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A SUMMARY OF THE RADIOMETRIC TECHNOLOGY MODEL OF THE OCEAN SURFACE IN THE MICROWAVE REGION

John C. Alishouse
National Environmental Satellite Service, NOAA, Washington, D.C.

ABSTRACT. Between November 1970 and March 1974, under a series 
of three contracts with the National Oceanic and Atmospheric 
Administration's National Environmental Satellite Service, 
Radiometric Technology, Inc., carried on studies to assess the 
potential of determining sea-surface temperature and roughness 
from a satellite-borne microwave radiometer. The final re­
ports, consisting of 5 volumes containing a total of more than 
1100 pages, represent a significant contribution to this par­
ticular area of research.

The model developed by Porter and Wentz is a two dimensional 
two-scale model in that it incorporates upwind and crosswind 
wave spectra and considers waves that are both large and small 
in comparison with the radiometer's wavelength. This technical 
memorandum presents the more significant results of Porter and 
Wentz in a less formidable matrix.

I. INTRODUCTION

Between November 1970 and March 1974, under a series of three contracts from the National 
Oceanic and Atmospheric Administration (NOAA), Radiometric Technology, Inc.J carried on 

studies to assess the potential of determining sea-surface temperature and roughness from 
satellites utilizing a microwave radiometer. The final reports (Porter and Wentz 1971, 
Porter and Wentz 1972, and Wentz 1974) consist of 5 volumes, contain more than 1,100 pages, 
and fill 4 in. on a bookshelf. They cover the development of a sophisticated model of the 
sea surface, which includes both capillary and gravity waves. The scope of the investiga­
tion, while completely analytical, nevertheless was quite extensive and investigated such 
factors as salinity, foam, wave spectra, polarization, and atmospheric attenuation to deter­
mine optimum frequencies and accuracy limitations. In view of the length and depth of the 
reports, as well as the evolutionary character of the results, a summary of the more impor­
tant and final results was deemed appropriate.

Each contract final report contains a section of author-identified significant results or 
conclusions that were used as a basis for this summary. Relevant material contained else­
where in the contract report then is presented to support the conclusions.

^Located at 28C Vernon Street, Wakefield, Massachusetts 01880 

2 Present address: F. J. Wentz and Associates, Box 162, Massachusetts Institute of Technol­
ogy (MIT) Branch Post Office, Cambridge, Massachusetts 02139
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One should note that not all conclusions and significant results identified by the authors 
of the contract reports are presented in this summary; there are two reasons for this. The 
first is that some of the results are modified to some extent by the inclusion of refine­
ments in the model for sea-surface emissivity. It would be unfair both to the authors of 
the original work and to the readers of this summary if apparently contradictory or conflict­
ing results were presented. Accordingly, only the last result is presented in such a case.
In a few instances, the author of this summary has decided somewhat arbitrarily that some 
of the results were not sufficiently significant and so omitted them.

In addition, a one- to two-page summary of objectives, ranges of parameters, and other 
background material are presented to provide the reader with at least some background and 
context for the conclusions presented.

Finally, there has been some editorializing in the material in that reference citations 
have been changed to conform to NOAA format and a few figure legends have been changed so 
that the same symbols have the same meaning everywhere in this summary.

II. DISCUSSION OF "MICROWAVE RADIOMETRIC STUDY OF OCEAN SURFACE CHARACTERISTICS"
(PORTER AND WENTZ 1971)

A. Summary

" The objective of this study was to investigate in considerable detail the microwave char­
acteristics of calm, rough, and foam-covered ocean surfaces and to develop a technique for 
deriving thermodynamic ocean surface temperatures from brightness temperatures measured by 
an earth-orbiting radiometer. This investigation encompassed frequencies in the range 1 to 
10 GHz (wavelength range of 30 to 3 cm) and was based on the use of a 1-dimensional geomet­
ric optics roughness model (Lynch and Wagner 1970) including shadowing and multiple scatter­
ing of radiant electro-magnetic energy. Provision is made in the model for characterizing 
surface roughness through the rms slope-versus-wind velocity relations previously established 
by other researchers (Cox and Munk 1954). Suitable foam and atmospheric models were super­
imposed on the roughness model.

"A wide variety of operating and environmental parameters were brought into the study, 
including both horizontal and vertical polarizations, an antenna beam nadir angle range of 
0 to 60 degrees, wind velocities from 4 to 20 meters/sec., surface temperatures from 276 to 
296 degrees Kelvin, salinities of 24 to 37 parts per thousand (°/oo)5 and atmospheric con­
ditions ranging from clear sky to heavy rain. Following preliminary studies concerned with 
the dielectric properties of model sea water, specular emissivities, and specular brightness 
temperatures, an initial frequency optimization analysis was performed, this involving a 
total of twelve frequencies in the above range. Based on the response of brightness temp­
erature to changes in surface temperature and the uncertainties introduced by the atmosphere 
at higher frequencies, the frequency span was compressed to the range 1.4 to 5 GHz. Con­
currently, the salinity range was reduced to 31 to 37°/OQ, thus eliminating river estuaries 
from further consideration.

