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Abstract 

The all-weather, global determination of sea 
surface temperature (SST) has been identified as a 
requirement needed to support naval operations. 
The target  SST accuracy i s  21.0 K with a surface 
resolution of 10 km. 
enology and technology of remote passive microwave 
sensing of the ocean environment over the past 
decade have demonstrated that  this objective i s  
presently a t t a i  nab1 e. 
and trade-off studies have been conducted to 
define the frequency, polarization, scan geometry, 
antenna s ize ,  and other essential  parameters of 
the Low-Frequency Microwave Radiometer (LFMR). I t  
will be a dual-polarized, dual-frequency system a t  
5.2 and 10.4 GHz using a 5.9-meter deployable mesh 
surface antenna. 
Remote Ocean Sensing System (N-ROSS) s a t e l l i t e  
scheduled t o  be launched i n  l a t e  1988. 

Investigations of the phenom- 

I 

Preliminary specification 

l 

I t  i s  t o  be flown on the Navy- 

1. Introduction 

The all-weather, global determination of 5ea 
surface temperature [SST) has been ident i f ied 
a s  a requirement needed t o  support naval opera- 
tions. The target  SST accuracy I s  specified a s  - +0.5 K a t  a surface resolution of 10 Ian w i t h  an 
accuracy of 51.0 K and surface resolution of 25 km 
acceptable. 
potential of meeting t h i s  requirement. 

During the period 1972-78 the Naval Air 
Systems Command ( N A V A I R )  supported investigations 
of the microwave radiometric properties of the 
ocean and atmosphere which led t o  the specifica- 
tion of the Remote Ocean-surface Measurement 
System (ROMS). Although ROMS was no t  bui l t ,  the 
understanding of the phenomenology and technology 

quent systems. In 1978 NASA launched an experi- 
mental sensor, the Scanning Mu1 tichannel Microwave 
Radiometer (SMMR), on both the SEASAT and NIMBUS-7 
sate1 1 i tes t o  explore the a1 1 -weather measurement 
of sea surface temperature, as well as other 
oceanographic and  atmospheric parameters, with 
microwave radiometry. 
diameter antenna and dual-polarized radiometers a t  
6.6, 10.7, 18.0, 21.0, and 37.0 GHz with the 6.6- 
GHz frequency primarily chosen for  i t s  sensi t ivi ty  

can be measured t o  an RMS sensi t ivi ty  51.2 K or 
better with i t  (1). 

Passive microwave radiometry has the 

I developed for i t  directly contributed to  subse- 

The SMMR employs a 79-cm 

, to  SST. Results from SMMR indicate t h a t  the SST 

However, the surface 

resolution of SMMR a t  6.6 GHz i s  only 150 km. 

The next generation of passive microwave 
sensors planned by NASA was the Large Antenna 
Mu1 tichannel Microwave Radiometer (LAMMR) as part 
of the sensor complement of the National Oceanic 
Sa te l l i t e  System (NOSS). LAMMR was planned as a 
seven-frequency, dual-polarized radiometric system 
with a four-meter antenna and a performance goal 
for SST of 50.5-K precision, 21.0-K absolute 
accuracy, and 24-to 36-km spatial  resolution. 
Although NOSS and LAMMR were not bu i l t  due to 
funding limitations, the design studies performed 
and the continuing development of the necessary 
technology have demonstrated t h a t  the SMOP OR i s  
presently a t t a  i na bl e. 

The Navy-Remote Ocean Sensing System (N-ROSS) 
i s  a planned oceanographic s a t e l l i t e  in the Navy 
core program for POM-84 with funding beginning in 
FY'85 to  meet the SMOP OR. The sensor complement 
of N-ROSS i s  t o  include a scatterometer to measure 
the marine wind f i e ld ;  an altimeter t o  measure 
wave spectra, the Earth 's  geoid, and t o  locate 
fronts and eddies; and a Mission Sensor Microwave/ 
Imager (SSM/I) to  measure sea ice,  precipitation, 
atmospheric moisture, and surface winds. All- 
weather measurement of sea surface temperature 
will require the development of a second passive 
microwave system. Crit ical  t o  the development of 
this  system i s  the selection of the operating 
frequency and other instrument characterist ics 
compatible with Earth sources of RFI and optimized 
to  functionally integrate with the SSM/I and N-ROSS. 

2. Sensitivity and Retrieval Accuracy 

A primary cri terion for the selection of 
frequency for  the low-frequency microwave radiom- 
e t e r  (LFMR) i s  sensi t ivi ty  t o ,  and thus the 
retrieval of , sea surface temperature (SST).  The 
present sensi t ivi ty  study i s  limited t o  the fre-  
quency range of 2 t o  14 GHz since frequencies 
below 2 GHz and above 14 GHz are  relatively insen- 
s i t i v e  t o  SST ( 2 ) .  Three different approaches are 
used t o  examine the sensi t ivi ty  question. 
are: ( a )  theoretical studies, ( b )  interpretation 
of s a t e l l i t e  data, and ( c )  the use of a i r c r a f t  
data. The theoretical studies are  the most versa- 
t i l e  in t h a t  wide ranges of environmental condi- 
ions can be simulated, and many frequencies and 
frequency combinations can be examined. 
relationshlps are bui l t  into the theoretical 
models providing the freedom t o  examine various 
trade-off relationships, Sa t e l l i t e  and a i r c r a f t  

They 
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da ta  have, o f  course, t h e  advantage o f  be ing  
ac tua l  measurements. They are, however, r e s t r i c t -  
ed i n  frequency and range o f  environmental condi -  
t i o n s .  The combination o f  a l l  t h ree  s tud ies  
prov ides a more complete bas i s  f o r  t h e  determina- 
t i o n  of t h e  microwave r a d i o m e t r i c  s e n s i t i v i t y  t o  
SST. 

