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Abstract—This paper presents the results of high-altitude microwave radiometric and video measurements in the presence of
breaking waves made during the passage of Hurricane Dean on
August 21, 2007, over the Gulf of Mexico. Previous measurements
of foam fraction and radiometric brightness temperature have focused on the small scale, in which individual foam patches were of
the same scale as the radiometer footprint. To work with data from
spaceborne microwave radiometers, which have footprints on the
scale of tens of kilometers, the knowledge of how the foam fraction
sensitivity of brightness temperature scales when footprints increase from meters to kilometers is necessary. Video images of the
sea surface recorded with a high-resolution monochrome digital
camera were used to determine the foam fraction. Ocean-surface
brightness temperature was measured with the Airborne Polarimetric Microwave Imaging Radiometer (APMIR) of the Naval
Research Laboratory at frequencies of 6.6 [vertical and horizontal
(VH) polarizations], 6.8 (VH), 7.2 (VH), and 10.7 GHz (V), with
full polarimetric brightness temperatures measured at 19.35 and
37.0 GHz. Collocated nearly contemporaneous brightness temperatures were available from WindSat, Special Sensor Microwave
Imager/Sounder, and Special Sensor Microwave/Imager satellite
radiometer overpasses. Oceanographic and meteorological data
were taken from buoys located along the flight track. There was
good correlation between brightness temperatures measured with
APMIR and satellite-borne radiometers with absolute differences
largely within the expected uncertainty of the data. An analysis
of the video imagery provided the fractional area coverage of the
actively breaking waves on the ocean surface. The increase in
brightness temperature from each of the microwave sensors was
correlated with the whitecap coverage measured by the camera.
The experiment not only serves as an important bridge between
measurements made with spatial scales on the order of tens of
meters and data collected from satellites with spatial scales of tens
of kilometers but also provides guidance for improving future field
measurements on this topic.
Index Terms—Foam fraction, microwave radiometry, sea foam,
whitecap coverage, wind speed.

I. I NTRODUCTION

B

Y PRODUCING bubbles, sea spray, and sea-salt aerosols,
large-scale breaking waves associated with whitecaps are
involved in the planetary heat budget, air–sea gas exchange,
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atmospheric marine boundary layer visibility, tropical cyclone
intensification, and aerosol radiative forcing of climate (see
summary and references in [1]). In addition, whitecaps affect
microwave radiometric retrievals of ocean-surface wind vector
[2], [3] and salinity [4], and visible wavelength retrieval of
ocean color [5]. The importance of foam to air–sea interaction processes and ocean-surface electromagnetics indicates the
need to measure and model these effects adequately in order to
increase the accuracy of climate predictions and geophysical
retrievals.
The effects of foam on physical processes are usually quantified in terms of foam fraction (whitecap coverage) Fc , defined as the fraction of the sea surface covered by visible
foam generated by breaking waves, and a scaling parameter.
In the case of electromagnetics, this scaling parameter is the
emissivity of the foam-covered surface [6]. The conventional
technique of measuring Fc is through gray-scale analysis of
photographs or video records of the sea surface [7], [8]. Using
this method, numerous experimental campaigns have provided
data for empirical parameterizations of Fc as a function of wind
speed (e.g., [1, Tables I and II]). However, water temperature,
atmospheric stability, wave age, wave-current interaction, and
wind history also influence Fc [9], [10]. Developing a predictive
relation for Fc over the range of ocean conditions encountered
globally requires that the dependence of Fc on these additional
factors be understood and quantified. The existing database of
photographically measured Fc represents only a limited range
of conditions and does not suffice to quantify the geophysical
variability of foam fraction. Thus, an algorithm estimating
Fc from satellite-measured brightness temperature TB of the
ocean surface has been developed within the framework of the
WindSat mission [11], [12].
The physical basis for estimating foam fraction from satellite
microwave observations is the strong relationship between the
presence of sea foam on the ocean surface and the ocean
thermal emission TB (Fc ) established by a long history of
passive microwave measurements [3], [13]–[21]. The need to
better quantify the geophysical variability of foam fraction has
prompted continued efforts [1]. The method used in [1] has seen
further development in [12], and this effort has resulted in the
need to compare estimates of Fc provided by satellite-measured
brightness temperatures with directly measured in situ
data to assess the performance of the algorithm. The Radiometry and Sea Surface Imagery (RASSI) experiment was
designed to provide collocated and contemporaneous airborne
photographic and radiometric, and WindSat radiometric data.
The RASSI data set can: 1) provide a basis to investigate
the relation of photographically obtained Fc values with TB ;
2) allow investigation of the effect of changes in local
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measured from space), and to give the radiometers a stable
operating temperature.
B. Radiometric Measurements