"Rough ocean brightness temperatures were generated and a physical foam model was estab­
lished. This presented some unusual problems because of the limited amount of information 
available on the physical structure of a given patch of foam and the percentage coverage of 
ocean surfaces by foam as a function of wind velocity. A decision was ultimately made to 
represent foam as a porous homogeneous mixture of air and sea water. Comparisons were made 
between theoretical and experimental (Hollinger 1971) brightness temperatures for identical
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environmental conditions at 1.4 and 8.4 GHz. The results were excellent for vertical po-
olarization and moderate for horizontal polarization.'

B. Conclusions

1. "The effects of sea water salinity on emissivities and brightness temperatures become 
negligible at frequencies above 4 GHz, for maximum salinity uncertainties of 4 parts per 
thousand."

The basis for this conclusion is a series of calculations of the emissivity of sea water 
for various salinities. The results of these calculations are shown in figure 1.

2. "Atmospheric contributions to specular ocean brightness temperatures are considerable, 
reaching a value of approximately 6°K for vertical polarization, a nadir angle of 45 degrees 
and clear sky conditions, at all frequencies from 1.4 to 9 GHz. The contribution is some­
what greater for heavier weather conditions. Thus,atmospheric effects must be treated with 
some care, if undue errors are to be avoided in derived surface temperatures."

This is a very important conclusion. There are glib remarks, from time to time, about the 
"all weather capability" of microwave radiometers. Certainly, atmospheric effects are small 
in the microwave region when compared with atmospheric effects in the infrared; however, it 
does not necessarily follow that atmospheric effects are negligible for microwave radiometers 
Figures 2 and 3 illustrate the magnitude and frequency dependence of the problem.

3. "Ocean brightness temperatures show a maximum response to surface temperatures at a fre­
quency of approximately 5 GHz, vertical polarization and a nadir angle of 60 degrees. For 
these conditions, the ratio of the change in brightness temperature to a given change in 
surface temperature is about 0.6 in the temperature interval 276-296°K."

One criterion for selecting a specific frequency or frequencies for sea surface tempera­
ture measurements is maximizing the change of brightness temperature for a corresponding 
change in physical temperature. Figure 4 shows change in brightness temperature for a given 
change in ocean physical temperature as a function of frequency, weather conditions, polar­

ization, and incidence angle.

4. "Comparisons between theoretical and experimental rough surface brightness temperatures, 
without foam, show considerably better agreement for vertical polarization than for horiz­
ontal polarization. In the case of vertical polarization, all theoretical values fell with­
in the experimental uncertainty."

An important part of any analytical effort is how well it can explain or predict measured 
quantities. A comparison with data taken by Hoi linger (1970, 1971) is shown in figure 5.
The data are restricted to lower wind speeds to avoid the difficulties associated with esti­

mating the contribution of foam.

3 Hollinger's data exclude foam effects; therefore, Porter and Wentz's foam model could 
not be compared with Hollinger's data.

3



5. "A foam layer may be realistically modeled as a random porous structure, consisting of 
99% air and 1% sea water. The effects of multiple reflections in the foam layer should be 
taken into account in any future study. In this work, a simplified once-through radiative 
model, with a single reflection from the underlying water, provided a reasonable basis for 
determining the brightness temperatures of foam-covered ocean surfaces."

There is a shortage of measurements about both the physical properties (i.e., thickness, 
bubble size distribution, percentage composition, e.g., of water and air) of foam and its 
microwave emissivity. Nonetheless, if accurate sea surface temperature measurements with 
microwave radiometers are to be made, the effects of foam, when present, must be accounted 
for. Accordingly, the assumptions stated above were made; and calculations of the reflec­
tivity, transmissivity, and emissivity were made for a multiple reflection model. A calcu­
lation made for a single reflection model was found to be in good agreement with the multi- 
ple reflection model. On the basis of this agreement, Porter and Wentz felt justified in 

using the single reflection model in their work in this report.

6. "Both horizontal and vertically polarized brightness temperatures of rough, foam -covered 
ocean surfaces are proportional to wind velocity, at frequencies from 1.4 to 5 GHz. In the 
case of vertical polarization, wind variations have a progressively smaller effect with in­
creasing nadir angle until, in the vicinity of 60 degrees, brightness temperatures are al­
most independent of wind velocity. At vertical incidence, there is a gradual increase in 
brightness temperature sensitivity to wind velocity, at both polarizations, as frequency in­
creases from 1.4 to 5 GHz."

Figure 6 shows the foam surface emission as a function of wind speed for selected frequen­
cies. Figures 7 through 9 show computed brightness temperature as a function of incidence 

angle for various weather conditions.

7. "In a manner similar to the above, the brightness temperatures of rough, foam-covered 
ocean surfaces are proportional to atmospheric radiation, i.e., atmospheric moisture content. 
The effect is independent of polarization and nadir angle except at angles beyond 40 degrees, 
for the horizontal component of polarization, where a given increase in atmospheric moisture 
causes a somewhat greater increase in overall brightness temperatures. This is due to rel­
atively higher surface reflectivities in this angular region. A change in atmospheric con­
dition from Clear Sky to Heavy Rain, increases rough ocean brightness temperatures, at ver­
tical incidence, by approximately 0.5°K at 1.4 GHz; 2°K at 2.5 GHz; 5°K at 4 GHz; and 8°K 
at 5 GHz."

Qualitatively, this is an obvious conclusion; however, the magnitudes of the numbers are 
equally significant and once again point up the importance of making a good atmospheric cor­
rection. Figures 7 and 9 show the atmospheric effects for 2.5 and 5.0 GHz, respectively.