I I I I I J I I I I I I I I  

VERTICAL POLARIZATION 
- 53.1. Incidence Angle 

The r a t e  of change o f  b r i gh tness  temperature 
w i t h  respect  t o  sea surface temperature, ca lcu-  
l a t e d  us ing the  geophysical model (3)  developed 
by N R L ,  i s  g iven i n  F igu re  1 as a f u n c t i o n  of 
frequency f o r  severa l  mean sea su r face  tempera- 
tures.  The c l ima to logy  (4 )  o f  t h e  ocean- 
atmosphere system used w i t h  the  model was compiled 
f o r  m i d - l a t i t u d e  sumner cond i t i ons .  The ca l cu la -  
t i o n s  a r e  f o r  v e r t i h a l  p o l a r i z a t i o n  o f  an i n c i -  
dence angle o f  53.1 . A l l  t he  parameters o f  t h e  
ocean-atmosphere system a r e  kep t  constant  except 
the SST f o r  t he  c a l c u l a t i o n  o f  t h e  d e r i v a t i v e .  

The s e n s i t i v i t y  i s  much g rea te r  over  the  
frequency range of 6 t o  10 GHz f o r  very  warm 
water, i.e., a SST o f  3OoC. However, t he  s e n s i t i -  
v i t y  decreases d r a s t i c a l l y ,  e s p e c i a l l y  a t  t he  
h ighe r  end of t he  frequency range, as t h e  water 
temperature becomes co lde r .  A t  10 GHz and beyond, 
l i t t l e  s e n s i t i v i t y  remains f o r  t he  c o l d e r  SST 
values. The s e n s i t i v i t y  t r e n d  i s  reversed a t  t he  
lower  end of t he  frequency range, e.g., between 2 
and 3 GHz. These f requencies a r e  more s e n s i t i v e  
t o  c o l d e r  than t o  warmer water. Judging from 
F i g u r e  1 the  opt imal  frequency range f o r  o v e r a l l  
s e n s i t i v i t y  appears t o  be i n  t h e  4- to  6-GHz 
range. 

S E N S I T I V I T Y  OF B R I G H T N E S S  T E M P E R A T U R E  
TO S S T  AS FUNCTION OF F R E Q U E N C Y  
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It 
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F igu re  1. 
SST as a Funct ion o f  Frequency. 

The cho ice  o f  an optimum frequency n o t  o n l y  
depends on the  s e n s i t i v i t y  t o  SST b u t  a l so  on the  
s e n s i t i v i t y  t o  o the r  environmental parameters. 
If a given frequency i s  more s e n s i t i v e  t o  another 
parameter, such as wind speed, i t  w i l l  p r i m a r i l y  
p rov ide  in format ion concerning t h a t  parameter 
r a t h e r  than SST, even though the  s e n s i t i v i t y  t o  
SST may a l s o  be s i g n i f i c a n t .  
s i g n i f i c a n t  geophysical parameters f o r  t he  micro- 

S e n s i t i v i t y  o f  Brightness Temperature t o  

Some o f  t h e  most 

k4 i 
// I 
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Figure 2.  The S e n s i t i v i t y  o f  V e r t i c a l  Br ightness 
Temperature t o  Geophysical Parameters as a Funct ion 
of Frequency. 

However i n  order  t o  examine the  t r u e  r e l a t i v e  
s e n s i t i v i t y  t o  var ious environmental parameters, 
t he  b r igh tness  temperature change caused by repre-  
s e n t a t i v e  changes i n  the o t h e r  r e l e v a n t  parameters 
must be examined. Assuming t h a t  t h e  Navy's opera- 
t i o n a l  requirements f o r  t h e  o t h e r  parameters a r e  
met, i.e., res idua l  e r r o r s  o f  1 p a r t  per  thousand 
f o r  s a l i n i t y ,  2 m/sec f o r  sur face wind speed, 0.01 
gm/cm2 f o r  columnar d e n s i t y  o f  l i q u i d  water, and 
0.2 gm/cm2 f o r  columnar dens i t y  o f  water vapor 
along w i t h  the  minimum requirement o f  l 0 C  f o r  SST, 
the corresponding r e s u l t a n t  changes i n  b r i gh tness  
temperature were ca l cu la ted .  These changes i n  
br ightness temperature a re  g i ven  i n  F igu re  3. As 
t o  be expected from Figure 2 t h e  s a l i n i t y  e f f e c t  
ceases t o  be s i g n i f i c a n t  f o r  f requencies h ighe r  
than about 3 GHz, and the  v e r t i c a l l y  p o l a r i z e d  
br ightness temperature i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  wind speed and water vapor. L i q u i d  water i s  
t he  o n l y  ser ious contender w i t h  SST and then o n l y  
a t  the h ighe r  frequencies, above about 10 GHt. 

89 



I I I I I I I I I I I I I I  

V E R T I C A L  POLARIZATION - I,o 53.P Incidence Angle 
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Figure 3.  
ture Caused by Changes in Geophysical Parameters. 

horizontally polarized brightness temperature in 
Figure 4.  

