
NOAA Technical Report NESS 88 

Observations of 
Hurricane David (1 979) 
Using the Microwave 
Sounding Unit 
Washington, D.C. 
April 1982 

U. S. DEPARTMENT OF COMMERCE 
National Oceanlc and Atmospheric Administration 
National Earth Satellite Service 



NOAA TECHNICAL REPORTS 

National Earth Satellite Service Series 

The National Earth Satellite Service (NESS) is responsible for the establishment and operation of the 
environmental satellite system of NOAA. 

Publication of a report in NOAA Technical Report NESS series will not preclude later publication in an 
expanded or modified form in scientific journals. NESS series of NOAA Technical Reports is a continua- 
tion of, and retains the consecutive numbering sequence'of, the former series, ESSA Technical Report 
National Environmental Satellite Center (NESC), and of the earlier series, Weather Bureau Meteorological 
Satellite Laboratory (MSL) Report. ser- 
ies. 

Reports 1 through 39 are listed in publication NESC 56 of this 

Reports in the series are available from the National Technical Information Service (NTIS), U.S. 
Department of Commerce, Sills Bldg., 5285 Port Royal Road, Springfield, VA 22161, in paper copy or mi- 
crofiche form. Order by accession number, when given, in parentheses. Beginning with 64, printed 
copies of the reports, if available, can be ordered through the Superintendent of Documents, U.S. Gov- 
ernment Printing Office, Washington, DC 20402. Prices given on request from the Superintendent of Docu- 
ments or NTIS. 

ESSA Technical Reports 

NESC 46 

NESC 47 

NESC 48 

NESC 49 

NESC 50 

NESC 51 

NESC 52 

NESC 53 

NESC 54 

NESC 56 

NESS 55 

NESS 57 

NESS 58 

NESS 59 

NESS 60 

Monthly and Seasonal Mean Global Charts of Brightness From ESSA 3 and ESSA 5 Digitized Pic- 
tures, February 1967-February 1968. V. Ray Taylor and Jay S. Winston, November 1968, 9 pp. 
plus 17 charts. (PB-180-717) 
A Polynomial Representation of Carbon Dioxide and Water Vapor Transmission. William L. Smith, 
February 1969 (reprinted April 1971), 20 pp. (PB-183-296) 
Statistical Estimation of the Atmosphere's Geopotential Height Distribution From Satellite 
Radiation Measurements. William L. Smith, February 1969, 29 pp. (PB-183-297) 
Synoptic/Dynamic Diagnosis of a Developing Low-Level Cyclone and Its Satellite-Viewed Cloud 
Patterns. Harold J. Brodrick and E. Paul McClain, May 1969, 26 pp. (PB-164-6121 
Estimating Maximum Wind Speed of Tropical Storms From High Resolution Infrared Data. L. F. 
Hubert, A. Timchalk, and S. Fritz, May 1969, 33 pp. (PB-184-611) 
Application of Meteorological Satellite Data in Analysis and Forecasting. Ralph K. Anderson, 
Jerome P. Ashman, Fred Bittner, Golden R. Farr, Edward W. Ferguson, Vincent J. Oliver, Arthur 
H. Smith, James F. W. Purdom, and Rance W. Skidmore, March 1974 (reprint and revision of NESC 
51, September 1969, and inclusion of Supplement, November 1971, and Supplement 2, March 1973), 
pp. 1--6C-18 plus references. 
Data Reduction Processes for Spinning Flat-Plate Satellite-Borne Radiometers. Torrence H. 
MacDonald, July 1970, 37 pp. 
Archiving and Climatological Applications of Meteorological Satellite Data. John A. Leese, 
Arthur L. Booth, and Frederick A. Godshall, July 1970, pp. 1-1--5-8 plus references and appen- 
dixes A through D. (COM-71-00076) 
Estimating Cloud Amount and Height From Satellite Infrared Radiation Data. P. Krishna Rao, 
July 1970, 11 pp. (PB-194-685) 
Time-Longitude Sections of Tropical Cloudiness (December 1966-November 1967). J. M. Wallace, 
July 1970, 37 pp. (COM-71-00131) 

(COM-71-00132) 

NOAA Technical Reports 

The Use of Satellite-Observed Cloud Patterns in Northern Hemisphere 500-mb Numerical Analysis. 
Roland E. Nagle and Christopher M. Hayden, April 1971, 25 pp. plus appendixes A, B, and C. 
(COM-73-50262) 
Table of Scattering Function of Infrared Radiation for Water Clouds. Giichi Yamamoto, 
Masayuki Tanaka, and Shoji Asano, April 1971, 8 pp. plus tables. (COM-71-50312) 
The Airborne ITPR Brassboard Experiment. W. L. Smith, D. T. Hilleary, E. C. Baldwin, W. Jacob, 
H. Jacobowitz, G. Nelson, S. Soules, and D. Q. Wark, March 1972, 74 pp. (COM-72-10557) 
Temperature Sounding From Satellites. S. Fritz, D. Q. Wark, H. E. Fleming, W. L. Smith, H. 
Jacobowitz, D. T. Hilleary, and J. C. Alishouse, July 1972, 49 pp. 
Satellite Measurements of Aerosol Backscattered Radiation From the Nimbus F Earth Radiation 
Budget Experiment. H. Jacobowitz, W. L. Smith, and A. J. Drummond, August 1972, 9 pp. (COM-72- 
51031) 

(COM-72-50963) 

(Continued on inside back cover) 



NOAA Technical Report NESS 88 

CENTRAL It ''? 
t , 

i '  
LIBRARY 

JUN 1 0 )982 

i 
N.O.A.A. 

S. Dept. of Commer., 1 
* -  

18  Observations of 
Hurricane David (1 979) 
Using the Microwave 
Sounding Unit 
Norman C. rody and William C. Shen e 
Washington, D.C. 
April 1982 

U. S. DEPARTMENT OF COMMERCE 
Malcolm Baldrlge, Secretary 

National Oceanic and Atmospheric Administration 
John ,V. Byme, Administrator 

National Earth Satellite Service 
John H. McElroy, Assistant Administrator for SatelllteS 

gc 
8795 



National Oceanic and Atmospheric Administration 
TIROS Satellites and Satellite Meteorology 

ERRATA NOTICE 

One or more conditions of the original doculment may affect the quality of the image, such 
as: 

Discolored pages 
Faded or light ink 
Binding intrudes into the text 

This has been a co-operative project between the NOAA Central Library and the Climate 
Database Modernization Program, National Climate Data Center WCDC). To vi'ew the 
original document contact the NOAA Central Library in Silver Spring, MD at (30 1) 
7 13-2607 x124 or Library.Reference@,noaa.gov. 

HOV Servilces 
Imaging Contractor 
12200 Kiln Court 
Beltsville, MD 20704- 13 87 
Janluary 26,2009 



CONTENTS 

Page 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . The Microwave Sounding Unit . . . . . . . . . . . . . . .  0 2  

2.1 Instrument Description . . . . . . . . . . . . . . . . . .  3 
2.2 Channel Characteristics . . . . . . . . . . . . . . . . . .  3 
2.2.1 Scanning and surface emissivity effects . . . . . . . . . .  5 
2 . 2.2 Liquid wate effects (simulated) . . . . . . . . . . . . . .  8 
2.2.3 Liquid wate effects (measured) . . . . . . . . . . . . . .  10 

3 . Hurricane David Case Study . . . . .  . . . . . . . . . . . . . . . .  14 
3.1 General Considerations . . . . . . . . . . .  
3.2.1 September 3. 0900 GMT . . . . . . . . . . . .  
3.2.2 September 3. 2000 GMT . . . . . . . . . . . .  
3.2.3 September 4. 0900 GMT . . . . . . . . . . . .  
3.2.4 September 4. 2000 GMT . . . . . . . . . . . .  
3.3 Summary of Brightness Temperature Comparisons 

with Radiosonde Data . . . . . . . . . . . .  

3.2 Brightness Temperature Measurements . . . . .  . 0 . 0 . .  14 . . . . . . .  17 
18 . . . . . .  021 
24 

a 0 27 

0 0 s 0 29 

4 . Brightness Temperature Derivative . . . . . . . . . . . . . . . .  33 
4.1 General Considerations . . . . . . . . . . . . . . . . . .  33 
4 -2 Measurements . . . . . . . . . . . . . . . . . . . . . . .  35 

5 . Temperature and Wind Determinations . . . . . . . . . . . . . . .  37 
6 

5.1 Temperature Determination . . . . . . . . . . . . . . . . .  39 
I ”  

5.2 Wind Determination . . . . . . . . . . . . . . . . . . . .  44 

6 . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48 

7 . Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . .  50 

8 . References . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51 

ii 



FIGURES 
Page 

1. MSU scan g r i d  p a t t e r n  and f i e l d  of view ( h a l f  power) p ro jec t ed  
o n E a r t h  . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

2. MSU temperature weighting func t ions  ca l cu la t ed  f o r  nadi r  and 
scan l i m i t  p o s i t i o n s  . . . . . . . . . . . . . . . . . . . . .  6 

3. Simulated l i q u i d  water e f f e c t s  on MSU channels (50.30, 53.74, 
and54.96GHz) .  . . . . . . . . . . . . . . . . . . . . . . . .  9 

4. TIROS-N scanning radiometer ( 1  1 ?J 1 images of Hurricane David f o r  
t i m e  per iods  of i n t e r e s t  . . . . . . . . . . . . . . . . . . .  12 

5. Cross sec t ion  of br ightness  temperature measurements ( l i m b  
co r rec t ed )  pass ing  through Hurricane David on September 3 ,  
0900 GMT. (See a l s o  dashed l i n e  i n  f i g u r e  4 )  . . . . . . . . .  13 

and MSU observat ion per iods  of interest  . . . . . . . . . . . .  15 
6. Hurricane David t r ack  showing pos i t i ons  a t  synopt ic  times 

7 . Radiosonde temperature p r o f i l e s  a t  t h r e e  consecutive times in 
Waycross, Georgia (S ta .  2131, r e l a t i v e  to  sounding on 
September.3, 1200 GMT. Temperature weighting func t ions  a t  
nad i r  f o r  un i ty  emiss iv i ty  sur face  are shown f o r  reference . . 16 

8 .  Brightness  temperature measurements f o r  September 3 ,  0900 GMT, 
compared with radar  data a t  0835 GMT and radiosonde da ta  a t  
1200 GMT . 0 0 0 19 

9. Brightness  temperature measurexnents f o r  September 3 ,  2000 GMT, 
compared with radar  data  a t  2035 GMT and radisonnde data f o r  
September 4 ,  0000 GMT . . . . . . . . . . . . . . . . . . . . .  22 

1 0 .  Brightness  temperature measurements f o r  September 4 ,  0900 GMT, 
compared with radar  data a t  0835 GMT and radiosonde data a t  
1200GMT rn 0 25 

11. Brightness  temperature measurements f o r  Septebmer 4 ,  2000 GMT, 
compared with radar  data a t  2335 GMT and radiosonde data 
f o r  September 5 ,  0000 GMT . . . . . . . . . . . . . . . . . . . .  28 

12.  Time c ross  sections (Sept .  3-5, 1979) of br ightness  temperatures 
a t  54.96 GHz and 57.95 GHz based on measurements and 
radiosonde computations. These comparisons are f o r  radiosondes 
along the  hurr icane t rack ,  and i n d i c a t e  the  l a r g e s t  d i f fe rences  
f o r  t he  57.95-GHz channel . . . . . . . . . . . . . . . . . . .  30 

13 Summary of br ightness  temperature comparisons with radiosonde 
d a t a  f o r  Msu Channels (53.74, 54.96, and 57.95 G H z )  . . . . 31 

iii 



Page 
14. Radiosonde t angen t i a l  wind p r o f i l e s  a t  the  same loca t ion  

(S ta .  213 i n  Waycross, Georgia) and t i m e  i n t e r v a l s  as t h a t  
of f i g u r e  7. Wind weighting func t ion  computed a t  nadir  f o r  
t h e  54.96-GHz channel is shown f o r  re ference  . . . . . . . . . .  34 

15. Radial  de r iva t ive  of 54.96-GHz br ightness  temperature 
measurements a t  i nd ica t ed  observat ion t i m e s .  Each contour 
map also conta ins  the  computed de r iva t ives  based on the  
radiosonde winds . . . . . . . . . . . . . . . . . . . . . . .  36 

16. Comparisons between measured and computed r a d i a l  de r iva t ive  of 
54.96-GHz br ightness  temperature . . . . . . . . . . . . . . . .  38 

17. Simulated accuracy of temperature r e t r i e v a l s  based on 400 
global ,  a l l  season, t r o p i c a l  radiosonde p r o f i l e s .  Standard 
e r r o r s  are shown f o r  t he  54.96- and 57.95-GHz channels used 
sepa ra t e ly  and i n  t h e  combined mode along with t h e  s tandard  
dev ia t ion  of t h e  radiosonde temperatures . . . . . . . . . . . .  40 

18. Temperature r e t r i e v a l  accuracy f o r  Hurricane David. Re t r i eva l  
errors are shown based on computed and measured br ightness  
temperatures.  Both one-channel and two-channel s tandard 
e r r o r s  are p l o t t e d  along with the  s tandard devia t ion  of t he  
radiosonde sample . . . . . . . . . . . . . . . . . . . . . . .  42 

19. Winds ( r a d i a l  acce le ra t ion  a t  i nd ica t ed  pressure  l e v e l s )  
compared aga ins t  computed 54.96-GHz br ightness  temperature 
r a d i a l  de r iva t ive  . . . . . . . . . . . . . . . . . . . . . . .  46 

20. Radiosonde temperatures a t  ind ica ted  pressure  l e v e l s  compared 
a g a i n s t  computed 54.96-GHz br ightness  temperature . . . . . . .  47 

21. Comparisons between 57.95-GHz br ightness  temperature p a t t e r n  
(shown f o r  September 4, 0900 GMT) and radiosonde winds a t  
i nd ica t ed  pressure  l e v e l s  . . . . . . . . . . . . . . . . . . .  49 

iv 



Observat ions of Hurr icane David (1979) us ing  the 
Microwave Sounding Un i t  

Norman C. Grody and W i l l i a m  C.  Shen 
Na t iona l  E a r t h  Sa te l l i t e  Se rv ice ,  NOAA 

Washington, D.C. 

Abs t rac t .  The Microwave Sounding U n i t  was f i r s t  launched 
October 13, 1978, aboard TIROS-N, as a component of an ope ra t iona l  
sounding system. The sounder c o n s i s t s  of four  oxygen channels 
(50.30, 53.74, 54.96, 57.95 GHz) w i t h  a h o r i z o n t a l  r e s o l u t i o n  of 
110 km a t  nadi r .  T h i s  s tudy reports on the  microwave measurements 
ob ta ined  f o r  Hurr icane David a t  f o u r  12-h i n t e r v a l s ,  beginning 
September 3, 1979, when David was i n  t h e  F l o r i d a  S t r a i t ,  u n t i l  
48-h later when it approached t h e  Georgia  coas t .  

Comparisons are made between t h e  b r igh tness  temperature  
measurements f o r  t h e  t h r e e  h ighes t  frequency channels  ( c a l l e d  
"sounding" channels 1 and t h e  va lues  computed from radiosonde data. 
P r e c i p i t a t i o n  e f f e c t s  are only ev ident  i n  t h e  lowest peaking (700mb) 
sounding channel a t  53.74 GHz. A t  54.96 GHz, t h e  measurements 
d i s p l a y  t h e  magnitude and spat ia l  e x t e n t  of t h e  hu r r i canes  
warm-core anomaly near  300 mb. The h ighes t  sounding channel a t  
57.95 GHz responds t o  temperatures  around 100 mb and d i sp lays  a 
s t r o n g  north-south g rad ien t  corresponding t o  t h e  l a t i t u d i n a l  
v a r i a t i o n  i n  tropopause he ight .  Fo r  t h i s  channel,  t h e  inf luence  
of the  hu r r i cane  appears  minimal, a l though t h e r e  is a greater 
d i s p a r i t y  wi th  t h e  radiosonde computations than  f o r  t h e  lower 
sounding channels.  

I n  a d d i t i o n  t o  t h e  i n d i v i d u a l  'spot measurements, comparisons 
a re  also made between t h e  radial  d e r i v a t i v e  of b r i g h t n e s s  
temperature  f o r  t h e  54.96- GHz channel and t h e  d e r i v a t i v e s  
estimated us ing  radiosonde winds. Measurements and s imula t ions  
demonstrate  t h a t  t h e  b r igh tness  temperature  d e r i v a t i v e  is 
c o r r e l a t e d  with t h e  winds between 700 and 500 mb. Hor izonta l  
smoothing r e s u l t i n g  from t h e  in s t rumen t ' s  1 IO-kni r e s o l u t i o n  
degrades the  g rad ien t  inf  orrnation near  t h e  hu r r i cane  cen te r  mre 
than  t h e  spo t  measurements of b r igh tness  temperature.  

1. INTRODUCTION 

Of the  var ious  ineteorological  events  monitored by s a t e l l i t e  ins t ruments ,  
perhaps the most i n t r i g u i n g  is t h a t  of t r o p i c a l  storms. These even t s  have 
been s tud ied  us ing  senso r s  t h a t  provide v i s i b l e ,  i n f r a r e d ,  and microwave 
images (e .g . ,  F r i t z  e t  a l . ,  1966; Dvorak, 1975; Al l i son  e t  a l . ,  1974). 
However, un l ike  the  v i s i b l e  and i n f r a r e d  observa t ions ,  microwaves are capable  
of p e n e t r a t i n g  the  c i r r u s  canopy and probing the  inne r  core  of t r o p i c a l  
storrns . 

The cloud p e n e t r a t i n g  proper ty  of microwave r a d i a t i o n  was demonstrated i n  
t h e  s t u d i e s  Of Typhoon June  us ing  t h e  f ive-channel  (22.23, 31.65, 52.85, 53.85, 
55.45 GHz) Scanning Microwave Spectrometer  (SCAMS) aboard the polar o r b i t i n g  

1 



Nimbus-6 s a t e l l i t e .  Atmospheric l i q u i d  water, p r e c i p i t a b l e  water, and sea 
s u r f a c e  winds were der ived  us ing  t h e  22.23-GHz water vapor channel and 
31.65-GHz window channel measurements (Rosenkranz e t  a l . ,  1978).  The 
55.45-GHz SCAMS oxygen channel (whose temperature  weight ing func t ion  peaks 
n e a r  200 mb) w a s  used t o  d i sp l ay  t h e  s torm's  warm-core temperature  
s t r u c t u r e .  I n  o t h e r  s t u d i e s  of Typhoon June ,  t h e  c e n t r a l  p re s su re  w a s  
de r ived  (Kidder e t  a l . ,  1978) ,  and t h e  t a n g e n t i a l  winds near 700 m b  were 
e s t ima ted  (Grody e t  al.,  1979) u s i n g  t h i s  upper t ropospher ic  sounding 
channel.  However, underes t imates  of t he  temperaure anomaly and t a n g e n t i a l  
winds w e r e  observed near  t h e  s t o r m  c e n t e r ,  and t h e s e  were a t t r i b u t e d  t o  t h e  
SCAMS maximum h o r i z o n t a l  r e s o l u t i o n  of only 146 km ( n a d i r ) .  

L e s s  is known concerning t h e  a p p l i c a t i o n  of t he  lower t roposphe r i c  oxygen 
channels  (less than  55 GHz) i n  convect ive systems s i n c e  both temperature  and 
l i q u i d  water can in f luence  t h e  response. I n  t h e  mid la t i t udes ,  t h e  l a r g e  
v a r i a t i o n s  i n  temperature  gene ra l ly  exceed t h a t  due t o  l i q u i d  water (Grody 
and P e l l e g r i n o ,  1977).  However, i n  t h e  t r o p i c s ,  t h e  l i q u i d  water e f f e c t s  
can dominate t h e  response of t he  lower t roposphe r i c  channels  (Hubert  e t  
a l . ,  1981) .  F o r  example, t h e  52.85- and 53.85-GHZ SCAMS channels ,  whose 
tempera ture  weight ing func t ions  peak below 500 m b ,  could not  r e a d i l y  be 
used t o  s tudy t h e  thermal s t r u c t u r e  of Typhoon June  because of l i q u i d  water 
a t t e n u a t i o n .  
e s t i m a t i n g  t h e  amount and v e r t i c a l  e x t e n t  of l i q u i d  water (Rosenkranz e t  
a l . ,  1972) once the  in f luence  of temperature  is removed. I n  a d d i t i o n  t o  
t h e  a p p l i c a t i o n s  of t h e  oxygen channels r e f e r r e d  t o  above, t h i s  s tudy 
examines the p o s s i b i l i t y  of u s ing  them f o r  l i q u i d  water determinat ion.  

Such lower-probing oxygen channels may be u s e f u l  i n  

Rather  than use t h e  SCAMS ins t rument ,  which was l i m i t e d  t o  about  1 y e a r  
of cont inuous ope ra t ion  prior t o  f a i l u r e  of t h e  scan mechanism dur ing  May 
1976, it appeared more advantageous t o  apply t h e  c u r r e n t l y  a v a i l a b l e  
Microwave Sounding Un i t  i n  a d e t a i l e d  s tudy of Hurr icane David (1979 1.  
T h i s  s t o r m  w a s  .chosen because of t h e  r e l a t i v e l y  l a r g e  amount of radiosonde 
and radar data a v a i l a b l e  f o r  comparison wi th  t h e  microwave measurements. 
The sounder ' s  b r igh tness  temperature  measurements a t  53.74, 54.96, and 
57.95 GHz are compared wi th  radiosonde computations. P r e c i p i t a t i o n  e f f e c t s  
are determined us ing  t h e  r ada r  data and t h e  radiosonde comparisons. 
S imula t ions  are used t o  genera te  r e t r i e v a l  a lgor i thms f o r  temperature  and 
winds and t o  model t h e  e f f e c t s  of l i q u i d  water a t t e n u a t i o n  on t h e  
b r i g h t n e s s  temperatures.  The temperatures  and winds der ived  from t h e  
microwave measurements are then  compared with t h e  radiosonde data. 