8. "If the effects of atmospheric stability are neglected, an error of 0.8°K or less re­
sults in derived surface temperatures, at 2.5 GHz, for the operating and environmental con­
ditions considered in the study."

Since waves develop more quickly and reach greater heights under conditions of atmospheric 
instability than they do for stable conditions, it was decided to consider the effects of 
atmospheric instability on sea-surface roughness and its effect on sea surface temperature 
determination. The results of that study are shown in table 1.
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Table 1.--Effective wind speeds and corresponding brightness temperatures for wind speeds 
measured at 12.5 m and for various stability conditions (2.5 GHz, θq=60°, vertical po­
larization, clear sky, S=33°/°°, T=284 K)

Wind speed 
measured at height 

of 12.5 mUl 1 C . J III(m/s) Stabl 

Effective wind 
(m/s) 

e Cox & Munk*

speed 

Unstable

Brightness temperature
(K)

Stable Cox & Munk* Unstable

0 0 0 0 167.0 167.0 167.0
4 2.3 4 5.6 166.6 166.2 165.8
8 6.5 8 9.7 165.6 165.4 165.7

14 13.2 14 15.4 166.6 166.8 166.8
20 19.4 20 21.2 166.8 166.8 166.8

*(1954)

III. DISCUSSION OF
"RESEARCH TO DEVELOP A MICROWAVE RADIOMETRIC OCEAN TEMPERATURE SENSING TECHNIQUE"

(PORTER AND WENTZ 1972)

A. Summary

"The purpose of the research described in this report was to study in considerable detail 
the surface characteristics of the ocean to permit refinement of the microwave radiometric 
surface temperature sensing technique presented in Porter and Wentz (1971). The prime thrust 
of the current work involved the development of an analytical model, suitable for evaluating 
the effects of small-scale roughness attributable to capillary and short gravity waves. Con­
currently, the effects of large-scale roughness were evaluated on the basis of a 2-dimensional 
geometric optics model furnished by Wagner (Lynch and Wagner 1972)."

In table 2 are the parameters forming the basis of the study.

"The ocean surface may be described as a statistically random rough surface. Accordingly, 
its electromagnetic reflection properties may be conveniently specified by its scattering 
characteristics. In this study, these have been divided into two categories:

1. Large-scale scattering, where the average roughness height is much larger than the ra­
diation wavelength.

2. Small-scale scattering, where the average roughness height is much smaller than the ra­
diation wavelength.

"Since the 2-dimensional model describing large-scale scattering is adequately described 
in Lynch and Wagner (1972) it is appropriate to mention the background for the small-scale 
scattering model developed in this study. The work of Rice (1951), which evolved from that 
of Lord Rayleigh, forms the basis for scattering by the small-scale component of rough sur­
faces. His theory, combined with the geometric optics approach to multiple scattering and 
shadowing, has yielded a composite model capable of furnishing bistatic scattering coef­
ficients of reasonable accuracy. Any such model, however, is dependent on the availability 
of a suitable directional ocean wave spectrum. Fortunately, the work of Pierson (1972) has 
resulted in expressions that account for both the capillary and gravity wave spectrum; these 
have been used to advantage in this study.
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Table 2.--Parameters forming the basis of the work by Porter and Wentz (1972)

Frequencies: 2.5, 3.5, and 5 GHz
Polarization: Vertical (horizontal polarization 

to scattering)
taken into account with regard 

Nadir Angles: 0° to 60°
Temperatures:

Unstable
conditions

Surface , „ 
Stable

conditions

Atmosphere (near surface)

272 K
291
302

285 
296 

265 K
288
298

Sal inities: 31, 34, and 37°/oo

Wind velocities: 4, 8, 14, and 20 m/s
Latitudes: Tropical, middle-latitude, and subpolar
Atmospheric models 

(10 in all): Clear sky 
Cloud
Moderate rain--6 mm/hr 
Heavy rain--15 mm/hr

Foam model: Incorporating effects of whitecaps and foam streaks 
Spray model: Wind-driven spray, based on laboratory investigations

"A considerable amount of attention has been given to improvement of the previous foam 
model. As a result of recent experimental data generated by Ross (1972) and Williams (1971) 
it was possible to utilize a more appropriate model, consisting of whitecaps and wind-driven 
foam streaks, with somewhat more realistic values of microwave emissivities assigned to 
these components."

B. Conclusions

(In the ensuing discussion, SSS is small-scale scattering and LSS is large-scale scatter- 
ing.)

1. "SSS coefficients have a broader angular distribution, especially at large incidence 
angles, than LSS coefficients. In the specular direction, LSS dominates; however, at angles 
far removed from the specular, SSS becomes the dominating mechanism. At non-zero incidence 
angles, SSS appears to be an effective backscatterer."

Figures 10 and 11 show the small-scale scattering coefficients as a function of zenith 
scattering angle for incidence angles of 0° and 60° and a frequency of 2.5 GHz. Figures 12 
and 13 show the large-scale scattering coefficients for the same set of variables. By com­
paring figures 10 and 12 and figures 11 and 13, the differences in angular variation of the 
LSS coefficients and the SSS coefficients are readily apparent.