Changes in Vertical Brightness Tempera- 

Similar calculations are presented for: the 

Wind speed and liquid water are the 
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Figure 4.  
Temperature Caused by Changes in Geophysical 
Parameters. 

Changes in Horizontal Brightness 

I dominating environmental parameters. The sensi- 
t i v i ty  t o  water vapor i s  also higher t h a n  t h a t  of 
SST beyond 11 GHz. Thus, horizontal polarization 

90 I 

primarily contains information concerning wind 
speed and liquid water. 
means t o  remove the effect  of these parameters 
from the vertically polarized brightness tempera- 
ture and enhances the accuracy of the SST estima- 
tion. The horizontally polarized brightness 
temperature of the LFMR could also be used in 
conjunction with the SSM/I to  enhance the retrieval 
of surface wind speed and liquid-water content. 

I t  therefore provides a 

The theoretical sensi t ivi ty  studies indicate 
that a frequency in the 4-to 6-GHz region i s  
optimal f o r  the overall 
frequency in the 8-to 10-GHz region i s  optimal for  
the retrieval of the SST of warm ocean water. The 
studies also indicate that both  vertical and hori- 
zontal  l inear polarization are required for the 
retrieval of SST. 

retrieval of SST, and a 

3. Sa te l l i t e  Data 

Two types of real da t a  are available for the 
LFMR frequency selection. The f i r s t  of these i s  
s a t e l l i t e  data. Among the s a t e l l i t e  instruments 
that  have been flown during the past decade, the 
only instrument which contains a multiple f re-  
quency passive microwave radiometer containing 
frequencies in the required range o f  from 4 t o  
about 10 GHz i s  the Scanning Multichannel Micro- 
wave Radiometer (SMMR). Both  the SEASAT and the 
NIMBUS-7 s a t e l l i t e s ,  launched i n  1978, carried a 
SMMR. 
proper interpretation of the SMMR data. 
careful selection of data and definition o f  
retrieval algorithms have led t o  reasonable 
retrievals of the SST (1,5) .  

A number o f  serious problems complicate the 
However, 

A study of the sensi t ivi ty  of the two lowest 
frequencies (6.6, 10.7 GHz) of the SEASAT SMMR to  
SST and an analysis of the SST retrieval using 
these two frequencies were conducted by Frank Wentz 
o f  Remote Sensing Systems (RSS) ( 6 ) .  
mission of SEASAT lasted 104'days, from June 28 t o  
October 10, 1978. Wentz f i l t e r ed  the total  SEASAT 
SMMR data s e t  according to the following c r i t e r i a :  
(1) only the middle two of the four 150-km SMMR 
brightness temperature cel ls  for each scan are 
used in order t o  eliminate severe cross-track 
polarization error,  (2)  a l l  data within 800 km of 
land are  discarded t o  avoid side-lobe contamina- 
tion problems, ( 3 )  only night-time data are used 
to  avoid the Faraday rotation effect ,  sun g l i t t e r  
effect ,  Sun entering the cold reference horn, and 
thermal gradients caused by heating effects which 
make the interpretation o f  day-time data unrel i - 
able, ( 4 )  only data from the second half of 
SEASAT's 3-month period were selected because the 
18-GHz channel, which i s  used in the SST retrieval 
algorithm, showed a significant time dependent 
d r i f t  during the f i r s t  half of the period. 
climatological data used fo r  comparison with the 
SEASAT SMMR SST retrievals (7,8) were compiled by 
NOAA. Table 1 contains the most relevant results 
from the RSS study. The complete resul ts  of the 
RSS SMMR study are available i n  a NRL report in 
preparation ( J. P. Hollinger and R.  C..Lo, NRL 
Report 5 375, 1984). The slope between the brightness 
temperature and the climatological SST value is  
dlrectly proportional to the cross correlation 

The total  

The 



c o e f f i c i e n t  between the  two va r iab les .  The 
b r igh tness  temperatures a r e  so r ted  according t o  
t h e  corresponding c l i m a t o l o g i c a l  SST values i n t o  
c o l d  water, t e p i d  water, and warm water categor ies.  
The s lope a t  10.7 GHz i s  h ighe r  than t h a t  a t  6.6 
GHz f o r  warm water i n d i c a t i n g  h ighe r  s e n s i t i v i t y .  
The reverse i s  t r u e  f o r  c o l d  and t e p i d  water. 
Th i s  r e s u l t  i s  i n  agreement w i t h  the  t h e o r e t i c a l  
r e s u l t s .  The SMMR b r igh tness  temperatures were 
a l s o  used t o  r e t r i e v e  SST. The r e t r i e v a l  accura- 
c i e s  based upon t h e  6.6-GHz channels a r e  super io r  
t o  t h e  r e t r i e v a l s  based on the  10.7-GHz channels 
f o r  a l l  cases of l i q u i d - w a t e r  con ten t  and sur face 
wind speed. The 10.7-GHz r e t r i e v a l s  a r e  most 
accurate f o r  t e p i d  and warm water. Th is  conf i rms 
the  prev ious conclus ions based on t h e o r e t i c a l  
c a l c u l a t i o n s  t h a t  t he  frequency reg ion  of 4 t o  6 
GHz prov ides t h e  most s e n s i t i v e  o v e r a l l  es t ima to r  
o f  t he  SST except f o r  warm water. 

