i t i v e  t o  environmental temperature 

-2 
which e n t e r s  only through t h e  TE (z) and through W,(z). Changing 

TE(z) from t h e  15' North Annual Atmosphere t o  t h e  U.S. Standard 

Atmosphere, f o r  example, only changes A by 12% i n  t h e  Pac i f i c .  Nor 
h A 

i s  A very s e n s i t i v e  t o  T(z). Changing T(z) from a Pac i f i c  t o  an 

At lan t i c  curve changes A by about 11%. 
I 

1 A more accura te  method f o r  ca lcu la t ing  A, which takes  i n t o  

account t h e  small temperature v a r i a t i o n  of WA, is t o  ca lcu la te  t h e  

brightness temperature and surface  pressure f o r  an environment than 

t o  reca lcu la te  both a f t e r  perturbing t h e  environment with a chosen 

~ ( z ) .  P lot ted  i n  Figure 16 i s  t h e  surface  pressure (note s l i g h t  logar i th-  

mic sca le )  versus 55.45 GHz br ightness  temperature which resu l t ed  when 
h 

t h e  mean Western P a c i f i c  environment was perturbed by t h e  2'-3' T(z) 





from the mean typhoon multiplied by a factor ranging from zero to ten. 

The linearity of the curve in Figure 16 indicates that the linear assump- 

tion used in deriving Eq. (29) is accurate. Table 6 lists the values of 

A calculated for the temperature anomaly profiles in Figure 12 and the 

appropriate environment. Values of A for both the Nimbus 6 SCAMS 

55.45 GHz channel and the TIROS-N MSU 54.96 GHz channel are shown. The 

standard deviations listed are all less than 10% of the mean values, 

which gives an indication of the uncertainty in A. I :  
Because the MSU 54.96 GHz channel has a weighting function which 

peaks closer to the level of maximum temperature anomaly in tropical 

cyclones (see Figures 9-10 and 12) it is potentially more useful than 

the 55.45 GHz SCAMS channel for the determination of surface pressure. 

Also, the 57.95 GHz MSU channel whose weighting function peaks at about 

10 kPa could be useful for measuring cooling above the storm. The 

brightness temperatures from the 57.95 GHz and the 54.96 GHz channels 

could be used to estimate surface pressure in a two parameter equation 

of the form , I  

Aln ps = AATBl + BATB , 
2 

which should be more accurate than a single parameter fit. 

All work in this study uses Eq. (29) in some form. It says simply 

that any gradient in the satellite-observed brightness temperature (at a 

frequency whose weighting function peaks in the upper troposphere) in a 

tropical cyclone is proportional to the gradient of the logarithm of the 

surface pressure. It means that for the first time surface pressure 

gradients or anoma1,ies in tropical storms can be observed from satellites. 
I 



Table 6 , . , .  < ?  . ..A!,,. ,+.' . , '. ;: ', -: 1 -> ; d + ? j  : x i  It&;% ,.. 2 ! I 
Values of the Coefficient A (K-l) , , 91 a 2 & t i 0  

9 1 . Lb'< -: i it L jr, f, / 
55.45 GHz 54.96 GHz 

1 ." )L, - 0  i c ld3'i l .qLf -  

Atlantic 

0"-lo 1.13 x 0.66 x 1--2 

4"-5" 1.01 0.62 . *l i  1. 

5"-6" 0.94 0.54 
A ,  lt,. 7 . :  FY_ 4 

0.85 I!. , ., 0951 a, - ,  

Mean 1.02 x lo-2 - . , .  
8 ,  , 

0.61 x <;:' ' y "  : ! I %  'I 
Std. Dev. 0.09 x lo-' 

Pacific 

oO-1" 

2"-3" 
: Y T C  0.98 . 
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0.84 
ti -1 9 

1~~ 30-40 0.99 0.86 
I *  . I ,  1 8 + : i , ? - r , l  

, 40'-50 , , , 1.02 . . , :, 0.87 - I  I 

,- 5"-6" 0:95b, , 0.85 

, 1 4 9 60-70 1 , 0.8: I %  0.80 " 

' / I .  . ;  II 
I . ,iTif 1 -  

Mean 0.95 x lo-2 0.84 x 

Std. Dev. 0.06 x O.O2x10-~ 



I 
3 . 5  Estimating Cen t r a l  P re s su re  from S a t e l l i t e  Data 

I 

One would l i k e  t o  be a b l e  t o  deduce t h e  c e n t r a l  p re s su re  oE a 

t r o p i c a l  cyclone from t h e  s a t e l l i t e  da t a .  I f  one had a radiometer  w i th  

h igh  enough r e s o l u t i o n  t o  look  down i n s i d e  t h e  eye, and i f  one knew 

t h e  su r f ace  p re s su re  of t h e  environment, one could e a s i l y  e s t ima te  

t h e  c e n t r a l  p re s su re  t o  w i th in  1 kPa, assuming t h a t  t h e  unce r t a in ty  

i n  A is  about 10%. A b e t t e r  knowledge of A would, of course ,  a l low 

one t o  b e t t e r  e s t ima te  t h e  c e n t r a l  p ressure .  Accuracies t o  w i th in  

0.1 kPa may be poss ib l e .  

The s a t e l l i t e  d a t a  used i n  t h i s  s tudy  are a l l  from t h e  Nirc.bus 6 

SCAMS which has  a r e s o l u t i o n  of 145 km near  nadir--much too  coa.rse t o  

accu ra t e ly  e s t ima te  c e n t r a l  p ressure .  However, i f  t h e  s i z e  of t h e  eye 

does no t  vary  too  much, t h e r e  should be a r e l a t i o n s h i p  between t h e  

b r igh tnes s  temperature of t h e  eye and t h e  c e n t r a l  p re s su re ,  i . ~ : .  t h e  

logari thm of t h e  c e n t r a l  p re s su re  should decrease  l i n e a r l y  wi th  b r igh t -  

nes s  temperature: 

I n  pc - I n  pE = -A(TB 
EYE 

where i s  t h e  c e n t r a l  su r f ace  pressure ,  
E 

is  t h e  env i ron r~en ta l  

su r f ace  pressure ,  T i s  t h e  eye b r igh tnes s  temperature,  and TB 
B~~~ E 

i s  t h e  environmental b r igh tnes s  temperature.  For t h e  storms used i n  

t h i s  s tudy ,  we had no e s t ima te s  of t h e  environmental su r f ace  p:cessure, 
I 
I 

For tuna te ly ,  however, t h e  su r f ace  p re s su re  i n  t h e  t r o p i c s  v a r i e s  only 

s l i g h t l y  i n  t h e  absence of t r o p i c a l  cyclones;  t h u s  I n  pE can be 

considered a cons t an t .  Figure 17 shows a p l o t  of I n  pc versus 
I 
I '  * 