2 .  THE MICROWAVE SOUNDING U N I T  

The Microwave Sounding Un i t  ( M S U )  i s  a component of an ope ra t iona l  
sounding system and w a s  designed to  ( a )  produce g loba l  soundings under 
n e a r l y  a l l  weather cond i t ions  (Grody, 1980) and ( b )  t o  complement the  
i n f r a r e d  sounder which con ta ins  more channels  bu t  is  l imi t ed  t o  clearer 
atmospheres (Smith e t  a l . ,  1979) F i r s t  launched on October 13, 1978, aboard 
t h e  polar o r b i t i n g  TIROS-N s a t e l l i t e  ( l a t e r  aboard NOAA s a t e l l i t e s ) ,  the  
MSU i s  similar to  the SCAMS ins t rument ,  with d i f f e r e n c e s  mainly i n  channel 
s e l e c t i o n  and scan geometry. 



2.1 Instrument  Desc r ip t ion  

The sounder c o n s i s t s  of four  i n d i v i d u a l  Dicke-type radiometers  t o  d e t e c t  
thermal  r a d i a t i o n  i n  t h e  oxygen band a t  50 .30 ,  53.74, 54.96, and 57.95 GHz. 
A c r o s s t r a c k  r o t a t i n g  r e f l e c t o r  d i r e c t s  t h e  incoming r a d i a t i o n  through a 
f i x e d  c i r c u l a r  horn which is  coupled t o  t h e  radiometers. Front-end loss 
from frequency mul t ip l ex ing  is  reduced us ing  two separate antennas 
( r e f l e c t o r  + h o r n ) ,  one f o r  t h e  50.30- and 53.74-GHz channels and a second 
f o r  t h e  remaining channels.  The antenna beamwidths are both set t o  
7.5O by the  r e f l e c t o r  dimensions (same as SCAMS). Th i s  r e s u l t s  i n  a 3-dB 
f o o t p r i n t  a t  nad i r  of 1 1 0  km, which is  less than  t h a t  of SCAMS ( 146 km) due 
t o  t h e  lower o r b i t  of TIROS-N compared t o  Nimbus-6. To scan t h e  Ea r th  i n  
25.6 s ,  t h e  r e f l e c t o r  r o t a t e s  with 11  equal  angular  increments of 
9.5O as shown i n  f i g u r e  1 .  (SCAMS had 13 steps with 7.2O increments  f o r  
g r e a t e r  sampling.) Two a d d i t i o n a l  steps not shown i n  f i g u r e  1 provide  
c a l i b r a t i o n  views of co ld  space and an ambient-temperature t a r g e t  a t t ached  
t o  t h e  scan s t r u c t u r e .  
i n d i v i d u a l l y  c a l i b r a t e d  b r igh tness  temperatures  f o r  t h e  fou r  channels u s ing  
a nea r ly  l i n e a r  rela t.ioris1ii.L) h? !-.ween t h e  output  channel response t o  t h e  
monitored t a r g e t  temperature and t h e  2.7 K cold-space temperature.  

Ground-based data process ing  r e s u l t s  i n  

F l u c t u a t i o n s  i n  t h e  b r igh tness  temperature measurements ( n o i s e )  are 
l i m i t e d  t o  about 0.25 K by t h e  1.85-s i n t e g r a t i o n  t i m e  per spo t  and 
200-MHz p r e d e t e c t i o n  bandwidth of t he  channels.  The MSU i n t e g r a t i o n  t i m e  
i s  double t h a t  of SCAMS, r e s u l t i n g  i n  a 40 p e r c e n t  reduct ion  of noise  
temperature .  The reduced noise  and greater r e s o l u t i o n  of the MSU compared 
t o  SCAMS are p a r t i c u l a r l y  advantageous when observing t h e  small-amplitude, 
subsynopt ic  f e a t u r e s  a s soc ia t ed  w i t h  t r o p i c a l  storms. 

2.2 Channel C h a r a c t e r i s t i c s  

I t  is appropr i a t e  t o  begin t h i s  d i scuss ion  with t h e  b r igh tness  t e m -  
p e r a t u r e  r e l a t i o n s h i p  f o r  clear atmospheres, followed by an examination of 
c loud  and p r e c i p i t a t i o n  e f f e c t s  f o r  t h e  MSU channels .  A somewhat mre com- 
pact no ta t ion  is introduced f o r  express ing  t h e  b r igh tness  temperature ,  and 
is b r i e f l y  described below. 

For  a nonsca t t e r ing  atmosphere, t h e  b r igh tness  temperature  TB(v ) a t  f r e -  
quency v can be re lated t o  t h e  atmospheric temperature  p r o f i l e  T ( p )  by 
in t roduc ing  an " e f f e c t i v e  t r ansmi t t ance  func t ion" ,  ~ , ( p )  , viz ;  
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Figure 1. MSU scan gr id  p a t t e r n  and f i e l d  of view (half p o w e r )  projected 
on Earth. 
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The e f f e c t i v e  t r a n s m i t t a n c e  combines the r e l a t i v e l y  temperature- independent  
parameters of t h e  r a d i a t i v e  t r a n s f e r  e q u a t i o n h  i n t o  a s i n g l e  f u n c t i o n .  I t  
c o n t a i n s  the famil iar  t r a n s m i t t a n c e  f u n c t i o n  T .(p) , the e x p o n e n t i a l  
a b s o r p t i o n  a l o n g  the  ver t ica l  p a t h  beginning  a t  the s a t e l l i t e  l e v e l  and 
t e r m i n a t i n g  a t  p r e s s u r e  p. For the  f r e q u e n c i e s  of i n t e r e s t ,  the  a b s o r p t i o n  
i s  nlainly due t o  molecular  oxygen. A s  the  i n s t r u m e n t  s c a n s  from n a d i r ,  t he  
l o n g e r  p a t h s  through t h e  atmosphere i n c r e a s e  t h e  a b s o r p t i o n ,  where t h i s  
" l i m b  e f f e c t "  is accounted  for  by t h e  Sec  0 t e r m ;  8 is t h e  Earth-located 
z e n i t h  a n g l e  which has t h e  v a l u e s ,  of Oo, 2 10.7O, - + 21.6O, 2 32.7O, 
- + 44*20, - + 56.6O f o r  t h e  1 1  s c a n  p o s i t i o n s .  
i n  eq. ( l b )  a c c o u n t s  for  t h e  s u r f a c e  r e f l e c t e d  b r i g h t n e s s  tempera ture  
c o n t r i b u t i o n ,  where ( v , 0 )  i s  t h e  s u r f a c e  e m i s s i v i t y .  The magnitude of 
t h i s  t e r m  depends on t h e  s u r f a c e  t y p e  s i n c e  t h e  e m i s s i v i t y  varies from n e a r  
u n i t y  f o r  d r y  l a n d  t o  about  0.5 for  sea s u r f a c e s  for  t h e  MSU channels .  
Also c o n t a i n e d  i n  eq. (1 is  t h e  s u r f a c e  t e m p e r a t u r e  T s ,  su:face p r e s s u r e  
ps, and t h e  t r a n s m i t t a n c e  a l o n g  t h e  complete  v e r t i c a l  path T v  (ps) .  

The nonuni ty  term i n  b r a c k e t s  

The k e r n e l  -dTv(p) /d  l n p  i n  eq. ( l a )  is called t h e  t e m p e r a t u r e  w e i g h t i n g  
f u n c t i o n  s i n c e  it d e f i n e s  the  c o n t r i b u t i o n  of t e m p e r a t u r e  a t  d i f f e r e n t  
a l t i t u d e s  t o  t h e  b r i g h t n e s s  tempera ture .  F i g u r e  2 shows t h e  w e i g h t i n g  
f u n c t i o n s  f o r  t h e  MSU channels ;  t h e s e  were c a l c u l a t e d  u s i n g  Rosenkranz ' s  
oxygen a b s o r p t i o n  model (1975 1 and Liebe 's  l i n e  wid th  parameters (1977 1. 
The f u n c t i o n s  are shown f o r  dry  l a n d  ( E s  = 1 .O ) and a smooth sea s u r f a c e  
( = 0.51, when viewed a t  n a d i r  ( 0  = Oo) and t h e  extreme viewing a n g l e  
( e = 56.6O). Observe that t h e  d i s t r i b u t i o n s  peak h i g h e r  i n  the atmosphere 
a s  t h e  f requency  approaches  t h e  c e n t e r  of t h e  oxygen band a t  60 GHz. For 
example,  a t  n a d i r  t h e  50.30-GHz channel  peaks  below the  s u r f a c e  whi le  t h e  
n e x t  h i g h e r  f requency  channel  (53.74 GHz) p e a k s  i n  t h e  lower t r o p o s p h e r e  a t  
700 mb. Also, a t  n a d i r  t h e  54.96-GHz channel  is  c e n t e r e d  a t  300 m b  (mean 
t r o p o p a u s e  i n  m i d l a t i t u d e s )  , w h i l e  t h e  h ighes t - f requency  channel  (57.95 
GHz) p e a k s  n e a r  t h e  mean t r o p i c a l  t ropopause  of 100 mb. Although the 
w e i g h t i n g  f u n c t i o n s  are l a r g e l y  d e f i n e d  by t h e  channel  f r e q u e n c i e s ,  t h e  
e f f e c t s  of scanning  and s u r f a c e  e m i s s i v i t y  are also a p p a r e n t  and must be 
accounted  f o r .  

2.2.1 Scanning and s u r f a c e  e m i s s i v i t y  e f f e c t s  

A s  shown i n  f i g u r e  2, t h e  w e i g h t i n g  f u n c t i o n s  are e l e v a t e d  due t o  
a n g u l a r  s c a n n i n g  by v i r t u e  of the limb e f f e c t  d i s c u s s e d  above. For t h e  
ex t reme scan a n g l e ,  the l i m b  e f f e c t  produces almost a 30 p e r c e n t  d e c r e a s e  i n  
t h e  p r e s s u r e  a t  which a l l  t h e  w e i g h t i n g  f u n c t i o n s  peak. I n  g e n e r a l ,  i f  
p(Oo) i s  t h e  p r e s s u r e  a t  which a w e i g h t i n g  f u n c t i o n  peaks  a t  n a d i r ,  t h e n ,  
f o r  an a r b i t r a r y  z e n i t h  a n g l e ,  t he  p r e s s u r e  is  approximate ly  g iven  by 
p ( 0 )  = p ( O o ) J m .  
i .e. ,  t h e  b r i g h t n e s s  t e m p e r a t u r e s  can be corrected prior t o  t h e i r  use ,  or 
t h e  geophys ica l  a l g o r i t h m s  can i n c l u d e  t h e  e f f e c t .  S i n c e  t h i s  s t u d y  
i n v o l v e s  t h e  i n t e r p r e t a t i o n  of t h e  b r i g h t n e s s  temperature measurements , it 
i s  advantageous t o  examine the d a t a  i n  t h e  l imb c o r r e c t e d  form. 

There are v a r i o u s  ways of t r e a t i n g  t h e  limb e f f e c t ;  

A l i m b  c o r r e c t i o n  procedure  was developed by Smith e t  al .  (1974) u s i n g  
r e g r e s s i o n  a n a l y s i s  t o  relate t h e  n a d i r  b r i g h t n e s s  t e m p e r a t u r e  of a channel  
t o  the  l i n e a r  combinat ion of a l l  channel  measurements a t  a p a r t i c u l a r  s c a n  
a n g l e .  s y n t h e s i z e d  b r i g h t n e s s  t e m p e r a t u r e s  coinputed from a c l i m a t o l o g i c a l  
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F i g u r e  2.  MSU t e m p e r a t u r e  w e i g h t i n g  f u n c t i o n s  c a l c u l a t e d  f o r  n a d i r  and 
s c a n  l i m i t  p o s i t i o n s .  
( E S = l  ) and sea t y p e  s u r f  aces (ES=O .5 ) . Weight ing f u n c t i o n s  are shown f o r  land  
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set of atmospheres are used  t o  derive t h e  r e g r e s s i o n  e q u a t i o n s .  The  
p r o c e d u r e  p h y s i c a l l y  acts t o  c o n s t r u c t  a n a d i r  w e i g h t i n g  f u n c t i o n  from t h e  
s u p e r p o s i t i o n  of of f - n a d i r  f u n c t i o n s  u s i n g  a l l  c h a n n e l s  and i n c o r p o r a t e s  
s t a t i s t i c a l  c o r r e l a t i o n s  between the t w o  sets of b r i g h t n e s s  tempera tures .  
A s  discussed b e l o w ,  t h i s  same approach is  also used to  normal ize  t h e  
b r i g h t n e s s  t e m p e r a t u r e  ( e x c l u d i n g  t h e  50.30-GHz c h a n n e l )  t o  a u n i t y  
e m i s s i v i t y  s u r f  ace by g e n e r a t i n g  separate r e g r e s s i o n  c o e f f i c i e n t s  for 
v a r i a b l e  l a n d  and sea s u r f a c e s .  T h i s  method of normal iz ing  t h e  
measurements t o  n a d i r  (and  u n i t y  e m i s s i v i t y )  is  used o p e r a t i o n a l l y  and w i l l  
be applied i n  t h i s  s tudy .  An a l t e r n a t e  t e c h n i q u e  of u t i l i z i n g  c o n s t a n t  
empirical a d j u s t m e n t s  f o r  each scan  p o s i t i o n  can provide s imilar  r e s u l t s  i n  
t h e  t r o p i c s  where t he  v e r t i c a l  t e m p e r a t u r e  s t r u c t u r e  is n e a r l y  c o n s t a n t  
(Rosenkranz e t  a l . ,  1978) .  However, t h e  f u l l  s t a t i s t i c a l  method of Smith 
e t  al .  (19741, which i n c o r p o r a t e s  a l l  channels  i n  d e t e r m i n i n g  t h e  limb 
c o r r e c t i o n s  f o r  a given channel ,  is expec ted  t o  be more a c c u r a t e  o u t s i d e  
t h e  tropics. 

I n  a d d i t i o n  t o  t h e  f requency  and z e n i t h - a n g l e  dependence, t h e  weight ing  
f u n c t i o n s  i n  f i g u r e  2 also d i s p l a y  an e f f e c t  of e m i s s i v i t y .  The smaller 
e m i s s i v i t y  for sea s u r f a c e s  compared t o  land  is s e e n  t o  i n c r e a s e  t h e  
w e i g h t i n g  f u n c t i o n s  n e a r  t h e  s u r f a c e .  T h i s  is a l s o  e v i d e n t  by r e f e r r i n g  t o  
eq. ( I b )  and  n o t i p g  t h a t  t h e  e m i s s i v i t y  term h a s  i n c r e a s i n g l y  larger 
c o n t r i b u t i o n s  as f (pS)/?"(p) approaches  u n i t y  for  p r e s s u r e s  near  t h e  
s u r f a c e .  The s u r f a c e  e f f e c t  i s  p a r t i c u l a r l y  n o t i c e a b l e  f o r  t h e  npst 
t r a n s p a r e n t  channel  (50.30 GHz) whose clear-column t r a n s m i t t a n c e  T (p,) i s  
computed t o  be about  0.7 and less e v i d e n t  for  the more opaque channel  
(53.74 GHz) whose c o r r e s p o n d i n g  t r a n s m i t t a n c e  is only  0.1. Based on eq. ( 1 )  
and c o n s i d e r i n g  an i so thermaL atmosphere,  t h e  d i f f  erenc_e i n  b r i g h t n e s s  
t e m p e r a t u r e  between l a n d  and sea t y p e  s u r f a c e s  is ~ ~ T s T v ( p s ~ 2 S e c e .  
u s i n g  t h e  above t r a n s m i t t a n c e  v a l u e s  and an average  s u r f a c e  t e m p e r a t u r e  of 
285 K, one o b t a i n s  a 70 K d i f f e r e n c e  f o r  t h e  50.30-GHz channel  and o n l y  a 
1.4 K d i f f e r e n c e  a t  53.74 GHz. Although t h e s e  v a l u e s  are reduced by l i m b  
e f f e c t s  and l i q u i d  water a t t e n u a t i o n ,  t h e y  i n d i c a t e  a l a r g e  s u r f a c e  
c o n t r i b u t i o n  f o r  the most t r a n s p a r e n t  channel  and almost i n s i g n i f i c a n t  
e f f e c t s  for t h e  more opaque channel ,  The 50.30-GHz channel  t h e r e f o r e  
s e r v e s  as a "window" channel ,  b e i n g  h i g h l y  s e n s i t i v e  t o  s u r f a c e  e m i s s i v i t y  
v a r i a t i o n s . '  A s  such, t h e  50.30-GHz channel  can o n l y  be c o r r e c t e d  f o r  l imb 
e f f e c t s .  However, t h e  o t h e r  c h a n n e l s ,  b e i n g  more opaque t o  t h e  s u r f a c e  and 
less i n f l u e n c e d  by c l o u d s ,  can be corrected f o r  both l i m b  e f f e c t s  and 
e m i s s i v i t y  e f f e c t s  by g e n e r a t i n g  separate r e g r e s s i o n  c o e f f i c i e n t s  for  l a n d  
and sea s u r f a c e s .  The 50.30-GHz measurement is used a s  a land-ocean 
d i s c r i m i n a t o r  as par t  of t h i s  procedure;  a b r i g h t n e s s  t e m p e r a t u r e  i n  e x c e s s  
of 265 K i s  used i n  t h i s  s t u d y  t o  i n d i c a t e  land.  

V 

v 

A t  n a d i r ,  

From the above d i s c u s s i o n ,  it is clear t h a t  t h e  53.74-, 54.96-, and 57.95-GHz 
c h a n n e l s  are e s s e n t i a l l y  independent  of s u r f a c e  e f f e c t s ,  having only  small 
p e r t u r b a t i o n s  a t  t h e  lowest correctable frequency.  The l i m b  e f f e c t s  are 
a l so  w e l l  unders tood  and correctable from a-priori  informat ion .  I t  is 
therefore possible to  c o n s i d e r  the w e i g h t i n g  f u n c t i o n s  normalized t o  
n a d i r  and u n i t y  e m i s s i v i t y  when u s i n g  t h e  l i m b  corrected b r i g h t n e s s  
temperatures. According t o  eq. ( l a )  and t h e  w e i g h t i n g  f u n c t i o n  concept ,  t h e  

1 E a r l i e r  s t u d i e s  (Grody, 1976)  a l so  showed t h e  50-GHz channel  and t h e  
SCAMS 31-GHz channel  t o  have s i m i l a r  s e n s i t i v i t y  t o  l i q u i d  water over  sea 
s u r f  aces. 
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br igh tness  temperatures  f o r  t h e s e  t h r e e  " temperature  sounding" channels  
respond t o  temperatures  i n  t h e  lower t roposphere  t o  t h e  lower s t r a tosphe re .  
T h i s  is i n  c o n t r a s t  t o  t h e  50.30-GHz window channel which does not  have a 
w e l l  de f ined  weight ing func t ion  as a r e s u l t  of t h e  l a r g e  emis s iv i ty  and 
l i q u i d  water e f f e c t s  which cannot be adequately co r rec t ed  from a - p r i o r i  
information.  I t  is w e l l  known t h a t  t h e  sounding channel measurements 
provide  estimates of the temperature p r o f i l e  by i n v e r t i n g  eq. ( l a )  u s i n g  
s t a t i s t i c a l  techniques.  Temperature p r o f i l e s  have been obta ined  from M S U  
measurements under nea r ly  a l l  weather cond i t ions  (e.g., Grody ,1980). 
However, a major except ion occurs  f o r  t r o p i c a l  s torms and s q u a l l  l i n e s  i n  
t h e  mid la t i t udes ,  both of which con ta in  ex tens ive  areas of t h i c k  cloud and 
p r e c i p i t a t i o n .  As shown below , p r e c i p i t a t i n g  type  clouds,  which e s s e n t i a l l y  
s a t u r a t e  t h e  window channel measurements, also produce a s i g n i f i c a n t  
decrease i n  t h e  lower peaking sounding channel (53.74 GfIz) , b u t  have a 
n e g l i g i b l e  e f f e c t  on t h e  h igher  peaking channels.  

2.2.2 Liquid  water e f f e c t s  ( s imula t ed )  

Model c a l c u l a t i o n s  are performed f o r  t h e  MSU channels  t o  examine t h e i r  
s e n s i t i v i t y  t o  l i q u i d  water. Br igh tness  temperatures  are determined f o r  
bo th  clear and cloudy atmospheres us ing  eq. ( 1 ) .  I n  t h e  case of a clear 
atmosphere, t h e  t r ansmi t t ance  f u n c t i o n ?  (p )  i s  t h e  product  of t h e  oxygen and 
water vapor t r ansmi t t ances .  I n  s imula t ing  cloudy atmospheres, t h i s  clear 
t r a n s m i t t a n c e  func t ion  is m u l t i p l i e d  by t h e  t r ansmi t t ance  component of 
l i q u i d  water. For n o n p r e c i p i t a t i n g  clouds,  t h e  d rops i ze  is  small compared 
t o  the 0.5-cm r a d i a t i o n  wavelength so that t h e  Rayleigh absorp t ion  model is 
applicable. The e f f e c t s  of p r e c i p i t a t i o n  are approximated by neg lec t ing  
s c a t t e r i n g  and us ing  eq. ( 1  1 w i t h  an absorp t ion  model f o r  ra indrops  based 
on t h e  Marshall-Palmer drop-size d i s t r i b u t i o n  ( P a r i s ,  1971) .  Note t h a t  
a l though s c a t t e r i n g  e f f e c t s  of l a r g e  drops are gene ra l ly  important  for  
window channels  (Savage and Weinman, 1975; Ishumaru and Cheung, 1980 1, t h e  
e f f e c t  is less important  f o r  t h e  more opaque oxygen channels.  Even f o r  t h e  
most t r a n s p a r a n t  MSU channel  a t  50.30 GHz, one expec ts  t h e  b r igh tness  
tempera ture  t o  be dominated by t h e  abso rp t ion  e f f e c t s  of l a r g e  drops. 

