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Abstract—Radiometric measurements of the microwave
emissivity of foam were conducted during May 2000 at the
Naval Research Laboratory’s Chesapeake Bay Detachment using
radiometers operating at 10.8 and 36.5 GHz. Horizontal and
vertical polarization measurements were performed at 36.5 GHz;
horizontal, vertical, 45 , 45 , left-circular, and right-circular
polarization measurements were obtained at 10.8 GHz. These
measurements were carried out over a range of incidence angles
from 30 to 60 . Surface foam was generated by blowing compressed air through a matrix of gas-permeable tubing supported
by an aluminum frame and floats. Video micrographs of the foam
were used to measure bubble size distribution and foam layer
thickness. A video camera was boresighted with the radiometers
to determine the beam-fill fraction of the foam generator. Results
show emissivities that were greater than 0.9 and approximately
constant in value over the range of incidence angles for vertically
polarized radiation at both 10.8 and 36.5 GHz, while emissivities
of horizontally polarized radiation showed a gradual decrease in
value as incidence angle increased. Emissivities at 45 , 45 ,
left-circular, and right-circular polarizations were all very nearly
equal to each other and were in turn approximately equal to the
average values of the horizontal and vertical emissivities in each
case.
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I. INTRODUCTION

F

OAM ON THE OCEAN surface increases the emissivity
and brightness temperature measured by a passive microwave radiometer and is a key component of the wind speed
signal measured by a linearly polarized radiometer. Accordingly, the accuracy of the sea foam model affects the accuracy
of physical wind speed retrieval algorithms. Understanding
the effect of sea foam may be of greater importance for polarimetric radiometric observations of wind direction because
the azimuthal variations in brightness temperature are small,
typically 1–3 K [1]–[5]. Yueh [6] modeled the polarimetric

sea surface brightness temperature for the foam-free ocean
and noted that “further research on the polarization signatures
of foam is imperative.” Kunkee [7] modeled the polarimetric
surface signal by incorporating surface foam distribution and
a dielectric mixing model for the foam emissivity. Differences
between the dielectric mixing model and the measurements
in [8] also underscore the need for further work on foam
emissivity.
Although measurements of sea foam emissivity have been obtained from aircraft and ship experiments over the ocean, the
surface conditions were neither controlled nor thoroughly characterized. Smith [8] determined the emissivity of sea foam based
on aircraft observations of radiometric brightness temperature.
Using radiometers mounted off the side of a research vessel,
Vorsin et al. [9] reported measurements of sea foam brightness
temperature at wavelengths of 2 and 8 cm. Asher et al. [10] measured the average microwave emissivity of foam generated by a
tipping-bucket experiment at 19 GHz for horizontally and vertically polarized radiation in order to develop an accurate model
of sea surface emissivity so that the air-sea gas transfer velocity
could be related to sea surface brightness temperature. Stogryn
[11] developed an empirical expression for sea foam emissivity
as a function of sea surface temperature, frequency, and incidence angle based on a review of previously published measurements of foam-covered sea surfaces. Thermal radio emission
from foam structures was measured in [12]; experimental and
theoretical studies of foam structures have also been carried out
in [13] and [14]. In addition, Guo et al. [15] used electromagnetic scattering theory to calculate the brightness temperature of
foam-covered ocean surfaces. The objective of the experiment
described here was to produce a set of dual-frequency measurements of the emissivity of temporally stable foam supported by
a detailed characterization of the surface and foam properties.
II. EXPERIMENT DESCRIPTION
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This experiment was conducted at the Naval Research
Laboratory’s Chesapeake Bay Detachment in May 2000. Fig. 1
shows the experimental setup in which a foam generator,
consisting of gas-permeable tubes supported by an aluminum
frame and floats, was placed on the surface of the Chesapeake
Bay, approximately 7 m from a seawall. The foam generator
was 3.0 m wide and 6.1 m long. The cradle of a telescopic arm
lift was used to position two radiometers and a boresighted
video camera over the water so that the foam generator could
be viewed at incidence angles ranging from 30 to 60 . The
video camera was used to point the radiometers and to record
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images of foam coverage. A distance of 4.9 m was maintained
between the radiometer antennas and the spot on the water
surface at the center of the radiometer antennas’ main beams.
This was done in order to ensure that the generator was in the
far field of the antennas and that the change in the solid angle
subtended by the target foam generator was minimized as the
incidence angle was varied. The University of Massachusetts
radiometer, operating at 36.5 GHz, measured horizontal and
vertically polarized radiation. The Naval Research Laboratory
(NRL) 10.8-GHz polarimetric radiometer measured horizontal
(H), vertical (V), 45 linear (M), 45 linear (P), left-circular
(L), and right-circular (R) polarizations. Both radiometers
were Dicke-switched, and both had antenna half-power (3-dB)
beamwidths of approximately 7 . On-site calibrations of the
radiometers were performed using reference loads at liquid
nitrogen and ambient temperatures. Tipping curves were performed at 36.5 GHz to utilize the cosmic background radiation
as a stable cold reference source. The radiometric sensitivity
was approximately 0.1 K for both instruments for an integration
time of 0.5 s; the data acquisition rate was 2 Hz. The absolute
error of the radiometric measurements was less than 2 K for the
horizontal and vertical polarizations of both instruments and
was less than 3 K for the 45, 45, left-circular, and right-circular polarizations of the NRL radiometer. The measurements
reported in this work were carried out on May 25 and 26, 2000
under mostly clear skies with occasional patches of high cirrus
clouds. The water temperature was 19 C, and the salinity was
approximately 10 ppt.