4. A i r c r a f t  Measurements 

a s e r i e s  o f  a i r b o r n e  rad iomet r i c  measurements o f  
SST. 
Langley Stepped Frequency Microwave Radiometer 
(SFMR) (9)  and the NRL SSM/ I  s imu la to r  w i t h  
channels a t  19 H and V, 22 V, and 37 H and V 
mounted on a p a l l e t  aboard t h e  NRL RP3A a i r c r a f t .  
The p a l l e t  can be t i l t e d  t o  p rov ide  inc idence 
angles from n a d i r  t o  53 degrees. The SFMR i s  
v e r t i c a l l y  p o l a r i z e d  and i s  e l e c t r o n i c a l l y  stepped 
over the  range o f  4 t o  7.5 GHz. 
chosen f o r  data c o l l e c t i o n  a r e  4.530, 4.994, 
6.594, and 7.394 GHz centered on a bandpass o f  50 
MHz. A p r e c i s i o n  rad iomet r i c  thermometer (PRT-5) 
prov ides t h e  sur face t r u t h  measurements o f  SST. 
F l i g h t s  were conducted across t h e  Gulf Stream, 
the  c o n t i n e n t a l  she l f  o f f  the Nor fo lk ,  VA coast, 
Gulf of S t .  Lawrence, t he  Labrador Sea, and 
Frobisher  Bay cover ing a SST range from 2Oto 25O 
C .  Due t o  var ious inst rumenta l  d i f f i c u l t i e s  and 
f a i l u r e s ,  very  l i t t l e  o f  the SFMR data i s  a c t u a l l y  
usable f o r  t h i s  study. I n  general t he  br ightness 
temperature dependence on SST determined from 
these data i s  somewhat g rea te r  than t h a t  from 
t h e  SEASAT SMMR s t a t i s t i c s  o r  t he  t h e o r e t i c a l  
s tud ies.  Even though the  e x t e n t  o f  the a i r c r a f t  
data i s  very  l i m i t e d ,  t he  r e s u l t s  a r e  i n  general 
agreement w i t h  the  t h o e r e t i c a l  c a l c u l a t i o n s  and 
subs tan t i a te  the  t h e o r e t i c a l  approach. 

During November-December 1982, NRL conducted 

The inst rument  complement i nc luded  the  NASA 

The frequencies 

5. R e t r i e v a l  Accuracy Simulat ions 

The con f i rma t ion  o f  t h e  t h e o r e t i c a l  s e n s i t i -  
v i t y  s tud ies  by the  s a t e l l i t e  and a i r c r a f t  measure- 
ment r e s u l t s  prov ides the  p r a c t i c a l  bas i s  for  
d e t a i l e d  t h e o r e t i c a l  r e t r i e v a l  and t r a d e - o f f  
s tud ies.  The range o f  environmental cond i t i ons  
chosen i s  g iven i n  Table 2 and covers a l l  b u t  the 
most extreme cond i t i ons  l i k e l y  t o  be encountered. 
The frequency p a i r s  were chosen t o  con ta in  a lower 
frequency f rom the  opt imal  r e g i o n  of 4 t o  6 GHz 
and a h ighe r  frequency which w i l l  have g rea te r  
s e n s i t i v i t y  i n  warmer ocean waters and p rov ide  
g rea te r  s p a t i a l  r e s o l u t i o n .  The ef fects  of i n s t r u -  
mental noise, AT,  and o f  us ing SSM/ I  environmental 
products i n  the  SST r e t r i e v a l  a re  of p a r t i c u l a r  
i n t e r e s t .  The SSM/ I  i s  expected t o  p rov ide  e s t i -  
mates o f  wind speed, water vapor, and l i q u i d  water 
a t  accuracies of 2 m/sec, 0.2 gm/cmz, and 0.01 
gm/cm2 , respec t i ve l y .  

TABLE 2 

ENVIRONMENTAL CONDITIONS 

SST (C) -2 t o  30 
2 t o  17 

33 t o  37 
Wind Speed (m/sec) 

Columnar Density o f  Water Vapor 

Columnar Density o f  L i q u i d  Water 

A i r  Temperature ? C )  

Sal i n i  t y  (PPT) 

(gmlcm: 1 0.6 t o  6.0 

( m/cm2) 0.0 t o  0.08 
0 t o  32 

R e t r i e v a l s  based on e i t h e r  8.6 o r  10.7 GHz 
a lone a r e  n o t  adequate t o  meet the  opera t i ona l  
requirements us ing SSM/ I  products. 
4.3 and f o r  the 4.3; 8.6-GHz combination a re  shown 
i n  F igu re  5 and f o r  5.1 and the 5.1-, 10.7-GHz p a i r  
i n  F igure 6. The a d d i t i o n a l  frequency improves 
the  r e t r i e v a l  r e s u l t s  much more s i g n i f i c a n t l y  than 
i n c l u d i n g  the  S S M I I  products imp ly ing  t h a t  t he  
SSM/ I  products a r e  n o t  necessary f o r  a dual -  
frequency LFMR. This  would r e l i e v e  c o n s t r a i n t s  on 
the spacecraf t  i n t e r f a c e  design imposed by r e q u i r -  
i n g  comnon l i n e s  o f  s i g h t  f o r  both t h e  LFMR and 
the SSM/ I .  
frequency system i s  redundancy i n  case o f  p a r t i a l  
f a i l u r e ,  such as the loss o f  one channel. The 
dual-frequency system a l s o  prov ides h ighe r  accuracy 
and the  h ighe r  frequency channels p rov ide  b e t t e r  
surface r e s o l u t i o n  i n  warm ocean water reg ions.  
The 4.3s 8.6-GHz combination appears t o  be s l i g h t l y  
b e t t e r  than the 5.2; 10.7-GHz system i n  r e t r i e v a l  
accuracy. But bo th  o f  these combinations a re  
adequate t o  meet the  opera t i ona l  requirements i f  a 
system noise o f  about 0.5 K o r  l e s s  can be achieved. 