ATB E T - T  f o r  a l l  typhoons l i s t e d i n T a b l e 4  f o r w h i c h  I 
B~~~ B~ 

*The two d a t a  p o i n t s  from hur r i canes  were excluded f o r  cons is tency .  
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~ 
a)  t h e  eye brightness temperature was above t h e  no i se  l e v e l  of the  

radiometer (AT > 0.5 K); b) t h e  satell i te viewing angle of t h e  center  B - 
of t h e  storm was less than or  equal t o  28.8'; and c )  a c e n t r a l  pressure 

* 
est imate was avai lable .  The eye br ightness  temperature was detcmnined 

a s  follows: The storm was positioned a t  t h e  time of s a t e l l i t e  olmerva- 

t i o n  by in te rpo la t ing  between 6 h bes t  t r a c k  locat ions .  Then t h e  maximum 

br ightness  temperature within 145 km ( the  d i s t ance  between scan :;pots) 

of the  in terpola ted  center  w a s  labeled as t h e  eye brightness teml~erature. 

The environmental br ightness  temperature was defined a s  t h e  average of 

a l l  br ightness  temperatures i n  a 5' l a t i t u d e  band centered on t h e  eye 

which a r e  a t  l e a s t  4' from t h e  center  of t h e  storm; t h a t  is  t h e  merage  

br ightness  temperature east and w e s t  of t h e  storm was used a s  tha  

environmental br ightness  temperature. A l l  br ightness temperatures 

were corrected f o r  limb darkening. 

Some of t h e  possible causes of variance i n  Figure 17 a re :  

1 )  Radiometer noise. 

2) Eye smaller than the  radiometer resolut ion and of va r iab le  
s i z e .  

3) Noncentering of t h e  eye i n  t h e  radiometer scan spot. 

4) y a r i a t i o n  of t h e  shape of t h e  temperature anomaly p r o f i l e  
T(z) among t h e  storms. 

P a r t i c u l a r l y  ser ious  is  t h e  v a r i a b i l i t y  of t h e  eye diameter. T h e  

th ree  lowest pressure po in t s  i n  Figure 17 a r e  a l l  from Typhoon June. 

The l e f t -mos t  point  (November 19, 1426 GMT) is near t h e  time of peak 

in tens i ty .  The in terpola ted  c e n t r a l  pressure a t  t h i s  time w a s  t17.9 kPa. 

*Central pressure est imates,  storm i n t e n s i t y  and posi t ions  were obtained 
from t h e  - 1975 Annual Typhoon Report, S t a f f ,  JTWC (1976) and 
Hebert e t  a l .  (1977). 



The ta:, p o i n t s  t o  t h e  r i g h t  (November 20, 0213 GMT and November 21, 

1445 G,!fT, r e spec t ive ly )  r ep re sen t  t h e  decaying s tage .  The c e n t r a l  

p re s su re s  were 89.6 kPa and 91.8 kPa, r e spec t ive ly .  During t h i s  time 

period t h e  eve br iphtneg"e2$mpera ture  was s t e a d i l y  i n c r e a s i n g  ,b,e,ca~se 
- 

t h e  eye changed from a c i r c l e  w i th  a 5 n m i  diameter t o  a 25 by 40  d m i  

e l l i p s e  ( S t a f f ,  JTWC, 1976).  This  i n d i c a t e s  t h a t  i f  one wants t o  

accu ra t e ly  measure t r o p i c a l  cyclone c e n t r a l  p re s su re  w i th  t h i s  method, 

e i t h e r  higher  r e s o l u t i o n  radiometers  o r  independent d a t a  on t h e  s i z e  

3f thc ye (probably both)  are needed. 
A ' r :s*.  ' , \ I  

I u r e  17 e s t a b l i s h e s  that su r f ace  p re s su re  f a l l s  as t h e  55.45 GHz 

br igh tnes s  temperature rises (apa r t  from nrnhl~ wi th  v a r i a b l e  eye 

s i z e ) .  An i n t e r e s t i n g  quest ion,  though, why t h e  s lope  of t h e  regres-  

+ ~ ' tx,t:: 

-2 --1 s i o n  l i n e  (1.78 x 1 0  K ) is noc c l o s e r  t o  t h e  va lues  of A l i s t e d  

i n  Table 6. There a r e  two poss ib l e  explanat ions.  A l i k e l y  explana t ion  
. ' _ _ - I  c - -. !<:,*P . l*; :? 7 7 :?I L 3 

is t h e  va r i ance  caused by changes i n  t h e  eye diameter has biased 

8 statistics. A poss ib l e  explana t ion  is  t h a t  t h e  temperature anomaly 
h 

p r o f i l e  T(z) f o r  t h e  eye of a t r o p i c a l  cyclone i s  q u a l i t a t i v e l y  d i f f -  
. L rj3 + r  ! r j l r . . ,  

e r e n t  than f o r  t h e  ou te r  r eg ions  of t h e  mean storm, on which d a t a  t h e  

c a l c u l a t i o n  of A w a s  based. A t  t h i s  po in t  i t  can only  be s a i d  t h a t  

t h i s  technique f o r  me lri  t h e  c pressure of t r o p i c a l  cyclones 

appears  promising, bu t  moro i-,,,. ,,, h i  qher r e s o l u t i o n  instruments  

are needed. 

With t h e  knowledge of how t o  relate b r igh tnes s  temperature g r a d i e n t s  

t o  su r f ace  pressure  g rad ien t s ,  i t  is p o s s i b l e , t o  e s t ima te  su r f ace  wind 
, 7 . . L  -" , . -- 

speeds. The SWIM technique is  developed i n  t h e  next  chapter .  



I f  the re  is  a more 

JULER WIND FIELD 

?ortanr; measure of t r o p i c a l  cyclone strength 

than c e n t r a l  pressure, it is surface  wind speed. I n  t h i s  chapter t h e  
,L . 

Surface Wind Inference from Microwave da ta  (SWIM) technique w i l l  be 

developed by applying t h e  r e s u l t s  of the  l a s t  chapter.  

' i 9 L q  ,'!I i . r + . 9 . i .,B, > ' : t d  1 I 
1 .  

