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ABSTRACT 

(C)The increase i n  the  microwave emissivity of a foamy water surface 
over t h a t  of a smooth water surface fo r  various viewing angles has 
been measured under controlled conditions. Measurements were made a t  
frequencies of 8.35 and 19.35 GHz and fo r  both horizontal and v e r t i c a l  
polarizations.  The change i n  emissivity, Ae, was l e s s  a t  8.35 GHz 
than a t  19.35 GHz f o r  both polarizations. The angular variation of Ae 
was smaller with horizontal polarization than with ve r t i ca l  polariza- 
t i o n  fo r  the frequencies investigated. I3xperimenta.l r e su l t s  are  used 
t o  draw tentat ive conclusions about the detection of ship wakes with 
microwave radiometers. 

PROBLEM STATUS 

This i s  an interim report on one phase of the problem; work is 
cohtinuing on t h i s  and other phases. 

AUTHORIZATION 

NRL Problem ~ 0 2 4 7 A  
Project PM-16-40058CZW44150000 

iii 



THE MICROWAE EMISSIKCTY 
OF FOAM ON A WATELR SURFACE 

INTRODUCTION 

(C) Detecting the change i n  the microwave thermal emission of the sea. 
caused by the  presence of a ship i s  being evaluated as  a method f o r  
detectin4 ships. In  the absence of a ship, the radiation from the sea 
i s  the sum of the thermal emission of the water i t s e l f  and the re-  
f l ec t ion  from the sea surface of the sky's radiation. Emission from 
the  water has an in tens i ty  proportional t o  the  product of the water 
temperature and an emissivity factor .  The in tens i ty  of ref lected sky 
radiat ion i s  proportional t o  the product of the radiometric tempera- 
tu re  of t h a t  par t  of the  sky ref lected a t  the angle of observation 
and a r e f l ec t iv i ty  fac tor .  Because the effect ive temperature of the 
sky i s  low i n  most of the  microwave spectrum, except a t  very low 
elevation angles, the thermal radiat ion of the  water i s  usually the  
dominant component of microwave emission from the sea 's  surface. The 
wake of a ship changes (usually ra i ses )  the  emissivity of the  water. 
The ship i t s e l f  usually has a much lower emissivity than the water, 
depending on the deck configuration. Observations of the  microwave 
thermal emisssions from ship wakes indicate t ha t  the pr incipal  change 
i n  emissivity i s  caused by the foamy par t  of the wake. 

(C) Since ship detection depends on the change i n  t he  sea 's  emission 
caused by the presence of the  ship, knowledge of the emissivity of t he  
sea background i s  important. Both theoret ical  and experimental 
evidence indicates t ha t  the emissivity of the sea w i l l  be a function 
of observing wavelength, polarization, observation angle, temperature, 
s a l i n i t y  and surface roughness. Surface roughness produces large 
changes i n  the  emissivity of the sea. In  general, rougher seas have 
greater emissivities, par t icu la r ly  when observed with horizontal polar i -  
zation. To some extent t h i s  can be explained by the increase i n  the  
angle of observation caused by the wave slopes. For small waves, 
di f f ract ion e f fec t s  also enter the  problem. However, foam and break- 
ing waves great ly  increase the emissivity, and are  believed t o  account 
for  much of the  surface roughness effects,  especially fo r  very rough 
seas. Droppleman (1970)~ developed a theory of the microwave emission 
of foam which considers foam as an impedance matching layer between 
the a i r  and the water surface. According to  t h i s  theory, the 
emissivity approaches i t s  maximum value of 1.0 f o r  foam depths equal 
t o  the  observing wavelength i n  foam. 



(C) Ground based measurements by Williams (1969), and Edgerton e t  a l .  
(1971) a t  Aerojet  General i n d i c a t e  t h a t  t h e  emiss iv i ty  of foam i s  h i g h  
and probably approaches a  va lue  of 1.0. These ground based observa- 
t i o n s  have been confirmed by radiometr ic  measurements made from t h e  
Argus Is land  Tower, Holl inger  (1970), and by a i rborne  measurements of 
rough seas  by NASA personnel,  Nordberg e t  a l .  (1971). 