Fig. 1. RASSI flight over the Gulf of Mexico on August 21, 2007:
(Crosses) Positions of aircraft track; (1)–(7) (diamonds) APMIR measuring stations; (squares) available NDCB buoys; and Hurricane Dean (overlaid infrared
cloud image from the Geostationary Operational Environmental Satellite).

environmental conditions over regional scales on Fc ; and
3) provide ground-truth data for assessing the performance
of algorithms for retrieving foam coverage from satellitemeasured microwave brightness temperatures. This paper describes the RASSI experiment and the results from the first two
activities listed earlier.
II. E XPERIMENT AND DATA D ESCRIPTION
For the RASSI experiment, the Airborne Polarimetric Microwave Imaging Radiometer (APMIR) and a high-resolution
high-altitude digital video camera system (FoamCam) were
combined in the bomb bay of a U.S. Navy P3 research aircraft.
This paper focuses on the data collected over the Gulf of
Mexico.
A. Gulf of Mexico Flight
On August 21, 2007, Hurricane Dean was centered in the Bay
of Campeche at the southern edge of the Gulf of Mexico. At this
point, it was a Category 1 hurricane with maximum sustained
winds on the order of 40 m · s−1 [22]. Fig. 1 shows the position
of the storm (19.7 N, 92.2 W) at 23:45 UTC, August 21, 2007,
and the RASSI flight path across the Gulf of Mexico.
During the flight, a pattern of three circles was performed
at each of the seven stations (Fig. 1) as the aircraft followed a
nearly radial approach to the storm center. The stations were
chosen to be approximately evenly spaced along the flight
line, with the added constraint that the circles be conducted
in relatively cloud-free regions to allow FoamCam to image
the ocean surface and to minimize the radiometric variability
arising from spatially varying clouds. These circle patterns were
approximately 3.5 km in radius, and each 360◦ turn took 180 s
at an average ground speed of 125 m · s−1 . Table I lists the
latitudes/longitudes of the center points and the times of the
seven stations (shaded rows).
The flight altitude was 6600 m to support the characterization
of the brightness temperature sensitivity to foam at larger
spatial scales, to have the majority of the atmosphere below
the aircraft (for easier comparison with brightness temperatures

A detailed description of APMIR can be found in [23].
During the RASSI experiment, vertically and horizontally polarized microwave brightness temperatures TB at 6.6, 6.8, and
7.2 GHz; vertically polarized microwave brightness temperature at 10.7 GHz; and fully polarimetric data at 19.35 and
37.0 GHz (hereafter referred to as 19 and 37 GHz) were
measured. The beamwidths of the 19- and 37-GHz horns are
approximately 6◦ , giving footprints of 2.2 × 1.3 and 1.9 ×
1.1 km2 for the 19- and 37-GHz radiometers, respectively. Data
were taken at an incidence angle of 53◦ . During the flight on
August 21, the full azimuthal dependence of TB was measured
by having the aircraft circle each measuring station while
APMIR was pointed perpendicularly to the flight direction.
On the ground, two external calibration targets, one immersed in liquid nitrogen and the other at ambient air temperature, provided end-to-end calibration. During flight, ambient
and heated external calibration targets were viewed before and
after each station.
C. Video Measurements
FoamCam consists of a monochrome camera with a resolution of 1392 by 1040 pixels and an f 2.3 zoom lens with a focal
length range of 17–374 mm. The nadir-viewing camera and lens
were mounted in a custom housing approximately 2 m aft of
APMIR. The camera was mounted so that the longer direction
of its 4 : 3 aspect charge-coupled device array was aligned with
the longitudinal axis of the aircraft. Images from the camera
were digitized at frame rates from 1 to 3 Hz. The electronic
shutter speed and gain of the camera, as well as the focal length,
focus, and aperture of the lens, were all controlled remotely.
All images discussed here were taken with a focal length of
374 mm, an f number of 2.3, and a shutter speed of 1/10 000 s.
Previous aircraft-based photographic measurements of Fc
have been conducted at altitudes ranging from 100 m [17]–[19]
to several hundred meters [24]. Although the benefits in
working at lower altitudes are obvious as far as the video
is concerned, in order to study the sensitivity of brightness
temperature to foam fraction at scales more appropriate for
comparison with satellite instruments, higher altitudes are necessary. The main difficulty of high-altitude video imaging is
that the contrast between the whitecaps and surrounding sea
decreases exponentially with altitude due to light scattering
from aerosols in the path between the aircraft and the ocean
surface [25]. Although FoamCam was designed with the goal of
minimizing this problem, the effect of the decrease in contrast
on detecting whitecaps limited FoamCam to detecting only the
actively breaking crests, which had the highest albedo.
The circular flight patterns used to collect the radiometric
data also affected the sea-surface imagery because they increased both the distance from the camera to the water surface
and the apparent ground speed of the sea surface in the camera
image. The camera look direction was fixed with respect to
the aircraft; thus, as the aircraft banked into the 30◦ turn for
the circle patterns, the slant range to the water surface for the
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TABLE I
P OSITIONS , T IMES , AND DATA FOR S URFACE I MAGE S ETS C OLLECTED D URING RASSI ON AUGUST 21, 2007