Re t r i eva l s  a t  

Another b e n e f i t  of us ing a dual -  

6. RFI, Faraday Rotat ion,  and Sun G l i n t  

A survey o f  p o t e n t i a l  RFI sources germane t o  
s a t e l l i t e - b o r n e  microwave radiometers was performed 
a t  NRL (10) i n  connnection w i t h  design s tud ies  f o r  
LAMMR. The r e s u l t s  show t h a t  t he re  i s  a band a t  
l e a s t  200-MHz wide around 4.3 GHz which i s  r e l a t i -  
t i v e l y  e m i t t e r  f r e e .  S i m i l a r l y ,  t h e  400-MHz wide 

91 



NRL SIMULATlON 
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F i g u r e  5. 
Alone and 4 . 3 ,  8.6 GHz Combination. 

R e t r i e v a l  S imulat ions Using 4 . 3  GHz 

h igher  surface r e s o l u t i o n  i f  o t h e r  considerat ions 
a l l o w  it. A more s i g n i f i c a n t  RFI parameter i s  t h e  
t o t a l  power o f  t he  r a d i o  e m i t t e r s  r a t h e r  than 
t h e i r  number. The study d i d  n o t  address the  power 
emi t ted  and d i d  not survey the whole frequency 
range o f  present  i n t e r e s t .  Fu r the r  RFI i nves t i ga -  
t i o n s  a r e  c l e a r l y  necessary be fo re  a f i n a l  frc- 
quency s e l e c t i o n  f o r  t h e  LFMR i s  made. 

7. Faraday Ro ta t i on  

The p lane o f  p o l a r i z a t i o n  o f  microwave r a d i a -  
t i o n  propagat ing upward through the E a r t h ' s  iono- 
sphere i s  r o t a t e d  by an angle, he, by Faraday 
r o t a t i o n  ( 1 1 ) .  
upon the  magnitude and o r i e n t a t i o n  w i t h  respect  t o  
the  d i r e c t i o n  o f  propagation o f  t he  E a r t h ' s  magne- 
t i c  f i e l d  and the  dens i t y  o f  e l e c t r o n s  along t h e  
propagation path. 

The amount o f  r o t a t i o n  depends 

I t  i s  g iven by 

A0 = 2*36=; 104(h cos$ d r  
T J 

where f i s  the  observat ional  frequency i n  Hertz, H 
i s  the Ear th ' s  magnetic f i e l d - f n  Gauss, N i s  the 
e l e c t r o n  number dens i t y  i n  cm , and d r  i s  an 
element o f  l e n g t h  along the  pa th  o f  i n t e g r a t i o n  
through the  ionosphere i n  cm ( 1 2 ) .  Ionospher ic  
Faraday r o t a t i o n  determined from equat ion ( 1 )  
using the mean value: o f  0.47 Gauss f o r  H, 45' f o r  
(I, and 3.8 x lo ' '  cm ' f o r  the  i n t e g r a l  of N a long 
the  propagat ion path i s  g iven i n  F igu re  7 as a 
f u n c t i o n  o f  frequency. Ro ta t i on  can be as much as 
th ree  o r  more times t h e  values g i ven  i n  F igu re  7 
du r ing  t h e  s o l a r  sunspot maximum and f o r  extreme 
values o f  H cos$. 
i s  scheduled f o r  launch near sunspot maximum. 
Thus Faraday r o t a t i o n s  o f  severa l  degrees may be 
expected a t  the lower f requencies o f  i n t e r e s t .  

It should be noted t h a t  N-ROSS 

2.0 1 I I I I 
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F igu re  6. 
Alone and 4.3, 8.6 GHz Combination. 

band centered around 5.2 GHz has r e l a t i v e l y  
few e m i t t e r s .  Based on t h i s  i n f o m t l o n ,  t e n t a t i v e  
frequency combinations f o r  cons ide ra t i on  a r e  4.3, 
8.6 GHz and 5.2,  10.4 GHz, w i t h  t h e  h ighe r  frequency 
i n  each p a i r  a r b i t r a r i l y  chosen an octave above 
t h e  lower frequncy. The 5.2; 10.4-GHz combination 
i s  t o  be p r e f e r r e d  on t h e  bas i s  o f  p r o v i d i n g  

R e t r i e v a l  S imulat ions Using 5 . 1  GHz 

I- 
d 
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Figure 7. 
and Subsequent Br ightness Temperature E r r o r  Caused 
by Ionospher ic  Faraday Rotat ion.  