2."The most significant effect of SSS on brightness temperatures is the reduction of rms 
slopes characterizing LSS. This tends to make the surface appear more specular than is the 
case when unmodified slopes are used."
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At first glance, this appears contradictory to conclusion 1; however, examination of fig­
ures 10 through 13 shows that the SSS is an order of magnitude smaller than the LSS for 
angles near specular reflection. Thus near the specular point, scattering is dominated by 
the LSS component. Conservation of energy requires that energy used to generate SSS is not 
available to generate LSS; therefore, the inclusion of SSS tends to make the surface more 
specular. This can be seen in figure 14, which is a plot of emissivity versus nadir angle 
for identical conditions with the old (Porter and Wentz 1971) and new (Porter and Wentz 1972) 

models.

3."The composite scattering coefficient, rc, is a function of salinity, S, and water temp­
erature, Tw, only through the complex dielectric permittivity, e. The dependence is small,
and variations in rc, caused by changing Tw and S, can be approximated by the corresponding

specular reflectivity variation, with only a 0.1% error resulting for the ranges considered 
in the study."

The validity of this statement can be seen by first noting the form of the expression for 
the composite scattering coefficient as given in section 2 of Porter and Wentz (1972) and 
then the equations for the complex dielectric permittivity as given in section 2 of Porter 
and Wentz (1971). As examples, consider the cases where: (1) all conditions are the same 
except that the salinities are 31°/O0 and 34°/00 and (2) all conditions are the same except 
that the water temperatures are 285.2 K and 291.2 K.

Case 1. For a salinity of 31°/00, the specular and rough emissivities are 0.3453 and
0.3445, respectively. For a salinity of 34°/00, the specular and rough emissivities are
0.3435 and 0.3422, respectively. The ratio (SE)31/(SE)34=0.3453/0.3435=1.00524, and the 
ratio (RE)31/(RE)34=0.3445/0.3422=1.00672 so that (1.00672-1.00524)/!.00672=0.0015 or the 
error is about 0.05%/°/oo (percent per part per thousand).

Case 2. For a surface temperature of 285.2 K, the specular and rough emissivities are 
0.3469 and 0.3449, respectively. For a sea-surface temperature of 291.2 K, the specular 
and rough emissivities are 0.3458 and 0.3425, respectively. (The rough emissivities have 
had the foam contribution removed.) The ratio (SE^g 2/^SE^291 2=0,3/^9/°,3453=^‘O032’ and 
the ratio (RE)288 2/(RE)29] 2=0.3449/0.3425=1.0070 or (1.0070-1.0032)/l.0070=0.06%/K (per­
cent per degree Kelvin).

4. "It was determined that the scattering model conserved energy within 5%. Following the 
imposition of a normalizing condition, this error was reduced to 1.5%. Comparisons with 
Hollinger's measurements, at 6^=40°, showed an rms deviation between derived and measured

brightness temperatures of 2.0%, i.e., 2.7°K. This figure was taken to be the upper bound 
on modeling error, due to the relatively high experimental error. Comparisons at angles, 
in the range 4Oo<0g<6O°, showed good agreement. The disagreement, at small angles, may be
due to antenna pattern effects."
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During the course of lengthy, involved numerical calculations, it is often necessary to 
have "check points." A very convenient one for scattering calculations is the conservation 
of energy. For a perfect conductor, the integrated reflection should be one5and the inte­
grated emissivity should be zero. Computations were performed for incidence angles of 0°, 
30°, and 60°. To impose an additional normalizing condition to reduce the error to an ac­

ceptable level was necessary.

Figures 15 and 16 show comparisons with data taken by Hoi linger (1971). The agreement be­
tween measurement and calculation is quite good particularly between 30° and 60° incidence 

angle.

5. "Sea spray does not contribute significantly to over-all brightness temperatures, nor 
does it significantly attenuate radiation emanating from the surface."

Measurements by Shemdin (1972) of the size distribution and mass density of sea-spray drop­
lets indicate most droplets are 1 mm or less in diameter and have a mass density of 10 g/m 
or less. Since (2Trr)/A-l(f1 for 5 GHz, Rayleigh scattering can be applied. Under the 

above assumptions, the computed attenuation is on the order of 10 .

6. "Over-all brightness temperatures are slightly affected by fetch direction. Brightness 
temperatures, for the crosswind situation, are smaller than for the upwind case, out to 
6q=60°, with a maximum difference of about 1°K occurring at intermediate incidence angles,

30°<e0<50°."

Figure 17 shows a plot of the small difference between the computed upwind brightness temp­

erature and the computed crosswind brightness temperature.

7. "At small incidence angles, a rougher sea appears warmer for vertical polarization be­
cause (1) tilting of the surface elements results in larger emission angles and (2) the gen­
eration of foam increases the over-all surface emissivity. For 4O°<0q<5O°, the brightness
temperature curves cross over because the clear rough emissivity increases with angle at a 
slower rate than the specular emissivity, while the foam emissivity, for vertical polariza­
tion, decreases with angle4 out to about 60°. A crossover angle of 0q=43° appears to be op­

timum for a surface temperature sensing application because of the elimination of roughness 
effects at this angle."

Figures 18 and 19 show brightness temperature versus incidence angle for a variety of wind 
speeds. As can be seen, for smaller incidence angles a rougher sea appears warmer. Another 
very interesting feature of these figures is the crossing region between 40°<9q<50°, indicat­
ing a region where the emissivity is minimally dependent on roughness.