4.1 Theory 
; A&+ 

Because very l i t t l e  is  known about t h e  de ta i l ed  v a r i a t i o n  oE wind 
' I 

speed with height i n  t h e  boundary l ayer  of t r o p i c a l  cyclones (Bates, 

1977), a simple approach w i l l  be taken. The wind speed a t  approximately 

t h e  85 kPa l e v e l ,  which Frank (1977) found t o  be t h e  l e v e l  of maxim 

wind speed i n  the  mean typhoon, w i l l  be calculated and mult: 

a shearing parameter p t o  es t imate  t h e  surface  wind I Bates 
: L,{A L +  

(1977) suggests t h a t  p is near 0.7. The e f f e c t s  of t h i s  cho 

be discussed l a t e r .  

ill 

The wind a t  the  85 kPa w i l l  be assumed t o  be i n  gradient  bt~lance,  
.:t i ,  

and a symmetric vortex w i l l  be assumed; thus 
.. - , 

L 

v~ -+ f VG - a lnp 
r - RTG ' a  

where TG is t h e  temperature near 85 H a ,  and f is t h e  Cor io l is  ,<; I 
parameter. Because t h e  r a d i a l  temperature gradient  is nearly zcxo :-,, 

below 85 kPa, t h e  following approximation may be made: 



Thus, t h e  surface  value of alnp/ar  may be used t o  approximate t h e  

value a t  gradient  wind l e v e l  (85 kPa). Subst i tu t ing f rom"  '"" 

vGL - a T ~  + f -- = - ART, - r ar 

+ t  I , T *  r v -  < ( 3 :  

I f  one had high resolut ion,  ow noise s a t e l l i t e  

-, . . .. d i a l  brightness temperature gradient  ana obta in  rhe 

rr 85 kPa d i r e c t l y  from Eq. (34). However, because current  
I 

1  if-^: ;; i ~ t  sd 
s a t e l l i t e  da ta  is  ra ther  2isy (+ - 0.5 K) and because it has r a t h e r  

coarse s p a t i a l  resolut ion (145 km a t  nad i r ) ,  d i r e c t  ca lcu la t ions  of 

wind speeds can be very noisy. A more useful  approach is  t o  assume t h a t  

the  wind speed, a s  a function of radius ,  takes a ( t a i n  form. This 

has t h e  e f f e c t  of smoothing the  wind speed ss,timal A su i t ab ly  simple 
c 

function,  suggested by Hughes (1952) and Riehl (1954, 1963) is 

~ [ - - ?  .. -..--,. , 
-X . ' .  - 12- i . 

h \ 

I n  t h e  outflow region (15-25 kPa) x i s  approximately one; t h a t  is ,  

parcels  a r e  attempting t o  conserve t h e i r  angular momentum (prv). A t  

low l e v e l s  f r i c t i o n  becomes important. Gray and Shea (1973) and Riehl 

:1963) h shown t h a t  0.5 i s  t h e  bes t  value of x i n  t h e  inner core 

.r - and r > radius-of  maximum winds). It is  poss ib le  t h a t  f o r  

100 k m , a  value of 0.7 may be more appropriate f o r  x. 

This pl>ii w i l l  be discussed l a t e r .  

Sub: :ing Eq.  (35) i n t o  Eq. (34) gives 



Holding A, C,  x ,  f , and T cons tar^^ csrru ~ n t e g r a t i n g  with ,-( G 

r yield: , \ . . '  . -  

where TC is  an in tegra t ion  constant.  I f  one has a f i e l d  ?f 

satel l i te-observed brightness t m p e r a t u r e s  over a trop: 1 cyc ley one 
. :l<t?t -91; 

can f ind  t h e  value of C i n  Eq. (37) which gives  t h e  bes t  f i t  to  t h e  

b r i g h t n e ~ -  temperatures f o r  a given x. The value  of C which eivl 

t h e  l e a s t  squares bes t  f i t  t o  t h e  br ightness  temperatul 
: 3 %  > a .  : 4J r 

f i e l d  

* 
pos i t ive  r e a l  root  of t h e  following equation: 

r [I 4 - + : L 1 a 4 , j  I, 

X 
2 

, A ,  - , ! < I -  : l L  
- -1 f , ' ,  I 

- 
x (l-x) 

% A  i , , ,]  ( t  Y V  ' B $  

+ 1-x [I - (1 Y) (1 '1-x)] = 0 , Id 3 v d , d i J o  (38) 
, , 7 f I 1 : 

where y = ARTGTB To e l iminate  t h e  problem of an  increasing number of 
I 

points  a t  d is tances  f u r t h e r  from t h e  storm cen te r ,  t h e  brightness 

temperatures w e r e  averaged i n  0.5' (56 km) r a d i a l  bands before inse r t ing  r 

*It is  observed t h a t  Eq. (38) has only one r e a l  pos i t ive  roo t .  The 
other  two a r e  general ly r e a l  and negative,  although they a r e  netimes 
complex conjugates. Occasionally, f o r  weak storms, no p o s i t i v e  r e a l  
root  is  found. 

I 



With a knowledge of C ,  one may e s t i m a t e  s u r f a c e  wind Y '  

>u:.jik ' j i .  '. 

from 

summary, t h e  SWIM technique f o r  e s t ima t ing  su r f ace  wind speeds 

around ' rop ica l  cyclones from sa t e l l i t e -obse rved  b r igh tnes s  tempera- 

t u r e s  a s  fol lows:  

1 )  Average t h e  b r igh tnes s  temperatures  i n  56 km (0.5') r a d i a l  
around t h e  storm cen te r .  

~ s e  an appropr i a t e  va lue  of x ( see  below). 

a t e  C using Eq. (38) w i th  A e t 
11); b'JL.. 

- va lue  f o r  p ( see  below). 
9 ntQ! - 4 s -  , . I s .  . 

r a d i u s  of maximum wind wi th  Eq. (39).  
5)  Est imate t h e  su r f ace  wind speed f o r  r a d i i  g r e a t e r  an t h e  

Take i n t o  account asymmetries caused by s torm motion by 
adding t h e  storm motion t o  ca l cu la t ed  wind speeds i n  t h e  

. ii r i g h t  quadrant and sub t r ac t ing  t h e  motion i n  t h e  l e f t  quadrant 
( s e e  George, 1976). 

It remains t o  determine t h e  va lues  of x and p. Two types of 

a were used or  t h i s  purpose: Nimbus 6 SCAMS 55.45 GHz d a t a  and 

i l l i t e  d a t a  cons t ruc ted  from m u l t i l e v e l  a i r c r a f t  recon- 
. .,: ? ,>,-! ? , , j ; ! , :  S ~ J  ;. & * '  i. ',.,'$b .: 2 y,,.? ::-, rz'Gm,$ : . S C ! ! ' J ~  JX.!%(, 

i g h t  s I 
, A ,. 1 i.~*i, * -X - , . = 4 , =. 1. - t 

A i r c  f t  Data 
5 *\:Ul.$- < I , ,  1 3: , 1 , 1 

The f i r s t  t e s t  of t h e  above theory u t i l i z e d  a i r c r a f t  reconnaissance 

ata c o l l e c t e d  by t h e  National  Hurricane Research P r o j e c t .  A i r c r a f t  

d a t a  were chosen because from i t  simulated s a t e l l i t e  d a t a  could be 

cons t ruc ted  wi th  very  f i n e  s p a c i a l  r e s o l u t i o n  (4.6 lan o r  2.5 n mi) ,  

and a c c u r a t e  low l e v e l  wind observa t ions  af t h e  s v e  r e s o l ~ t i o n ~ a r e  
I t lt ! ~ ~ o ~ ~ , '  ru;rw k3, 4 J h u v ' f ~ ~ ~ d . :  , !;a 

availa" ! f o r  nparison. To be s e f u l  i n  t h i s  s tudy  t h e  a i r c ~  t had 



t o  penet ra te  t h e  storm a t  th ree  o r  more l eve l s :  one a t  low l e v e l s  t o  

measure low l e v e l  winds, one near 30 kPa t o  measure t h e  upper l e v e l  
I 

temberature anomaly, and one between t h e  o ther  two l e v e l s  t o  speci fy  

middle l e v e l  temperatures. Between 1957 and 1969 t h e r e  w e r e  f i v e  days 