Ro ta t i on  o f  the Plane o f  P o l a r i z a t i  



The r o t a t i o n  o f  the  p lane  of p o l a r l r a t l o n  by 
ionospher ic  Faraday r o t a t i o n ,  I f  uncorrected, will 
r e s u l t  i n  an e r r o r  i n  the  measured v e r t i c a l  and 
h o r i z o n t a l  1 i n e a r l y  p o l a r l z e d  b r i g h t n e s s  tempera- 
t u r e  o f  aTB g iven by 

Here T 
zontalB!rightness temperatures o f  the r a d i a t i o n  
a t  t he  E a r t h ' s  surface, 8 i s  t he  angular  o r i en -  
t a t i o n  t h a t  the p lane of recep t ion  o f  t he  r e c e i v i n g  
antenna a t  the s a t e l l i t e  makes w i t h  respec t  t o  the 
sur face v e r t i c a l ,  and A0 i s  t he  Faraday r o t a t i o n .  
I f  e i s  l a r g e  compared t o  de. 

and TBH a r e  t h e  t r u e  v e r t i c a l  and h o r i -  

 AT^" = ( T  - T  ) sin28 sinae e m 8  ( 3 )  BV BH 

then  AT i s  p r o p o r t i o n a l  t o  s i n  ae. This i s  t he  
case wiah SMMR where t h e  p lane o f  p o l a r i z a t i o n  
rotages w i t h  scan angle. I f  e can be he ld  constant  
a t  0 , independent of scan angle, then 

ATB = (TBV-RBH) s i n  2 AB e 0 (4 )  
2 and AT i s  p r o p o r t i o n a l  t o  s i n  ne. This can be a 

very l!rge d ig ference.  F o ~  example f o r  TB :TI" = 
100 K, e = 25 and Ae = 3 , equat ion (3 )  ~ I V  s a 
br ightness temperature o f  4 K whereas an e r r o r  o f  
o n l y  1/4 K r e s u l t s  from equat ion (4 )  when e = 0. 
Therefore, an impor tan t  des ign cons ide ra t i on  i s  t o  
ma in ta in  the  recep t ion  plane of p o l a r i z a t i o n  
a l i gned  w i t h  v e r t i c a l  a t  t h e  E a r t h ' s  sur face 
independent o f  scan angle. 
under the  mean cond i t i ons  assumed above, ca l cu la -  
ted us ing  equat ion (4 )  i s  a l s o  p l o t t e d  i n  F igure 7 
us ing a va lue o f  100 K f o r  TgV - TIH which i s  an 
upper l i m i t  over  the frequen y ran  e being consid- 
ered. For example, a t  4.3 GHz, the e r r o r  i s  
approximately 0.03 K and may be as l a r g e  as 0.1 K 
under severe ionospher ic  cond i t i ons .  The e r r o r  
decreases q u i c k l y  w i t h  i nc reas ing  frequency, and 
normal ly  w i l l  n o t  be impor tan t  and can be ignored. 
If necessary, a r e l a t i v e l y  simple c o r r e c t i o n  can 
be made t o  remove the b u l k  o f  the e f f e c t  s ince 
Faraday r o t a t i o n  i s  systemat ic  and w e l l  under- 
stood. Only i f  t h e  p lane o f  p o l a r i z a t i o n  r o t a t e s  
w i t h  scan angle w i l l  Faraday r o t a t i o n  be a problem. 

Sun g l i n t  i s  caused by the specular r e f l e c t i o n  
of s o l a r  r a d i a t i o n  from the  sea surface. The Sun 
i s  very i n tense  a t  microwave frequencies, espec- 
i a l l y  d u r i n g  per iods o f  h igh  sunspot a c t i v i t y  when 
i t  can have br ightness temperatures as h igh  as 
40,000 K a t  10 GHz and more than 200.000 K a t  5 
GHz. Therefore, i t  can cause a l a r g e  c o n t r i b u t i o n  
t o  the  observed br ightness temperature when the  
specular p o i n t  f a l l s  w i t h i n  the f o o t p r i n t  o f  the 
observing radiometer. The br ightness temperature 
e r r o r  caused by sun g l i n t  i s  a f u n c t i o n  o f  angle 
r e l a t i v e  t o  the specular angle and the sur face 
roughness o f  the sea which i s  p r i m a r i l y  a f u n c t i o n  
of wind speed. Studies have been performed (13) 
f o r  t he  purpose o f  d e f i n i n g  a cone angle about 
the d i r e c t i o n  where sun g l i n t  presents a problem 
i n  environmental parameter r e t r i e v a l s .  Considera- 
t i o n  has a l s o  been g i ven  t o  the p o s s i b i l i t y  o f  
generat ing a c o r r e c t i o n  a lgo r i t nm.  
i n d i c a t e  Fun g l i n t  e f f e c t s  can cause b r igh tness  