Fig. 1. Photograph of experimental setup at the Naval Research Laboratory’s
Chesapeake Bay Detachment showing the foam generator floating on the sea
surface and the two radiometers in the cradle of a telescopic arm lift.

III. VIDEO MEASUREMENTS
A typical image recorded by the boresighted video camera is
shown in Fig. 2. The fractional area foam coverage produced
by the foam generator was determined from these images using
the grayscale analysis procedure described in [16]. These data
were used to determine how well the foam filled the surface
area of the foam generator; the fractional area foam coverage
was found to be 0.95 0.02. In addition to the surface video
images, such as the one shown in Fig. 2, an underwater video
camera equipped with a telecentric macro zoom lens was used to
photograph the bubble microstructure of the foam on the water
surface. The bubble size distribution was found using images
of the interior foam structure, such as that shown in Fig. 3. The
total thickness of the foam layer was measured using similar images recorded at a lower magnification. The bubble size spectra
and foam thickness measurements provide values to initialize
numerical electromagnetic models for calculating foam emissivities, (e.g., [15]). The approximate foam layer thickness was
2.8 cm.

IV. RADIOMETRIC MEASUREMENTS
For the purpose of this paper, antenna temperature is defined
as the normalized apparent radiometric temperature at the antenna, weighted by the antenna pattern. For each polarization,
the antenna temperature of the calm water surface occupied by

Fig. 2. Typical image of generated foam during the Chesapeake Bay
experiment, as observed by the crane-mounted video camera. The incidence
angle is 40 .

Fig. 3. Typical image of the bubble microstructure in the interior of the foam,
as recorded by an underwater camera mounted near the center of the foam raft.
The scale bar shown in the upper left corner represents a distance of 1000m.