(four storms) during which such da ta  were taken. A l l  of t h e  data  used 

i n  t h i s  simulation (summarized i n  Table 7) w e r e  smoothed vortex averages 

from Gray and Shea (197 6) . 
To const ruct  t h e  simulated s a t e l l i t e  da ta ,  soundings were f i r s t  

constructed a t  each r a d i a l  gr id  point using temperature and pressure 

da ta  a t  each f l i g h t  l e v e l  and heights  a t  t h e  lowest f l i g h t  level. 

Relat ive humidities were obtained from t h e  mean storm environment 

(Appendix I). Between f l i g h t  l e v e l s ,  t h e  equivalent  po ten t i a l  temper- 

a t u r e  was assumed t o  vary l i n e a r l y  with pressure (LaSeur and Hawkins, 

1963). Above t h e  upper-most ' f l ight  l e v e l ,  t h e  mean environmental 

sounding (Appendix I )  was used, s t a r t i n g  a t  12.5 kPa. Final ly ,  t h e  

55.45 GHz brightness temperature was calcula ted  from t h e  constructed 

sounding. 

For r a d i i  outs ide  the  rad ius  of maximum wind speed, the  calculated 

br ightness  temperatures were inse r ted  i n t o  Eq. (38) t o  ca lcu la te  C 

- 2 
f o r  x = 0.5, A =  1.02 x 10  K ,  and T G =  17.2OC. The o f f s e t  TC 

was a l s o  ca lcula ted  and t h e  br ightness  temperatures p lus  t h e  best  

f i t  curve from Eq. (37) a r e  shown i n  Figure 18. It can be seen, pa r t i -  

c u l a r l y  i n  the  case of Inez, t h a t  Eq. (38) g ives  a good f i t  t o  the  

ca lcula ted  brightness temperatures. The calculated wind speed a t  the  

gradient  (- 85 kPa) l e v e l  (VG = ~ r - ~ )  and t h e  smoothed, vortex 

averaged, observed t o t a l  wind speed a t  t h e  lowest f l i g h t  l e v e l  a r e  

p lo t t ed  i n  Figure 1 9  in which both s c a l e s  a r e  logarithmic. Except f o r  
I 



Storm 

4i .  , . . C- "L 

Table .7, ., .. ._ .. 

Summary of A i r c r a f t  Reconnaissance ~ a t a  from 
Hurricanes Used i n  t h i s  Study; . > e*. 

I, . 

: / ' .  - .4 

. - .  
Date ; Fl igh t  ') ' : ': i.L.: 

?.I. 
. I  l 

.;c: ;. Levels +r . . -. 
(kPa) 

,.-I .- .I -- 

I 
I n t e n s i t y  

C hang e 

Cleo 

Helene 

Hilda 

Hilda 

Inez 

18 Aug 1958 ;(. 80,56,24 
t i  

,2'+ 

26 Sep 1958 -" 80,56,25 

Steady 

Deepening 

1 Oct 1964 90,75,65,50,18 Deepening 

2 Oct 1964 90,70,65,20 F i l l i n g  

28 Sep 1966 95,75,65,50,20 Deepening 



ATB( rms)  = 0.07 K 

26 SEP 58 1 
h 

Y 
ATB ( rms ) = 0.09 K 

Y 

a 
2) 18 AUG 58 
t 

223 
ATB (rms)  = O.12K 

225 - - 
H l LDA 

224 - 01 OCT 64  - 

22 3 
A 

(3 - ATB (rms ) = O.06K 
K - ;.;I 

HILDA 
0 2  OCT 64 

224 
ATB (rms ) = 0.08 K 

28 SEP 66 - - 
222 - 
221 . I I I I I 

10 20 30 40 60 80 100 

RADIUS ( km ) 

Figure 18. Calculated 55.45 GHz brightness temperatures 
( c i r c l e s )  and best  f i t  l i n e  for four hurricanes 
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s u r e  19. Calculated g rad ien t  l e v e l  (- a3 Ua) wind speeds 
( l i n e )  and observed low l e v e l  wind speeds f o r  * 

fou r  hur r icanes  (note t h a t  both s c a l e s  are 
logar i thmic)  1 



Hilda on October 2, 1964, t h e  agreement between t h e  observed and 

-1 
calcula ted  wind speeds i s  excel lent  with rms e r r o r s  of 2-3 m s . 
This uncer ta in ty  is  very small considering t h a t  t h e  observed winds and 

t h e  ca lcula ted  winds a r e  not  f o r  t h e  same leve l .  

The case of Hilda on October 2 is  i n t e r e s t i n g  because it is the  

only f i l l i n g  storm. It is  possible t h a t  storm temperature s t r u c t u r e  

i s  d i f f e r e n t  enough i n  l a t e r  s tages  t h a t  A should have a d i f f e r e n t  

value. It is  a l s o  poss ib le  t h a t  t h e  process of constructing soundings 

mentioned above f a i l e d  t o  de tec t  the  t r u e  i n t e n s i t y  of Hilda i n  terms 

of upper l e v e l  temperature anomaly. This may have caused t h e  ca lcula ted  

br ightness  temperature gradient  (and thus t h e  ca lcula ted  winds) t o  be 

too low. More research is  needed t o  adequately answer t h i s  question, 

and a program t o  obtain t h e  answer w i l l  be discussed i n  t h e  next chapter.  

I n  summary it  appears t h a t  wi th  4-5 km reso lu t ion  s a t e l l i t e  da ta ,  

one could deduce low l e v e l  t r o p i c a l  cyclone wind speeds. I n  t h e  next 

sec t ion,  da ta  from the  Nimbus 6 SCAMS, which has lower reso lu t ion ,  w i l l  

be used Go est imate surface wind speeds i n  e ight  typhoons during 1975. 