(C) Since the  microwave emiss iv i ty  of foam i s  important i n  determining 
t h e  emiss iv i ty  of sh ip  wakes and the  sea background, t he  changes i n  
emiss iv i ty  due t o  foam were measured under con t ro l l ed  condi t ions .  D r .  
J. P. Holl inger  (NRL Space Sciences Division)  was j u s t  beginning a  pro-  
gram of measuring t h e  emiss iv i ty  of foam a t  19.35 GHz when t h e  radio-  
met r ic  sh ip  d e t e c t i o n  e f f o r t  began i n  t h e  Airborne Radar Branch. D r .  
~ o l l i n g e r ' s  i n t e r e s t  i s  t h e  remote sensing of sea condi t ions  wi th  a  
microwave radiometer.  The Airborne Radar Branch a s s i s t e d  D r .  Hol l inger  
i n  t h e  19.35 GHz measurements and made corresponding measurements a t  
8.35 GHz. 

(C)The measurements were c a r r i e d  out  by measuring, f o r  both h o r i z o n t a l  
and v e r t i c a l  po la r i za t ion ,  t h e  emiss iv i ty  a t  8.35 and 19.35 GHz of foam 
generated i n  a  s ix-foot  diameter pool.  Measurements were a l s o  made o n  
the  pool without foam, and of t h e  angular v a r i a t i o n  of sky temperature. 

THEORETICAL DISCUSSION 

(U)The power received by a  microwave radiometer may be given i n  terms 
of antenna temperature, which i s  r e l a t e d  t o  t h e  observed "brightness  
temperature" d i s t r i b u t i o n .  The antenna temperature may be w r i t t e n  a s :  

&/e l+ )  = YT i j j  T , ~ ( ~ A )  ~ ( e 4 \  LJ-L  

Where , n 
(e,fl) = zen i th  and azimuth angles  r e spec t ive ly  

Ta(B,O) = antenna temperature 

Tbp(Q,b) = polar ized  b r igh tness  temperature 

D(Q,0) = d i r e c t i v e  ga in  of antenna 

dS1 = increment of s o l i d  angle 

For su r face  based observa t ions ,  (no atmospheric a t t e n u a t i o n ) ,  t h e  
b r igh tness  temperature Tbp (8,O) may be w r i t t e n  a s :  



Where, 

@) = polarized emissivity of surface 

Tsf c 
= thermodynamic temperature of surface 

T * ~ (  0,@) = microwave temperature of sky 

rp( 8, $1 = polarized reflectivity of surface 

The emissivity and reflectivity are related by: 

(3) 

Assuming azimuthal symmetry, equation (2) may be written as follows 
for a calm pool of water: 

For a water surface covered with a uniform layer of foam, equation (2) 
may be written as: 

3 p  ( B )  = Ef (4) Tsk ( 5 )  

Equations (4) and (5)  may be combined to give the change in brightness 
temperature due to the presence of foam. 

Equation (6) assumes that the water and foam are at the same tempera- 
ture. In the experiment to be described, the amount of reflected s- 
viewed by the radiometers was restricted by screens to +- 30 degrees 
from zenith. Since the variation of sky temperature over this angular 
range is small, the sky temperatures may be assumed to be a constant. 



- - 
Where, 

is the change in emissivity due to the presence of foam. 

The combination of equations (4) and (5) give an expression for the 
temperature of a water surface partially covered with foam. 

T w p  (6) = 2% PW (4) Tee c (8) &, (&))l (13) 

A b 

Where, 

Aw 
= area covered by water 

Af = area, covered by foam 

A, = area. of antenna beam on surface 

Upon cmbining terms, equation (13) becomes: 

T,., (9) = Twp.(e) + 2 [T,, ( 8 )  - TWP (817 
Upon Lubstituting, equation (u) into (14), the temperature of a parti- 
ally foam covered surface is given by: 

7mF($) = Trp (6) s 3 AL ~ ~ ( 6 ) [ ~ F c  - GIY (4g (15) 

The change in emissivity &; to the presence of foam is then: 

(U)T!he measurements of As were made under controlled conditions by 
conducting the experiment in a 6 foot wading pool. This permitted the 
camparison of calm pool observations and of various depths of foam by 
varying the flow of air through the foam generator. Measurements were 
taken for various viewing angles and for horizontal and vertical 
polarization to determine the variation of g . ~  as a mction of foam 
depth, viewing angle and polarization. 

APPARATUS AND PROCEIXTRE 

(U)A block diagram of the radiometers used in this experiment is 
shown in Fig. 1. The radimeters, which operated at 8.35 and 19-35 
GHz, were Dicke type with superheterodyne receivers which accepted 



both sidebands. The receivers were switched between the i r  horn-lens 
antennas and reference loads which were a.t a temperature s l igh t ly  
above ambient. Calibration was provided by argon noise sources 
coupled in to  the systems. When they were switched on, they added a 
known calibration temperature t o  the antenna temperature. A swmnary of 
the  important parameters of the radiometers i s  given i n  Table 1. 