the foam generator with no foam being generated can be approximated as
(1)
where
antenna temperature of the calm water surface;
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beam-fill fraction of the foam generator target;
emissivity of calm water surface;
physical temperature of the water surface;
brightness temperature of the downwelling sky
radiation;
effective brightness temperature of the scene outside
the solid angle subtended by the target.
The quantity in braces is the radiation seen by the radiometer
that is emitted and reflected from the surface area of the foam
generator. The radiation emitted by the surface is the product of
the surface emissivity and the surface temperature; the reflected
sky radiation is represented to first order by the product of the
surface reflectivity (1 - emissivity) and the downwelling sky
radiation [11]. For the case when foam is generated on the water
surface
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Fig. 4. Foam and calm-water emissivities at 36.5 GHz, vertical and horizontal
polarization. The curves labeled “Poly V” and “Poly H” are the polynomial
fits to the V and H foam emissivity data, respectively. “Calm V” and “Calm
H” are the calm-water experimental results; “Model V” and “Model H” are
modeled emissivity curves based on the Fresnel reflection coefficients of calm
water [17]. The data points labeled “Smith, V” and “Smith, H” are from aircraft
measurements over the ocean at an incidence angle of 50 [8].

(2)
The beam-fill fraction of the foam generator target is

where
antenna temperature of foam-covered water surface;
fraction of generator surface covered by foam;
emissivity of foam-covered water surface.
In this analysis, it is assumed that the physical temperature of
the foam and the water surface are the same, and it is also assumed that the total brightness temperature of the target foam
generator may be separated into a foam-covered portion and
a foam-free portion. The value of the downwelling brightness
) was approximated by the antenna temperatemperature (
) obtained by pointing the radiometer
ture measuremen (
upward at the specular angle. Subtracting (1) from (2) yields the
following expression for the difference between the emissivities of a foam-covered surface and a smooth foam-free water
surface:
(3)
was approximated by
. A separate measurewhere
ment of the calm water surface, looking away from the foam
generator but at the same incidence angle, for which it is assumed that the water surface completely fills the antenna field
, gives
of view so that
(4)
and

where
is the normalized antenna pattern. Digitized antenna patterns were used to perform the integrations; the limits
of integration were determined from the video images of the
foam generator and the geometry of the experimental setup.
Beam-fill fractions ranged from 0.97 at 30 incidence angle to
0.93 at 60 incidence angle.
V. EXPERIMENTAL RESULTS
Fig. 4 shows 36.5-GHz emissivity results for vertical (V) and
horizontal (H) polarizations where (5) and (3) have been used to
compute the emissivities of calm water and foam-covered water
surfaces. Model calm-water emissivities using the permittivity
of seawater at microwave frequencies and based on the Fresnel
reflection coefficients of calm water [17] were compared to
experimental results with good agreement. The V polarization
emissivity of the foam-covered surface was roughly constant at
0.93 over the range of incidence angles, but the H polarization
emissivity decreased gradually from 0.88 at 30 incidence to
0.77 at 60 incidence angle. This decrease in emissivity with
incidence angle somewhat resembles the calm-water H polarization results except that the foam emissivities are approximately
0.5 greater than the calm-water values. A power-series polynomial of the form

(5)
in (4) was again replaced by
. In practice,
where
the measurements of antenna temperature of water looking to
the side of the generator usually agreed with the calm-water
measurements of the foam generator itself to within 1 or 2 K,
showing that the gas-permeable tubes, frame, and floats of the
generator contributed very little to the background radiation. For
each polarization, the emissivities of a calm water surface and a
foam-covered water surface were calculated using (5) and (3),
respectively.

was used to fit the foam emissivity versus incidence angle data.
Here , , and are the coefficients of the series, and is the
incidence angle in degrees. Table I provides the H and V model
coefficients for the 36.5-GHz observations, and the polynomial
fits are shown in Fig. 4. Foam emissivity measurements at 50
incidence angle are not shown in Fig. 4 due to a pointing error
that occurred during that particular measurement.
Fig. 5 shows the surface foam V and H emissivities and
polynomial fits at 10.8 GHz, along with modeled and measured
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TABLE I
COEFFICIENTS OF THE POWER-SERIES MODEL FUNCTION AT 36.5 GHz

0

Fig. 6. Foam and calm-water emissivity at 10.8 GHz for 45 linear (M)
polarization. “Poly M” is the polynomial fit to the M foam emissivity data.
“Calm M” represents the experimental results for calm water. The “Model M”
results are based on the Fresnel reflection coefficients of calm sea water [17].