The expected e r r o r ,  

These s tud ies 

temperaturg increases i n  excess o f  1 K f o r  angles 
w i t h i n  +20 o f  b i s t a t i c  f o r  the SMMR 6.6-GHz 
channel, Unfor tunate ly ,  the sun g l i n t  problems 
cannot be avoided nor be obv ia ted  by system design 
o r  frequency s e l e c t i o n .  Fo r tuna te l y ,  sun g l i n t  
problems a r e  minimized by the  Sun synchronous 
e a r l y  morning o r b i t  planned f o r  N-ROSS. The 98.1' 
re t rog rade  N-ROSS o r b i t  i s  shown i n  F igure 8 w i t h  
s o l a r  p o s i t i o n s  a t  sumner and w i n t e r  s o l s t i c e  and 
the equinoxes i n d i c a t e d  f o r  bo th  a 7:15 a.m. and 
an 8:15 a.m. e q u a t o r i a l  cross ing.  The l i m i t  o f  
the LFMR scan i s  shown by the  small c i r c l e  l a b e l -  
ed "swath edge." There w i l l  be no specular s o l a r  
r e f l e c t i o n  f o r  any Sun p o s i t i o n  w i t h i n  t h i s  
c i r c l e .  However, under rough surface cond i t i ons ,  
sca t te red  s o l a r  r a d i a t i o n  w i l l  be received from 
d i r e c t i o n s  considerably  away from tne  specular 
d i r e c t i o n  (13).  Thus, sun g l i n t  w i l l  be a 
problem a t  some scan angles over some p o r t i o n s  of 
the o r b i t ,  p r i m a r i l y  near the  swath edge i n  the 
summer. C r i t e r i a  f o r  i t s  d e t e c t i o n  and e l im ina -  
t i o n  must be determined i n  a way s i m i l a r  t o  t h a t  
done f o r  t he  SMMR (13) experiment. 
problem w i l l  have t o  be addressed i n  the process- 
i n g  sof tware r a t h e r  than inst rument  design. 

Th is  

F igu re  8. 
Sun and the N-ROSS LFMR Scan Geometry. 

The Re la t i onsh ip  Between the Seasonal 

8 .  Basel ine Model o f  the LFMR 

The sensi t i v i  ty  and r e t r i e v a l  accuracy 
s tud ies  i n d i c a t e  t h a t  the 4 . h  8.6-GHz-frequency 
combination may be marg ina l l y  b e t t e r  f o r  SST 
r e t r i e v a l  than the 5.2; 10.4-GHz pa i r .  however, 
any poss ib le  s l i g h t  improvement i n  SST r e t r i e v a l  
accuracy ob ta inab le  w i t h  the lower frequency 
combination i s  n e g l i g i b l e  compared t o  the 21- 
percent  increase i n  sur face r e s o l u t i o n  provided by 
the h ighe r  frequency combination. Since both 
accuracy and r e s o l u t i o n  a re  impor tant  considera- 
t i ons .  the 5.2;  10.4-GHz combination w i l l  b e t t e r  
meet the opera t i ona l  requirement than w i  1 1  the 
4.3; 8.6-GHz p a i r .  Fur ther ,  u n c e r t a i n t i e s  i n  the 
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measured br ightness temperature caused by Faraday 
r o t a t i o n  w i l l  be about h a l f  as l a r g e  f o r  t h e  
h ighe r  frequency combination and, s ince  Solar  
i n t e n s i t y  decreases w i t h  inceasing frequency, sun 
g l i n t  problems w i l l  a l s o  be somewhat smal ler .  
these reasons the  frequencies o f  5.2 and 10.4 GHz 
a r e  se lected over 4.3 and 10.6 GHz f o r  t he  base l i ne  
i ns trument. 

An inc idence angle near 50' i s  requ i red  t o  
enable co r rec t i ons  f o r  marine wind speed and a 
con ica l  scan geometry, s i m i l a r  t o  t h a t  o f  t he  
SSM/ I  (14), i s  i n d i c a t e d  f o r  t he  same reasons t h a t  
l e d  t o  i t s  use f o r  SMMR, SSM/ I ,  and LAMMR. The 
adopt ion o f  a scan geometry i d e n t i c a l  t o  the  SSM/I 
w i  11 f a c i  1 i t a t e  data compari sons between the  two 
instruments and w i l l  ease the  development of 
a lgor i thms us ing d i f f e r e n t  combinations o f  
channels f rom bo th  systems. Fur ther  i t  w i l l  
enable a comnon format  and use much o f  t he  same 
sof tware f o r  data d i sp lay ,  handl ing,  and d i s t r i -  
but ion.  
inc idence angle. Meaaurements o f  t h e  scene a r e  
obta ined over  a 102.4 
s a t e l l i t e  ground t rack .  A scan pe r iod  of 1.9 
seconds 1 eads t o  a 12.5-km spacing between succes- 
s i v e  scans f o r  a s a t e l l i t e  a1 ti tude o f  833 km. 

along-track d i r e c t i o n  a t  5.2 GHz, a 5.9-m diameter 
antenna i s  requi red.  Th is  would p rov ide  15 x 25 
km r e s o l u t i o n  a t  5.2 GHz and 8 x 13 km r e s o l u t i o n  
a t  10.4 GHz. The r e s o l u t i o n  a t  10.4 GHz w i t h  a 
5 . 9 4  antenna i s  about 10 percent  b e t t e r  than the 
SSM/I a t  85.5 GHz. Samples a t  7.5-km cross t r a c k  
a r e  r e q u i r e d  f o r  Nyquis t  sampling a t  5.2 GHz. 
Nyquis t  sampling i s  very impor tan t  t o  prevent  
a l i a s i n g  and a l l o w  the  f u l l  use o f  t he  antenna 
r e s o l u t i o n  f o r  l o c a t i n g  and mapping thermal f r o n t s  
and eddies, i c e  edges, and o t h e r  sur face features.  
I n  order  t o  o b t a i n  Nyquist sampling a t  10.4 GHz as 
w e l l  as a t  5.2 GHz, a second dual -po lar ized 10.4- 
GHz system must be added. Th is  would be a second 
feed, o f f s e t  i n  both the  along-and cross- t rack 
d i r e c t i o n s ,  so as t o  prov ide two s e r i e s  o f  10.4- 
GHz samples spaced by 3.8 km i n  the  a long- t rack 
d i r e c t i o n  each scan. Sampling each 3.8 km along 
the  scan d i r e c t i o n  produces a 3.8-x 3.8-km g r i d .  
System temperatures o f  250 K a r e  ob ta inab le  w i t h  
FET a m p l i f i e r s  a t  5 and 10 GHz. 
scheme s i m i l a r  t o  t h a t  used f o r  t h e  SSM/ I  can be 
designed f o r  t he  LFMR, a t o t a l  power radiometer 
can be used. Bandwidths o f  300 MHz and 500 MHz 
a r e  achievable a t  5 and 10 GHz and should be 
compat ib le  w i t h  RFI considerat ions.  
temperatures would be about 130 K and 150 K 
l ead ing  t o  RMS noise o f  0.44 K and 0.50 K per  
sample a t  5.2 and 10.4 GHz. Sampling both p o l a r i -  
zat ions, w i t h  1 2 - b i t  p rec i s ion ,  w i l l  r e s u l t  i n  2.7 
Kb/s and 10.8 Kb/s data r a t e s  a t  t h e  two i n s t r u -  
ment cond i t i ons ,  and performance da ta  r e q u i r e  a 
t o t a l  data r a t e  of 14.0 Kb/s. A l l  o f  these con- 
s i d e r a t i o n s  o f  sampling, r e s o l u t i o n ,  noise, and 
data r a t e  f o r  a 5.9-m antenna a r e  summarized i n  
F igure 9. 