4.3 Nimbus 6 Data . !. . 
. ,  .j"+ 

From the  t r o p i c a l  cyclones l i s t e d  i n  Table 4 data  consist ing of 

116 Nimbus 6 SCAMS, 55.45 GHz br ightness  temperature images were screened 

t o  meet t h e  following c r i t e r i a :  a )  t h e  scan angle t o  t h e  storm center  

was less than o r  equal t o  21.6', and b) an independent est imate of the  

radius  of 15.4 m s-I (30 k t )  wind was avai lable .  Only 20 images met 

both c r i t e r i a ,  and only one of these  was i n  t h e  At lant ic ;  t h e  remainder 

were P a c i f i c  typhoons. To make t h e  da ta  set uniform, Tropical Storm 

Gladys ( the  only At lan t i c  storm) was eliminated, leaving 19 images of 
I 



e igh t  typhoons. This is a ra the r  small da ta  set, but it  is l a r g e  

enough t o  ind ica te  t h e  po ten t i a l  of t h e  S W I M  technique. 

Using the  maximum brightness temperature within 145 km (distance 

between scan spo t s  a t  nadi r )  of t h e  in terpola ted  bes t  t r ack  center  

(1975 - Annual Typhoon Report) a s  i n  Chapter 3 ,  the  55.45 3 r r u  SCAMS 

brightness temperatures were averaged i n  56 km (0.5') r a d i a l  bands from 
l o<-rje 

111 km ( l o )  t o  778 lan (7'). The eye brightness temperature was no t  

jla f$e S i t t i n g  process. I n  the  f i r s t  analys is ,  t h e  azimuthally- 
; 

averaged brightness temperatures were used i n  Eq. (38) 

f o r  x = 0.5, A = 0.95 x K - ~ ,  

-1 15.4 rn s-' (30 k t )  and 25. n s (50 k t )  ruj 

ca lcu la te  C 

ated using 

, Z 
p = 0 - estimatB surrace  wind speeds. These ca lcu la t ions  a r e  

the  r a d i  

I with observations ,- p -, ;i31 Figure 20. 
3 :  

red" r a d i i  were obtained a s  follows: each six hours 

s t e r  G L ~  duty a t  t h e  J o i n t  Typhoon Warning Center est imates 

* 
I £  30 k t ,  50 k t  and 100 k t  winds from a l l  da ta  sources. 

The observed value used i n  t h i s  study is  t h e  average radius  both around 

t h e  storm and from the  time periods j u s t  before and j u s t  a f t e r  t h e  

s a t e l l i t e  image. Being subject ive  estimates based on a l l  ava i l ab le  

da ta  sources, it is  reasonable t o  assume t h a t  the  observed r a d i i  a r e  

overestimated. Since sa fe ty  is  , .. - . U&, . 
se prime considerat ion,  it is b e t t e r  

I 

? *  

t o  overestimate than t o  underestimat - 
I 

he average value  of t h i s  e r ro r  

i s  unavailable. 

*These est imates were supplied t o  t h e  author by LCDR David Sokol 
of t h e  J o i n t  Typhoon Warning Center, Guam, and by M r .  Samson Brand of 
the  Naval Envi,ronmental Predict ion Research F a c i l i t y ,  Monterey, Ca l i f .  

I 
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I 
'1 Figure 20b. Observed versus  est imated average r a d i u s  of 

25.7 m s-l (50 k t )  winds i n  e i g h t  typhoons during 
1975 f o r  ~ ~ 0 . 5  
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I th 

Because t h e  da ta  set i s  so small,  the  data  were not screened f o r  

qual i ty .  S t i l l ,  t h e  regression l i n e s  in Figure 20 explain 63% to  74% 

of t h e  variance f o r  25.7 m s-l (50 k t )  and 15.4 m s-l (30 k t )  winds, 
I 

redpectively.  The standard e r r o r s  of es t imate  a r e  68 km and 93 km, 

respect ively ,  which a r e  reasonably good, and which may be influenced 

by the  nature  of t h e  "observed" values. The in te rcep t s  a r e  r a t h e r  

l a rge ,  but some of t h i s  e r r o r  i s  accounted f o r  by t h e  na tu ra l  over- 

est imation i n  the  observed r a d i i  discussed above. 
. - b 

\ 
I f  t h e  theory is cor rec t ,  the  slopes.'should be near one. !%e 

f a c t  t h a t  t h e  slope f o r  the  rad ius  of 15.4 m s-I wind is  somewhat less 

than one l eads  one t o  speculate about t h e  bes t  values of t h e  shearing 

parameter y and the  wind exponent x t o  use i n  the  analys is .  Bates 

(1977) suggests t h a t  y is  about 0.7, but a v a r i a t i o n  from 0.6 t o  0.8 

i s  not  u n r e a l i s t i c .  For r less than 100 km, 0.5 is a good value f o r  

x,  but Malkus and Riehl (1959) suggest t h a t  between 200 km and 500 km, 

x should be 0.6 t o  0.7. Even though very few da ta  points  a r e  ava i l ab le ,  

an ana lys i s  was undertaken t o  determine the  e f f e c t s  of d i f f e r e n t  v ' s  

and x 's .  It should be f i r s t  noted t h a t  t h e  regression coef f i c ien t ,  

t h e  in te rcep t ,  and the  standard e r r o r  of est imate a r e  unaffected by 

t h e  choice of p. From Eq. (39) i t , c a n  be seen t h a t  t h e  radius  of a 

p a r t i c u l a r  value of surface  wind speed is given by 

Changing p has t h e  e f f e c t  of rescal ing t h e  abscissa ,  which w i l l  only 

change t h e  slope of t h e  regression l i n e .  

Table 8 shows t h e  square of t h e  regression coef f i c ien t ,  the  

standard e r r o r  of est imate,  t h e  slope and t h e  in te rcep t  of t h e  l e a s t  
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Variation of regression s t a t i s t i c s  as  functions of x and p 
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squares bes t  f i t  regress ion l i n e s  as funct ions  of x and p.  I n  

general ,  increasing x s l i g h t l y  increases  t h e  f r a c t i o n  of explained 

variance,  increases  t h e  s lope  (except f o r  p=0.6), decreases t h e  i n t e r -  

cept ,  and s l i g h t l y  decreases t h e  standard e r r o r  of est imate.  Increasing 

-1 
p decreases t h e  slope. For 25.7 m s winds, i t  appears t h a t  ~ 1 0 . 6  

i s  !oo small; a s lope of one is  not  produced f o r  any x. For p i n  

t h e  0.7 t o  0.8 range, an x of 0.4 t o  0.7 produces the  desired slope 

of one. Because the  radius  of 25.7 m s-' winds i s  o f ten  f a i r l y  c lose  

t o  100 km where x has been shown t o  be 0.5, t h e  bes t  va lue  of x f o r  

-1 25.7 m s winds i s  probably 0.5. With ~ ~ 0 . 5 ,  a p i n  the  range of 
.I f , 

0.7 t o  0.8 produces a regress ion l i n e  slope of about one. 