The MSU b r i g h t n e s s  temperatures  a t  nad i r  were computed f o r  a mean 
t r o p i c a l  sounding with a sea s u r f a c e  background ( E s  = 0.5). All r e s u l t s  
are shown r e l a t i v e  to  t h e  clear atmosphere. Deep l a y e r s  of c louds and 
convec t ion  around hur r i canes  are modeled by in t roduc ing  a l a y e r  of l i q u i d  
water between t h e  1000 mb su r face  and 300 m b  l eve l .  The cloudy minus clear 
b r i g h t n e s s  tempera tures  were computed f o r  a range of l i q u i d  water d e n s i t i e s  
(0 t o  0.7 g/m3). 
above t h e  f r e e z i n g  l e v e l  (600 mb), t h e  dens i ty  was reduced above t h i s  l e v e l  
by an exponent ia l  f a c t o r ,  Exp[O.l17(T - 2 7 3 ) ] ,  based on data presented  by 
Fe ige lson  ( 1966 1. 

To account  f o r  t h e  genera l  decrease  of l i q u i d  water 

The cloudy minus clear b r i g h t n e s s  temperatures f o r  t h e  50.30-, 53.74-, and 
54.96-GHz channels are p l o t t e d  i n  f i g u r e  3 a g a i n s t  the l i q u i d  water i n  the  
column fo r  both n o n p r e c i p i t a t i n g  and p r e c i p i t a t i n g  clouds.  Note t h a t  the  
nega t ive  scale on t h e  r i g h t  is f o r  t h e  sounding channels.  Rela t ive  t o  the  
clear atmosphere, t h e  50.30-GHz b r i g h t n e s s  temperature  inc reases  while t he  
b r i g h t n e s s  tempera tures  of t h e  sounding channels  decrease wi th  l i q u i d  
water. Even under t h e  extreme case of 4 mm of p r e c i p i t a t i o n ,  t he  54.96-GHz 
channel  appears  r e l a t i v e l y  unperturbed. N o  e f f e c t s  were observed for t h e  
h i g h e s t  peaking sounding channel ( n o t  shown). The larger effects  a t  
50.30 and 53.74 GHz are now discussed  i n  t h e  fo l lowing  paragraphs.  
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F i g u r e  3 .  S i m u l a t e d  l i q u i d  water e f f e c t s  on MSU c h a n n e l s  (50.30, 53.74,  
54.96 G H z ) .  Cloudy minus clear b r i g h t n e s s  temperature v a l u e s  
are  plot ted a g a i n s t  l i q u i d  water c o n t e n t .  R e s u l t s  are shown 
s e p a r a t e l y  f o r  l a r g e  drops (precip. ) and small drops (non  
precip.) which are d i s t r i b u t e d  from t h e  sea s u r f a c e  t o  300-mb 
1.evel. (See t e x t  f o r  d e t a i l s . )  
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For n o n p r e c i p i t a t i n g  clouds,  both channels  (50.30 and 53.74 GHz) respond 
monotonical ly  t o  i n c r e a s i n g  amounts of l i q u i d  water, a l though t h e  window 
channel  s a t u r a t e s  f o r  l a r g e  amounts of l i q u i d  water. Note t h a t ,  f o r  l i q u i d  
water less than  1 mm, t h e  53.74-GHz channel is r e l a t i v e l y  unaf fec ted .  As 
mentioned i n  the  in t roduc t ion ,  t h e  in f luence  of temperature changes can 
dominate the response of t h i s  lower-probing oxygen channel f o r  such l i q u i d  
water amounts i n  t h e  mid la t i t udes .  Using a sample of synthes ized  
b r i g h t n e s s  tempera tures  ( genera ted  from g loba l  soundings) ,  it is  found t h a t  
t h e  50.30-GHz channel s e r v e s  as t h e  main p r e d i c t o r  of l i q u i d  water f o r  
n o n p r e c i p i t a t i n g  clouds2 whi le  t h e  53.74-GHz channel acts mainly t o  
compensate t h e  window channel measurements f o r  atmospheric temperature  
changes. 

I n  c o n t r a s t  t o  t h e  nonprec ip i a t ing  case, t h e  increased  absorp t ion  
r e s u l t i n g  from p r e c i p i t a t i o n  causes  a peaking of the 50.30-GHz response 
around 1 mm of l i q u i d  water, an e f f e c t  similar t o  t h a t  found a t  lower 
f r equenc ie s  (Savage and Weinman, 1975; Wi lhe i t  e t  a l . ,  1977).  As i n  t h e  
n o n p r e c i p i t a t i n g  case, t h e  53.74-GHz channel cont inues  t o  decrease 
monotonical ly  with i n c r e a s i n g  l i q u i d  water. The l a r g e r  e f f e c t  of 
p r e c i p i t a t i o n  on t h e  53.74-GHz channel p reven t s  i ts  direct  use (i.e.,  
tempera ture  de te rmina t ion)  even i n  mid la t i t udes .  However, it appears  t h a t  
t h i s  channel  may be used to  estimate p r e c i p i t a t i o n  with less ambiguity than  
t h e  double-valued response a t  50.30 GHz, p a r t i c u l a r l y  i n  t h e  t r o p i c s  where 
tempera ture  v a r i a t i o n s  are minimal. Also, al though not e x p l i c i t l y  shown 
here, l and  wi th in  the  in s t rumen t ' s  f i e l d  of view can obscure t h e  l i q u i d  
water e f f e c t  a t  50.30 GHz;  i.e., t h e  increased  emiss iv i ty  can produce a 
s imi l a r  i n c r e a s e  i n  b r igh tness  temperature  t o  t h a t  of l i q u i d  water. S ince  
t h e  53.74-GHz channel is  not  s i g n i f i c a n t l y  a f f e c t e d  by t h e  su r face ,  it is  
less restricted than  t h e  more t r a n s p a r e n t  channel.  

I n  summary, t h e s e  s imula t ions  show t h a t  both t h e  50.30- and 53.74-GHz 
channels  provide l i q u i d  water information over  t he  oceans. The use of t h e  
l a t t e r  channel presupposes t h a t  temperature  changes are n e g l i g i b l e  com- 
pared to  the  l i q u i d  water e f f e c t s ,  a cond i t ion  gene ra l ly  m e t  i n  t h e  tro- 
p i c s .  The small amounts of l i q u i d  water ( <  1 mm) gene ra l ly  a s soc ia t ed  with 
n o n p r e c i p i t a t i n g  clouds are best d e t e c t e d  us ing  t h e  50.30-GHz measurements. 
However, t h i s  channel becomes less s e n s i t i v e  f o r  l a r g e r  amounts of l i q u i d  
water. A l s o ,  any land wi th in  t h e  in s t rumen t ' s  f i e l d  of view can obscure t h e  
l i q u i d  water s i g n a t u r e  f o r  t h i s  channel. The 53.74-GHz channel can provide 
a better estimate under t h e s e  s i t u a t i o n s .  F i n a l l y ,  t h e  54.96- and 57:95-GHz 
channels  show n e g l i g i b l e  effects,  even f o r  p r e c i p i t a t i n g  clouds,  and can 
t h e r e f o r e  be used t o  provide temperature  information.  

2.2.3 Liquid  water e f f e c t s  (measured) 

Before  beginning wi th  a d e t a i l e d  s tudy of Hurr icane David, it is 
a p p r o p r i a t e  t o  conclude t h i s  s e c t i o n  wi th  an i l l u s t r a t i o n  of t h e  above- 
mentioned channel c h a r a c t e r i s t i c s  u s ing  a sample of MSU measurements. A 
d i s t i n c t i o n  w i l l  a l s o  be made between the  temperature  and l i q u i d  water 
e f f e c t s  f o r  t h e  lower sounding channel. 

Grody, N.C., 1979: Liquid  water de te rmina t ions  over t h e  oceans from MSU 
2 

measurements. Memo f o r  t h e  record,  3 pp. 
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Figure 4 shows t h e  11 p i n f r a r e d  images of Hurr icane David f o r  t h e  
f o u r  t i m e  pe r iods  of i n t e r e s t  i n  t h i s  study. The measurements considered 
he re  correspond t o  the ear l ies t  t i m e ,  September 3 ,  a t  0900 GMT, when David 
was i n  the F l o r i d a  S t r a i t  as shown i n  t h e  upper l e f t  image. For t h i s  
d i scuss ion ,  only t h e  measurements a t  t h e  9.5O scan  p o s i t i o n  are used. 
i n d i c a t e d  by t h e  dashed l i n e  on t h e  i n f r a r e d  image, t hese  observa t ions  
pass over Cuba and almost d i r e c t l y  over the  hu r r i cane  cen te r .  The 
b r i g h t n e s s  temperatures  are p l o t t e d  i n  f i g u r e  5 and have been limb 
c o r r e c t e d  and normalized to  un i ty  emis s iv i ty  (on ly  sounding channels)  u s ing  
t h e  procedure out  l i n e d  ear l ier .  

As 

The 50.30-GHz measurements i nc rease  from 2 2 8  K over  t h e  clear ocean 
( f i g u r e  4) reaching  a peak va lue  of 262 K n e a r  t h e  hu r r i cane  center .  However, 
i n  a d d i t i o n  t o  l i q u i d  water, t h e  in f luence  of land wi th in  t h e  f i e l d  of view 
cannot  be discounted f o r  c o n t r i b u t i n g  some of t h e  inc rease  i n  t h e  
b r i g h t n e s s  temperature  near  t h e  hu r r i cane  between 25 t o  27 N { F l o r i d a  
S t r a i t ) .  Note a similar inc rease  i n  b r igh tness  temperature  near Cuba and 
t h e  North Caro l ina  coas t ,  where h o r i z o n t a l  averaging by t h e  instrument  
reduced t h e  295 K expected value t o  the 265 K observa t ions .  A s  
a n t i c i p a t e d ,  no such emiss iv i ty  e f f e c t  is observed f o r  t h e  53.74-GHz 
measurements; i.e. , t h e  maximum p e r t u r b a t i o n  due t o  land  was computed 
ea r l i e r  to be less than  2 K,  where a l a r g e  par t  of this is removed by t h e  
e m i s s i v i t y  c o r r e c t i o n  procedure. S ince  t h i s  i n v e s t i g a t i o n  examines t h e  
hu r r i cane  dur ing  i t s  pa th  a long  t h e  E a s t  Coast ( f i g u r e  41, t h e  50.30-GHz 
measurements cannot r e a d i l y  be used because of t h e  d i s t o r t i o n  introduced by 
l and  e f f e c t s .  Only t h e  53.74-GHz channel w i l l  be considered f o r  provid ing  
p r e c i p i t a t i o n  information over  both land and sea surf  aces. 

I n  apply ing  t h e  53.74-GMz measurements t o  monitor p r e c i p i t a t i o n ,  it is 
necessary  t o  c o r r e c t  f o r  temperature  e f f e c t s  when they  become comparable t o  
t h e  e f f e c t s  of l i q u i d  water. Although t h i s  is not  normally a problem f o r  
t r o p i c a l  atmospheres, t h e r e  are l a r g e r  temperature  changes i n  t h e  case of 
h u r r i c a n e s  which must be accounted fo r .  Fo r tuna te ly ,  an estimate of t h e  
tempera ture  c o n t r i b u t i o n  is a v a i l a b l e  from 54.96-GHz measurements which 
show an increase i n  b r igh tness  temperature near t h e  hu r r i cane  c e n t e r  i n  
f i g u r e  5. As discussed  la te r ,  t h i s  real temperature  c o n t r i b u t i o n  is also 
conta ined  i n  t h e  lower sounding channel a long  with t h e  l i q u i d  water e f f e c t .  
A s  an approximation, t h e  inc rease  i n  t h e  54.96-GHz b r igh tness  temperature 
r e l a t i v e  to  the  unperturbed s ta te  (des igna ted  by t h e  base l i n e )  is 
s u b t r a c t e d  from t h e  53.74-GHz measurements t o  o b t a i n  t h e  e f f e c t  of l i q u i d  
water a lone  ( tempera ture  ad jus t ed  p l o t  i n  f i g u r e  5 ) .  A more ex tens ive  
examination of l i q u i d  water e f f e c t s  a t  53.74 GHz w i l l  be presented  i n  t h e  
d e t a i l e d  s tudy t o  follow. 

For completeness,  t he  57 -95-GHz measurements are a l s o  d isp layed  i n  
f i g u r e  5. These da t a  show no apparent  hu r r i cane  in f luence ,  and ,  
as d iscussed  l a t e r ,  most of the v a r i a t i o n  i n  t h i s  channel occurs  from 
changes i n  t h e  t ropopause he igh t  with l a t i t u d e .  
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F i g u r e  4.  TIROS-N s c a n n i n g  rad iomenter  ( 1  1 1’ ) images of H u r r i c a n e  David 
fo r  t i m e  p e r i o d s  of i n t e r e s t .  Areas enclosed by s t r iped l i n e s  
c o r r e s p o n d  t o  MSU o b s e r v a t i o n s  i n  o t h e r  f i gu res .  
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Figure  5. Cross s e c t i o n  of b r i g h t n e s s  temperature  measurements (limb 
c o r r e c t e d )  p a s s i n g  through Hurr icane  David September 3, 
0900 GMT. (See dashed l i n e  i n  figure 4.) The 50.30-GHz 
channel  reponds t o  s u r f a c e  and cloud f e a t u r e s .  
a l o n e  d e f i n e s  t h e  54.96- and 57.95-GHz measureinents; t h e  
54.96-GHz channel d i s p l a y s  t h e  h u r r i c a n e ' s  warm-core anomaly. 
B o t h  p r e c i p i t a t i o n  and tempera ture  affect t h e  53.74-GHz 
measurements; t h e  " temperature  adjustment"  p lo t  shows t h e  
response  a f t e r  removing temperature e f f e c t s .  (See t e x t . )  

Temperature 
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3. HURRICANE DAVID CASE STUDY 

A s  s tated by Hebert  (1980), David w a s  t h e  most i n t e n s e  hu r r i cane  of t h e  
1979 season,  and probably of t h i s  century,  i n  the Carr ibean  Sea area. 
Hurr icane f o r c e  winds w e r e  f irst  estimated ( u s i n g  s a t e l l i t e  images) on 
August 26 a t  about 1800 GMT n e a r  241\1, 48E as  David began a pa rabo l i c  track. 
( A  s e c t i o n  is  shown i n  f i g u r e  6.) The hu r r i cane  p o s i t i o n  is  shown every 12 
h a long  t h e  t r a c k  t o g e t h e r  wi th  t h e  s torm l o c a t i o n s  corresponding t o  
the IvlsU obse rva t ion  t i m e s  of i n t e r e s t .  A s  mentioned earlier,  f i g u r e  4 
d i s p l a y s  the  i n f r a r e d  images associated wi th  t h e  MSU observa t ions .  

The polar o r b i t i n g  TIKOS-N sa te l l i t e ,  which o r b i t s  t he  Ear th  t w i c e  d a i l y ,  
enab le s  a maximum of t w o  observa t ions  every 24 h. However, f o r  low 
l a t i t u d e s  (below 30°), t h e r e  are gaps i n  t h e  scan  coverage f o r  ad jacen t  
o rb i t s  and it is not  always p o s s i b l e  t o  have observa t ions  near  t h e  c e n t e r  
of t h e  I G U  swath. Th i s  is p a r t i c u l a r l y  important  i n  the  case of hur r icanes  
because the  r e s o l u t i o n  degrades cons iderably  near  t h e  scan edge6 (figure 1 1. 
For tuna te ly ,  t h e  MSU obse rva t ions  were w e l l  c en te red  a t  fou r  consecut ive  
12 h obse rva t ion  t i m e s  when David m v e d  northward from near  t h e  Bahamas on 
September 3 u n t i l  t h e  hu r r i cane  approached t h e  Georgia  c o a s t  about 36 h 
l a t e r .  T h i s  p o r t i o n  of t h e  t r a c k  ( f i g u r e  6 )  has  t h e  a d d i t i o n a l  advantage 
of being w e l l  sampled by radiosondes (shown by t r i a n g l e s )  as w e l l  as by 
radar a long  t h e  c o a s t l i n e  ( n o t  shown). Much r e l i a n c e  i s  placed on t h e  
radiosonde data f o r  eva lua t ing  the NSU tempera ture  and wind related 
measurements. 

3.1 General  Cons idera t ions  

I t  is informat ive  t o  cons ider  t h e  tempera tures  recorded by the radiosonde 
s t a t i o n  i n  Waycross, Georgia  ( des igna ted  2 13 i n  f i g u r e  6 1. Unlike some of 
t h e  o t h e r  r e p o r t i n g  s t a t i o n s ,  a complete temperature  p r o f i l e  ( t o  30 m b )  was 
ob ta ined  dur ing  the hu r r i canes  passage. F igu re  7 shows the  " r e l a t i v e "  
p r o f i l e s  determined from four  consecut ive soundings,  beginning on 
September 3 a t  1200 GMT, when David w a s  332 nmi (614 k m )  from the  s t a t i o n ,  
u n t i l  it w a s  only 92 nmi (170 km) away 36 h la ter .  T h e  t h r e e  closest 
soundings (See table above p r o f i l e s )  are p l o t t e d  r e l a t i v e  t o  t h a t  of t h e  
ear l ies t  sounding. These r e l a t i v e  p r o f i l e s  d i sp l ay  t h e  unique 
character is t ics  of such t r o p i c a l  storms , i. e. . . increased  warming towards 
t h e  c e n t e r  near  300 mb and a corresponding coo l ing  of smaller magnitude 
nea r  100 m b  (e .g . ,  Frank, 1977). 

Before examining t h e  a c t u a l  measurements, it is i n s t r u c t i v e  t o  compare the 
clear-column b r igh tness  tempera tures  computed f o r  the 53.74-, 54.96-, and 
57.95-GHz channels ( a t  nad i r  and un i ty  e m i s s i v i t y )  u s i n g  eq. (I). 
I n t e g r a t i n g  the  t h r e e  r e l a t i v e  p r o f i l e s  by t h e  weight ing func t ions  (shown 
o p p o s i t e  t he  p r o f i l e s )  r e s u l t s  i n  t h e  b r i g h t n e s s  temperature  changes 
t a b u l a t e d  i n  f i g u r e  7. The t a b u l a t e d  r e s u l t s  show t h a t  t h e  w a r m  core 
anomaly near  300 m b  (7.4 K maximum on September 5 )  i s  reduced by more than  
60 p e r c e n t  by t h e  weight ing func t ions  of both t h e  lowest and  middle 
peaking channels.  However, as i n d i c a t e d  i n  f i g u r e  3 and demonstrated i n  



F i g u r e  6. H u r r i c a n e  David track showing p o s i t i o n s  a t  s y n o p t i c  times 
( d o t s )  and  MSU o b s e r v a t i o n  periods of i n t e r e s t  ( a s t e r i s k s )  . 
Radiosondes are located a t  t r i a n g l e s  and referred to  by 
s t a t i o n  number. 
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Figure 7. Radiosonde t e m p e r a t u r e  p r o f i l e s  ( r i g h t )  a t  t h r e e  c o n s e c u t i v e  
t i m e s  i n  Waycross, Georg ia  ( S t a .  2131, r e l a t i v e  t o  sounding on  
September 3 ,  1200 GMT. Temperature  w e i g h t i n g  f u n c t i o n s  a t  
n a d i r  f o r  u n i t  e m i s s i v i t y  s u r f a c e  are shown f o r  r e f e r e n c e  
( l e f t ) .  T a b l e  i n d i c a t e s  rad iosonde  times, d is tance  from 
h u r r i c a n e ,  and change i n  computed b r i g h t n e s s  tempera ture  based 
on  t h e  t h r e e  " r e l a t i v e "  p r o f i l e s .  
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f i g u r e  5 ,  l i q u i d  water e f f e c t s  can exceed t h e  r e l a t i v e l y  s m a l l  change due 
t o  tempera ture  f o r  t h e  53.74-GHz channel  w i t h o u t  a p p r e c i a b l y  a f f e c t i n g  t h e  
54.96-GHz clear-column va lues .  Also observe  from t h e  table  t h a t  t h e  
57.95-GHz channel  responds  t o  t h e  even smaller t e m p e r a t u r e  change 
( n e g a t i v e )  near 100 m b  where t h i s  channel  peaks.  T h i s  p e r t u r b a t i o n  due to  
t h e  h u r r i c a n e  is n o t  obvious from t h e  measurements of f i g u r e  5 ,  where t h e  
l a r g e r  l a t i t u d i n a l  v a r i a t i o n  a r i s i n g  from changes i n  t ropopause  h e i g h t  
appears t o  dominate. 

3.2 B r i g h t n e s s  Temperature  Measurements 

Figures 8 through 11 d i s p l a y  t h e  MSU b r i g h t n e s s  t e m p e r a t u r e  measurements 
as w e l l  as t h e  a v a i l a b l e  c o n v e n t i o n a l  data t o  be used f o r  comparison. Each 
f i g u r e  cor responds  t o  a d i f f e r e n t  o b s e r v i n g  t i m e  and d i s p l a y s  t h e  contoured  
b r i g h t n e s s  t e m p e r a t u r e s  ( 0 . 5  K i n t e r v a l )  f o r  t h e  t h r e e  sounding channels  
a l o n g  w i t h  a radar summary imp. The radar summary map is prepared 
r o u t i n e l y  by t h e  N a t i o n a l  Weather S e r v i c e  by composi t ing  t h e  v a r i o u s  radar 
d a t a  on c o n v e n t i o n a l  map p r o j e c t i o n s  wi th  t h e  l e v e l - 1 ,  - 3 ,  and -5 i n t e n s i t y  
contours  shown. A s  mentioned b e f o r e ,  the. 50.30-GHz measurements are n o t  
c o n s i d e r e d  i n  t h i s  s t u d y  s i n c e  much of t h e  i m p o r t a n t  area under  
i n v e s t i g a t i o n  l i e s  n e a r  coastal boundar ies  which obscure t h e  l i q u i d  water 
s i g n a t u r e  f o r  t h i s  channel .  