A comparison of figures 18 and 19 with figures 7 through 9 shows that the region of mini­
mum dependence of emissivity on roughness has shifted significantly from a value near 60° to

4fhe basis for this statement is Stogryn (1972).
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about 43°. This probably is due to refinements in the model for foam emissivity and the in­
clusion of small-scale scattering.

8. "Uncertainties in water temperature sensing, ATW, caused by salinity uncertainties, As,
decrease with increasing frequency. Water temperature sensing uncertainties, caused by 
brightness temperature uncertainties, AT^, also decrease with increasing frequency, in the
2.5-5.0 GHz range. However, ATW increases with frequency for atmospheric uncertainty, Aa.
Assuming realistic uncertainties, the combined effect of these terms establishes an optimum 
frequency in the range 3.0±0.5 GHz, for surface temperature sensing."

Figure 20 shows the uncertainty in brightness temperature for an uncertainty in salinity 

for a specified set of environmental conditions.

Figure 21 shows dT^/dT^ as a function of frequency. This figure reflects the increase in 

emissivity of sea water with frequency.

Figure 22 shows dTg/dot (a is atmospheric attenuation) as a function of frequency for 

three weather conditions.

9. "To derive water temperatures within ±1.5°K and ±1.0°K, with a perfectly calibrated 
noise-free radiometer, with no modeling error, the environmental uncertainties, namely, 
windspeed, wind direction, atmospheric condition and salinity, must not exceed 15% and 10%, 
respectively, of the total variation that occurs in the natural environment."

Table 3 shows the effect of uncertainty in atmospheric attenuation near the optimum fre­
quency. (Acj)Qisthe uncertainty in wind direction.)

Table 3.--Effect of atmospheric uncertainty on optimum frequency

Atmospheric uncertainty, 
Aa, millinepers

Water temperature 

f=2.5 GHz 

uncertainty, AT^, 

f=3.5 GHZ

K

1 1.7 2.0
0.6 1.5 1.5
0.5 1.5 1 .2

AU=2 m/s, 

OOIIO-©<
-AS=l°/oo,

Middle-latitude, clear sky

Table 4 shows uncertainties in wind speed, salinity, and atmospheric attenuation for which 
derived water temperatures are ±1.5 K and ±1 K. These calculations do not consider radio­
meter noise or calibration uncertainties, although figure 21 could be used to do so. It is
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Table 4.—Uncertainties under which ΔTW=±1.5 K 
and ±1.0 K can be realized for f0p and θ00P

ATw=±1.5 K

AUmax=±3’8 m/s’ 

Asmax=±7'50/00’

AcWx=±1millineper,

or {AU=±2 m/s, AS=±l°/oo, Aa=±0.6 millinepers}.

AT. .=±1.0 KW
4Umax'12'5 "/s-
4Wl5-°0/-
Aamax=±^ nr'11''nePer’ 

or {AU=±1.3m/s, As=±0.7% Aa=±0.4 millinepers},

also interesting to note that the effect of considering radiometric uncertainties is to make 

the optimum frequency somewhat higher.

Figure 22 and table 3 show the significance of uncertainties in atmospheric attenuation.

IV. DISCUSSION OF
"THE EFFECT OF SURFACE ROUGHNESS ON MICROWAVE SEA BRIGHTNESS TEMPERATURES" (WENTZ 1974)

A. Summary

"Microwave radiometric remote sensing of sea temperature to within ±1°K, and local surface 
wind speed to within +2 m/s, will require the generation of sophisticated hardware and soft­
ware. Whenever possible, the software should be firmly based on the physics of the problem 
and should not rely primarily on empirically derived relationships. For theoretical models 
to be capable of predicting sea brightness temperatures in accordance with the above toler­
ances, a large number of environmental factors must be considered. The aim of this study 
was to evaluate one such factor: sea surface roughness. Earlier studies (Porter and Wentz 
1971) and (Porter and Wentz 1972) established the need for considering surface irregulari­
ties, both large and small compared to the radiation wavelength, as well as the foam riding 
on the sea surface. The effect of such roughnesses on microwave sea brightness temperatures 
is the subject of this report.

"The objectives of this study were:

1. To develop a two-scale scattering model that accounts for surface irregularities, both
large and small compared to the radiation wavelength, and that complies with the conserva­
tion of energy.

2. To evaluate the wind dependence of foam-free sea brightness temperatures.

3. To investigate the effect of wind duration on the two-scale scattering model.
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4. To suggest a technique for remotely sensing sea water temperature and local surface 
wind speed utilizing both the horizontal and vertical components of brightness temperature.

5. To investigate scattering from sea foam and to make relevant comparisons with experi­
mental data."

The following paragraph is offered in summary without additional documentation.

"Rice's (1951) perturbation theory, describing scattering from surface irregularities that 
are small compared to the radiation wavelength, has been combined with geometric optics to 
yield a two-scale scattering theory which conserves energy. The relationship, in the limit 
of perfect conductivity, between Peake's small-scale scattering coefficients (Peake and 
Barrick 1967) and Wu and Fung's (1972) modified reflection coefficients, ensures that energy 
is exactly conserved to the second order in the perturbation parameter kcs (k=radiation 
wave-number, 5 =small-scale rms height)."