Fig. 5. Foam and calm-water emissivity at 10.8 GHz, vertical and horizontal
polarization. “Poly V” and “Poly H” are the polynomial fits to the V and H
foam emissivity data, respectively. “Calm V” and “Calm H” are the calm-water
experimental results; “Model V” and “Model H” are modeled emissivity curves
based on the Fresnel reflection coefficients of calm water [17].
TABLE II
COEFFICIENTS OF THE POWER-SERIES MODEL FUNCTION AT 10.8 GHz

Fig. 7. Foam and calm-water emissivity at 10.8 GHz for left-circular (L)
polarization. “Poly L” is the polynomial fit to the L foam emissivity data.
“Calm L” represents the experimental results for calm water. The “Model L”
results are based on the Fresnel reflection coefficients of calm sea water [17].

emissivities of calm water. The results are very similar to
those at 36.5 GHz: the V emissivity of foam is approximately
constant at 0.93; the H emissivities exhibit a gradual decrease
as incidence angle increases, similar to that of the calm-water
results, but displaced upward by approximately 0.55. The
polynomial coefficients at 10.8 GHz for H, V, M, P, L, and R
polarizations are given in Table II. Figs. 6 and 7 show 10.8-GHz
foam emissivity plots for 45 linear (M) and left-circular (L)
polarization, respectively, with model and measured emissivities
of calm water, and the polynomial fit to the foam emissivity data
also shown. Plots of 45 linear and right-circular polarization
emissivities were so close in value to 45 and left-circular
that they are not shown. The 45 linear and left-circular
polarization plots agree fairly well with each other; they are in
turn roughly in agreement with the average values of the foam
H and V emissivities at 10.8 GHz shown in Fig. 5. Uncertainties
in the measurement of antenna temperature, foam fraction,
and beam-fill fraction were the primary sources of error in
the determination of emissivity. The absolute calibration of
the radiometers was in the range 2 to 3 K; the uncertainty
in foam fraction was 0.02; and the uncertainty in beam-fill
fraction was 0.02. Propagation of these uncertainties through
and
produced overall errors in the
the calculations of
computed emissivities of 0.02 for the H and V polarizations
and of 0.03 for the P, M, L, and R polarizations [18, p.
41–43].

Fig. 8. Curves labeled “Model V” and “Model H” are values of foam
emissivity at 36.5 GHz computed from Stogryn [11]. “Foam V” and “Foam H”
are the 36.5-GHz V and H foam emissivities, identical to data shown in Fig. 4.

We now compare our measurements with the empirical expressions given in [11], which are frequently cited in the literature. The values of these analytic expressions are plotted as a
function of incidence angle in Fig. 8 at a frequency of 36.5 GHz,
along with the H and V results from Fig. 4. Fig. 9 is a similar
comparison of the 10.8-GHz results from Fig. 5 with the values
of Stogryn’s analytic expressions. His equations were developed based on data in the 13.4–37-GHz range, but he considered
extrapolations to the range 3–50 GHz to be valid. At both frequencies, his equations predict emissivities that are smaller than
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Fig. 9. Curves labeled “Model V” and “Model H” are values of foam
emissivity at 10.8 GHz computed from Stogryn [11]. “Foam V” and “Foam H”
are the 10.8-GHz H and V foam emissivities, identical to data shown in Fig. 5.