All b r i g h t n e s s  temperature maps were produced by hand-analyzing t h e  
i n d i v i d u a l  measurements a f t e r  t h e y  were normalized to  n a d i r  and u n i t y  
e m i s s i v i t y .  As shown i n  f i g u r e  8 ,  t h e  i n d i v i d u a l  maps also c o n t a i n  t h e  
computed clear-column b r i g h t n e s s  t e m p e r a t u r e s  ( s o l i d  dots) obtained, as 
b e f o r e ,  by i n t e g r a t i n g  t h e  rad iosonde  prof i les  over  t h e  cor responding  
w e i g h t i n g  f u n c t i o n s .  Only t h o s e  soundings which ex tend  t o  a t  least 30 m b  
a re  used i n  t h e  computat ions f o r  t h e  t w o  h i g h e s t  p e a k i n g  channels .  Beyond 
t h i s  c u t o f f  level ,  t h e  p r o f i l e s  are extended  t o  1 m b  based on t i m e  
i n t e r p o l a t e d  rad iosonde  data and c l i m a t o l o g i c a l  i n s e r t i o n s .  T h i s  c u t o f f  
r e s t r i c t i o n  is  relaxed t o  100 m b  f o r  t h e  53.74-GHz channel ,  so t h a t  one 
g e n e r a l l y  f i n d s  rnore rad iosonde  computed v a l u e s  f o r  t h i s  channel  t h a n  f o r  
t h e  o t h e r  t w o .  These rad iosonde  v a l u e s  are r e p o s i t i o n e d  froin t h e i r  s t a t i o n  
l o c a t i o n s  t o  approximate ly  account  f o r  t h e  h u r r i c a n e  movement d u r i n g  t h e  
t i m e  between t h e  MSU and rad iosonde  o b s e r v a t i o n s  ( f i g .  6 ) .  The b r i g h t n e s s  
t e m p e r a t u r e  maps i n  f i g u r e s  8 through 11 are  compared w i t h  t h e  i n s e r t e d  
r a d i o s o n d e  v a l u e s  t o  examine t h e  microwave measurements. 

The 54.96- and  57.95-GHz maps ( f i g s .  8-11) also d i s p l a y  t h e  rad iosonde  
measured winds a t  700 and 5 0  m b ,  r e s p e c t i v e l y .  The d i r e c t i o n s  of t h e s e  
winds w i l l  be compared w i t h  t h e  i s o t h e r m  p a t t e r n  f o r  t h e  t w o  channels .  
Because of t h e  d i f f i c u l t y  of o b t a i n i n g  upper a i r  measurements near  t h e  
h u r r i c a n e ,  t1,ere are more 700 mb winds d i s p l a y e d  t h a n  50 m b  winds. Also, 
f o r  r e f e r e n c e ,  t h e  i n d i v i d u a l  MSU o b s e r v a t i o n  p o i n t s  are i n d i c a t e d  as open 
c i rc les  on t h e  53.74-GHZ maps, whi le  t h e  54.96-GHz maps c o n t a i n  a s t r a i g h t  
dashed  l i n e  t o  r e p r e s e n t  t h e  n a d i r  viewing p o s i t i o n s .  
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To aid i n  t he  comparison between the measured and computed b r igh tness  
tempera tures ,  a t i m e  series w a s  prepared of the  data sets f o r  t h e  54.96-and 
57.95-GHz channels.  These p l o t s  are shown i n  f i g u r e  12 f o r  t h e  radiosondes 
which l i e  a long  t h e  hu r r i cane  track ( f i g .  6 )  and w i l l  be referred t o  when 
d i s c u s s i n g  these two channels.  S ince  only a l i m i t e d  number of radiosonde 
va lues  are a v a i l a b l e ,  t h e r e  are mre measurements shown ( so l id  l i n e )  t han  
computed va lues  (dashed l i n e ) .  The t w o  sets of observa t ions  are d isp layed  
a t  t h e i r  r e s p e c t i v e  observa t ion  times with t h e  measurements i n t e r p o l a t e d  to  
t h e  a c t u a l  radiosonde loca t ions .  I n  p l o t t i n g  t h e  measurements, c o r r e c t i o n s  
are  made f o r  t h e  biases observed later ( s e c t i o n  3.3)  r e l a t i v e  t o  t he  
computed values.  

3.2.1 September 3 ,  0900 GMT 

F igu re  8 shows t h e  r e s u l t s  f o r  t h e  ear l ies t  observa t ion  t i m e ,  when David 
w a s  o f f  t h e  F l o r i d a  c o a s t  ( f i g .  4 )  w i th  about a 974 mb c e n t r a l  p re s su re  
and deepening (Hebert ,  1980) .  To be c o n s i s t e n t ,  a l l  f o u r  dates w i l l  be 
ana lyzed  beginning w i t h  t h e  lowest sounding channel,  fol lowed by t h e  next  
h i g h e s t  channel,  etc. Subsequent ly ,  a data summary w i l l  be presented  f o r  
t h e  complete s tudy  per iod.  (The t i m e  series shown i n  f i g u r e  1 2  w a s  prepared 
as p a r t  of t h a t  summary.) 

The 53.74-GHz measurements i n  f i g u r e  8 ag ree  w e l l  wi th  the  e i g h t  computed 
b r i g h t n e s s  temperatures  ( i n d i c a t e d  near  t h e  s o l i d  d o t s ) ,  both having va lues  
nea r  260 K and decreas ing  w i t h  i n c r e a s i n g  l a t i t u d e .  From t h e  s ta t i s t ica l  
summary p resen ted  later,  l i t t l e  . d i f f e r e n c e  is  found between t h e  measured 
and computed va lues  f o r  a l l  t h e  n o n p r e c i p i t a t i n g  cases. There is, however, 
a co lde r  reg ion  no r th  of t h e  hu r r i cane  c e n t e r  which is sugges t ive  of 
p r e c i p i t a t i o n  e f f e c t s .  (The c e n t e r  is  obta ined  from f i g u r e  6 and ind ica t ed  
by the#  symbol. 1 
a t  t h i s  t i m e ,  t h i s  f e a t u r e  i s  examined by r e f e r r i n g  t o  t h e  r ada r  summary 
map. To a i d  i n  t h e  radar comparison, t h e  257 and 258 K contours  are 
superimposed on t h e  radar map. T h i s  form of comparison with r ada r  data 
w i l l  be cont inued f o r  t h e  o t h e r  t i m e  per iods .  Note t h a t  t he  smaller 257 K 
contour  i n t e r s e c t s  t h e  level-3 radar i n t e n s i t y  contour ,  a l though t h e  
land-based radar begins  t o  c u t  o f f  where t h e  l a r g e r  257 K contour  e x i s t s .  
There is  however a d i s t i n c t  s e p a r a t i o n  between t h e  level-3 i n t e n s i t y  reg ion  
sur rounding  t h e  hu r r i cane  c e n t e r  and t h e  larger 257 K contour .  Th i s  
sugges t s  t h a t  t h e  e f f e c t  of l i q u i d  water a t t e n u a t i o n  may, i n  p a r t ,  be 
compensated f o r  by t h e  a c t u a l  temperature  inc rease  near t h e  cen te r .  

S ince  radiosonde data are not  a v a i l a b l e  f o r  comparison 

The temperature  e f f e c t  can be approximately removed us ing  the procedure 
o u t l i n e d  earlier ( f i g u r e  5 )  which employs the  54.96-GHz measurements. From 
t h e  54.96-GHz map, it is observed t h a t  t h e  228 K o u t e r  contour ,  which 
approximates t h e  background l e v e l ,  extends t o  about  a 5O r a d i u s  from t h e  
c e n t e r ,  while t he  maximum contour  of 230 K has  only about a 0.5O rad ius .  
T h i s  2 K d i f f e r e n c e  around t h e  c e n t e r  between t h e  maximum anomaly and t h e  
background is p a r t l y  contained i n  t h e  53.74-GHz measurements. S u b t r a c t i n g  
o u t  t h i s  warm-core anomaly r e s u l t s  i n  a 2 K f u r t h e r  reduct ion  of t h e  
contour  values  wi th in  about 0.5O r a d i u s  of t h e  hu r r i cane  center .  
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Radar Summary Map 0 53.74 GHz 
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Radar Summary Contours :it Intct is i t io  I . 3 . 5 

Cloud T o p  in 1OO.r of I't. 

54.96 GHz 57.95 GHz 

F i g u r e  8. B r i g h t n e s s  t e m p e r a t u r e  measurenents  ( l i m b  corrected) f o r  
September 3 ,  0900 GMT, compared w i t h  r a d a r  d a t a  a t  0835 GMT 
and rad iosonde  data a t  1200 GMT. Radar sunuuary c h a r t  ( u p p e r  
l e f t )  w i t h  superimposed 53.75-GHz c o n t o u r s  a t  257 K and  258 K. 
The 53.74-GHz contour  map ( u p p e r  r i g h t )  c o n t a i n s  rad iosonde  
computed v a l u e s  ( d o t s )  and  MSU o b s e r v a t i o n  p o i n t s  (open 
c i rc les ) .  The 54.96-GHz [nap (lower l e f t )  c o n t a i n s  rad iosonde  
v a l u e s  and rad iosonde  winds a t  700 m b  ( f u l l  b a r b s  = 10 k n ) ;  t h e  
s t r a i g h t  dashed l i n e  i n d i c a t e s  MSU n a d i r  viewing p o s i t i o n s .  
The 57.95-GHz map (lower r i g h t )  c o n t a i n s  rad iosonde  v a l u e s  and 
5 0 mb rad iosonde  winds. 
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T h i s  reduces the  258 K contour  t o  256 K i n  t h e  neighborhood of t h e  hu r r i -  
cane,  making it t h e  lowest va lue  on the map. S ince  the purpose of t h i s  
pa r t  of the  s tudy  is  t o  compare the  measured a g a i n s t  the computed 
b r i g h t n e s s  temperatures ,  it w a s  decided not t o  d i s t o r t  t he  53.74-GHz 
contours  by s u b t r a c t i n g  ou t  t h e  temperature  e f f e c t  i n f e r r e d  from the 54.96- 
GHz measurements. However, it is evident  t h a t  to  o b t a i n  better comparisons 
wi th  t h e  radar data, p a r t i c u l a r l y  near  t h e  hu r r i cane  c e n t e r ,  such 
tempera ture  effects  should be cor rec ted .  

A s  mentioned above, the  54.96-GHz measurements d i sp l ay  the  w a r m  core 
tempera ture  s t r u c t u r e  ou t  t o  about a 5O r a d i u s  of t h e  hu r r i cane  center .  
Some i n d i c a t i o n  of t h e  warm-core f e a t u r e  is a l s o  ev ident  from t h e  radiosonde 
da ta .  A t  t h i s  p a r t i c u l a r  t i m e ,  only one radiosonde report near  t h e  hu r r i cane  
c e n t e r  provided a complete enough sounding f o r  computation purposes.  Th i s  
s t a t i o n  i n  Key West, Florida (Sta. 201 i n  f i g u r e  6 )  r e s u l t s  i n  a b r igh tness  
tempera ture  of 232.5 K, which is l a r g e r  than  t h e  o the r  more d i s t a n t  va lues  
by about 1 K. (See a l s o  f i g .  12.) Note t h a t  a s imilar  inc rease  is 
observed f o r  t he  53.74-GHz channel between i ts  radiosonde value of 261.0 K 
and the  other more remote values .  However, i n  t h e  case of the  54.96-GHz 
obse rva t ions ,  t h e r e  is a d i s p a r i t y  between the  measured and computed 
b r i g h t n e s s  temperatures.  Everywhere, t h e  measurements are lower than  t h e  
computations with an average va lue  of 2.9 K based on a l l  t h e  comparisons 
made i n  t h i s  s tudy  (shown la te r ) .  , T h i s  b i a s  has  a l s o  been observed from 
o t h e r  i n v e s t i g a t i o n s  us ing  TIROS-N MSU data3  and is p r e s e n t l y  unexplained, 
a l though i t  appears  ins t rumenta l  i n  o r i g i n .  The 54.96-GHz measurements 
p l o t t e d  i n  f i g u r e  12 are corrected f o r  t h i s  2.9 K bias. 

I t  is i n t e r e s t i n g  t o  cons ider  t h e  more re la t ive  measurement of b r i g h t n e s s  
tempera ture  g rad ien t  and t o  compare it with t h e  computed va lues  based on 
radiosonde winds. T h i s  is f irst  examined q u a l i t a t i v e l y  by comparing t h e  
i so therm p a t t e r n  w i t h  t h e  700 m b  radiosonde winds (shown schemat ica l ly  on 
t h e  same 54.96-GHz map). The t w o  c lose- in  winds show s t r o n g  cyc lonic  
cu rva tu re  which fo l lows  t h e  229 K contour  reasonably w e l l .  There is  a l s o  a 
s imi la r  correspondence between t h e  wind d i r e c t i o n s  and t h e  isotherm p a t t e r n  
a t  d i s t a n c e s  far from the hur r i cane  cen te r .  A more q u a n t i t a t i v e  assessment 
of t h e  g r a d i e n t  comparison w i t h  the wind data w i l l  be discussed la ter .  The 
reason f o r  the 700 m b  c o r r e l a t i o n  w i l l  also become more ev iden t  from the 
la te r  ana lys i s .  

Of a l l  t h e  MSU channels ,  t h e  h i g h e s t  peaking channel a t  57.95 GHz appears  
l e a s t  a f f e c t e d  by t h e  hur r icane .  Th i s  w a s  f i r s t  demonstrated from t h e  
sample measurements i n  f i g u r e  5 and then by t h e  in t roduc to ry  computations of 
t h i s  s ec t ion .  I t  is t h e r e f o r e  not  s u r p r i s i n g  t o  f i n d  only minor v a r i a t i o n s  
i n  t h e  contours  around t h e  hu r r i cane  cen te r .  Of a l l  t he  contours ,  the  208.5 
K va lue  shows the  l a r g e s t  v a r i a t i o n  and w i l l  be examined f u r t h e r  a t  t h e  
nex t  observa t ion  per iod.  Compared w i t h  the  radiosonde va lues ,  t h e  57.95-GHz 
measurements d i sp l ay  a similar inc rease  i n  b r igh tness  temperature  with 
i n c r e a s i n g  l a t i t u d e .  However, t h e  measurements are lower everywhere 
compared t o  t h e  computed values .  From t h e  complete set of radiosonde 
comparisons presented  later,  a bias of 0.6 K i s  determined, where t h e  
measurements shown i n  f i g u r e  12 are  c o r r e c t e d  for t h i s  b ias .  However, i n  
a d d i t i o n  t o  t h e  b i a s ,  t h e  57.95-GHz measurements are later found t o  be more 
v a r i a b l e  r e l a t i v e  t o  the  radiosonde data than t h e  54.96-GHz r e s u l t s .  

Grody, N.C., 1979: MSU Cal ib ra t ion .  Memo f o r  the  record, 4 pp. 
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By comparing t h e  i s o t h e r m  p a t t e r n  a t  57.95 GHz w i t h  t h e  winds a t  d i f f e r e n t  
p r e s s u r e  l e v e l s ,  it is g e n e r a l l y  found t h a t  t h e  best c o r r e l a t i o n  o c c u r s  f o r  
t h e  50-mb l eve l .  A sample of such comparat ive data is  given l a t e r  t o g e t h e r  
w i t h  a d i s c u s s i o n  on t h e  wind and g r a d i e n t  r e l a t i o n s h i p  f o r  t h i s  channel .  
T h i s  correspondence between t h e  wind d i r e c t i o n s  a t  5 0  mb and t h e  i s o t h e r m  
p a t t e r n  is shown h e r e  by r e f e r r i n g  t o  t h e  57.95-GHz map. The rad iosonde  
winds a t  50 m b  are plot ted s c h e m a t i c a l l y  and f o l l o w  the isotherm p a t t e r n  
q u i t e  w e l l  th roughout  t h e  map. 

3.2.2 September 3, 2000 GI4T 

A s  e v i d e n t  from F i g u r e s  4 and 6 ,  David s t r u c k  t h e  F l o r i d a  coastl j u s t  
n o r t h  of Palm Beach a t  about  t h i s  t i m e ,  wi th  a c e n t r a l  pressure d e c r e a s i n g  
t o  about  972 mb. The b r i g h t n e s s  tempera ture  f i e l d s  are d i s p l a y e d  i n  f i g u r e  
9 a l o n g  w i t h  t h e  rad iosonde  data and a r a d a r  summary m a p  f o r  comparison. 

A t  t h i s  t i m e ,  seven rad iosondes  had o b t a i n e d  a complete enough sounding 
f o r  computing t h e  53.74-GHz b r i g h t n e s s  t e m p e r a t u r e s  w i t h i n  about a 7O 
r a d i u s  of t h e  h u r r i c a n e .  Three of them are p o s i t i o n e d  around t h e  259 K 
c o n t o u r  which sur rounds  t h e  h u r r i c a n e  ( S t a .  210, 213, 208)  and are 
p a r t i c u l a r l y  u s e f u l  f o r  examining t h e  channel  measurements. Observe t h a t  
a l l  t h r e e  v a l u e s  are greater t h a n  t h e  259 K c o n t o u r  v a l u e ,  w i t h  t h e  larcjest 
d i f f e r e n c e  b e i n g  n e a r l y  2 K a t  Tampa, F l o r i d a  ( S t a .  2 1 0 ) .  The o t h e r  two 
r a d i o s o n d e s  are f a r t h e r  from t h e  h u r r i c a n e  and are only  about  1 K l a r g e r  
t h a n  t h e  measurements. These d i f f e r e n c e s  arise mainly due too p r e c i p i t a t i o n  
w i t h i n  t h e  f i e l d  of view which lowers t h e  b r i g h t n e s s  t e m p e r a t u r e  
measurements. The l a r g e r  d i f f e r e n c e  observed  i n  Tampa, F l o r i d a  probably  
occurs beceause of more e x t e n s i v e  prec ip i ta t ion  w i t h i n  t h e  viewing area. 
As b e f o r e ,  t h e  r e g i o n  w i t h  contour values  less t h a n  259 K i s  too remote f o r  
comparison w i t h  rad iosonde  data and must be examined q u a l i t a t i v e l y  u s i n g  
r a d a r  in format ion .  

The lowes t  contour  va lues  of 257 and 258 K (above  t h e  h u r r i c a n e  c e n t e r )  
are r o t a t e d  c o u n t e r c l o c k w i s e  re la t ive  t o  the previous case, This a g r e e s  
w i t h  t h e  change i n  t he  l e v e l - 3  r a d a r  c o n t o u r  w e s t  of t h e  h u r r i c a n e  which 
also d i s p l a y s  a s i m i l a r  r o t a t i o n  a t  t h i s  t i m e .  I t  is  once more found t h a t  
t h e  l a r g e r  257 K c o n t o u r ,  located f a r t h e r  eas t l  e x t e n d s  beyond t h e  r a d a r  
range.  Also, t e m p e r a t u r e  e f f e c t s  must a g a i n  be accounted f o r  n e a r  t h e  
c e n t e r  of t h e  h u r r i c a n e .  T h i s  would e x p l a i n  t h e  l a r g e r  b r i g h t n e s s  tem- 
p e r a t u r e  rneasuremcnts n e a r  t h e  c e n t e r  (258  K) and t h e  rcason for  s e p a r a t i o n  of  
t h e  257 K c o n t o u r  from t h e  l e v e l - 3  r a d a r  c o n t o u r  s u r r o u n d i n g  t h e  h u r r i c a n e  c r ? ~ i t c . r  

A second r e g i o n  c o n t a i n i n g  257 and 258 K c o n t o u r s  e x i s t s  i n  t h e  upper l e f t  
c o r n e r  of t h e  53.74-GHz map. This area is i c l e n t i f i e d  by d brighi- c:louc.i 
p a t t e r n  i n  t h e  i n f r a r e d  image ( f i g .  4 )  and by a l i n e  of r a d a r  echos 
b e g i n n i n g  around t h e  nor thwes t  s e c t i o n  of Georgia .  Although tlie lower 
c o n t o u r  v a l u e  of 257 K i s  e v i d e n t l y  due t o  p r e c i p i t a t i o n ,  t h e  c:hnr:nal d ..-* 

responds  t o  t h e  c o l d e r  te ingera turcs  accompanying t h e  convect. i. ve sy:. tm. 
T h i s  is s u p p o r t e d  by t h e  c l o s e  comparison between th:; ?.'if3 .6 K r a d j . c \ s c \ : i ( i i >  
v a l u e  i n  Athens,  G e o r g i a  (Sta. 311) which l ies  on t h e  259  K contour. 
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Figure 9. A s  i n  f igure 8 except for MSU measurements on September 3, 
2000 GMT. Radar data a t  2035 GMT, radiosonde data on 
September 4 ,  0000 GMT. 
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The t w o  h i g h e s t  contour  v a l u e s  of 260.5 K a re  i n  the  c l e a r e r  areas north-  
w e s t  and s o u t h  of t h e  h u r r i c a n e  ( f i g u r e  4 ) .  These contour  v a l u e s  are 
l a r g e r  t h a n  t h e  260 K background l e v e l  and are examples of b r i g h t n e s s  teni- 
p e r a t u r e  measurements responding  t o  t h e  warm-core tempera ture  s t r u c t u r e  of 
t h e  h u r r i c a n e .  T h i s  is e v i d e n t  from t h e  comparisons wi th  t h e  54.96-GHz 
measurements t h a t  reveal t h e  h o r i z o n t a l  e x t e n t  of t h e  warm-core s t r u c t u r e  
t h r o u g h o u t  the h u r r i c a n e .  Both areas c o n t a i n i n g  t h e s e  260.5 K c o n t o u r s  a r e  
w i t h i n  the warm-core r e g i o n  ( a p p r o x i m a t e l y  d e f i n e d  by t h e  s i z e  of t h e  229 K 
c o n t o u r  a t  54.96 GHz) and are comparable wi th  t h e  ne ighbor ing  rad iosonde  
v a l u e s .  