TABLE 1 

X- Band K- Band 

Radiometer Type D i  cke, double - sideband superhetero - 
dyne receivers 

Antennas Horn lens Horn lens  

Polariza-tion Horizontal or  ve r t i ca l  

Beamwidth 7' a t  3 db 7' at 3 db 

IF Bandwidth 240 MHz 300 MHz 

Calibra.tion Argon noise source 

Integration Time 0.8 sec 1.0 sec 

Noise Figure 11 db 9 db 

Sensi t ivi ty  (rms) 0 . ~ O K  0. ~ O K  

X- Band 

(UIFigure 2 portrays the  experimental arrangement f o r  t he  X-band 
measurements. The radiometer was mounted on a. f iberglass  boom whose 
angle from the  ve r t i ca l  could be adjusted. The distance of the  radio- 
meter along the boom, as well as  the  angle of the radiometer r e l a t i ve  
t o  the boom could each be adjusted. These adjustments were made so 
tha t  the  radiometer was always s l i gh t1  fa r ther  from the pool surface 
than the  nominal f a r  f i e l d  distance 2 9 /A, where w equals the antenna 
aperture s ize  and h. i s  the  observing wavelength. 

K- Band 

(UIFigure 3 portrays the  experimental arrangement fo r  the  K-Band 
measurements. The radiometer was mounted on a support structure which 
could be moved r e l a t i ve  t o  the  pool. By varying the  distance of the  
support from the pool, and by varying the angle of the  radiometer, 
various viewing angles t o  the  center of the  pool could be obtained. 
The distance from the antenna t o  t he  pool surface exceeded 2w2/h. 



- 
(~ )The  pool, s i x  f ee t  i n  diameter, was f i l l e d  with approximately a 

foot of water. The sa l in i ty  was increased t o  t ha t  of sea water (35%, ) 
by the addition of calcium chloride. 

(U)The foam generator, shown i n  Fig. 4, consihted of a sp i r a l  of 
copper tubing with aquarium aerators attached at intervals .  It was 
connected t o  the laboratory a i r  supply from which various flow r a t e s  
could be obtained. The input flow was monitored with a sensi t ive  f low 
meter so t ha t  repeatable a i r  flows could be obtained. A typical  foam 
pat tern a t  a flow ra t e  of 6 ft3/min i s  shown i n  Fig. 5 .  

EXPERIMENTAL PROCEWRF 

(U)For a typ ica l  measurement, the following procedure was followed: 

1. The zero scale deflection was determined. 

2. The reference load temperature was recorded. 

3. The radiometric sky temperature was measured. 

4. The radiometric sky temperature was measured with the argon 
noise source turned on. 

5 .  Step 3 was repeated. 

6. The radiometric temperature of the calm pool was measured. 

7. The radiometric temperature of the foam a t  three flow ra t e s  
was measured. 

8. The radiometric temperature of the calm pool was measured 
with the argon noise source turned on. 

9. Step 6 was repeated. 

10. Step 2 was repeated. 

(Uhhis procedure was carried out fo r  f i ve  angles from nadir t o  40 de- 
grees from nadir .  The polarization was then changed by rotat ing the 
antenna and the measurements were repeated. Auxiliary measurements of 
water temperature, dry and wet bulb temperatures and a visual  estimate 
of sky conditions were recorded throughout the period of observation. 
The measurements which were made on two different  days were compared 
fo r  consistency. 

DATA REDUCTION 

(IT)A section of the s t r ip-char t  record taken during the measurements 
a t  X-band fo r  horizontal  polarization and a. vlewing angle of 25 de- 



pees, is shown in Fig. 6. This type of data was reduced using the 
following procedure. 

1. The magnitude of the deflections were determined from the zero 
deflection line on the chart. 

2. The antenna temperature was then calculated from the relation: 

Tref 
= reference load temperature (OK). 

Targon = argon noise temperature (OK). 

'argon 
= scale deflection of argon noise source. 

X = scale deflection of (sky/pool) measurements. 

The antenna temperature was then corrected for system losses by: 

Where, 

L = system loss (L - > 1) 

= ambiant temperature (OK) 

(u) The argon noise temperat~e had been determined previously by 
stanmd techniques to be 103 K. The system losses where determined 
by calibrating against the zenith sky using a standard gain horn and 
camparing this temperature to the observed sky temperature. The total 
loss determined in this manner was 0.6 db. 

(U)The deflections caused by the argon noise source were slightly 
different for the sky and poolmeasurements, indicating that the de- 
flections were non-linear. Accordingly, the average of the sky and 
pool values was used for the sky measurements while the pool value was 
used for the calm pool and foam measurements. 