B. Conclusions

1. "Sea surface computations, based on a large-scale, ray-tracing model, which randomly 
samples the distribution of large-scale intersection slopes, and computations based on the 
Wagner and Lynch (1972) geometric-optics model, which integrates over the distribution of 
slopes, agree for incidence angles less than 60°. The small disagreement, seen at larger 
incidence angles, probably results from the different manner in which the two models treat 
shadowing and multiple reflections."

Figure 23 shows a comparison between emissivities as computed by Wentz (1974) and Wagner 
and Lynch (1972). The solid curves are the emissivities calculated by Wentz (1974) and the 
x's are computations based on the Wagner and Lynch (1972) geometric-optics model. Neither 

calculation considers the effects of foam.

2. "Pierson and Stacy's (1973) sea spectrum is divided into large and small-scale compon­
ents. The division point is called the cutoff wave-number Kc- The computed sea brightness
temperatures are fairly insensitive to the choice of Kc* particularly at 1.41 GHz, provided
that the perturbation parameter k£$ is within the range 0.125 to 0.25."

Figure 24 shows the change in emissivity as a function of the cutoff wave number. The X 
and 0 points are for a perturbation parameter 0.125 and 0.25, respectively. The data actu­
ally are plotted as the ratio of the cutoff wave number to the radiation wave number. This
permits comparison of the different frequencies, as the cutoff wave number is a function of
the radiation wave number.

3. "Brightness temperatures, Tg, are computed from the two-scale scattering model and
from the geometric-optics model, as a function of incidence angle. Comparisons are made 
with experimental data (Hollinger 1971) at 1.41, 8.36, and 19.34 GHz. In all cases, the 
angular behavior of the two-scale Tg is more in accord with experimental data, than is the
behavior of the geometric-optics Tg."

Figures 25 through 27 show data taken by Hollinger (1971) at 1.41, 8.36, and 19.34 GHz 
for horizontal and vertical polarization as a function of incidence angle. The circles and

11



crosses are average measurements for wind speeds of 0.5 and 13.5 m/s, respectively. The 
solid curves (labeled k?s=0.25) show the computed brightness temperature for the two-scale 
model for a wind speed of 13.5 m/s. The large dashed curves (labeled kcs=0) show the large- 
scale geometric optics brightness temperatures for a wind speed of 13.5 m/s. The small 
dashed curves (labeled specular and corresponding to k£s=0 and o=0) correspond to the 0.5 m/s 

data.

4. "The two-scale Tg versus wind speed dependence is approximately linear, for incidence
angles less than 55° except at 19.34 GHz, at which the high downward sky brightness temper­
ature adds some curvature to the dependence."

Figures 28 through 30 show brightness temperature versus wind speed for 1.41, 8.36, and 
19.34 GHz. The dashed curves, labeled measurement, are from Hollinger (1971). It is inter­
esting to note the flatness of measured brightness temperatures at 55° incidence angle and 
vertical polarization at all frequencies. Also interesting to note is the increase of cal­
culated brightness at nadir as wind increases for the small-scale model. This was not ex­
plained by previous theory. Foam has been ignored.

5. "The slope of the two-scale Tg wind dependence is in better agreement with measurements 
than is the slope computed from the geometric-optics model. At nadir, the two-scale Tg shows 
a larger wind dependence, and at large incidence angles, it shows a smaller dependence."

Figure 31 shows AT/AU versus incidence angle for horizontal polarization and the three fre­
quencies of interest. Similarly, figure 32 shows this information for vertical polarization. 
The k?s=0 corresponds to the geometric optics case. The dashed lines show limits on the 
range of experimental values measured and calculated by Hollinger (1971). The solid curves 

are the theoretical values computed from the two-scale model.

Note that, for horizontal polarization, the geometric optics model shows a much steeper 
slope than either the models with small-scale scattering or the experimental data. For the 
vertical polarization, note that the zero crossing (i.e., the point of no sensitivity to 
wind speed) is moved to larger incidence angles by the inclusion of small-scale scattering.

6. "The best-fit between the two-scale Tg wind dependence and the experimental dependence 
would result from reducing the large-scale slope variance, probably by 1/4 to 1/3."

In this study, Wentz (1974) uses the wave spectrum reported by Pierson and Stacy (1973).
The value of o' (the large-scale slope variance) reported by Pierson and Stacy (1973) is 
significantly larger than the one reported by Cox and Munk (1954).

7. "Best agreement in wind dependence occurs at 1.41 GHz, at which the two-scale model 
gives substantially better results than the geometric-optics model. Excellent agreement is 
shown for the percentage polarization X, which possibly results from X being insensitive to 
absolute calibration errors and to variations in sea salinity, water temperature, and atmos­
pheric conditions."
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Figure 33 shows change of polarization with change in wind speed, AX/AU, versus incidence 
angle for the three frequencies used by Hoi linger (1971) in his measurement. Percentage 
polarization is defined as the ratio of the difference between the horizontal and vertical 

intensities divided by their sum.

8. "Based on the assumptions that, initially, the sea salinity is known to within ±l°/oo, 
the sea water temperature is known to within ±10°K and the wind speed is between 0 to 10 m/s; 
the model developed in this study predicts that a system, which utilizes a dual frequency 
(2.7 and 9.3 GHz) radiometer capable of measuring brightness temperature with no error can 
determine sea water temperature to within ±1°K and the local surface wind speed to within 
±1.5 m/s, regardless of atmospheric conditions. Environmental parameters not considered in 
the model, such as foam, sun glitter, and small-scale anisotropy, may, of course, increase 
the sensing errors."