the observed values. In addition, the angular dependence of his
model shows a slight decrease in vertically polarized emissivity
with incidence angle that is not observed in the experimental results at either frequency. The slopes of his H polarization curves,
however, are somewhat similar to the slopes of the experimental
curves. Stogryn’s relations were developed using cases of artificially generated and naturally occurring foam. At least three
possible explanations exist for why his analytic expressions give
smaller values of emissivity: overestimate of foam fraction [19],
radiometer calibration errors, or significantly thinner layers of
foam than the ones used in this experiment.
From his airborne experiment, Smith [8] found the maximum
values of 37-GHz sea foam emissivity at H and V polarization
to be 0.76 and 0.89, respectively. His measurements, performed
at an incidence angle of 50 , and shown in Fig. 4, are lower than
the values measured in this experiment but are also larger than
emissivities predicted by the Stogryn model. For a wavelength
of 2 cm, at vertical polarization, Vorsin et al. [9] reported an
experimental emissivity of 0.985 at an incidence angle of 55
when looking at foam from breaking waves in the Black Sea.
Based on a simple physical model for the geometric structure
of foam, Droppleman [20] predicted emissivities of sea foam at
normal incidence for the frequencies 1.4, 10, 19, and 34 GHz.
He showed that for ratios of foam thickness to wavelength
greater than approximately 0.7, the sea foam emissivity may
be greater than 0.9 if the ratio of air volume to total foam
volume (R) is in the range 0.95–0.99. In this experiment, the
ratios of foam thickness to electromagnetic wavelength at 10.8
and 36.5 GHz were approximately 1.0 and 3.4, respectively.
Analysis of video images such as those shown in Fig. 3 found
in the center of the foam layer. However, it
that
is known that R increases as foam ages and water drains
from the interstitial areas [21], and the foam at the surface
is older than in the core where R was measured. Because of
this drainage effect, the value of R on the surface of the foam
layer is likely to be higher than in the core region, possibly
approaching a value of 0.95.
By observing the decrease in brightness temperature of a
layer of foam on a smooth water surface as the layer disintegrates, Militskii et al. [12] have shown that approximately
85% to 90% of the initial increase in brightness temperature
that occurs when the surface is covered in foam is still seen
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when the foam has decayed until a stable monolayer emulsion
gas bubble structure is left on the surface. They concluded
that the monolayer on the water surface acted as a transition
layer and that diffraction effects contributed substantially to
the dissipation of microwave energy. Additional foam structure
above the monolayer increases the diffraction loss, resulting
in a surface of high emissivity. The relatively high values of
emissivity measured in this experiment are consistent both with
Droppleman’s work and with the results reported by Militskii
et al., since the present measurements of surface foam were
performed with a thickness of approximately one wavelength
or greater at both frequencies of observation.
The salinity of the water for this experiment was approximately 10 ppt, whereas the salinity of sea water is in the range
30–36 ppt. For the frequencies used in this experiment, the
change in model calm-water emissivity as the salinity varies
from 10–35 ppt is approximately 0.001, but the change in
emissivity of ocean foam as a function of salinity has not been
explored. A future experiment using a foam generator in water
with a salinity of 35 ppt is planned in order to address this topic.
VI. SUMMARY
Radiometric measurements of foam at 10.8 and 36.5 GHz
were performed using a foam generator floating on the seawater surface and two microwave radiometers mounted on a
telescopic arm lift in order to view the foam generator at incidence angles from 30 to 60 . The foam layer thickness was
approximately 2.8 cm. The 36.5-GHz radiometer measured
horizontally and vertically polarized radiation; the 10.8-GHz
radiometer measured horizontal, vertical, 45 , 45 , left-circular, and right-circular polarizations. The 10.8- and 36.5-GHz
vertically polarized foam emissivities were greater than 0.9
over the range of incidence angles observed. At horizontal
polarization, both the 10.8- and 36.5-GHz emissivities were
lower than the vertically polarized emissivities and gradually
decreased as the incidence angle increased. At 10.8 GHz, the
45 , 45 , left-circular, and right-circularly polarized emissivities were all approximately equal to each other and agreed
well with the averages of vertical and horizontal polarization
emissivities.
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