-1 For t h e  radius  of 15.4 m s winds, a somewhat l a r g e r  x seems 

appropriate.  A s  p v a r i e s  from 0.6 t o  0.8, t h e  value  of x needed 

t o  produce a slope of one v a r i e s  from 0.5 t o  0.8. Although may 

vary a s  a function of r ad ius ,  t h e r e  is  no evidence t h a t  i t  does so. 

Using p=0.7 a s  suggested by Bates (1977), t h e  bes t  va lue  of x f o r  

-1 15.4 rn s winds is  0.7. The associated value of t h e  in te rcep t  is  

251 km, which is  s t i l l  r a t h e r  l a rge ,  and of t h e  standard e r r o r  of esti- 

mate is  81 km. Figure 21 shows t h e  e f f e c t  of changing x t o  0.7 

(p-0.7). It seems t o  be a b e t t e r  f i t  f o r  15.4 m s-I winds, but not  a s  

good f o r  25.7 m s-l winds. 

It should be noted t h a t  no useful  information on t h e  value of x 

was obtained when t h e  e r r o r  i n  f i t t i n g  t h e  azimuthally-averaged bright-  

ness temperatures was invest igated.  The rms e r r o r  is about 0.1 K 

regardless  of the  value of x. 

I n  summary, we have shown t h a t  wi th  145 km 55.45 GHz SCANS data ,  

one can es t imate  t h e  rad ius  of 15.4 m s-' winds t o  within about 
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80 km (x=0.7) and the radius of 25.7 m s-l winds to within about 65 km 

(x-0.5) using the SWIM technique. nese values may improve if satellite 
- : ; ?  2 

estimates are compared with more exact observations. Of course the SWIM 

technique produces only azimuthally-averaged winds. In practice, 

asymmetries in the wind field produced by the motion of the storm (average 

-1 speed - 5 m s . )  need to be taken into account by adding the storm speed 

to the calculated wind speed in the right quadrant and subtracting the 
t-l J 

in the left quadrant (George, 1976). 

--- the basis of the results presented here, it appears that the 

SWIM technique has the potential to accurately estimate surface wind 

speed around tropical cyclones. Before the technique is ready for 

operational use, however, more research is needed. The next chapter 
. , 

outlines several steps which shollld be taken to improve an- -)etter 

assess the accuracy of the SWIM technique. 
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' 0 1  . ; 
.t can be seen t h a t  f o r  a given t r o p i c a l  cyclone 

.he s igna l  above background is  inversely p r ~ p o r t ~ i o n a l  
:I r: \ ..I 

A f o r  t h e  54.96 GHz TIROS-N MSU channel is  smaller 

a 67% grea te r  s 

P a c i f i c  than SCAMS 

55.45 GHz SCAMS channel, MSU data  should give about 

i n  t h e  At lan t i c  and a 13% grea te r  s igna l  i n  the  
- ! -1 ' ,, 

The MSU a l s o  has a l i t t l e  b e t t e r  resolut ion than 

SCAMS (110 km versus  145 km) --id a smaller noise equivalent temperature 

(0.3 K versus 0.5 K). Also, the  57.95 GHz MSU channel may be coupled 

with t h e  54.96 GHz channel t o  give a two parameter est imation of the  

surface  pressure gradient  (see Section 3.4). For a l l  of t h e  above 1 ,uJ.ir  '. 3 

reasons, the  SWIM technique should be t e s ted  on TIROS- 
-- '---I 

data. 

Another useful  experiment w u l d  be an a i r c r a f t  xc 
+ .  C J  a2;!:: 11  

nnaissance 

experiment. I f  a microwave sounder were mounted an a i r c r a .  such a s  

a U-2 (cruis ing a l t i t u d e  approximately 20 km) which can f l y  0.--- tFn top 

of t r o p i c a l  cyclones, one could simulate very high s p a t i a l  r e so lu t :  
I 

sit e l l i t e  da ta .  I f  the re  were simulf aneous f l i g h t s  by more conventional 

a i r c r a f t  (e.g. NOAA P-3's from M i a m i ,  o r  NASA's Convair 990) a t  the  

l e v e l  of maximum temperature anomaly (25-30 kPa) and a t  low l e v e l s  t o  

measure wind speeds, very de ta i l ed  information on storm s t r u c t u r e  could 

be obtained, and t h e  SWIM technique could be thoroughly tes ted .  New 

techniques could a l s o  be developed from such data.  Data from channels 

with weighting functions which peak i n  t h e  lower atmosphere could be 

combined with upper l e v e l  weighting functions t o  produce v e r t i c a l  temper- 

a t u r e  p r o f i l e s  within the  storms which may be useful  i n  forecas t ing 

motion o r  i n t e n s i t y  changes. With high spac ia l  resolut ion,  it sh,ould 



be poss ib l e  t o  e s t ima te  storm c e n t r a l  p re s su re  a s  ou t l i ned  i n  Chapter 3. 

Also ,  i t  might be p o s s i b l e  t o  i n f e r  wind speeds i n s i d e  t h e  eye of 

:. .r :c 
t h e  : ; tom. It has  been suggested t h a t  i n s i d e  of t h e  eye, t h e  wind 

speed i s  approximately p ropor t iona l  t o  t h e  rad ius .  With an e s t i m a t e  of 

surfiice p re s su re  g rad ien t  i n s i d e  of t h e  e l r e ,  i t  might be  poss ib l e  t o  

e s t ima te  wind speeds. I f  so,  knowledge of wind speeds i n s i d e  and o u t s i d e  

of t h e  eye might be combi6ed t o  e s t ima te  maximum wind speed. Such in fo r -  
I 

il 1 . JI .  ' #  .('MU m i  :" k i 'k lb  ~k 2 

mation wouid be extremely u s e f u r  both t o  i t d e ~ ~ & r e t d  i n d  '?A4"f o r e c a s t e r s .  