This is an extremely important conclusion even with the restrictions noted above. Accord- 
ingly, Wentz (1974) gives the method as follows. In this topic, U=wind speed in m/s, Tg(f)=
brightness temperature for vertical polarization at frequency f, SeT^ (9.3)-Tg (2.7), S= 

salinity, Tw=water temperature, X=percent polarization, and a=atmospheric attenuation.

"A possible water temperature and roughness sensing technique will now be sketched out, 
based on the following assumptions:

1. Geographical and temporal variations in sea salinity are known to within ±l°/00-

2. The water temperature is initially known to within ±10°K.

3. The wind speed is between 0 and 10 m/s. The calculations in this section are based on 
a foam-free brightness temperature model, and the upper limit on wind speed is required to 
insure that the foam effects on brightness temperatures will be small (Porter and Wentz 1972).

"A dual-frequency, 2.7-9.3 GHz, radiometer is employed, the nadir angle of the radiometer 
antenna beam is such that eQ=430. Measurements of the horizontally and vertically polarized
components of brightness temperature are taken at 2.7 GHz, and the vertical brightness tem­
perature is measured at 9.3 GHz, to allow correction for atmospheric effects.

"The difference 5 between Tn measured at 9.3 GHz and 2.7 GHz, is a very good indicator of

atmospheric attenuation, as shown in table 5. The changes in 5, per unit change in salinity, 
water temperature, and atmospheric attenuation were calculated assuming a specular surface. 
These variations should not change appreciably as a function of roughness. The wind speed
variation, in table 5, was approximated by the difference between AT^/AU, given in figure

32 at 8.36 GHz and 1.41 GHz. The atmospheric attenuation refers to the attenuation measured 
at 2.7 GHz. For the assumed uncertainties, AS=±l°/oo, ATW=±10°K, and AU=±5 m/s, the total
variation in E can be calculated from table 5.

2 1/2
or A5-±l.2°K

where the uncertainties are assumed uncorrelated.
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Table 5.--Variations in the difference 
of vertical brightness temperatures 
at 9.3 GHz and 2.7 GHz

dH/dS 0.4 K/(°/oo)

dS/dTw 0.1

dH/da 8 K/mi11ineper

dS/dU 0.1 K/m/s

"In comparison with this ±1.2°K variation, E in­
creases by about 30°K when the atmosphere changes 
from clear sky to heavy rain, 5, thus, provides a 
very good measure of atmospheric attenuation and 
can be used to determine a, to within an uncertain­
ty Aa, resulting from the assumed uncertainties in 
S, Tw, and U. That is,

Aa=(d5/da)AH-±0.15 millinepers. (2)

Once E has been measured, and a determined to with­
in ±0.15 millinepers, the surface roughness may be 
determined by measuring the percentage polarization, 

X, at 2.7 GHz. The variation in X, due to the parametric uncertainties other than wind speed,
is given by

AX=
2 / dX \ 2

4TW + U) 4aJ AX-±0.1% . (3)

The measurement of X can then be used to determine surface roughness to within an uncertainty 
AU resulting from the uncertainties in S, Tw, and a.

AU-±0.7 m/s. (4)

"This means that surface roughness can be determined within variations corresponding to a 
±0.7 m/s change in wind speed. It does not mean that the wind speed can be determined to 
within ±0.7 m/s because it is not possible to distinguish between the effects of wind speed, 
direction, duration and atmospheric stability. However, X should be a good indicator of sur­
face-wind speed,5 which is insensitive to atmospheric stability. Assuming that the duration 
and directional effects do not contribute more than a factor of 2 to the uncertainty, which 
seems unrealistic, a measurement of X would determine the local surface wind speed to within 
a ±1.5 m/s uncertainty.

"Turning now to the determination of water temperature, the variation in Tg due to the par­
ametric uncertainties, other than water temperature, is given by an expression analogous to 
(1) and (3).

1/2
(5)

where AU comes from (4) and the values of the differentials are the maximum values given in
Table 3-2^ for 2.5 GHz. The salinity uncertainty is the dominating term in (5) and is re­
sponsible for most of the 0.4°K uncertainty. The corresponding uncertainty in water temper­
ature is

ATw=(dTw/dTg)AT^±l°K (6)

where the differential is taken from Table 3-2^ for 2.5 GHz at mid-latitude.

5Or surface wind stress 
4Not included in this summary
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"In summary, based on the assumptions that, initially, the sea salinity is known to within 
±17oo, the sea water temperature is known to within ±10°K and the wind speed is between 0 
and 10 m/s; the model developed in this study predicts that a system, which utilizes a dual 
frequency (2.7 and 9.3 GHz) radiometer capable of measuring brightness temperature with no 
error can determine sea water temperature to within ±1°K and the local surface wind speed to 
within ±1.5 m/s, regardless of atmospheric conditions.

"The above stated uncertainties represent a substantial reduction in the initially assumed 
uncertainties of TW=±10°K and U=±5 m/s. An iteration could be performed using these smaller
uncertainties as the initial values, and ATW and AU could be reduced even more. To accur­
ately determine the extent to which the uncertainties could be reduced, a more complete par­
ametric analysis is required."

9. "Theoretical computations used on an air-foam-water layered structure and on a two-scale 
100%-foam-covered surface do not agree with the vertically polarized, foam emissivity versus 
incidence angle dependence reported by Stogryn (1972)."