sampled system meets t h e  opera t i ona l  requirement 
i n  both accuracy and r e s o l u t i o n .  Since the major 

For 

The SSM/ I  i s  c o n i c a l l y  scanned a t  a 53.1' 

scan angle centered on the  

I n  order  t o  o b t a i n  25-km r e s o l u t i o n  i n  the  

I f  a c a l i b r a t i o n  

Ocean scene 

The 5.9-m antenna, six-channel, Nyquis t -  
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Figure 9. 
5.9-Meter Antenna. 

expense and weight  o f  t h e  system a r e  r e q u i r e d  by 
t he  antenna, the  a d d i t i o n  o f  two dua l -po la r i zed  
radiometers and feeds a t  10.4 GHz t o  a minimum 5.2- 
GHz system w i l l  o n l y  m a r g i n a l l y  increase the 
weight and power requirements, and the data r a t e  
o f  14 Kb/s i s  modest. The dual-frequency, dual -  
p o l a r i z e d  six-channel system prov ides g rea te r  
accuracy over  a l a r g e r  range o f  SST, b e t t e r  surface 
r e s o l u t i o n  i n  warm ocean water regions, a stand- 
a lone system independent o f  t he  S S M / I  and redun- 
dancy i n  t h e  event  o f  p a r t i a l  system f a i l u r e .  

d i r e c t i o n s  w i l l  a l l o w  maximum use o f  t he  antenna 
r e s o l u t i o n  i n  mapping sur face fea tu res .  
be noted the  data can always be smoothed i n  pos t  
processing t o  decrease t h e  RMS sample noise and 
increase r e t r i e v a l  accuracy t o  the  same reduced 
sur face r e s o l u t i o n  as would have been obta ined 
o r i g i n a l l y  i f  the  data had n o t  been Nyquis t  
sampled. The reverse i s  n o t  poss ib le .  I f  the  
scene i s  n o t  Nyquis t  sampled, no pos tp rocess ing  
w i l l  r e s t o r e  the  su r face  fea tu res  t o  the  maximum 
r e s o l u t i o n  a1 lowed by the  antenna. 

The base l i ne  system i s  g iven i n  Table 3. The 
weight, volume, and power requirements g iven f o r  
t he  antenna and radiometer were obta ined f rom 
d iscuss ions w i t h  H a r r i s  Corporat ion and ex t rapo la -  
t i o n s  from SMMR, S S M I I ,  and LAMMR. 

Sumnary o f  t he  Basel ine System w i t h  a 

Nyquis t  sampling i n  both along-and cross- t rack 

I t  should 
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I TABLE 3 

BASELINE SYSTEM 

Dual Frequency - 5.2 and 10.4 GHz 
Dual P o l a r i z a t i o n  - Hor izonta l  and v e r t i c a l  l i n e a r  

pohar i  z a t i o n  
45' Conical Scan (53.1 inc idence angle a t  E a r t h ' s  

surface) 
1.9-second period; 102.4' scan w id th  

Antenna - 5.9-m diameter 
- 70-lb maximum weight  
- 22-ft3 stowed volume 
- 20 wat ts  power - p o i n t  accuracy ~0.1'; p r e c i s i o n  +O.OZO 

Resolut ion - 15 x 25 km - 5.2 GHz 

Radiometer - Tota l  Power 

8 x 13 km - 10.4 GHz 

- External l y  Ca l ib ra ted  
- Bandwidth 300 MHz - 5.2 GHz 

- AT No.ise 0.44 K - 5.2 GHz 

- 24 l b ,  weight; 24 wat ts  power 
- S i x  Channels (H, V - 5.2 GHz; 

- Nyquis t  Sampled; 14.0 Kb/s data r a t e  

500 MHz - 10.4 GHz 

0.50 K - 10.4 GHz 

2H, 2V - 10.4 GHz) 

O r b i t  - 833-km A l t i t u d e ;  98.7 I n c l i n a t i o n  
(Polar  O r b i t )  - DMSP Conste l la t ion  

- Three-Year Miss ion L i f e  
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