F ina l ly ,  and f u r t h e r  i n  t h e  f u t u r e ,  Spacelab w i l l  provide an  i d e a l  

p la t iorm f o r  t e s t i n g  t h e  f e a s i b i l i t y  of designing a s a t e l l i t e  instrument  

spec : i f ica l ly  f o r  observa t ions  of t r o p i c a l  cyclones.  O r b i t a l  i n c l i n a t i o n s  

from 28.5' t o  104' and a l t i t u d e s  from 200 km t o  900 km (Spacelab User's 

.',> ' :, y 
Guide) i n s u r e  good coverage of t r o p i c a l  reg ions .  High s p a t i a l  r e s o l u t i o n ,  -- 

accuirately e a r t h  l oca t ed  d a t a  should be obta inable .  The Tn-strument 

Poin1:ing Subsystem (IPS) has  been designed t o  be capab: of po in t ing  

a 3 ~a d i s h  antenna wi th  a one second accuracy. auch a pLaLJ 

a l low d e t a i l e d  observa t ions  of t r o p i c a l  cyclones.  
\,.I ' , , !' L " * ~ ~ d  .: . ' . l ~ ~ . ~ j % - . ~  { i g J 4  i. ti :4 i 
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6.0 SUMMARY AND CONCLUSIONS 

A new approach t o  t h e  problem of est imating surface  wind spe1.d 

and pressure around t r o p i c a l  cyclones has been presented. The Surface 

Wind Inf erence from Microwave da ta  (SWIM) technique uses s a t e l l i t , ?  
'I 

mdcrowave sounder da ta  t o  measure t h e  upper tropospheric temperature 
( . A  

anomalies which a r e  responsible f o r  t h e  c e n t r a l  pressure drop and thus  

t h e  high winds. Because t h e  microwave data  a r e  not s i g n i f i c a n t l y  

af fec ted  by clouds and p rec ip i t a t ion ,  t h e  technique can be used regard- 

less of cloud cover. The s a t e l l i t e  measured brightness temperatures - .  . % I  I I 

were r e l a t e d  through the  r a d i a t i v e  t r a n s f e r  and hydros ta t ic  equations 
' l a  

t o  t h e  surface  pressure. Although current  s a t e l l i t e  instruments have 

too coarse a resolut ion t o  accurately measure c e n t r a l  pressure,  f u t u r e  

instruments may be able  t o  do so with 0.1 kPa accuracy. Surface pressure 

gradients  were then re la ted  t o  surface  wind speed through t h e  gradient  1 f ,  o i l r  a , t , 1 - , L j  

' I 
wind equation and a shearing parameter. The SWIM technique was t e s t e d '  

f i r s t  using simulated s a t e l l i t e  da ta  constructed from a i r c r a f t  recon- 

naissance f l i g h t s .  With t h i s  high resolut ion (4.6 km) simulated da ta ,  

80-95 kPa wind speeds were estimated with accuracies of 2-3 m s-l. 

Second, t h e  SWIM technique was t e s ted  using 55.45 GHz brightness tempera- 

t i re  data  from the  Nimbus 6 SCAE(S over e igh t  typhoons during 1975. 

The technique was used t o  est imate t h e  r a d i i  of 15.4 m 8-IS (30 k t )  and 

25.7 m s-' (50 k t )  winds. Although very few data  points  were a w i l a b l e  

-1 
f o r  ana lys i s ,  it appears t h a t  t h e  radius  of 15.4 m s winds were. de ter -  

mined t o  within about 80 Irm and t h e  radius  of 25.7 m s-' winds tcl 

within 65 km. Data from the  TIROS-N MSU 54.96 GHz channel, b e c a ~ ~ s e  it 

produces a l a rge r  s igna l  above background, should produce b e t t e r  r e s u l t s .  



In conclusion, t h e  SWIM technique f o r  est imating surface  pressures 

and wind speeds appears very promising and deserves . 
, 

fu r the r  research. 
, - 8  . 

It is  a simple method based on t h e  r a d i a t i v e  t r a n s f e r ,  hydros ta t ic ,  and 

g rad i , ?n t  wind equations. It is an object ive  technique ~ c h  reau i res  r f 7%. 
l i t t l s  computing time. I n  shor t ,  i t  is  a s t rong candidate f o r  an 

. I  I/.- , , $ d operat ional  too l .  
1 I 

If w e  a r e  t o  be ab le  t o  b e t t e r  forecas t  t r o p i c a l  cyclone motion and 

i n t e n s i t y  change w e  must have much b e t t e r  knowledge of t h e  dynamic and 

therm3dynami.c s t r u c t u r e  of individual  storms and of t h e i r  environments. 

The author bel ieves,  f o r  example, t h a t  many mesoscale numerical models, 

inc lu i ing  t r o p i c a l  cyclone models, a r e  much b e t t e r  than the  da ta  with 

which they a r e  i n i t i a l i z e d .  The only way t o  obta in  t h e  mesoscale da ta  
, .  1 c ,  i 

necessary t o  i n i t i a l i z e  t h & i b d e i s '  is  t o  mount sensors s a  L l i t e  

p l a t f ~ r m s .  However, da ta  from s a t e l l i t e s  i s  nn- ; i ~ f f i r  Techniques 

such as  the  SWIM technique must be developed whicf . s l a t e  t h e  

s a t e l l i t e  da ta  i n t o  useful  meteorological parameters. Techniques using 

microwave radiometric da ta ,  because of t h e  transparency of clouds i n  

the  microwave region and because of t h e  a b i l i t y  of microwave radiometers 

t o  sense a number of surface  and atmospheric parameters, seem t o  the  

author to  hold g rea t  promise. It i s  hoped that research i n t o  t h e  use 

of s a t e l l i t e  da ta  w i l l  continue so t h a t  t h e  promise may become f a c t .  
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APPENDIX I 

MEAN ENVIRONMENT AND TEMPERATURE 

ANOMALIES OF TROPICAL CYCLONES 

(AFTER NGEZ and GRAY, 1977) 



WEST INDIES 

MEAN TROPICAL CYCLONE ENVIRONMENT 

PRESSURE TEMPERATURE ( a C) 

(kPa) Mean Std Err 

5.0 -59.73 .083 

-66.19 .092 

-69.29 .I12 

-73.34 .123 

-72.12 .099 

-66.86 .075 

c -  , ' L a  M I X I N G  RATIO (g kg-') 
ST -: 4 Mean Std Er 



WEST PACIFIC 

MEAN TROPICAL CYCLONE ENVIRONMENT 

PRESSURE 
( k P a )  

' b T ~ ~  TEMPERATURE('C) MIXING RATIO (g kg-') 
Mean Std E r r  

,. 4 . I& 

Mean 
L t l l  2 1 , a 3 ,  0s 

std E r r  



WEST INDIES HURRICANE TEMPERATURE A N O W I E S  (K) 

PRESSURE oO-lo - _ _ _ - - -  2°-30 3°-40 4O-5O 5O-6' 6°-70 70-g0 9'-11' 

*Not s t a t i s t i c a l l y  s i g n i f i c a n t  a t  the  5% l e v e l .  