Figures 34 and 35 show the emissivity of foam versus incidence angle for 2.65 and 13.4 GHz, 
respectively. The curves labeled empirical are after Stogryn (1972). In the 2.65-GHz case, 

the horizontal polarization curves all show the same basic shape although the absolute mag­
nitudes are different. In the vertical polarization case, not only are the absolute magni­
tudes different, but also the basic shapes of the curves are quite different. The empirical 
curves show a decrease in emissivity with increasing incidence, whereas the theoretical 
curves show an increase. For the 13.4-GHz case, the disagreement between the empirical and 
theoretical values is complete. Although two thicknesses bracket the empirical in magnitude 
at nadir, the angular dependence of the theoretical and empirical curves is exactly opposite. 
Note that Stogryn's empirically derived values are based on a rather limited data set with 
considerable scatter in the set. Thus, probably the best conclusion to draw is that a great 
deal of experimental and theoretical work must be done on the problem of the microwave emis­
sivity of foam.
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Figure 6.--Foam surface emission in 
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meters per second for various fre­
quencies (T=284 K, 0q=O°, S=33°/oo,

clear sky). The foam thickness is 
1.7 cm.

FOAM COVERAGE »

U = 4 m/s : 0.1 %

U = 20 m/s 16 %

U = 20 m/s

U = 4 m/s

V. POL.

U = 20 m/s

H. POL

U = 4 m/s
HEAVY RAIN

CLEAR SKY

NADIR ANGLE - DEGREES

Figure 7.—Brightness temperatures in kel­
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tor, and f=2.5 GHz.

VLRT POL

Ts= 296 K

U = 20 m/s
f * 2.5 GHZ

— ( 1971)
•---------(1972)

INCIDENCE ANGLE

Figure 14.--Emissivity versus incidence 
angle for Porter and Wentz's 1971 and 
1972 models

20



U*= 26 cm/s
7 m/s

X = HOLLINGER, 8.4 GHz 
+ = HOLLINGER, 1.4 GHz

INCIDENCE ANGLE, 90- DEGREES

Figure 15.--Comparison of theoretical and 
measured brightness temperatures, 1.4 and 
8.4 GHz. U is wind speed, and U* is fric­
tional velocity. Brightness temperatures 
are in kelvins.
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measured brightness temperatures, 1.4 and 
8.4 GHz. Brightness temperatures are in 
kelvins.

ANGLE OF INCIDENCE, do - DEGREES
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erature change, for unstable conditions f= 
2.5 GHz, middle-latitude, and clear sky
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Figure 18.--Brightness temperature (kel­
vins) versus angle of incidence for 
wind speeds of 4, 8, 14, and 20 m/s. 
The conditions are middle-latitude, 
clear sky, and unstable.
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Figure 19.--Brightness temperature (kel­
vins) versus angle of incidence for 
wind speeds of 4, 8, 14, and 20 m/s. 
The conditions are middle-latitude, 
clear sky, and unstable.

Cloud Layer 
S = 34 %o

ff=. -° 3

FREQUENCY-GHz

Figure 20.--Salinity uncertainty derivative 
versus frequency, 11=8 m/s. Units of dT^/dS
are kelvins per part per thousand. Tw is 
water temperature.2i 
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Figure 21.—Water temperature to brightness 
temperature derivative versus frequency

Vertical order:
Clear Sky
Cloud
Heavy Rain

U■8m/» 
S « 34%. 
0. - 43*

FREQUENCY - GHz

Figure 22.—Atmospheric uncertainty deriv­
ative versus frequency for middle-lati­
tude conditions. The units of dTg/da 
are kelvins per millineper.
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Figure 23.—Comparison of large- 
scale models for f=19.35 GHz
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Figure 24.--Change in emissivity versus 
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Figure 25.--Sea brightness temperatures 
versus incidence angle at 1.41 GHz
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Figure 26.—Sea brightness temperatures 
versus incidence angle at 8.36 GHz
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igure 27.—Sea brightness temperatures ver­
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Figure 28.—Sea brightness temperatures ver­
sus wind speed (m/s) at 1.41 GHz
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Figure 29.--Sea brightness 
sus wind speed (m/s)

temperatures ver- 
at 8.36 GHz

170-

Theory -* 

Measurement.
160 - 0o = 55,° vert. Pol.

0o=O°, Theory

Theory — 

Measurement

WIND SPEED

Figure 30.—Sea brightness 
sus wind speed (m/s)

temperatures ver- 
at 19.34 GHz
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Figure 31.--Wind speed depend­
ence of the horizontal com­
ponent of brightness temp­
erature. The dashed curves 
denote the range of Hoilin­
ger 1s data. The units of 
ATg/AU arekelvins per meter
per second.
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Figure 32.--Wind speed depend­
ence of the vertical com­
ponent of brightness temp­
erature. The dashed curves 
denote the range of Hoi lin­
ger's data. The units of 
ATg/AU are kelvinsper meter

per second.
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Figure 33.—Wind speed depend­
ence of the percentage po­
larization, X. The dashed 
curves denote the range of 
Hollinger's data. The 
units of AX/AU are percent, 
per meter per second.
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Figure 34.—Emissivity of a layer of foam of 
thickness d atop a flat sea surface, at 
2.65 GHz
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