Comparing the 54.96-GHz imps i n  f i g u r e s  8 and  9 ,  w e  observe  a 1.5 K 
i n c r e a s e  i n  t h e  maximum c o n t o u r  v a l u e  (from 230 K t o  231.5 K ) .  Compared t o  
t h e  p r e v i o u s  t i m e ,  t h e  230 K c o n t o u r  has  also expanded i n  s i z e  from a 0.5O 
r a d i u s  t o  about  a 1.5O r a d i u s .  T h i s  s u g g e s t e d  i n c r e a s e  i n  h u r r i c a n e  
i n t e n s i t y  is p a r t l y  suppor ted  by t h e  2 m b  d e c r e a s e  i n  c e n t r a l  p r e s s u r e  
reported about  t h i s  t i m e .  
t h e  229.5 K c o n t o u r  have v a l u e s  greater t h a n  or e q u a l  t o  t h e  ear l ier  
r e s u l t s .  The rad iosonde  v a l u e s  i n  Waycross, Georg ia  ( S t a .  213)  and 
A p p a l a c h i c o l a ,  F l o r i d a  ( S t a .  220)  are b o t h  about  0.7 K l a r g e r  t h a n  t h e  
p r e v i o u s  v a l u e s  and a g r e e  w i t h  t h e  change i n  t h e  c o n t o u r  v a l u e s  n e a r  t h e  
s t a t i o n s  as w e l l  as t h e  measurements shown i n  f i g u r e  12. The rad iosonde  i n  
Key West, F l o r i d a  (Sta.  201)  reports no s i g n i f i c a n t  change i n  t h e  computed 
v a l u e s  a t  t h e  t w o  times and a lso a g r e e s  w i t h  t h e  measurements d i s p l a y e d  i n  
f i g u r e  12 as w e l l  as w i t h  the d i f f e r e n t  contour  maps. 

A l s o ,  t h e  t h r e e  rad iosondes  p o s i t i o n e d  around 

Although t h e  t h r e e  r a d i o s o n d e s  around t h e  h u r r i c a n e  compare reasonably  
w e l l  w i t h  t h e  measurements, f i g u r e  12 shows a l a r g e  d i f f e r e n c e  a t  t h i s  t i m e  
i n  Athens,  Georgia .  Compared t o  t h e  earlier t i m e ,  t h e  54.96-GHz measure- 
ments are about  0.5 K w a r m e r  whi le  t h e  rad iosonde  v a l u e  is almost unchanged. 
A s  mentioned above, t h i s  r e g i o n  c o n t a i n s  c o n v e c t i v e  e lements  which, because  
of  t h e i r  dynamic c h a r a c t e r i s t i c s ,  can l e a d  t o  l a r g e  tempera ture  d i f f e r e n c e s  
o v e r  t h e  4-h period between t h e  MSU and rad iosonde  o b s e r v a t i o n s .  A s  
w e  shall see, the d i f f e r e n c e s  are less between the t w o  t y p e s  of o b s e r v a t i o n s  
a t  l a te r  t i m e s  when the  system has dissipated. 

AS d i s c u s s e d  b e f o r e ,  t h e  700 m b  winds a l s o  r e f l e c t  t h e  p a t t e r n  of t h e  
54.96-GHz measurements. A l l  wind o b s e r v a t i o n s  w i t h i n  t h e  229 K c o n t o u r  
d i s p l a y  t h e  c y c l o n i c  c i r c u l a t i o n  of the h u r r i c a n e  and f o l l o w  t h e  
isotherm p a t t e r n .  I t  is c o n s i s t e n t l y  found throughout  t h i s  s t u d y  t h a t  t h e  
700 m b  wind d i r e c t i o n s  are an  e x c e l l e n t  i n d i c a t o r  of the b r i g h t n e s s  
t e m p e r a t u r e  p a t t e r n ,  e s p e c i a l l y  those c o n t o u r s  having v a l u e s  less t h a n  or 
e q u a l  t o  229 K. 

The 57.95-GHz measurements are n o t  as c o n s i s t e n t  wi th  t h e  rad iosonde  
v a l u e s  as are t h e  lower sounding channels .  I n  p a r t i c u l a r ,  t h e  computed b r i g h t -  
n e s s  t e m p e r a t u r e  a t  Key West, F l o r i d a  ( S t a .  201)  is  0.9 K lower t h a n  t h e  
p r e v i o u s  t i m e ,  a l t h o u g h  t h e  contour  v a l u e  reinains close t o  209 K a t  both 
t i m e s .  T h i s  d i s p a r i t y  is also noted  i n  f i g u r e  12 which shows a much l a r g e r  
change for the rad iosonde  v a l u e s  i n  Key West, F l o r i d a  t h a n  i n  t h e  
c o r r e s p o n d i n g  measurements. However, u n l i k e  t h e  measurements, the  change i n  
t h e  rad iosonde  v a l u e  is also seen  t o  be much l a r y e r  t h a n  t h a t  computed f o r  
t h e  54.96-GHz channel .  It  a p p e a r s  u n l i k e l y  tha t  t h e  s t r a t o s p h e r i c  channel  
s h o u l d  exceed t h e  v a r i a t i o n s  of t h e  t r o p o s p h e r i c  channel .  (For example see 
f i g u r e  7 ) .  
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As such, t h i s  v e r t i c a l  incons is tency  is poss ib ly  due t o  radiosonde e r r o r s  i n  
t h e  s t r a t o s p h e r i c  measurements. One can  a l s o  a n t i c i p a t e  greater mismatch 
between t h e  MSU measurements and radiosonde data i n  t h e  s t r a t o s p h e r e  due t o  
a s l a n t  i n  the  radiosonde t r a j e c t o r y  and t h e  4-h t i m e  d i f f e r e n c e  between 
the t w o  types  of measurements. Fu r the r  s t u d i e s  must be conducted t o  better 
i s o l a t e  t h e  source of t h i s  d i s p a r i t y .  

Compared t o  t h e  prev ious  t i m e ,  t h e  v a r i a t i o n s  i n  t h e  isotherm p a t t e r n  a t  
57.95 GHz now extends  northward t o  t h e  210 K contour .  There is  also an 
i n c r e a s e  i n  b r i g h t n e s s  temperature  near  t h e  hu r r i cane  cen te r ,  sugges t ing  a 
possible expansion i n  t h e  v e r t i c a l  as w e l l  as h o r i z o n t a l  s t r u c t u r e  o f  t h e  
warm core. As befo re ,  the i s o t h e r m  p a t t e r n  fo l lows  the  50 m b  winds a t  all. 
l a t i t u d e s .  

3.2.3 September 4 ,  0900 GMT 

Hurr icane  David has  now moved s l i g h t l y  o f f  t h e  F l o r i d a  c o a s t  ( f i g .  6 )  
wi th  about a 1 m b  drop i n  c e n t r a l  p re s su re  t o  971 mb. Also, t h e  i n f r a r e d  
image i n  f i g u r e  4 shows an open eye  wi th  less c i r r u s  coverage than pre- 
v ious ly .  F igu re  10 c o n t a i n s  t h e  r e s u l t s  f o r  t h i s  t i m e  period and w i l l  be 
compared wi th  t h e  ea r l i e r  observa t ions .  

Coinpared wi th  t h e  53.74-GHz maps shown i n  f i g u r e s  8 and 9 ,  t h e r e  appears 
t o  be a merging of t h e  two 257 K contours  i n t o  an e longated  d i s t r i b u t i o n  t h a t  
i s  f u r t h e r  rotated counterclockwise.  The 257 and 258 K contours  which bound 
t h i s  d i s t r i b u t i o n  are reproduced as before  on t h e  r ada r  map f o r  comparison. 
I n  gene ra l ,  t h e  258 K contour  enc loses  t h e  level-3 radar contour  no r th  of 
t h e  hu r r i cane ,  while  t h e  257 K contour  l ies mainly w i t h i n  t h e  level-3 
i n t e n s i t y  region.  However, a t  t h i s  t i m e ,  a level-5 con tour  is a l s o  
observed and co inc ides  with t h e  lowest  b r i g h t n e s s  temperature  contour  of 
255 K. T h i s  255 K contour  is t h e  lowest  va lue  found dur ing  t h e  complete 
s tudy  and occurs  j u s t  o f f  t h e  Caro l ina  c o a s t  b e l o w  the Char les ton  
rad iosonde  s t a t i o n  (S ta .  2 0 8 ) .  I n  f a c t ,  t h i s  s t a t i o n  d i d  not  r e p o r t  a 
sounding above 400 m b ,  so t h a t  b r i g h t n e s s  tempera tures  could not  be computed 
f o r  any channel.  More complete soundings w e r e  ob ta ined  i n  the less a c t i v e  
areas. 

The clearer area w e s t  of t h e  hu r r i cane  ( f i g .  4) con ta ins  t he  largest 
contour  va lue  of 261 K. Surrounding t h i s  contour  is a 260.5 K contour  which 
a c t u a l l y  goes around the  hu r r i cane  c e n t e r  and ag rees  t o  wi th in  0.5 K w i th  
t h e  radiosonde va lue  located on t h i s  contour .  AS e v i d e n t  from t h e  54.96- 
GHz map, those  contour  va lues  l a r g e r  t han  260 K a re  a response of t h e  
53.74-GHz channel t o  the  h u r r i c a n e ' s  warm-core s t r u c t u r e .  The o t h e r  260.5 K 
contour  l o c a t e d  south  of t h e  hu r r i cane  also agrees c l o s e l y  w i t h  the  radiosonde 
va lue  o€ 260.7 K shown. T h i s  c l e a r  reg ion  is  f a r t h e r  from t h e  hu r r i cane  
c e n t e r  an$ i n d i c a t e s  a smaller p e r t u r b a t i o n  due to  t h e  hu r r i cane ,  
c o n s i s t e n t  wi th  t h e  r educ t ion  of t h e  warm-core tempera ture  shown by the  
54.96-GHz m a p .  Also, t he  b r i g h t n e s s  temperature  around t h e  c e n t e r  is 
greater than the  259 K va lue  found p rev ious ly ,  sugges t ing  less l i q u i d  water 
t h a n  i n  t h e  o t h e r  two cases. T h i s  is suppor ted  by t h e  i n f r a r e d  image which 
shows less c loud  coverage on t h e  western s i d e  of t h e  hu r r i cane  compared t o  
t h e  o t h e r  images. 
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Figure 10 .  A s  i n  f i g u r e  8 except  f o r  MSU measurements on September 4 ,  
0900 GNT. Radar data a t  0835 GMT, radiosonde data a t  1200 GMT. 
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A t  54.96 GHz, t h e  measurements close t o  the  hur r icane  cen te r  have s imilar  
appearance t o  t h a t  of t h e  prev ious  t i m e .  There is  only a 0.5 K decrease i n  
t h e  maximum contour  value (from 231.5 t o  231 K) and no s u b s t a n t i a l  decrease 
i n  t h e  s i z e  of the 230 K contour.  A more q u a n t i t a t i v e  measure of t h e  
b r i g h t n e s s  temperature  p a t t e r n  is  given by t h e  r a d i a l  d e r i v a t i v e  of t h e  
b r i g h t n e s s  temperature and w i l l  be presented  l a t e r  f o r  comparison. The 
n e a r l y  cons t an t  maximum contour  va lue  appears  c o n s i s t e n t  with t h e  r e l a t i v e l y  
small decrease i n  c e n t r a l  p re s su re  observed fo l lowing  l a n d f a l l .  However, 
t h i s  agreement may be f o r t u i t o u s  s i n c e  t h e  e f f e c t s  of h o r i z o n t a l  averaging 
can s o m e t i m e s  l e a d  t o  ambigui t ies  when comparing measurements a t  d i f f e r e n t  
t i m e s  (Rosenkranz e t  a l . ,  1978).  I n  a d d i t i o n  t o  t h e  a l r eady  mentioned 
b i a s ,  t h e  e f f e c t s  of h o r i z o n t a l  r e s o l u t i o n  on t h e  measurements can be iden- 
t i f i e d  from the  radiosonde comparisons a t  t h i s  t i m e .  

The radiosonde i n  Waycross, Georgia (S ta .  2131, which is  closest t o  t h e  
hu r r i cane ,  has a value of 233.1 K bu t  is separa ted  from t h e  232.2 K value 
i n  Tampa, F l o r i d a  (S ta .  210) by only a 0.5 K contour  i n t e r v a l  r a t h e r  than a 
1 K i n t e r v a l .  A s imi l a r  d i s p a r i t y  i s  noted between t h e  radiosonde i n  
Athens, Georgia  (S ta .  311) which has  a va lue  of 232.3 K and is  sepa ra t ed  
from t h e  233.1 K va lue  i n  Waycross, Georgia  by less than  a 0.5 K contour  
i n t e r v a l .  I t  is reasonable  t o  asssume t h a t  t h e  h o r i z o n t a l  smoothing due t o  
t h e  110-km MSU r e s o l u t i o n  is p a r t l y  r e spons ib l e  f o r  t h e  reduct ion  i n  
ampli tude near t h e  hu r r i cane  cen te r .  Th i s  is a l s o  ev iden t  from t h e  
comparisons of t h e  temporal changes shown i n  f i g u r e  1 2 .  The radiosonde 
values i n  Waycross, Georgia i n c r e a s e  more than  t h e  measurements. N o  such 
comparison can be made between t h e  changes observed i n  Athens, Georgia 
because of the  incons is tency  found a t  t h e  ear l ie r  t i m e  between the  measured 
and computed values.  A s  shown later,  t h e  in f luence  of h o r i z o n t a l  averaging  
on t h e  measurements is more apparent  when comparing t h e  d e r i v a t i v e  of t h e  
b r i g h t n e s s  temperature  measurements wi th  t h e  radiosonde computed values .  
However, a l though t h e  magnitude of t h e  b r igh tness  temperature change is  
g e n e r a l l y  underest imated near  t h e  hu r r i cane  c e n t e r ,  t h e  isotherm p a t t e r n  
compares w e l l  wi th  t h e  700 m b  wind d i r e c t i o n s  throughout t h e  hur r icane .  
Except f o r  t h e  reg ion  beyond t h e  229 K contour ,  a l l  wind d i r e c t i o n s  fol low 
t h e  isotherm p a t t e r n .  

Larger  d i f f e r e n c e s  are observed f o r  t h e  57.95-GHz measurements when com- 
pa red  a g a i n s t  t h e  radiosonde computed b r i g h t n e s s  temperatures. From 
figure 12, t h e  change i n  t h e  radiosonde va lues  a t  Waycross, Georgia and Key 
West, F l o r i d a  i s  seen t o  be l a r g e r  than  t h e  measurements and i n  t h e  
oppos i t e  d i r e c t i o n .  Also, t h e  radiosonde va lue  i n  West Palm Beach i s  much 
l a r g e r  than t h e  measurement (even a f t e r  applying t h e  0 .6  K average b i a s  
c o r r e c t i o n  t o  t h e  measurements). A s  before ,  w e  a s s o c i a t e  t hese  d i f f e r e n c e s  
t o  e r r o r s  i n  t h e  radiosonde sounding and t o  t h e  e f f e c t s  r e s u l t i n g  from 
mismatch. 

The isotherm p a t t e r n  f o r  t h e  57.95-GHz channel is p a r t i c u l a r l y  r evea l ing  
a t  t h i s  t i m e .  Due t o  t h e  northward movement of t h e  hu r r i cane ,  w e  now observe 
v a r i a t i o n s  i n  t h e  210.5 K contour  as w e l l  as the  lower contour values  
observed previous ly .  However, u n l i k e  t h e  s ~ m l l  p e r t u r b a t i o n s  found ear l ie r ,  
a large-amplitude l o n g i t u d i n a l  wave is observed i n  t h e  contour  v a r i a t i o n .  
T h i s  is  ba re ly  ev ident  from the  210 K contour  a t  t h e  prev ious  t i m e .  A s  
a n t i c i p a t e d ,  t h e  50 mb radiosonde winds fol low t h e  isotherm p a t t e r n  as 
hef o r e ,  a l though an i n s u f f i c i e n t  number of observa t ions  are a v a i l a b l e  t o  
compare t h e  wavelike p a t t e r n  i n  t h e  measurements. 
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3.2.4 September 4 ,  2000 GMT 

T h i s  l a s t  set of data cor responds  t o  t h e  t i m e  when David approached t h e  
Georgia  coast ( f i g u r e  6 )  a t  Savannah Beach w i t h  a 1-mb d e c r e a s e  i n  
c e n t r a l  p r e s s u r e  t o  970 mb. According t o  s u r f a c e  reports, t h e  maximum winds 
remained a t  n e a r l y  85  kn (42 m / s )  f rom t h e  t i m e  David l e f t  Florida u n t i l  it 
approached Georgia  ( H e b e r t ,  1980 1. However, as shown below, t h e  b r i g h t n e s s  
t e m p e r a t u r e  measurements i n d i c a t e  a n  expansion of t h e  warm-core s t r u c t u r e  
a s  a r e s u l t  of possible o r o g r a p h i c  e f f e c t s .  

The 53.74-GHz measurements i n  f i g u r e  11 show a minimum contour  v a l u e  of 
257 K compared t o  t h e  255 K minimum found p r e v i o u s l y .  T h i s ,  a t  f i r s t ,  
appears i n c o n s i s t e n t  w i t h  t h e  radar summary map s i n c e  t h e  leve l -5  radar 
i n t e n s i t y  r e g i o n  is  n e a r  t h e  same l o c a t i o n  a t  both t i m e s .  I n  f a c t ,  a t  t h i s  
l a t e r  t i m e ,  t h e  maximum i n t e n s i t y  r e g i o n  is e l o n g a t e d  f a r t h e r  northward and 
c o v e r s  a l a r g e r  area; a p o r t i o n  is u n f o r t u n a t e l y  obscured by t h e  “257” 
symbol on t h e  radar map. T h i s  2 K d i f f e r e n c e  i n  t h e  measured b r i g h t n e s s  
t e m p e r a t u r e  for  t h e  same radar i n t e n s i t y  is e x p l a i n e d  by c o n s i d e r i n g  t h e  
e f f e c t  of tempera ture  on t h e  measurements. R e f e r r i n g  t o  t h e  54.96-GHz m a p ,  
one o b s e r v e s  an expans ion  of t h e  230 K c o n t o u r  t o  more t h a n  double t h e  s i z e  
o f  t h e  p r e v i o u s  t i m e .  T h i s  l a r g e r  warm-core s t r u c t u r e  p r o v i d e s  more 
t e m p e r a t u r e  compensation f o r  t h e  e f f e c t  of l i qu id  water and t h e r e b y  r e s u l t s  
i n  h i g h e r  b r i g h t n e s s  temperatures t h a n  p r e v i o u s l y  obta ined .  The rad iosonde  
comparisons enable a more direct  measure of p r e c i p i t a t i o n  e f f e c t s .  Note 
t h a t  t h e r e  is a 2.8 K decrease i n  t h e  53.74-GHz b r i g h t n e s s  t e m p e r a t u r e  a t  
t h e  nor thernmost  p o s i t i o n  of t h e  257 K c o n t o u r  when compared w i t h  t h e  
r a d i o s o n d e  v a l u e  of 259.8 K. T h i s  rad iosonde  report i n  Greensboro,  North 
C a r o l i n a  ( S t a .  3 1 7 )  i s  j u s t  n o r t h  of t h e  maximum r a d a r  i n t e n s i t y  contour  
( l e v e l - 5 ) .  The 2.8 K d i f f e r e n c e  i s  t h e  l a r g e s t  r e p o r t e d  i n  t h i s  s t u d y  and 
i s  due t o  l i q u i d  water a t t e n u a t i o n .  Also, s i n c e  t h e  rad iosonde  v a l u e s  
l o c a t e d  between t h e  259 and 260 K c o n t o u r s  are a l l  more t h a n  1 K l a r g e r  
t h a n  t h e  measurements, t h e s e  o b s e r v a t i o n s  must c o n t a i n  t h e  e f f e c t  of l i q u i d  
water. I n  contrast  to  t h e s e  d e c r e a s e s  i n  t h e  b r i g h t n e s s  temperature 
measurements,  an increase is shown i n  t h e  clearer r e g i o n s  s o u t h  of t h e  
h u r r i c a n e  ( f i g u r e  4 ) .  The l a r g e s t  c o n t o u r  v a l u e  of 261 K compares e x a c t l y  
w i t h  t h e  rad iosonde  v a l u e  on t h e  contour .  A s imi l a r  o b s e r v a t i o n  is  noted 
i n  t h e  case of t h e  t w o  260.5 K c o n t o u r s ,  where t h e  d i f f e r e n c e s  between t h e  
measured and computed v a l u e s  are about  0.5 K. 

As with  t h e  54.96-GHz maps i n  f i g u r e s  9 and 10 , t h e  maximuin c o n t o u r  v a l u e  
d e v i a t e s  by 2 0.5 K f r o m  t h e  231 K a v e r a g e  value.  T h i s  appears to  a g r e e  
w i t h  t h e  small changes i n  c e n t r a l  p r e s s u r e  d u r i n g  t h e  24-h p e r i o d ,  
a l t h o u g h ,  as mentioned before, t h e  maximum anomaly measured by t h e  MSU c a n  
a l so  be a f f e c t e d  by changes i n  t h e  s i z e  of t h e  eye  r e g i o n  due t o  t h e  
h o r i z o n a l  a v e r a g i n g  e f f e c t .  The e f f e c t  of h o r i z o n t a l  a v e r a g i n g  is once 
more e v i d e n t  by comparing t h e  spa t i a l  v a r i a t i o n  of t h e  measured and 
computed b r i g h t n e s s  t e m p e r a t u r e s  around t h e  h u r r i c a n e  c e n t e r .  Observe t h a t  
t h e  rad iosonde  i n  Waycross, Georg ia  (which is closest t o  t h e  h u r r i c a n e )  h a s  
a 233.8 K v a l u e  and i s  l o c a t e d  on t h e  230.5 K c o n t o u r ,  whi le  t h e  rad iosonde  
i n  Athens,  Georgia  h a s  a 232.8 K v a l u e  but  i s ,  i n  f a c t ,  shown closer t o  t h e  
231 K c o n t o u r  va lue .  More evidence  of t h e  h o r i z o n t a l  a v e r a g i n g  e f f e c t  w i l l  
b e  p r e s e n t e d  la ter .  
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Fiaure 11. As in figure 8 except for  I G U  m e a s u r e m e n t s  on September 4 ,  
2000 GMT. Radar data a t  2’335 GPlT, radiosonde data on 
September 5 ,  0000 GMT. 
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The c lose  correspondence between t h e  7 0 0  m b  wind d i r e c t i o n s  and the 
i so therm p a t t e r n  he lps  t o  s u b s t a n t i a t e  t h e  ex tens ive  warm-core s t r u c t u r e  
measured a t  t h i s  t i m e .  N o  such evidence from o t h e r  convent ional  data 
e x i s t s ,  and no mention w a s  made i n  t h e  summary r e p o r t  (Hebert, 1980). One 
gene ra l ly  expec ts  some d i s s i p a t i o n  of t h e  hu r r i cane  as it tracks over land 
as a r e s u l t  of orographic  e f f e c t s .  Th i s  is dep ic t ed  by t h e  expanded 
thermal  p a t t e r n  shown here. 