- . 11* 
-.05* 
-.28 
- .66 
- . 66  -. ll* 

.19  

.48 

.54 

.46 

.37 

.34  

.02* 

.15  . ll* 

.12* 

.12* 

. O l *  -. 15* 
-. 24 -. 19* 



WEST PACIFIC 
TYPHOON TEMPERATURE ANOMALIES (K) 

PRESSURE 0'-1' - - -  1'-2' 2'-3' 3'4' 4O-S0 5'-6' 6'-7O 7'-go 9'-11' 11°-13' 13O-15O 

5 . 0  - .94* -.31* .27* -.09* .lo* -.17* -.15* .23* .36 .55 .42 
7.0 - .90* .36* .92 .63 .57 1 .50  .96 1 .24  1 .49 1 .73 1 . 9 1  
8 . 0  -3.40* .69* .04* -.34* .03* .03* -. 02* .35* .88 1.42--  ' 1.47 

10 .0  -1.81* .81* -.81 .01* -. 5 5  .62* .63 1.02 1.63 2.04 2.67 
12.5  2.94 1.75* .14* .33* -.11* .70 .90 1 . 1 5  1 . 6 1  1 .96 2 .13 
15 .0  3.88 2.15 1.07 1 .09  .62 .82 1.10 1 . 1 0  1.24 1 .34 1.27 
17.5 4.68 3.15 1 .83  1 .65  1 .17 1.02 1 .20  1 . 0 1  .95 .82 .66 
20.0 5.26 3.51 2.45 1 .95  1 .43  1 .22  1 . 2 3  a ,  - 8 6  .68 .44 .19 
25.0 6.25 4.10 2.98 2.38 1 . 9 1  1 .43  1.15 , .87 .48 .03* -.38 
30.0 5.99 3.92 3.04 2.49 2.10 1 .54  1.34:r, .89 .28 -.21 -.64 
35 .0  5.11 3.63 2.84 2.28 1 .85  1 .25  l . l O \ i  .63  .04* -.42 -.87 
40.0 4.46 3 .21 2.40 1.92 1 .33 1 .04  .72 .34 - . I2  -.59 -1.05 
50.0 2.89 2.22 1.64 1.37 1.04 .67 .44.  - 1 4  -.23 -. 79 -1.17 
60.0 1 . 9 1  1.37 .99 .81 .66 .45 .27> .12 -. 28 -. 78 -1.25 
70.0 1.32 1 .03  .85 .84 . 7 1  .50 .27$3 . 2 3  -.24 -.76 -1.30 
80.0  1 . 6 3  1 .20  1.11 1.14  1 .05  .79 .33!, - 3 3  - .I7 -. 76 -1.28 
85.0  1 .36 1 . 1 3  1.07 1.11 .99 .68 .29 .11* -.32 -. 90 -1.40 
90.0 .89 .98 .86 .86 .76 .43 .01* -.07* -.54 -1.06 -1.60 
95.0 -.27* .29* .43 .60 .60 .29 .03* .14* -.29 -.54 - .71 

100.0 .54* -.01* .60 .84 .55 .28* -.42* -.44 -1.01 -1.64 -2.16 
1 0 1 . 3  -1.53 -.38 -.16* .17* .22* -.26* -.52 -.49 -.90 -1.37 -1.92 

*Not s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  5 % . l e v e l .  - - 
i r 

2 -  :7 
. - 7 s .  - . .. - t :' + ,. L - * -%. - '1 - I <:3 

\ i 



APPENDIX I1 

ON HYDROSTATIC BALANCE I N  TROPICAL CYCLONES 



1 The hydros ta t ic  approximation may be shown t o  be v a l i d  i n  t r o p i c a l  

cyclones by s c a l e  analys is  a  l a  Holton (1972). The v e r t i c a l  momentum 
I 

!J is  the  angular ve loc i ty  of t h e  ea r th ,  a  is  t h e  radius  of t h e  ea r th ,  

p is  density,  p is  pressure,  g is  gravi ty ,  41 i s  l a t i t u d e ,  z  i s  

equation is 

height  and t i s  t i m e .  I f  it can be shown t h a t  t h e  two terms on t h e  

I 

r i g h t  i n  Eq. (Al) dominate, then t h e  hydros ta t ic  equation is  val id .  

Table A 1  shows t h e  sca les  used i n  t h i s  analys is .  

Because t h e  hor izonta l  pressure  gradient  is  necessary t o  analyze 
I i 

dw 
2 2 

u + v  - - 2aucos+ - = - l. b - 
d t  a P az g 3 (A1 

I 

t h e  r i g h t  hand s i d e  of Eq. (41), i t  w i l l  be analyzed separa te ly .  De-  I I 

where w i s  v e r t i c a l  ve loc i ty ,  u and v a r e  hor izonta l  v e l o c i t i e s ,  

f in ing  the  hor izonta l ly  averaged pressure a s  po(z) and po(z) a s  

I 

t h e  standard densi ty  which i.s exactly i n  hydros ta t ic  equilibrium with 

t h e  pressure and densi ty  may be wr i t t en  

I 

Assuming t h a t  p t / p o  and p V / p o  a r e  much less than one, t h e  r i g h t  

hand s i d e  of Eq. (Al) may be approximated a s  follows 
I 



-, . Table A 1  - . .  , 1 . , 
, ' :. i .., ,6. .... , t #  c: 

SCALE 

Scales  Used f o r  Analyzing Eq. (Al) 
4 bi: 
I 

SYMBOL VALUE 

Hor izonta l  Veloc i ty  

V e r t i c a l  Veloc i ty  

I I Depth 

1 Angular Veloc i ty  
! ~ 

Radius of Ear th  , , . , a 

Density y l  . . . I  0 

Gravi ty g 

I Surface P res su re  

' i - 5  , .I 

Horizontal  P re s su re  
Var i a t ion  

'I I P ' 
Horizontal  Density 

I Var ia t ion  



The s c a l e  f o r  p'  may be obtained by assuming t h e  wind is  i n  gradient  I 

balance, :,, , . 

I ?  
-1 For v = 50 m s and r = 100 km (outside t h e  radius  of maximum wind) , 

p' . 3 kPa. A t  low l e v e l s  i n  a t r o p i c a l  cyclone t h e  temperature 1 
i 

anomaly 
' 

3 small. Therefore, " 
; v , . . ,  1 r 

r2q-J $ 

Inse r t ing  these r e s u l t s  i n t o  Eq. (AS) gives 

The r i g h t  hand s i d e  of Eq. (Al) is approximately 0.3 m s - ~ .  The 

e n t i r e  equation may now be scaled a s  i n  Table A2. 
I 

1 Clearly t h e  r i g h t  hand s i d e  dominates, and t h e  hydros ta t ic  
I 

approximation i s  va l id .  One can repeat  t h e  ca lcu la t ion  a t  length 

sca les  of 10 km and f ind  t h a t  t h e  hydros ta t ic  approximation i s  s t i l l  

r e l a t i v e l y  good. For smaller sca les ,  however, i t  breaks down. 



' MOMENTUM EQ. 

MAGNITUDES 
- 2 

( m s  ) 

SCALES 

Table A2 

Scale Analysis of Eq. ( A l )  

(see above) 
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