camera increased from 6600 m at nadir to 7600 m. This changed
the resolution of the camera and doubled the apparent velocity
of the ocean surface in the video image.
Images were collected for each of the seven circle patterns
flown during the August 21 RASSI flight. In addition, 17 image
sets were collected while the aircraft was in level flight between
the circle patterns. Table I lists the location and number of
images collected for each image set.
D. Additional Data
The flight on August 21 was scheduled so that the P-3 would
be on station in the Gulf of Mexico when WindSat was overhead. On that day, Special Sensor Microwave Imager/Sounder
(SSMIS) F17, Special Sensor Microwave/Imager (SSM/I) F13
and F14, and QuickScat made overpasses of the region within
a few hours. Table II gives the information for the satellite data
used in this study, including their spatial resolutions, formats,
and access. The F17 swath covered the entire Gulf of Mexico.
F14 covered the western portion of the Gulf, while F13 covered
the majority of the eastern section. Together, F14 and F13 give
nearly full coverage of the Gulf; thus, their combined data
are reported here for SSM/I. Since F17 provides data at each
station, while F14 and F13 have to be combined, the SSMIS
data are used in most comparisons hereinafter.
Standard meteorological and oceanographic data are available from National Data Buoy Center (NDBC, [26]) buoys
42003 and 42055 (Fig. 1) on 10-min and hourly bases.
The output from the Global Data Assimilation System
(GDAS, National Centers for Environmental Prediction, [27])
numerical model was also used to provide U10 , ϕ, and Ts
(Table II) that could be spatially and temporally matched with
the WindSat wind fields. Finally, a radiative transfer model pro-

vided values for TB as a function of frequency and polarization
for comparison with the brightness temperatures measured by
APMIR.
III. DATA P ROCESSING
A. APMIR Brightness Temperatures
This analysis focuses on the 19- and 37-GHz vertically and
horizontally polarized data (hereafter referred to as 19 V, 19 H,
37 V, and 37 H), as these are the channels most affected by the
presence of foam, and the data from corresponding channels are
available from each of the satellite radiometers.
An error analysis looked at both calibration biases (error
constant for at least the period of the August 21 flight) and
calibration stabilities (errors not correlated through the whole
flight). The analysis included various sources of radiometric error, such as quantization error, center frequency stability (thermally driven), detector linearity, biases in external calibration
due to front-end reflections, radio frequency isolation, crosspolarization, sidelobe contamination, uncertainty in pointing,
and radiometric noise (from NEDT and longer term gain stability). Two of these error sources dominated during the RASSI
experiment: uncertainty in pointing and radiometric noise.
The data were corrected to a nominal Earth incidence angle
(EIA) of 53.1◦ to match the SSM/I and SSMIS data. These sensors have the matching 19.35-GHz channel and a common incidence angle at 19 and 37 GHz, whereas WindSat has incidence
angles varying with frequency and a differing 18.7-GHz center
frequency [11]. It was necessary to estimate a pointing offset
for the EIA correction because the typical procedure used to
link aircraft attitude measurements to absolute antenna position
measurements could not be accomplished. We estimated the
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TABLE II
I NFORMATION ON S OURCES FOR AND F ORMATS OF AVAILABLE DATA F ROM VARIOUS S ATELLITE S ENSORS