D i f f e rences  are aga in  observed between t h e  measured and computed values  
a t  57.95 GHz. The d i f f e r e n c e s  are best i d e n t i f i e d  by r e f e r r i n g  t o  f i g u r e  
12 and by f i r s t  comparing t h e  radiosonde va lues  a g a i n s t  one another.  It  
i s  apparent  t h a t  t he  radiosonde value i n  West Palm Beach is  l a r g e r  than t h e  
va lues  e i t h e r  nor th  or south  of t h e  s t a t i o n .  Th i s  same incons is tency  i n  
t h e  l a t i t u d i n a l  v a r i a t i o n  w a s  noted ear l ier  f o r  t h i s  radiosonde s t a t i o n  and 
aga in  does not agree wi th  the  measurements (which show a continuous inc rease  
i n  b r igh tness  temperature  with inc reas ing  l a t i t u d e ) .  The mst s t r i k i n g  
d i f f e r e n c e  i n  t h e  temporal v a r i a t i o n s  is t h a t  shown i n  Waycross, Georgia. 
Although both types  of observa t ions  appear cont inuous i n  t i m e ,  t h e  
measurements give no i n d i c a t i o n  of a decrease f o r  i n c r e a s i n g  t i m e  as i n  t h e  
case of t h e  radiosonde data. I t  appears aga in  t h a t  t h e  radiosonde data i n  
t h e  s t r a t o s p h e r e  i s  not  r e p r e s e n t a t i v e  of the  microwave measurements. 
Although it is d i f f i c u l t  t o  s i n g l e  out  a s p e c i f i c  source of discrepancy,  
t h e  radiosonde p r o f i l e s  f o r  t h i s  s t a t i o n  are, i n  f ac t ,  q u i t e  noisy i n  the 
s t r a t o s p h e r e  ( f i g u r e  7 ) .  This  is i n  c o n t r a s t  t o  t h e  more uniform 
v e r t i c a l  s t r u c t u r e  observed i n  t h e  troposphere.  I t  may be argued t h a t  
t h e s e  temperature  v a r i a t i o n s  above 100 mb are "real", except  t h a t  t h e i r  
corresponding.horizonta1 scale is too  s m a l l  t o  be reso lved  by t h e  MSU. As 
such, the negat ive  changes i n  t h e  computed b r igh tness  temperature  are 
unresolved by t h e  MSU measurements i n  f i g u r e  12. 

With regard t o  t h e  contour  p a t t e r n ,  it is  i n t e r e s t i n g  t o  f i n d  a similar 
l o n g i t u d i n a l  wave as previous ly  observed. From t h i s  and t h e  earlier 
obse rva t ions ,  it is evident  t h a t  t h e  v a r i a t i o n  i n  t h e  contours  propagates  
northwards with t h e  hu r r i cane  movement. The 211 K contour  d i sp l ays  t h e  
wave p a t t e r n ,  where it was ear l ie r  observed i n  t h e  210.5 K contour  and 
p o s s i b l y  i n  the  210 K contour  p a t t e r n  a t  t h e  second observing per iod.  A s  
f o r  t h e  o t h e r  pe r iods ,  no evidence of t h i s  p a t t e r n  is  found from the 
computed b r igh tness  temperatures  o r  from t h e  50 mb radiosonde winds. The 
winds do, however, fo l low t h e  isotherms reasonably w e l l  as before.  

3.3 Summary of Br ightness  Temperature Comparisons with Radiosonde Data 

F igure  13 summarizes t h e  r e s u l t s  of t h e  prev ious  case s t u d i e s  regard ing  
t h e  b r i g h t n e s s  temperature  COmPariSOns with radiosonde data .  The b r igh tness  
temperature  rnesurements f o r  t h e  t h r e e  sounding channels  are p l o t t e d  on 
s e p a r a t e  diagrams a g a i n s t  t he  corresponding radiosonde (RAOB) computed 
va lues .  A s  i n d i c a t e d  by t h e  table i n  f i g u r e  1 3 ,  d i f f e r e n t  symbols are used 
t o  d i s t i n g u i s h  t h e  da t a  obta ined  f o r  t h e  d i f f e r e n t  times. Each sca t te r  
diagram shows the  mean d i f f e r e n c e  and s t anda rd  e r r o r  f o r  t h e  matchups with 
a s o l i d  l i n e  t o  r ep resen t  perfect c o r r e l a t i o n  and a dashed l i n e  t o  de f ine  
t h e  mean d i f f e rence .  
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12. Time cross s e c t i o n s  ( S e p t .  3-5, 1979) of b r i g h t n e s s  
t e m p e r a t u r e s  a t  54.96 GHz ( l e f t )  and 57.95 GHz ( r i g h t )  based 
on  measurements ( s o l i d  l i n e )  and rad iosonde  computat ions 
( d a s h e d  l i n e )  
r a d i o s o n d e  l o c a t i o n s  b u t  are d i s p l a y e d  a t  MSU o b s e r v a t i o n  
t i m e s .  Biases i n  measurements ( f i g u r e  1 3 )  have been removed. 
These  comparisons are f o r  r a d i o s o n d e s  a l o n g  t h e  h u r r i c a n e  
t r a c k  and i n d i c a t e  t h e  l a r g e s t  d i f f e r e n c e s  for  t h e  57.95-GHz 
channel .  

Measurements have been i n t e r p o l a t e d  to  
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Figure 13.  Summay of brightness temperature comparisons with radiosonde 
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the mean difference, standard error and bias line. The 
symbols used i n  the sca t te r  diagrams are defined i n  the 
accompanying table. The largest  standard error occurs for the 
57.95-GHz channels w i t h  the smallest error a t  53.74 GHz 
(excluding precip. cases).  
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The 53.74-GHz measurements in f luenced  by p r e c i p i t a t i o n  (p rev ious ly  
i d e n t i f i e d )  are i n d i c a t e d  on t h e  sca t te r  diagram but  are excluded i n  
o b t a i n i n g  t h e  s ta t is t ics .  The "uncontaminated" data are shown t o  have a 
n e g l i g i b l e  mean d i f f e r e n c e  (-0.26 K) and an equa l ly  small s tandard  e r r o r  
(0.35 K) compared t o  t h e  radiosonde values .  L iquid  water a t t e n u a t i o n  is  
seen  t o  produce lower b r igh tness  temperatures  by as much a t  2.8 K. 
Unfor tuna te ly ,  t he  radiosondes loca ted  i n  p r e c i p i t a t i n g  reg ions  are greater 
than  100 nmi (185 km) from t h e  hu r r i cane  c e n t e r  and t h e r e f o r e  do not pro- 
v i d e  a measure of t h e  maximum p r e c i p i t a t i o n  e f f e c t  on t h e  measurements. 
I t  w a s  p rev ious ly  shown t h a t  b r igh tness  temperature  v a r i a t i o n s  near  t h e  
h u r r i c a n e  c e n t e r  can decrease up t o  5 K r e l a t ive  t o  a 260 K background 
value.  T h i s  p a r t i c u l a r  observa t ion  w a s  ob ta ined  on September 4 a t  0900 GMT 
i n  t h e  level-5 r a d a r  i n t e n s i t y  region. 

The l a r g e  nega t ive  bias i n  t h e  54.96-GHz measurements is q u a n t i f i e d  as 
fol lows:  All measurements e x h i b i t  near ly  t h e  same d i f f e r e n c e  between t h e  
radiosonde values;  t h e  mean d i f f e r e n c e  is -2.88 K wi th  a s tandard  e r r o r  of 
0.48 K. N o  evidence e x i s t s  of p r e c i p i t a t i o n  e f f e c t s  f o r  t h i s  channel. 
S p a t i a l  averaging  can produce e r r o r s  of about 0.5 K i n  a d d i t i o n  t o  any 
in s t rumen ta l  bias. Th i s  h o r i z o n t a l  smoothing e f f e c t  is not  as e a s i l y  
i d e n t i f i e d  here  because t h e  measurements were not  e d i t e d  prior t o  
gene ra t ing  the  statist ics.  However, t h e  two l a r g e s t  measurements ( a l s o  
l a r g e s t  computed va lues )  p l o t t e d  below t h e  bias l i n e  were shown earlier t o  
be a f f e c t e d  by h o r i z o n t a l  smoothing (comparison f o r  Waycross, Georgia,  t h e  
c l o s e s t  s t a t i o n  t o  t h e  hu r r i cane  c e n t e r  a t  t hese  two t i m e s ) .  

The 57.95-GHz measurements d i sp l ay  t h e  l a r g e s t  scat ter  with a s tandard  
e r r o r  of 0.69 K,  which is comparable t o  the  mean d i f f e r e n c e  of -0.62 K. 
T h i s  s t anda rd  e r r o r  is s i g n i f i c a n t l y  greater than  t h e  0 .25  K i n s t r u m e n t a l  
no ise .  I n  a d d i t i o n  t o  radiosonde e r r o r s  and t i m e  d i f f e r e n c e s  r e l a t i v e  t o  
MSU d a t a ,  t h e  d i f f e r e n t  h o r i z o n t a l  scales reso lved  by t h e  MSU and 
radiosonde ins t ruments  can lead t o  a source of d i screpancy .  A l s o ,  i n  t h e  
s t r a t o s p h e r e ,  a greater Inismatch occurs  as a r e s u l t  of t he  s l a n t  pa th  of 
t h e  radiosonde. 
d i f f e r e n t  f a c t o r s .  

Fu r the r  s t u d i e s  are being conducted t o  he lp  i s o l a t e  t hese  

Th i s  concludes the  a n a l y s i s  of t h e  b r igh tness  temperature measurements. 
The fo l lowing  s e c t i o n  examines measurements r e l a t e d  t o  the  b r igh tness  
temperature  grad ien t .  I n  p a r t i c u l a r ,  comparisons w i l l  be made between t h e  
r a d i a l  d e r i v a t i v e  of t he  54.96-GHz measurements and the  values computed 
from radiosonde wind data. The 57.95-GHz g r a d i e n t  measurements w i l l  be 
d i scussed  l a t e r  i n  d i r e c t  r e l a t i o n  t o  wind data. 

32 



4. BRIGHTNESS TEMPERATURE DERIVATIVE 

4.1 Genera l  C o n s i d e r a t i o n s  

Based on t h e  thermal  wind r e l a t i o n s h i p ,  t h e  radial  d e r i v a t i v e  of b r i g h t -  
n e s s  tempera ture ,  a T B / a r ,  is d i r e c t l y  related t o  t h e  v e r t i c a l  weighted 
t a n g e n t i a l  wind (Grody e t  a l . ,  1979); 

R - -  a T B  - [ (< + fv) d2r(pi d l n p  
d l n p  ar 

lnPs 

where v is t h e  t a n g e n t i a l  v e l o c i t y  ( p o s i t i v e  f o r  ,cycle i c  f l o w )  I 

( 2 )  

is  t h e  
d i s t a n c e  from t h e  h u r r i c a n e  c e n t e r ,  f is t h e  Coriol is  parameter, and R i s  t h e  
g a s  c o n s t a n t .  To s i m p l i f y  the n o t a t i o n ,  t h e  f requency  dependence associated 
w i t h  the t r a n s m i t t a n c e  and b r i g h t n e s s  tempera ture  is  n o t  e x p l i c i t l y  shown. 
Also,  the e q u a t i o n  c o n t a i n s  no s u r f a c e  t e r m  s i n c e  it is w r i t t e n  mainly f o r  
t h e  54.96-GHz channel  which h a s  a n e g l i g i b l e  s u r f a c e  wind c o n t r i b u t i o n .  

Observe f r o m  eq. ( 2 )  t h a t  t h e  rad ia l  a c c e l e r a t i o n  term i n  t h e  i n t e g r a n d  
i s  weighted rby the  v e r t i c a l  d e r i v a t i v e  of the  t e m p e r a t u r e  weight ing  func- 
t i o n .  The k e r n e l  -d2 Z ( p ) / d  lnp2 i s  cal led t h e  wind w e i g h t i n g  f u n c t i o n  
s i n c e  it operates ana logous  t o  t h e  tempera ture  w e i g h t i n g  f u n c t i o n  i n  eq. 
(1). However, u n l i k e  eq. ( 1 1 ,  eq. ( 2 )  is  model dependent.  The thermal  
wind r e l a t i o n s h i p  used i n  d e r i v i n g  t h e  e q u a t i o n  assumes s t e a d y - s t a t e  
c o n d i t i o n s .  T h i s  is approximate ly  t r u e  fo r  w e l l  developed m e t e o r o l o g i c a l  
sys tems and has been used for h u r r i c a n e s .  To  be mre a c c u r a t e  i n  u s i n g  eq. 
( 2 ) ,  t h e  radial d i s t a n c e  c o n t a i n e d  i n  the c e n t r i f u g a l  a c c e l e r a t i o n  
component should  be r e p l a c e d  by t h e  r a d i u s  of t r a j e c t o r y  c u r v a t u r e .  Also,  
t h e  t a n g e n t i a l  winds should  exc lude  t h e  component a r i s i n g  from t h e  
h u r r i c a n e ' s  t r a n s l a t i o n a l  motion, For  t h i s  reason ,  o n l y  t a n g e n t i a l  winds 
r e l a t i v e  t o  t h e  s t o r m ' s  movement are used when a p p l y i n g  eq. ( 2  1. Although 
no  p r o v i s i o n s  are made t o  i n c l u d e  the e f f e c t s  of n o n c i r c u l a r  motion of t h e  
a i r  parcel above 1 0 0  m b  where the  winds are less i n f l u e n c e d  by t h e  
h u r r i c a n e  , t h e  c e n t r i f u g a l  a c c e l e r a t i o n  t e r m  is n e g l e c t e d  compared to  t h e  
C o r  i o  lis term. 

T o  i l l u s t r a t e  the t a n g e n t i a l  wind s t r u c t u r e  associated w i t h  h u r r i c a n e s  
and  t h e  cor responding  b r i g h t n e s s  t e m p e r a t u r e  d e r i v a t i v e s  a t  54.96 G H z ,  a 
s i m u l a t i o n  is  performed u s i n g  a r e p r e s e n t a t i v e  sample of rad iosonde  wind 
( HAWIN) data for  H u r r i c a n e  David. For comparison, t h e  same radiosonde 
s t a t i o n  ( S t a .  213  i n  Waycross, G e o r g i a )  i s  used t h a t  provided  t h e  t h e r m a l  
d a t a  d i s p l a y e d  i n  f i g u r e  7. F i g u r e  14 ( r i g h t )  d i s p l a y s  t h e  " r e l a t i v e "  
t a n g e n t i a l  winds o b t a i n e d  from t h e  rad iosonde  d a t a  a t  t h r e e  c o n s e c u t i v e  
o b s e r v a t i o n  t i m e s  beginning  on September 4 a t  0000 GMT and ending  2 4  h 
l a t e r  when David was closest  t o  t h e  s t a t i o n .  The r e l a t i v e  winds are 
o b t a i n e d  by s u b t r a c t i n g  t h e  10  kn ( 5  m/sec) n o r t h e r l y  directed h u r r i c a n e  
motion. The table  above t h e  p r o f i l e s  g i v e s  t h e  rad iosonde  time and 
d i s t a n c e s  of t h e  three soundings from t h e  h u r r i c a n e .  As w i t h  t h e  
t e m p e r a t u r e  p rof i les  i n  f i g u r e  7 ,  these winds are c h a r a c t e r i s t i c  of 
t rop ica l  cyc lones ,  i. e. , s t r o n g e s t  winds towards t h e  c e n t e r  ( p e a k i n g  n e a r  
850 m b )  , v e e r i n g  and becoining more a n t i c y c l o n i c  w i t h  h e i g h t  (Frank ,  1977). 
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Figure 14. Radiosonde t a n g e n t i a l  wind p r o f i l e s  ( r i g h t )  a t  the  same 
l o c a t i o n  (Sta. 213 i n  Waycross, Georg ia)  and t i m e  i n t e r v a l s  as 
t h a t  of f i g u r e  7. Wind weight ing func t ion  computed a t  nadir 
f o r  t h e  54.96-GHz channel is shown f o r  reference ( l e f t ) .  
Table  i n d i c a t e s  radiosonde t i m e s ,  d i s t a n c e  from hurr icane ,  and 
computed radial  d e r i v a t i v e  of b r igh tness  temperature.  
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AS i n d i c a t e d  by eq. (2 1 , the radial  d e r i v a t i v e  of b r i g h t n e s s  tempera ture  
depends on t h e  v e r t i c a l l y  i n t e g r a t e d  t a n g e n t i a l  wind a c c o r d i n g  t o  t h e  wind 
w e i g h t i n g  f u n c t i o n .  F i g u r e  14 ( l e f t )  shows the  wind weight ing  f u n c t i o n  a t  
n a d i r  for the  54.96-GHz channel  which w a s  computed from t h e  d e r i v a t i v e  of 
t h e  t e m p e r a t u r e  w e i g h t i n g  f u n c t i o n  i n  f i g u r e  2. The f u n c t i o n  is  bimodal 
w i t h  the  z e r o  c r o s s i n g  a t  t h e  peak l e v e l  of the tempera ture  weight ing  
f u n c t i o n  and has e q u a l  areas above and b e l o w  the  c r o s s o v e r  p o i n t .  The 
d e r i v a t i v e  c a l c u l a t i o n s  are l i s t ed  i n  t h e  table  of f i g u r e  14 f o r  t h e  
d i f f e r e n t  profiles.  N o t e  t ha t  the  d e r i v a t i v e  is e x p r e s s e d  i n  u n i t s  of 
d e g r e e s  Kelven per 1000  nmi (K/nmi x as it is  throughout  t h i s  s tudy .  
I t  is i n t e r e s t i n g  t o  observe  the l a r g e  changes i n  t h e  d e r i v a t i v e  f o r  what 
a p p e a r s  t o  be small  d i f f e r e n c e s  i n  t h e  wind prof i les  p a r t i c u l a r l y  i n  t h e  
case of t h e  t w o  closest  soundings.  T h i s  arises from t h e  l a r g e  changes i n  
t h e  c e n t r i f u g a l  component of rad ia l  a c c e l e r a t i o n  n e a r  t h e  h u r r i c a n e  c e n t e r .  
Compared to  t h e  b r i g h t n e s s  temperature changes shown i n  t h e  t a b l e  of f i g u r e  
7 ,  t h e  rad ia l  d e r i v a t i v e  is much more v a r i a b l e  n e a r  t h e  h u r r i c a n e  c e n t e r .  
AS such, the  effects  of h o r i z o n t a l  a v e r a g i n g  and i n s u f f i c i e n t  sampling 
a re  expec ted  t o  be more pronounced i n  t h e  d e r i v a t i v e  measurements. 

4.2 Measurements 

F i g u r e  15 p r e s e n t s  the hand-analyzed f i e l d s  of the b r i g h t n e s s  t e m p e r a t u r e  
d e r i v a t i v e  a t  54.96 GHz f o r  t h e  f o u r  o b s e r v a t i o n  t i m e s  of t h i s  s tudy.  
F i n i t e - d i f f e r e n c e  t e c h n i q u e s  are used t o  compute t h e  radial  d e r i v a t i v e  f r o m  
t h e  b r i g h t n e s s  tempera ture  measurements. T h i s  is accomplished by first 
p o s i t i o n i n g  t h e  measurements .on a c y l i n d r i c a l  c o o r d i n a t e  map c e n t e r e d  about  
t h e  h u r r i c a n e  c e n t e r ,  which i s  approximated by the l o c a t i o n  of t h e  maximum 
b r i g h t n e s s  tempera ture .  The measurements are t h e n  i n t e r p o l a t e d  t o  gr id  
p o i n t s  w i t h  50-km e q u a l  s p a c i n g  a l o n g  24 r a d i a l  l i n e s ,  each l i n e  b e i n g  
separated by 15O of azimuth a n g l e ,  A f i v e - p o i n t  smoothing procedure  is 
i n t r o d u c e d  t o  reduce any n o i s e l i k e  v a r i a t i o n s  i n  t h e  b r i g h t n e s s  tempera ture  
f i e l d  pr ior  t o  o b t a i n i n g  t h e  d e r i v a t i v e .  T h i s  smoothing procedure  is found 
t o  only  a l t e r  t h e  d e r i v a t i v e  v a l u e s  f a r  from t h e  h u r r i c a n e  c e n t e r ,  i.e., 
fo r  r e g i o n s  beyond t h e  t h i r d  scan  p o s i t i o n  from n a d i r .  Note t h a t  most of 
t h e  area shown i n  f i g u r e  15 i s  w i t h i n  f o u r  scan p o s i t i o n s  from n a d i r ,  where 
t h e  dashed s t r a i g h t  l i n e  on each map i n d i c a t e s  the  n a d i r  track. Each map 
a l s o  c o n t a i n s  t h e  computed d e r i v a t i v e  v a l u e s  based on eq. ( 2 1 ,  u s i n g  t h e  
r a d i o s o n d e  wind data as p r e v i o u s l y  d e s c r i b e d .  T o  minimize errors i n  t h e  
computat ion,  only t h o s e  rad iosondes  r e p o r t i n g  winds up t o  a t  l eas t  50 m b  
were used. Above t h i s  l e v e l ,  the soundings were c o n t i n u e d  u s i n g  
t i m e - i n t e r p o l a t e d  rad iosonde  data whenever p o s s i b l e .  