(U)For the K-band measurements, the argon noise temperature and system 
losses were unknown, so approximate values of these parameters were 
determined from the observed sky temperature in the following manner. 

( U ) h  extensive study by Mango (1971) hars indicated a good correla- 
tion between surface absolute humidity and observed sky temperature. 
Thus, the absolute humidity was calculated from the wet and dry bulb 
temperatures. Then, the true sky temperatures were determined for the 



angles of interest. Upon combining equations(l7) and(18): 

Knowing the true sky temperature, the deflection caused by the argon 
noise source and the ambient temperature, a plot of loss versus argon 
noise source temperature could be made. This plot provides a range of 
values which satisfy equation (19). The average values of these para- 
meters, Targ n = 106'~ and Loss = 0,048 db were chosen. After these 
values were aetermined, the analysis was identical to the procedure 
used for the X-band measurements. 

RESULTS - SKY AND CALM POOL 

@)Figures 7-10 show the observed values of the radiometric tempera- 
tures as a function of angle for the calm pool and sky for both 
polarizations, and for the two days of measurements. Figure 11 shows 
all sky temperature measurements, including both polarizations. For 
the calm pool data, a theoretical curve, based on the water tempera- 
ture and salinity, is shown for comparison. The data are given in 
terms of antenna temperature, since the detailed antenna pattern and 
efficiency are unknown. The following results can be seen from the 
curves : 

(U)1. Figures 7-10 show sky temperatures are consistent for both 
polarizations and for both days of observations. This is to be ex- 
pected because the atmosphere is randomly polarized and meteorological 
conditions were similar on both days. The sky temperature increases 
as the secant of the observation angle as expected, although the 
magnitude is consistently too high campared to theory. The explana- 
tion for this is unknown, although the support-beam may be influencing 
the observations. 

(U)2. For the calm pool data there is good agreement with theory for 
vertical polarization (Figs. 7 and 9 )  except at the nadir. For hori- 
zontal polarization (~igs. 8 and lo), the angular variation has the 
expected form, except for angles of nadir and 40 degrees. However, 
the temperatures are larger than expected, especially on 21 January. 
Since interference (RFI) was observed on a monitoring scope before the 
first days data was taken, this is the most likely explanation for the 
discrepancy. The high radiometric temperatures observed at nadir for 
both polarizations are probably caused by the reflection of the anten- 
na's thermal emissions from the smooth water and back into the antenna 
again. Calculations made of the expected magnitude of the effect (see 
Appendix A) come close to the observed values. 



(U) Figure 12 shows the observed values of the angular variation o f  
the  r a d i o ~ t r i c  temperatures of the calm pool for  both horizontal and 
ver t i ca l  polarizations. Sky temperatures are not shown because data 
were taken only a t  8=40 degrees. The agreement between theory and t h e  
observed values i s  good, with the greatest  difference of about 5% being 
observed for  ver t ica l  polarization. Since the observed temperatures 
depend upon the approximated values of noise source te~liperature and 
system loss,  a check was made of the other possible values of these 
parameters which sa t i s fy  Eq. (19) . They gave closer agreement for  
horizontal polarization but only a s l i gh t  improvement f o r  ver t ica l  
polarization. 

EVALUATION OF DATA 

(U)The agreement between theory and the observed values of radiometric 
temperatures f o r  the calm pool and the sky are  good, considering the 
RFI problems a t  X-band and the d i f f i cu l t i e s  of cal ibrat ion a t  K-band. 
The angular variations agree with theory and the measurements are 
consistent. Some of the disagreement with theory may be due t o  the 
antenna pattern character is t ics  and possible side-lobe corrections 
which should be applied t o  the data. 

FOAM MEASUREMENTS 

(U)The increase i n  emissivity due t o  foam, As, may be measured as  
t h e  difference i n  antenna temperature between the foam covered and the  
calm pool. There i s  so= evidence of interference i n  the horizontally 
polarized calm pool data, and the value of As could be affected i f  the 
interference was different  when neasuremnts were made on the calm pool 
and when they were made on the foam covered pool. Since the values of 
As fo r  both days and both polarizations were comparable, it was assumed 
t h a t  the e f fec ts  of interference on the calm pool measurements were 
similar t o  the e f fec ts  on the measurements on the covered pool. It i s  
shown i n  Appendix B tha t  t h i s  assumption, along with equation 16, leads 
t o  4s being independent of interference i f  t rue  sky temperatures 
values are  used i n  the calculations. 