A t  t h e  ea r l i e s t  t i m e  of September 3 a t  0900 G m ,  t h e  d e r i v a t i v e  f i e l d  has 
a n  asymmetric s t r u c t u r e  w i t h  larger d e r i v a t i v e s  e x t e n d i n g  farther i n t o  the 
n o r t h e a s t  q u a d r a n t  of t h e  h u r r i c a n e .  T h i s  would i n d i c a t e  l a r g e r  t a n g e n t i a l  
winds i n  t h i s  area. The f o u r  computed v a l u e s  are s e e n  t o  compare reasonably  
w e l l  w i t h  t h e  contour  a n a l y s i s .  Before c o n t i n u i n g  w i t h  t h e  next  period, it 
i s  i n s t r u c t i v e  t o  compare t h i s  d e r i v a t i v e  map w i t h  t h e  b r i g h t n e s s  
t e m p e r a t u r e  map i n  f i g u r e  8. o b s e r v e  t ha t  t h e  l a r g e  d e r i v a t i v e s  i n  t h e  
s o u t h e a s t  c o r n e r  cor respond t o  t h e  t i g h t e r  b r i g h t n e s s  t e m p e r a t u r e  c o n t o u r s  
i n  t h i s  reg ion .  Also, t h e  smallest d e r i v a t i v e s  around t h e  nor thwes t  c o r n e r  
are associated w i t h  t h e  r e l a t i v e l y  uniform b r i g h t n e s s  t e m p e r a t u r e  f i e l d  
there. 
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Figure  15. Radial  d e r i v a t i v e  of 54.96-GHz b r i g h t n e s s  temperature  
measurements a t  ind ica t ed  obse rva t ion  t i m e s .  Each contour  map 
also con ta ins  t h e  computed d e r i v a t i v e s  (K/nmi x based on 
the  radiosonde winds. (See t e x t . )  The s t r a i g h t  dashed l i n e  
r e p r e s e n t s  t h e  nad i r  track. The largest  d i f f e r e n c e s  b e t w e e n  
measured and computed va lues  occur  near t he  hur r icane  c e n t e r  
( i n d i c a t e d  by h ighes t  contour  value 1. 
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The r e s u l t s  1 1  h later are q u i t e  d i f f e r e n t .  Compared w i t h  t h e  p r e v i o u s  
t i m e ,  t h e  maximum contour  va lue  has  i n c r e a s e d  from 16 t o  24 d e r i v a t i v e  
u n i t s .  Also, t h e  p a t t e r n  is more symmetric t h a n  before .  T h i s  l a r g e r  
c e n t r a l  d e r i v a t i v e  would i n d i c a t e  an i n c r e a s e  i n  i n t e n s i t y ,  assuming no 
s u b s t a n t i a l  i n c r e a s e  i n  s i z e  around t h e  eye  reg ion .  As observed i n  t h e  
case of Typhoon J u n e  (Rosenkranz e t  a l . ,  19781, changes i n  t h e  e y e  
dimensions a f f e c t  the  s p a t i a l l y  averaged b r i g h t n e s s  tempera ture  
measurements and must be c o n s i d e r e d  when comparing t h e  magnitude of t h e  
t e m p e r a t u r e  anomaly a t  d i f f e r e n t  t i m e s .  T h i s  can lead t o  
m i s i n t e r p r e t a t i o n s  of the measurements around t h e  h u r r i c a n e  c e n t e r ,  
p a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  d e r i v a t i v e  measurements (Grody e t  a l . ,  
1979) .  The i n f l u e n c e  of h o r i z o n t a l  r e s o l u t i o n  is observed from the 
comparisons between the measured and computed d e r i v a t i v e s .  Note t h a t  t h e  
f o u r  computed v a l u e s  located f a r t h e r  from t h e  h u r r i c a n e  c e n t e r  compare 
bet ter  w i t h  t h e  c o n t o u r s  t h a n  t h e  closest  computed 'va lue  of 16.9 u n i t s  
shown on the  6 - u n i t  contour .  

C o n t i n u i n g  w i t h  t h e  data o b t a i n e d  on September 4 a t  0900 GMT, the c e n t r a l  
v a l u e  h a s  decreased t o  18 u n i t s ,  s u g g e s t i n g  a r e d u c t i o n  i n  h u r r i c a n e  i n t e n -  
s i t y .  Also, the p a t t e r n  appears less symmetric t h a n  t h e  p r e v i o u s  case, 
i n d i c a t i n g  the  p o s s i b i l i t y  of s t r o n g e r  winds i n  t h e  southwes t  q u a d r a n t  
where the  l a r g e r  d e r i v a t i v e  e x i s t s .  Comparison% w i t h  computed v a l u e s  a g a i n  
r e v e a l  the e f f e c t s  of h o r i z o n t a l  r e s o l u t i o n  on t h e  measurements. Of t h e  
s i x  computed v a l u e s ,  t h e  t w o  closest v a l u e s  of 8.5 and  9.4 u n i t s  are 
s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  s u r r o u n d i n g  c o n t o u r  va lues .  

The l a s t  period of September 4 a t  2000 GMT shows t h e  l eas t  s t r u c t u r e  f o r  
t h e  d e r i v a t i v e  f ie ld .  The maximum c o n t o u r  v a l u e  has dropped t o  14 u n i t s ,  
t h e  smallest v a l u e  of the f o u r  p e r i o d s .  A l s o  observed is a r a t h e r  d i f f u s e  
p a t t e r n ,  c o n s i s t e n t  w i t h  t h e  expanded b r i g h t n e s s  tempera ture  f i e l d  shown i n  
f igure 11. Compared w i t h  t h e  computed v a l u e s ,  one a g a i n  f i n d s  t h e  l a r g e s t  
d i f f e r e n c e s  w i t h  t h e  t w o  closest rad iosonde  v a l u e s ,  whi le  t h e  f o u r  
r a d i o s o n d e  v a l u e s  f a r t h e s t  from t h e  c e n t e r  compare better w i t h  t h e  c o n t o u r  
a n a l y s i s .  

A summary Of t h e  comparisons between measured and computed radial 
d e r i v a t i v e  of b r i g h t n e s s  tempera ture  is  shown i n  f i g u r e  16. The measured 
d e r i v a t i v e s  are p l o t t e d  a g a i n s t  t h e  computed v a l u e s  f o r  t h e  f o u r  t i m e  
periods. As i n  the case of t h e  b r i g h t n e s s  temperature comparisons,  t h e  
d i f f e r e n t  data sets are i n d i c a t e d  by d i f f e r e n t  symbols. Also, t o  a i d  i n  
t he  i n t e r p r e t a t i o n  of the r e s u l t s ,  the rad ia l  d i s t a n c e  t o  t h e  h u r r i c a n e  
c e n t e r  is i n d i c a t e d  n e x t  t o  each symbol. Note t h a t  t h e  largest  d i f f e r e n c e s  
between measured and computed v a l u e s  occur  f o r  t h e  matchups close to  t h e  
h u r r i c a n e  c e n t e r .  I n  g e n e r a l ,  t h e  r e s u l t s  are r e a s o n a b l y  good f o r  
d i s t a n c e s  g r e a t e r  t h a n  about  150 nmi (275 km), where t h e s e  data do not  
d e p a r t  markedly from t h e  s t r a i g h t  l i n e  which i n d i c a t e s  p e r f e c t  c o r r e l a t i o n .  

5 .  TEMPERATURE AND WIND DETERMINATIONS . 

T h i s  last part of the s t u d y  examines t h e  a p p l i c a t i o n  of t h e  sounding 
c h a n n e l s  f o r  d e r i v i n g  t e m p e r a t u r e s  and winds a t  s p e c i f i c  l e v e l s  i n  t h e  
atmosphere.  The so c a l l e d  r e t r i e v a l  problem i n v o l v e s  t h e  i n v e r s i o n  of 
eqs. (1) and ( 2 )  t o  estimate the  m e t e o r o l o g i c a l  parameters conta ined  
i n  the  i n t e g r a n d  f r o m  the i n t e g r a l  related measurements. Algori thms w i l l  
b e  developed and compared wi th  data o b t a i n e d  from H u r r i c a n e  David. 
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Figure  16. Comparisons between measured and computed r a d i a l  d e r i v a t i v e  of 
54.96-GHz b r i g h t n e s s  temperature .  S o l i d  l i n e  r e p r e s e n t s  
p e r f e c t  c o r r e l a t i o n .  Dis tances  (nmi)  between data and 
h u r r i c a n e  c e n t e r  are i n s e r t e d  next  t o  data symbols. (See 
table . )  T h e  l a r g e s t  d i f f e r e n c e s  between measured and computed 
v a l u e s  occur  c l o s e  t o  t h e  hur r icane ;  measurements 
underes t imate  t h e  b r i g h t n e s s  temperature  d e r i v a t i v e .  
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5.1 Temperature  D e t e r m i n a t i o n  

Based on t h e  r e l a t i o n s h i p  between b r i g h t n e s s  tempera ture  and t e m p e r a t u r e  
g i v e n  by eq. ( 1 1 ,  t empera ture  p r o f i l e s  have been d e r i v e d  ( r e t r i e v e d )  by 
l i n e a r l y  combining t h e  d i f f e r e n t  sounding channel  measurements t o  i n v e r t  
t h e  r a d i a t i v e  t r a n s f e r  equat ion .  The s u c c e s s  of the i n v e r s i o n  procedure  t o  
r e c o n s t r u c t  t h e  t e m p e r a t u r e  p r o f i l e  depends on t h e  number of sounding 
c h a n n e l s  and t h e  v e r t i c a l  s t r u c t u r e  of t h e  " a c t u a l "  tempera ture ,  i n  
a d d i t i o n  t o  other factors (Grody, 1980) .  I n  the  m i d l a t i t u d e s  where 
t e m p e r a t u r e  v a r i a t i o n s  are l a r g e  and l i q u i d  water e f f e c t s  are g e n e r a l l y  
s m a l l ,  t h e  tempera ture  r e t r i e v a l s  can p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  t o  
complement t he  a v a i l a b l e  rad iosonde  data. However , as a l r e a d y  shown , 
t h e  p r e c i p i t a t i o n  a f f e c t s  d u r i n g  t ropical  storms can dominate t h e  response  
of t h e  lower MSU sounding  channel  (53.74 GHz), and t h e  tempera ture  
v a r i a b i l i t y  is r e l a t i v e l y  s m a l l .  T h i s  p r e s e n t s  a number of problems i n  
o b t a i n i n g  a c c u r a t e  tempera ture  r e t r i e v a l s  for  the  purpose  of improving the 
c o n v e n t i o n a l  a n a l y s i s  i n  t h e  tropics. 

L i n e a r  r e g r e s s i o n  t e c h n i q u e s  have been used s u c c e s s f u l l y  for p r o v i d i n g  
t e m p e r a t u r e  r e t r i e v a l  a l g o r i t h m s  (e.g., Waters e t  a l . ,  1975; Grody and 
P e l l e g r i n o ,  1977) and w i l l  be applied here.  The t e m p e r a t u r e  a t  any 
p r e s s u r e  l e v e l  is e x p r e s s e d  as a l i n e a r  combinat ion of t h e  b r i g h t n e s s  
t e m p e r a t u r e s  , v i z .  , 

N 
T(p) = ao3(p) + ngl an(P) TB (v,) ( 3 )  

where t h e  r e g r e s s i o n  c o e f f i c i e n t s  an depend on t h e  c o r r e l a t i o n  between t h e  
t e m p e r a t u r e  a t  a p a r t i c u l a r  l e v e l  and t h e  b r i g h t n e s s  t e m p e r a t u r e s  of t h e  
"N" sounding  channels .  Only t h e  54.96- and  57.95-GHz channels  are con- 
sidered i n  r e g a r d  t o  t rop ica l  storms, a l t h o u g h  it would be p o s s i b l e  t o  u t i -  
l i z e  the 53.74-GHz channel  o u t s i d e  the p r e c i p i t a t i o n  reg ions .  A s  i n  t he  
above r e f e r e n c e d  s t u d i e s  , t h e  r e g r e s s i o n  c o e f f i c i e n t s  are determined u s i n g  
a r e p r e s e n t a t i v e  set  of rad iosonde  data and t h e  cor responding  computed 
b r i g h t n e s s  tempera tures .  Two d i f f e r e n t  sets of rad iosonde  d a t a  w i l l  be 
c o n s i d e r e d ,  a c l i m a t o l o g i c a l  se t  of 400 t rop ica l  soundings and t h o s e  
soundings  collected f o r  t h e  H u r r i c a n e  David case. Comparisons w i l l  be made 
between t h e  r e s u l t s  i n  t h e  t w o  cases. 

I n  t h e  c a s e  of t h e  c l i m a t o l o g i c a l  data set ,  400 t ropical  soundings were 
a c q u i r e d  over  t h e  globe f o r  a l l  seasons.  T o  s y n t h e s i z e  t h e  l imb-cor rec ted  
and  e m i s s i v i t y - n o r m a l i z e d  b r i g h t n e s s  t e m p e r a t u r e s  , t h e  r a d i a t i v e  t r a n s f e r  
e q u a t i o n  (1) was applied c o l i s i d e r i n c ~  a u n i t y  e m i s s i v i t y  s u r f a c e  viewed a t  
n a d i r ,  L i q u i d  water e f fec ts  were i n c l u d e d  by i n s e r t i n g  l a y e r s  of l i q u i d  
water ( d e n s i t y  between 0 t o  1 g/m i n  a random manner between the s u r f a c e  
and  300 m b  l eve l  throughout  t h e  400 soundings.  Regress ion  c o e f f i c i e n t s  are 
g e n e r a t e d  by c o r r e l a t i n g  t h e  b r i g h t n e s s  t e m p e r a t u r e s  ( c o n t a i n i n g  an  
a d d i t i v e  0.3K r m s  n o i s e )  w i t h  t h e  rad iosonde  t e m p e r a t u r e s .  Both one- and  
two-channel a l g o r i t h m s  were o b t a i n e d  and,  when a p p l i e d  t o  t h e  dependent  
d a t a  set ,  r e s u l t e d  i n  t h e  e r r o r  c h a r a c t e r i s t i c s  shown i n  figure 17. I t  
s h o u l d  be mentioned t h a t  t h e  r e t r i e v a l  e r r o r s  are found to  be e s s e n t i a l l y  
t h e  same when c l o u d s  are e l i m i n a t e d  i n  t h e  b r i g h t n e s s  t e m p e r a t u r e  
s i m u l a t i o n s .  

3 
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Figure 17. Simulated accuracy of temperature r e t r i e v a l s  based on 400 
g loba l ,  all season, t r o p i c a l  radiosonde p r o f i l e s .  Standard 
errors are shown for  the  54.96- and 57.95-GHz channels used 
sepa ra t e ly  (dashed l i n e s )  and i n  the  combined mode ( s o l i d  l i n e ) .  
The heavy s o l i d  l i n e  ( a - p r i o r i )  shows the  s tandard devia t ion  of 
t h e  radiosonde temperatures.  
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The s t a n d a r d  errors shown i n  f i g u r e  17 a re  based on t h e  54.96- and  57.95- 
GHz channels  used s e p a r a t e l y  as p r e d i c t o r s  and i n  t h e  combined mode. 
Also shown is  the s t a n d a r d  d e v i a t i o n  (a -pr ior i )  of t h e  400 t ropical  sound- 
i n g s ,  which serves as a guide i n  d e t e r m i n i n g  t h e  i n f o r m a t i o n  c o n t e n t  of t h e  
d i f f e r e n t  channel  combinat ions.  A s  expec ted ,  t h e  54.96-GHz channel  is t h e  
best s i n g l e  predictor i n  t h e  t r o p o s p h e r e ,  whi le  t h e  57.95-GHz channel  i s  
dominant i n  t h e  s t r a t o s p h e r e .  S i n c e  t h e  separation between t h e  s t a n d a r d  
error and a-priori is a measure of t h e  i n f o r m a t i o n  c o n t e n t ,  it is a p p a r e n t  
t h a t  t h e  54.96-GHz channel  p r o v i d e s  most i n f o r m a t i o n  w i t h i n  t h e  250- t o  500- 
m b  l a y e r ,  whi le  t h e  57.95-GHz channel  is ext remely  u s e f u l  f o r  e s t i m a t i n g  
temperatures between 150- and  30-mb. The r e g i o n  of maximum i n f o r m a t i o n  is  
p a r t l y  d e f i n e d  by the l o c a t i o n  and shape of t h e  w e i g h t i n g  f u n c t i o n s  [ f i g u r e  

t e m p e r a t u r e  ( b r i g h t n e s s  t e m p e r a t u r e )  and t h e  temperature a t  a par t icu lar  
l eve l .  

2 )  and  p a r t l y  by t h e  s t a t i s t i c a l  correlation between t h e  weighted 

AS an example of s t r o n g  s t a t i s t i c a l  c o r r e l a t i o n ,  n o t e  ( f i g u r e  17)  t h e  
l a r g e  error r e d u c t i o n  in t h e  t r o p o s p h e r e  due t o  t h e  addi t ion  of t h e  57.95- 
GHz channel  i n  t h e  two-channel a lgor i thm.  N o  such l a r g e  e f f e c t  is  observed 
i n  t h e  s t r a t o s p h e r e  when t h e  54.96-GHz channel  is added i n  the two-channel 
a l g o r i t h m .  For comparison purposes, t h e  one- and  two-channel a l g o r i t h m s  are 
g iven  f o r  t h e  300 m b  level: 

where t h e  tempera ture  and b r i g h t n e s s  temperatures are i n  K .  

The two-channel a l g o r i t h m  c o n t a i n s  a n e g a t i v e  r e l a t i o n s h i p  between t h e  
57.95-GHz b r i g h t n e s s  temperature TB( 57 ) and t h e  temperature a t  300 mb.  
Such n e g a t i v e  c o r r e l a t i o n  is found throughout  t h e  t r o p o s p h e r e  up t o  200 m b  
and  is r e s p o n s i b l e  for t h e  l a r g e  error r e d u c t i o n  shown i n  f i g u r e  17. I t  i s  
i n t e r e s t i n g  t o  compare t h e s e  c l i m a t o l o g i c a l  r e s u l t s ,  which represent t h e  
m a j o r i t y  of t ropical  atmospheres ,  w i t h  t h e  more s p e c i f i c  h u r r i c a n e  
s i t u a t i o n .  Data o b t a i n e d  f o r  H u r r i c a n e  David are a p p l i e d  t o  o b t a i n  t h e  
r e g r e s s i o n  a l g o r i t h m s  and t h e  s t a t i s t i ca l  r e s u l t s .  

I n  s e c t i o n  3 ,  a t o t a l  of 23 r a d i o s o n d e  p r o f i l e s  were used t o  compute 
b r i g h t n e s s  t e m p e r a t u r e s  f o r  t h e  54 -96- and  57.95-GHz channels  ( f i g u r e  13 1. 
These soundings extended up t o  a t  least  3U mb and are between 100  nmi (185 
km) and  500 nmi (925 km) of t h e  h u r r i c a n e  c e n t e r .  We now examine t h e  
r e t r i e v a l  a l g o r i t h m s  g e n e r a t e d  by t h e s e  da ta .  A s  b e f o r e ,  t h e  r e g r e s s i o n  
c o e f f i c i e n t s  are o b t a i n e d  by c o r r e l a t i n g  t h e  computed b r i g h t n e s s  t e m p e r a t u r e s  
w i t h  rad iosonde  data. L i q u i d  Water e f f e c t s  are exc luded  s i n c e  it was 
p r e v i o u s l y  found t h a t  t h e  i n f l u e n c e  of c l o u d s  produces  no  s i g n i f i c a n t  change 
i n  t h e  a l g o r i t h m s  or error c h a r a c t e r i s t i c s .  The r e s u l t i n g  s ta t is t ics  are 
shown i n  f i g u r e  lt3(a), u s i n g  t h e  same parameters  as i n  t h e  c l i m a t o l o g i c a l  
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F i g u r e  18. Temperature  r e t r i e v a l  a c c u r a c y  for  H u r r i c a n e  David. R e t r i e v a l  
errors are shown based on ( a )  computed and ( b )  measured 
b r i g h t n e s s  tempera tures .  Both one-channel (54.96 G H z )  and 
two-channel (54.96 and  57.95 G H z )  s t a n d a r d  errors are p lo t ted  
a l o n g  w i t h  t h e  s t a n d a r d  d e v i a t i o n  (a -pr ior i )  of t h e  rad iosonde  
sample. 
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study.  U n l i k e  t h e  r e s u l t s  of f i g u r e  17, t h e r e  is no s i g n i f i c a n t  
improvement when t h e  57.95-GHz channel  is added i n  t h e  two-channel 
s o l u t i o n .  The a l g o r i t h m s  f o r  t h e  300 m b  t e m p e r a t u r e  are now given  by 

T(301)) = - 180.75 + 2.42 ( T g ( 5 4 )  .- 0.27 T B ( 5 7 ) )  ( 5 b  

and  d i f f e r  from t h e  c l i m a t o l o g i c a l  r e s u l t s  of eq. ($a) and eq. ( 4 b ) .  Of 
p a r t i c u l a r  s i g n i f i c a n c e  is t h e  l a r g e r  weight  p l a c e d  on t h e  54.96-GHz 
c h a n n e l  i n  both  a l g o r i t h m s  for t h e  case of t h e  h u r r i c a n e .  However, 
r e l a t i v e  t o  t h e  54.96-GHz c o e f f i c i e n t s ,  t h e  n e g a t i v e  weight  a p p l i e d  t o  t h e  
57.95-GHz channel  is about  t h e  same i n  eq. ( 4 b )  and eq. ( 5 b ) .  The l i t t l e  
improvement seen  i n  f i g u r e  18 ( a )  when a p p l y i n g  t h e  57.95-GHz channel ,  is 
o b v i o u s l y  n o t  s o l e l y  due t o  t h e  d i f f e r e n t  weight  of t h i s  channel  compared 
t o  t h e  c l i m a t o l o g i c a l  case. What is sugges ted  is t h a t  t h e  57.95-GHz 
channel  is less correlated w i t h  t h e  t r o p o s p h e r i c  t e m p e r a t u r e  (and  wi th  t h e  
54.96-GHz channel )  t h a n  i n  t h e  case of t h e  more g e n e r a l  t rop ica l  
atmospheres .  U n f o r t u n a t e l y ,  however, t h e  57.95-GHz computed b r i g h t n e s s  
temperatures i n  s e c t i o n  3 w e r e  found t o  be i n c o n s i s t e n t  wi th  t h e  
measurements. T h e r e f o r e ,  as a f i n a l  comparison w i t h  t h e  c l i m a t o l o g i c a l  
r e s u l t s ,  w e  c o n s i d e r  t h e  r e t r i e v a l s  based on t h e  measured b r i g h t n e s s  
t e m p e r a t u r e s .  