(u)From photographs taken of the foam coverage for  various a i r  flow 
ra tes ,  the percent of the surface of the pool covered by foam was de- 
termined. For the X-band masurements, the coverage ranged from 52% 
fo r  the measurements a t  the nadir t o  54% a t  40 degrees viewing angle 
with no s ignif icant  difference between the a i r  flow rates .  

(u) Figures 13-16 show be versus viewing angle for  the various flow 
rates ,  f o r  both horizontal  and ve r t i ca l  polarizations and f o r  both 
days of observations. The following features should be noted: 



v 3% .M 

1) Mgures 13-16 show the value of h e  is less than 0.6, waning 
tha t  the foam was not a perfect absorber. 

- - - . -- - - 

2) The angular variation of A e for  horizontal polarization i s  
small, (figs.  13 & l5),  and less  than for  vert ical  polariza- - - -  - - 

t ion  ( ~ i g s .  14 & 16). 
- -  - - - 

3) Figures 13-16 show that  the magnitude of Ae increases with 
increasing flow ra te  (i.e. depth of foam) fo r  a specific angle. 

4) By comparing Figs. (13 & 14) and (15 & 16), the depth of 
foam determines whether horizontal or ver t ica l  polwization 
w i l l  give a larger change i n  A a. 

(U) For the K-band masuremnts, the percentage of the beam covered 
by foam ranged f'rom 55$ a t  ver t ica l  incidence t o  60$ a t  40 degrees. 
Because of the lack of a good calibration, an attempt was made t o  
determine what effect  the calibration had on Ac values. It is  shown 
i n  Appendix C tha t  for the conditions of this experiment, he can be 
written as: 

Ab - (20) 
mere ,  A+ 

Xpool = deflection for  the calm pool, 

IG, = deflection for  foam covered pool, 

X~ = deflection fo r  sky masuremnt, 

and the other terms have been defined previously. 

(U)Equation (20) i s  independent of the noise source temperature and 
system losses. A minor diff icul ty ar ises  i n  that the sky deflection 
should be a t  the corresponding angle of observation. Since sky measm- 
ments were made only a t  zenith angles of 40 degrees, a mthod of cor- 
recting the sky deflections i s  given i n  Appendix D. 

Figures 17 and 18 show the values of & for  horizontal and vert ical  
polarization as a function of observing angle and fo r  various flow 
ra tes .  Several features t o  be noted are the following: 

1) There is l i t t l e  difference between the two polarizations, 
particularly a t  the lower viewing angles. 

2) There is less  aagular variation of & for  horizontal polar- 
ization than for  vert ical  polarization. 
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3) Ac increases w i t h  increasing flow ra te  t o  the maximum possible,  
implying the emissivity of foam approaches unity. 

(U)A point which must be ~ n t i o n e d  i n  regard t o  the above features  
- i 

i s  the possible e f fec t  of surface roughness. The "clear areas" i n  the - 

- -  - 

foam tank were assuroed t o  be smooth water. If t h i s  assumption i s  n o t  
t rue ,  it i s  shown i n  Appendix E tha t  a correction term should be applied. i 

This correction term is: - 

Whe re, 

As' = the emissivity change due t o  roughness 

A, = the area covered by water. 
C 

+ = the area covered by foam. 

This term should: 

1) increase with flow ra te  because the water i s  more turbulent. 

2 )  be larger  fo r  horizontal than fo r  ve r t i ca l  polarization. 

3) increase with angle f o r  horizontal polarization and decrease 
with angle fo r  ver t ica l  polarization. 

The magnitude of the correction i s  unknown, although it might be as  
large as  several percent. However, it i s  a factor  which m s t  be taken 
in to  account, and may modif'y the features of the As curves fo r  K-band. 
Hopefully t h i s  factor  can be eliminated i n  future measurements. 

S-Y OF FOAM PROPERTIES 

(U)The following tentat ive conclusions are drawn from the elrperi- 
mental measurelnents . 

1)  The change i n  emissivity (As ) increases with depth of foam 
up t o  a t  l e a s t  1.5 cm fo r  both frequencies. 

2) The angular variation of he i s  small, being l e s s  fo r  hori-  
zontal polarization than f o r  ve r t i ca l  polarization and less  
at  X-band than a t  K-band. 

3) A t  X-band, As can be greater a t  e i ther  horizontal or ver t ica l  
polarization, depending on the depth of foam. 

4) For foam depths l e s s  than 1.5 cm, As i s  greater a t  K-band 
than a t  X-band f o r  the same depth of foam and viewing angle. 



EVALUATION OF PROCEDURE 

(U) Several  f e a t u r e s  of t h e  experiment need t o  be mentioned. 

1 )  The l a c k  of foam coverage over the  beam c a u s e d b t  t o  be 
inverse ly  propor t ional  to  the  a rea  covered by t h e  foam. 
Since foam coverage was only about 50%,  a l a r g e  correc- 
t i o n  was applied t o  obta in  the  A t  va lues .  

2) The non-foam a reas  of t he  pool were assumed t o  be smooth 
water .  The photographs of t he  sur face  i n d i c a t e  t h a t  t he re  
was foam and sur face  roughness i n  these  "clear"  a reas ,  but  
t h e  magnitude of t hese  e f f e c t s  a r e  unknown. 

3)  The photographs show t h a t  t h e  foam tended t o  p i l e  up i n  t h e  
foamy a r e a s  and t h a t  i n  some a r e a s  of t h e  pool,  t h e  bubbles 
were l a r g e r  than i n  o ther  a reas .  Over the  a rea  of t he  beam 
these  e f f e c t s  were probably small,  bu t  under s p e c i f i c  circum- 
s t ances ,  they could be important.  

4) A s  t h e  foam becomes o lde r ,  more and more of t h e  l i q u i d  d r a i n s  
from i t  and hence changes i ts  water content  and emiss iv i ty .  
Under these  condit ions t h e r e  w i l l  be a g rad ien t  of water 
content  from the  bottom t o  the  top of t h e  foam l a y e r  and a 
lower e f f e c t i v e  emiss iv i ty  f o r  t h e  foam l a y e r  a s  a whole. 

CONCLUSIONS 

SHIP WAKES 

(C) Based on t h e  da ta  from t h i s  experiment, some t e n t a t i v e  conclu- 
s i o n s  may b e  drawn about the  poss ib l e  de t ec t ion  of sh ip  wakes wi th  
microwave radiometers .  

1 )  The inc rease  i n  br ightness  temperature above the  sea  back- 
ground w i l l  i nc rease  wi th  frequency (approaching A t  x 0.6) 
f o r  foam depths l e s s  than the  observing wave l eng th  i n  foam. 
For g r e a t e r  foam depths,  t he  longer wave lengths  w i l l  g ive  a 
g r e a t e r  i nc rease  i n  s igna l .  

2) The magnitude of t he  foam generated s i g n a l  above the  back- 
ground should show very l i t t l e  angular v a r i a t i o n ,  neglec t ing  
atmospheric e f f e c t s  . However, when making observa t ions  from 
above t h e  sur face ,  atmospheric e f f e c t s  must be  taken i n t o  con- 
s i d e r a t i o n .  



3) The experiment showed t h a t  t h e  increase  i n  temperature over 
t h e  calm pool caused by t h e  foam was only a  l i t t l e  d i f f e r e n t  
f o r  ho r i zon ta l  and v e r t i c a l  po la r i za t ions .  Over t h e  open 
ocean where roughness e f f e c t s  a r e  g rea t e r  a t  ho r i zon ta l  pol- 
a r i z a t i o n ,  t h e  inc rease  would then be  g rea t e r  f o r  v e r t i c a l  
po la r i za t ion .  

SEA STATE 

(C) The e f f e c t  of background sea  s t a t e  w i l l  in f luence  t h e  p o s s i b i l -  
i t y  of sh ip  d e t e c t i o n  i n  two poss ib le  ways. The f i r s t  i s  changes i n  
s u r f a c e  roughness from point  t o  poin t .  A one percent  change i n  t h e  
temperature inc rease  due t o  roughness over t h e  beam a r e a  w i l l  p rovide  a  
change i n  s i g n a l  about equal i n  magnitude t o  t h a t  expected from a d i -  
l u t e d  s h i p  wake. Since roughness changes inc rease  wi th  frequency and 
a r e  g rea t e r  f o r  ho r i zon ta l  than  v e r t i c a l  po la r i za t ion ,  background 
roughness e f f e c t s  can be reduced by going t o  a s  low a frequency a s  
poss ib l e  and t o  v e r t i c a l  po la r i za t ion .  

(C) The second e f f e c t  of t h e  background sea  w i l l  be  t h e  n a t u r a l  
foam on t h e  sea  su r face  which appears a t  s u f f i c i e n t  su r face  wind speeds. 
This  background foam w i l l  increase  t h e  observed br ightness  temperature 
d i r e c t l y  propor t ional  t o  i ts  a r e a l  coverage, weighted by t h e  antenna 
p a t t e r n .  Under some condi t ions ,  t h i s  might completely mask t h e  s h i p  
wake. A method of s o l u t i o n  would be  t o  compare sequen t i a l  da t a  p o i n t s ,  
b u t  i f  t h e  po in t  t o  po in t  v a r i a t i o n  i n  foam coverage is  g r e a t e r  than 
t h e  inc rease  due t o  t h e  sh ip  wake, then o ther  methods of separa t ing  t h e  
background foam from t h e  sh ip  wake must be found. 