I n  a d d i t i o n  t o  o b t a i n i n g  c o e f f i c i e n t s  u s i n g  computed b r i g h t n e s s  
t e m p e r a t u r e s ,  t h e  r e g r e s s i o n  procedure  i s  a p p l i e d  to  t h e  measurements 
o b t a i n e d  f o r  H u r r i c a n e  David. The b r i g h t n e s s  temperature measurements are 
t h o s e  plot ted i n  f i g u r e  13 and cor respond t o  t h e  same 23 rad iosonde  
p r o f i l e s  used above. F i g u r e  18(b)  shows the s t a n d a r d  errors based on t h e  
measurements. These errors are larger t h a n  t h o s e  i n  t h e  a d j a c e n t  diagram 
which are based on computed b r i g h t n e s s  tempera tures .  I n  t h e  case of t h e  
one-channel . a lgor i thm,  t h e  l a r g e r  errors ar ise  from f a c t o r s  such as 
i n s t r u m e n t a l  n o i s e  and h o r i z o n t a l  smoothing a s s o c i a t e d  w i t h  t h e  
measurements. A s  shown i n  f i g u r e  13, t h e s e  e f f e c t s  produce a s t a n d a r d  
e r r o r  of 0.48K when compared a g a i n s t  t h e  computed b r i g h t n e s s  tempera tures .  
Although t h e  two-channel r e s u l t s  are also more e r r o n e o u s  i n  t h e  case of t h e  
measurements,  t h e  57.95-GHz channel  p r o v i d e s  a l a r g e r  r e l a t ive  improvement 
compared t o  t h e  computed b r i g h t n e s s  t e m p e r a t u r e  r e s u l t s  given i n  f i g u r e  
l 8 ( a ) .  T h i s  is more c o n s i s t e n t  w i t h  t h e  c l i m a t o l o g i c a l  c a s e  and r e s u l t s  
f rom t h e  57.95-GHz measurements b e i n g  more r e p r e s e n t a t i v e  t h a n  t h e  computed 
v a l u e s .  Recall t h a t  t h e  l a r g e  s t a n d a r d  e r r o r  of 0.69K between t h e  measured 
and  computed b r i g h t n e s s  t .emperatures ( f i g .  13 1 w a s  a t t r i b u t e d  t o  
i n c o n s i s t e n c y  of t h e  rad iosonde  d a t a  i n  t h e  s t r a t o s p h e r e ,  among o t h e r  
f a c t o r s .  

The p h y s i c a l  reason  f o r  t h e  improvement Using t h e  57.95-GHz measurements 
i s  i l l u s t r a t e d  by .the sample measurements i n  f i y u r e  5 .  Observe t h a t  t h e  
54.96-GHz channel  d i s p l a y s  a s l i g h t  l a t i t u d i n a l  i n c r e a s e  i n  b r i g h t n e s s  
t e m p e r a t u r e  due t o  t h e  s t r a t o s p h e r i c  c o n t r i b u t i o n  ( e v i d e n t  from t h e  w e i g h t i n g  
f u n c t i o n  i n  figure 2 ) .  The 57.95-GHz channel  responds  t o  t h i s  p o r t i o n  of t h e  
atmosphere,  as evidenced by t h e  s t r o n g  l a t i t u d i n a l  v a r i a t i o n  observed  i n  t h e  
measurements , and t h e r e f  ore compensates f o r  t h e  l a t i t u d i n a l  changes noted i n  
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t h e  54.96-GHz channel .  Throughout t h i s  s t u d y ,  no such c o n s i s t e n t  
l a t i t u d i n a l  v a r i a t i o n  w a s  a p p a r e n t  i n  t h e  computed b r i g h t n e s s  t e m p e r a t u r e s  
a t  57.95-GHz. However, i n  a d d i t i o n  t o  any s t a t i s t i c a l  c o r r e l a t i o n  between 
t h e  s t r a t o s p h e r i c  and t r o p o s p h e r i c  t e m p e r a t u r e s ,  t h i s  compensation o f f e r e d  
by t h e  57.95-GHz provides t h e  improvements s e e n  i n  t h e  two-channel 
a l g o r i t h m  of f i g u r e  18 (b) . 

A s  before, t h e  300 m b  t empera ture  a l g o r i t h m s  are now p r e s e n t e d  based on  
t h e  measured b r i g h t n e s s  tempera tures :  

Compared t o  t h a t  of eq. ( 5 a ) ,  t h e  54.96-GHz channel  is given less weight  by 
t h e  s i n g l e - c h a n n e l  a l g o r i t h m  because of t h e  smoothing and n o i s e  i n t r o d u c e d  by 
t h e  b r i g h t n e s s  t e m p e r a t u r e  measurements compared to  t h e  computed v a l u e s .  
However, t h e  measurements f o r  t h e  57.95-GHz channel  are c o n s i d e r e d  more 
r e p r e s e n t a t i v e  t h a n  t h e  computed v a l u e s  and r e s u l t  i n  a l a r g e r  n e g a t i v e  
c o e f f i c i e n t  i n  eq. ( 6 b )  t h a n  t h a t  of eq. ( 5 b ) .  T h i s  s t r o n g e r  correlation 
between t h e  300 mb temperature and upper sounding  channel  is  r e f l e c t e d  i n  
f i g u r e  1 8 ( b )  and  r e s u l t s  i n  a greater r e l a t i v e  improvement i n  r e t r i e v a l  
a c c u r a c y  compared to  t h e  a d j a c e n t  diagram. 

5.2 Wind D e t e r m i n a t i o n  

The s i m i l a r i t y  between eq. (1) and eq. ( 2 )  s u g g e s t s  an analogy between 
t h e  temperature and wind r e t r i e v a l  methods. Fol lowing  t h e  arguments 
l e a d i n g  t o  t h e  temperature r e t r i eva l  a l g o r i t h m  of eq. (31, w e  w r i t e  

where t h e  r e g r e s s i o n  c o e f f i c i e n t s  now depend on t h e  c o r r e l a t i o n  between 
t h e  winds (more e x p l i c i t l y  t h e  r a d i a l  a c c e l e r a t i o n  a t  a p a r t i c u l a r  p r e s s u r e  
l eve l  1 and t h e  b r i g h t n e s s  t e m p e r a t u r e  radial d e r i v a t i v e  of t h e  '%I" sounding 
c h a n n e l s .  U n l i k e  t h e  de r iva t ion  of t h e  t e m p e r a t u r e  r e t r i e v a l  c o e f f i c i e n t s ,  
where a c l i m a t o l o g i c a l  d a t a  base was available,  no such d a t a  set e x i s t s  f o r  
winds. A s  such,  t h e s e  c o e f f i c i e n t s  are g e n e r a l l y  deterrnined i n  an i n d i r e c t  
manner by i n c o r p o r a t i n g  t h e  t e m p e r a t u r e  r e t r i e v a l  c o e f f i c i e n t s  and t h e r e f o r e  
e l i m i n a t i n g  any s t a t i s t i c a l  c o r r e l a t i o n  between winds and t h e  d e r i v a t i v e  
measurements (Grody, 1978) .  The unique wind c h a r a c t e r i s t i c s  i n  t h e  case of 
h u r r i c a n e s  require t h a t  mre s p e c i a l  a t t e n t i o n  be p a i d  t o  t h e  s t a t i s t i ca l  
c o r r e l a t i o n .  F o r  t h i s  r e a s o n ,  o n l y  t h e  r e s u l t s  d e r i v e d  f r o m  t h e  H u r r i c a n e  
David data w i l l  be p r e s e n t e d .  A s  a l r e a d y  mentioned,  orily t h e  54.96-GHz 
c h a n n e l  responds  t o  t h e  t r o p o s p h e r i c  c i r c u l a t i o n  p a t t e r n  of t h e  h u r r i c a n e ,  
so tha t  this channel  a l o n e  w i l l  be c o n s i d e r e d  i n  d e t e r m i n i n g  t r o p o s p h e r i c  
winds. 
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The 21 radiosonde wind observa t ions  d isp layed  i n  f i g u r e s  8 through 11 
were used t o  compute t h e  radial  d e r i v a t i v e  of b r igh tness  temperature  a t  
54.96 GHz us ing  eq. (2). These computed values  were shown i n  f i g u r e  16 
a long  wi th  t h e  measured values.  The r eg res s ion  c o e f f i c i e n t s  i n  eq. (7) are 
obta ined  by c o r r e l a t i n g  t h e  2 1  d e r i v a t i v e  values  wi th  t h e  corresponding 
radial  a c c e l e r a t i o n  a t  s p e c i f i c  p re s su re  l e v e l s .  Applying t h e  a lgor i thms 
t o  the dependent data r e s u l t s  i n  t h e  der ived  q u a n t i t i e s  shown i n  f i g u r e  19. 
These are p l o t t e d  a g a i n s t  t h e  radial  d e r i v a t i v e s  a t  t h e  ind ica t ed  p res su re  
l e v e l s .  The r eg res s ion  equat ions  a t  t h e  d i f f e r e n t  p re s su re  l e v e l s  are 
g iven  by t h e  s t r a i g h t  l i n e s  shown on each diagram and r e s u l t  i n  t h e  
c o r r e l a t i o n  c o e f f i c i e n t s  ind ica ted .  According t o  t h e  scatter diagrams, t h e  
b e s t  c o r r e l a t i o n  occurs  around t h e  700 t o  500  mb reg ion ,  i.e., wi th in  t h e  
lower mode of the  wind weight ing func t ion .  This  high c o r r e l a t i o n  i n  t h e  
lower t roposphere suppor ts  t he  close correspondence observed earlier 
between t h e  measurements and t h e  700 mb wind d i r e c t i o n s .  However, upon 
apply ing  these  a lgor i thms t o  the  actual  measurements, t h e  reduct ion  i n  
ampli tude of t h e  measured r a d i a l  d e r i v a t i v e  ( f i g u r e  16) would produce 
underes t imates  of t h e  t a n g e n t i a l  wind near the hur r i cane  center. Although 
empi r i ca l  adjustments  can be made (Grody e t  al., 19791, t h e  f a c t  remains 
t h a t  greater ho r i zon ta l  r e s o l u t i o n  wi th  proper  sampling is needed to  
resolve t h e  l a r g e  b r igh tness  temperature  d e r i v a t i v e s  associated with 
hur r icanes .  

I t  is i n t e r e s t i n g  t o  compare t h e  wind with the temperature  re t r ievals  
based on the computed b r igh tness  temperatures  a t  54.96 GHz. The 
tempera ture  re t r ieval  a lgor i thms were descr ibed  ear l ie r  and appl ied  t o  t h e  
23 radiosonde p r o f i l e s  to  genera te  t h e  s t a t i s t i ca l  r e s u l t s  i n  f i g u r e  18(a) .  
we now examine t h e  e r r o r  c h a r a c t e r i s t i c s  a t  s p e c i f i c  p re s su re  l e v e l s  by 
p l o t t i n g  t h e  temperature  r e t r i e v a l s  a g a i n s t  t h e  computed b r igh tness  tem- 
p e r a t u r e  ( f i g u r e  20 1. The s t r a i g h t  l i n e s  de f ine  t h e  one-channel r e t r i e v a l  
a lgo r i thms  a t  t h e  d i f f e r e n t  p re s su re  l e v e l s ,  where the  c o r r e l a t i o n  coef- 
f i c i e n t  is i n d i c a t e d  on each diagram. Compared with the  wind r e t r i e v a l s  
( f i g u r e  19)  , t h e  maximum c o r r e l a t i o n  is much less f o r  the  temperatures. 
A l s o ,  temperature  is  best der ived  a t  300 mb near where the  temperature  
weight ing func t ion  peaks, while t h e  wind r e t r i e v a l  is optimized around the 
lower node peak of t h e  wind weight ing func t ion .  The higher  c o r r e l a t i o n  
a s s o c i a t e d  with winds is due t o  t h e  more restricted v a r i a b i l i t y  of r a d i a l  
a c c e l e r a t i o n  compared t o  temperature.  That is, much of t h e  v a r i a t i o n  i n  
t h e  rad ia l  a c c e l e r a t i o n  is found below the 3 0 0  m b  c rossover  p o i n t  of the  
wind weight ing func t ion ,  w h i l e  t h e  temperature  v a r i a t i o n s  occur throughout 
much of t h e  temperature  weight ing func t ion .  I n  essence,  only about ha l f  the  
area of the  temperature  weight ing func t ion  c o n t r i b u t e s  t o  wind r e t r i e v a l ,  
compared t o  t h e  l a r g e r  a r e a c o n t r i h u t i n g t o  temperature  r e t r i e v a l .  

For  s t r a t o s p h e r i c  wind r e t r i e v a l ,  only t h e  57.95-GHz channel is 
considered.  Although not  shown, t h e  wind weight ing func t ion  is s i m i l a r  i n  
genera l  appearance t o  t h a t  of t he  54.96-GHz channel ( f i g u r e  14 )  except  f o r  
t h e  v e r t i c a l  displacement of the  crossover  p o i n t  t o  about 90 mb. However, 
u n l i k e  t h e  54.96-GHz channel whose g rad ien t  f i e l d  is mainly i n  t h e  rad ia l  
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Figure  19. Winds ( r a d i a l  a c c e l e r a t i o n  a t  i n d i c a t e d  p r e s s u r e  l e v e l s )  
compared a g a i n s t  computed 54.96-GHz b r i g h t n e s s  temperature  
r a d i a l  d e r i v a t i v e .  The r eg res s ion  equat ions  a t  the d i f f e r e n t  
p r e s s u r e  l e v e l s  are represented  by s t r a i g h t  l i n e s  with t h e  
c o r r e l a t i o n  c o e f f i c i e n t s  shown a t  top of each scatter diagram. 
Table ( r i g h t )  con ta ins  d e f i n i t i o n  of symbols used i n  sca t te r  
diagrams. Highest  c o r r e l a t i o n  occurs  f o r  winds between 700 
and 5 0 0  mb, corresponding t o  t h e  lower mode of t h e  wind 
weight ing  func t ion  ( f i g u r e  14 ) .  
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F i g u r e  2 0 .  Radiosonde t e m p e r a t u r e s  a t  i n d i c a t e d  p r e s s u r e  levels compared 
a g a i n s t  computed 54.96-GHz b r i g h t n e s s  tempera ture .  The one - 
c h a n n e l  r e t r i e v a l  a l g o r i t h m s  a t  t h e  d i f f e r e n t  p r e s s u r e  l e v e l s  
are r e p r e s e n t e d  by s t r a i g h t  l i n e s  w i t h  t h e  c o r r e l a t i o n  
c o e f f i c i e n t s  shown a t  top of each scatter diagram. 
c o r r e l a t i o n  o c c u r s  f o r  t e m p e r a t u r e  n e a r  300 m b ,  cor responding  
t o  t h e  peak of t h e  t e m p e r a t u r e  w e i g h t i n g  f u n c t i o n  ( f i g u r e  7 ) .  

Highes t  
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d i r e c t i o n ,  t he  57.95-GHz p a t t e r n  i s  predominately o r i e n t e d  a long  cons tan t  
l a t i t u d e  l i n e s .  T h i s  d i r e c t i o n a l  c h a r a c t e r i s t i c  a lone  is s u f f i c i e n t  f o r  
i d e n t i f y i n g  the p res su re  l e v e l  g iv ing  t h e  best wind c o r r e l a t i o n .  
Radiosonde winds w e r e  p l o t t e d  on sepa ra t e  maps a t  four  l e v e l s ,  two above 
and t w o  b e l o w  t h e  c rossover  p o i n t  of the weight ing func t ion ,  and were 
compared w i t h  t h e  57.95-GHz br igh tness  temperature  measurements. 

An example of the comparison procedure used above is  shown i n  f i g u r e  
21. The sample of t h e  radiosonde wind data shown he re  is f o r  September 4 
a t  0900 G M T , w i t h  r e s p e c t  t o  the  MSU obse rva t ions ,  and is a s l i g h t l y  
smoother vers ion  of t h e  b r igh tness  temperature  f i e l d  shown i n  f i g u r e  10 .  
A l l  fou r  maps d i s p l a y  the s a m e  b r igh tness  temperature  f i e l d ,  b u t  the 
radiosonde winds are shown a t  d i f f e r e n t  p r e s s u r e  l e v e l s  (150, 1 0 0 ,  70, and 
50 nb). From such comparisons, it w a s  concluded t h a t  t he  correspondence 
between t h e  isotherm p a t t e r n  and wind d i r e c t i o n  is  best near t h e  50 m b  
l e v e l .  Note t h a t  most of the d i f f e r e n c e s  between t h e  isotherm p a t t e r n  and 
wind d i r e c t i o n s  occur  f o r  t h e  winds a t  the  higher  l a t i t u d e s .  The winds a t  
150, 100 , and 70 m b  show numerous c ros s ings  with t h e  isotherms , while t h e  
50 m b  winds are d i r e c t e d  nea r ly  paral le l  t o  t h e  contours.  This  implies  
t h a t  t h e  upper mode of t he  57.95-GHz wind weight ing func t ion  ( n o t  shown i n  
f i g u r e  14) , which peaks near  50 mb, is the region of l a r g e s t  c o n t r i b u t i o n  
t o  t h e  b r igh tness  temperature  grad ien t .  The lower mode, which has i ts  
maximum near  150 m b ,  is seen t o  be less c o r r e l a t e d  w i t h  t h e  winds. N o  
cons ide ra t ion  w a s  made t o  combine t h e  54.96-GHz and 57.95-GHz channels t o  
f u r t h e r  improve t h e  wind de termina t ions  o r  t o  r e t r i e v e  wind p r o f i l e s .  

6. CONCLUSIONS 

T h i s  s tudy provided an eva lua t ion  of the MSU measurements during 
Hurr icane David. P r e c i p i t a t i o n  e f f e c t s  could only be i d e n t i f i e d  f o r  t h e  
50.30- and 53.74-GHz channels ,  while  t h e  54.96- and 57.95-G€iz channels 
provided  temperature  information. The 50.30-GHz frequency channel i n d i c a t e s  
p r e c i p i t a t i o n  wi th  pore ambiguity over and near land than  the 53.74-GHz 
channel.  Although the 53.74-GHz measurements could a l s o  provide 
tempera ture  information near  700 mb, the  e f f e c t s  of p r e c i p i t a t i o n  l i m i t  i ts  
u s e f u l n e s s  . 

P r e c i p i t a t i o n  e f f e c t s  were not  apparent  f o r  the  54.96-GHz channel. 
T h i s  channel responds t o  temperature  near  300 mb and d i sp lays  t h e  w a r m -  
c o r e  s t r u c t u r e  of t h e  hur r icane .  Also, the  b r i g h t n e s s  temperature contours  
fo l low t h e  700 m b  wind d i r e c t i o n s .  T h i s  s t r o n g  c o r r e l a t i o n  between t h e  low- 
l e v e l  winds and the  54.96-GHz measurements is  limited t o  d i r e c t i o n s  only; 
h ighe r  s p a t i a l  r e s o l u t i o n  is required t o  estimate wind speed. 

The 57.95-GHz measurements correspond t o  temperature  near  100 mb, so 
t h a t  t h e  hu r r i cane  in f luence  is minimal. The b r igh tness  temperatures  
r e v e a l  t h e  l a r g e  l a t i t u d i n a l  change i n  tropopause he igh t ,  w h i l e  t h e  p a t t e r n  
c o r r e l a t e s  best w i t h  winds around 50 mb. Compared w i t h  t h e  radiosonde 
computed b r i g h t n e s s  tempera tures ,  t h e  57.95-GHz measurements show t h e  greatest 
d i s p a r i t y .  Th i s  is a t t r i b u t e d  t o  a number of d i f f e r e n c e s  between t h e  
radiosonde and MSU measurements. I n  a d d i t i o n  t o  radiosonde e r r o r  and the  
h o r i z o n t a l  r e s o l u t i o n  and t i m e  d i f f e r e n c e  f a c t o r s ,  t h e r e  is a greater 
p o s s i b i l i t y  of inismatch i n  the  s t r a t o s p h e r e  because of t h e  s l a n t  pa th  of t h e  
radiosonde.  Fu r the r  s t u d i e s  are needed t o  i s o l a t e  the major source of 
d i s p a r i t y  observed i n  t h e  s t r a t o s p h e r e ,  a l though it does not appear t o  be 
associated w i t h  e r r o r s  i n  t h e  Msu measurements. 
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F i g u r e  2 1 .  Comparisons between 57 .95-GI- l~  b r i g h t n e s s  t e m p e r a t u r e  p a t t e r n  
(shown f o r  Septelnber 4 ,  0 9 0 0  GMT) and rad iosonde  winds a t  
i n d i c a t e d  p r e s s u r e  l e v e l s .  Froin s imilar  comparisons a t  o t h e r  
periods, it is determined t h a t  the c o n t o u r s  best f o l l o w  t h e  
d i r e c t i o n s  of the  5 0  m b  winds. Note t h a t  t h e  b r i g h t n e s s  
t e m p e r a t u r e  f i e l d  is a s l i g h t l y  smoother v e r s i o n  o€ tha t  shown 
i n  f i g u r e  IO. 
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