PJCOMMENDATIONS FOR FUTURE WORK 

(U) Future i n v e s t i g a t i o n s  i n t o  t h e  p rope r t i e s  of foam should in- 
c lude  t h e  following: 

1) Complete uniform foam coverage of t h e  beam or  accura t e  know- 
ledge of t h e  foam coverage. 

2) A s u f f i c i e n t l y  s t a b l e  foam so t h a t  t h e  a i r  flow can b e  turned 
o f f  and poss ib l e  roughness e f f e c t s  el iminated.  

3) Foam measurements should be extended t o  o the r  frequencies .  

4) For a  s p e c i f i c  frequency, t h e  following foam p rope r t i e s  
should be determined: 

a )  t h e  emiss iv i ty  of foam a s  a  funct ion  of foam depth.  



b) t h e  inf luence  of bubble s i z e  on t h e  foam emiss iv i ty .  

c )  t h e  r a t e r  conten t  of t h e  foam and t h e  range of va lues  for 
va r ious  bubble s i z e s  and contaminants i n  t h e  water .  

d)  t h e  e f f e c t  of drainage on foam emis s iv i ty  and i t s  depend- 
ence on t h e  th ickness  of t h e  foam l aye r  and contaminants 
i n  t h e  water.  
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APPENDIX A - NADIR VIEMING CORRECTION 

(U)For nadir viewing, the  physical setup was as  i n  Fig. 2 of the t e x t .  

(U)The temperature increase, AT, due t o  the antenna's ref lect ion i n  a 
calm water surface, and assuming the sky temperature i s  zero, may b e  
written as: n 

Where.: 

a = so l id  angle of the ref lected antenna aperture 

C$ = so l id  angle of antenna beam 

Tb = briglitness temperature of aperture 

r = r e f l ec t iv i ty  of water surface 
W 

The effective s ize  of the antenna aperture i s  given by 

Where : 

G = gain of the antenna 

X = wavelength 

Now 

G %53 4 2 x 10 18 

Where 8 equals the half-power beamwidth i n  degrees. Combining the 
two preceeding equations, one can write 

The area of t he  antenna beam can be written as  

% = n r2 = n (h tan  0 / 2 ) ~  (A51  

Where h equals twice the distance from the  antenna t o  the pool surface. 
Substituting i n  values f o r  the parameters, one obtains 

And AT then becomes 



(U)For the measurements made with foam present, the ref lec t iv i ty  i n  
the backscattering direction i s  unknown and Fll be neglected. Thus, 
the calm pool data have been corrected by ll K before As was calculated. 

APPENDIX B - INTERFERENCE EFFECT ON Ac AT X-BAND 

(u)Since the data of the calm and foamy pools were averaged over at 
l eas t  a minute and the temperature differences between the foamy and 
calm pool were comparable on the two days of measurement, it was as- 
sumed tha t  the interference was constant between the calm pool and 
foam measurements. However, since several minutes passed between t h e  
sky and pool measurements, the interference was assumed t o  be d i f fer -  
ent between the sky and pool data. With these assumptions, 

= 
T p ~ ~ l  obs Tpool t rue  + JI 

- 
Tm obs - *m t r u e  + J, 

Tsky obs Tsky t rue  + JI' 

Where $ equals interference and J ,  # $' 

Substituting these expressions into Eq. (16), d 

T ~ a a  Nb 
= [ T:ikTsKv & ! ;q 0 5 )  

Ae i s  only dependent on the sky interference. Either corrected sky 
values or the t rue sky values may be used. Either way the correction 
i s  s m a l l  because '&A Tsky. I n  the data analysis, the t rue sky values 
were used as determined from the standard gain horn. Even if the 
interference was different between the calm pool and foam measurements, 
Ac would become 

and the t o t a l  error would again be small. 
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APPENDIX C - CALIBRATION EFFECT ON he AT K-BAND 

(u) Combining Eqs . (17) and (18), the antenna temperature can be writ- 
ten as, 

Where 

oc, = Tab + L - Tab) 

Substituting T a,t into Eq. (l6), 
7 

Or 

(~6) 

Now 

For the Ku band measurements, 

qfc= 283'~ 
T,, - 293'~ 
TEIlnb = gOc = 282'~ 

Thus, 

Since 

oc 2 Xsky - 265'~ 
( ~ ~ ~ 5 )  may be neglected in comparison tooC X with about s 4% 
error. 2 s w  

Thus, 



Where 

Tm = mean radiating temperature of the atmosphere 

oC = zenith absorption i n  nepers 
0 

The sky deflection must be a t  the angle of observation of T and Tf 
Since this was not done during the observations, a correctign facto? 
was applied. The method i s  developed i n  Appendix D. 

APPENDIX D - SKY CORRECTION 

(U)For the K band measurements, the sky temperature was always meas- 
ured a t  an angYe of 40 degrees from zenith, while t o  determine Ae, t h e  
temperature of the sky a t  the angle of observation i s  required. To 
obtain the required sky temperature, one can correct the sky tempera- 
ture a t  40 degrees i n  the following manner. For a horizontally s t r a t -  
i f i e d  atmosphere and up t o  moderate zenith angles, the sky temperature 
at zenith angle 0 can be written as 

Or,  sec 0 i s  small, which i s  t rue for  our case, 

T (0)  = T oC sec 0 
sky m 0 

From Appendix C, 

Tsky = 6, - cfia Xsny ( 6 )  

('4- 4, - o C , ) ( s * I ( q O ~ )  sky 



NOW, 

4 1  - - I T a m b  + L ( ~ k f  - ~ a w b )  
d z  

( ~ 7 )  ' Tawn/~an)sn 
Using the values fo r  Twgon and Loss that  were determined previously, 

This value was then used with the observed data t o  correct the sky 
temperatures before & was calculated. 

APPENDIX E - ROUGHNESS COTT#ECTION 

Assume tha t  because of surface roughness, the ernissivity i s  in- 
creased by a factor Ac '. Equation (13) then becames - 

Tm = f+, b ( ~ w  + A€') ~ . r c  +(Q - A P I )  ZKY] ( ~ 1 )  

Or upon rearranging terns, A g k r  T* + G T S ~  
+ x b  

Now, f r m  Eq. (11) 

And upon substituting Eq. (ll) for  ( T ~  - T ), one can write 
P 

Thus, t o  obtain the t rue &, a correction term must be subtracted from 
the observed &. 
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Fig. 2 - Experimental setup for X-band measurements. 

Fig. 3 - Experimental setup for K-band measurements. 



Fig. 4 - Foam generator 

Fig. 5 - Foam pattern at flow rate of 6 ft3 / min. 
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Fig. 6 - Strip-chart record of typical measurement sequence; v = 8.35 GHz, 
horizontal polarization, 8 = 25", Jan. 22, 1971. 
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Fig. 7 - Antenna temperature vs angle for calm pool and sky; v = 8.35 GHz, 
vertical polarization, Jan. 21, 1971. 
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Fig. 8 - Antenna temperature vs angle for calm pool and sky; v =8.35 GHz 
horizontal polarization, Jan. 21., 1971. 
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Fig. 9 - Antenna temperature vs viewing angle for calm pool and sky; 
v = 8.35 GHz, vertical polarization, Jan. 22, 1971. 
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Fig. 10 - Antenna temperature vs viewing angle for calm pool and sky; 
v = 8.35 GHz, horizontal polarization, Jan. 22, 1971. 



ANTENNA TEMPERATURE ( O K )  

- - 8 h3 W 
0 VI 0 VI VI 0 VI 

W 

0 



ANTENNA TEMPERATURE (O K )  



0 1 I I I I 
0 10 20 30 40 

VIEWING ANGLE (DEGREES) 

Fig. 13 - Change in emissivity Ae v s  angle for  horizontal polarization; 
v = 8.35 GHz, Jan. 21., 1971. 
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VIEWING ANGLE (DEGREES) 
Fig. 14 - Change in  emissivity As vs angle for  vertical polarization; 

y = 8.35 GHz, Jan. 21., 1971. 



Fig. 15 - Change in emissivity Ac vs  angle for horizontal polarization; 
v = 8.35 GHz, Jan. 22, 1971. 
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Fig. 16 - Change in emissivity Ac vs angle for vertical polarization; 
v = 8.35 GHz, Jan. 22, 1971. 
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Fig. 17 - Change in emissivity As vs angle for horizontal polarization; 
v = 19.35 GHz, Jan. 22. 1971. 
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Fig. 18 - Change in emissivity A€ vs angle for vertical polarization; 
v = 19.35 GHz, Jan. 22, 1971. 
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