TABLE III
C ALCULATED E RRORS AND VARIATION IN APMIR-M EASURED B RIGHTNESS T EMPERATURE

pointing offset from the elevation scans, usually performed for
each flight, during which the radiometers were moved through
nadir. From these scans, a pointing offset for each day was
calculated. There was generally very good agreement from day
to day between the estimated pointing offsets except for one
outlier (from an earlier flight not discussed here). When this
outlier is included, the pointing offset estimates have a standard
deviation of 0.9 angular degrees, resulting in an uncertainty
from 0.5 K to 1.8 K in brightness temperature for the channels
studied here. This is counted as a bias for the day of August 21,
as it would only change when the motion control system was
powered off.
The radiometric noise of the APMIR measurements during
the RASSI experiment, for reasons yet to be discovered, was
particularly high. This was a problem for all four of the
channels discussed here. Consequently, a significant potential
calibration bias exists due to the noise during the calibration
of the internal loads via the external loads. This potential bias
was as large as 4.5 K for the 19 H channel based on daily
calibration of the internal loads from the external loads. The
variation in the internal loads during data collection from the
scene leads to a further calibration stability error of up to 2.3 K
for this same channel. The various sources of calibration bias
and stability estimated with this error analysis were combined
and are presented in Table III (columns 2 and 3).
After calibration and correction, brightness temperatures
were manually filtered to remove large variations due to uncorrected aircraft movements and other causes. Because video data
do not show azimuthal variations, brightness temperatures were

azimuthally averaged over all three circles flown at each station,
and one TB value for each channel at each station is reported.
The standard deviations of these brightness temperatures were,
however, larger than the error-analysis estimates of the calibration stability (Table III, column 3). This is because, in addition
to the calibration stability, the natural variability of the scene
also contributes to the TB variations. These natural variations
arise from such sources as cloud variability, azimuthal variation, and sidelobe contamination. Thus, the standard deviations
of the brightness temperatures reported for each station quantify
both the actual (not estimated) calibration stability and natural
variability, as these are not easily separated. The resulting
standard deviations varied significantly from station to station,
so the range of the calculated values is listed in Table III
(column 4).
The total expected uncertainty in the radiometric measurements is the combination of calibration bias, calibration stability, and natural variability. With the latter two combined, the
total uncertainty is the sum of calibration bias and brightness
temperature variability (Table III, column 5).
B. FoamCam Whitecap Coverage
Electronic noise in the video images was reduced by spatially
filtering each image using a 2-D finite impulse response filter
with an approximately circular 25-pixel width. The images
were then analyzed for Fc using the gray-scale analysis procedures described in [7] and [8] with brightness thresholds
selected using the method described in [28]. Fig. 2(a) shows
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Fig. 3. Time series of foam fraction Fc for the sea-surface video images taken
at station 4.

Fig. 2. Typical sea-surface image taken with f.l. = 374 mm, f 2.3, and a
shutter speed of 1/10 000 s and (b) its corresponding segmented image used to
calculate Fc . This image was taken at station 6 (see Table I).

a sea-surface image taken from an altitude of 6618 m at station
6 (Table I). Fig. 2(b) shows the segmented version of Fig. 2(a),
with areas detected to be actively breaking wave crests in white.
Because the presence of clouds at altitudes below 6600 m or
sun glint on the surface can bias the resulting average Fc value,
cloud/glint-contaminated images must be removed. Images
contaminated by the presence of clouds or by sun glint were
identified and removed using a two-step filtering procedure.
In the first filtering step, the criterion used to remove images
containing clouds and glint is to determine the largest realistic
total foam coverage FcMAX , which might occur only through
whitecaps. Our estimate of FcMAX is based on the whitecap
spatial characteristics. Because the physical scale of the largest
breaking waves at wind speeds comparable to these during the
RASSI experiment (e.g., 16 m s−1 ) is on the order of 5 m [29],
a single breaking wave in an image such as shown in Fig. 2(a)
results in an Fc of 0.0044. Assuming that there would be, at
most, five such waves in any particular image [30], we obtain
FcMAX ≈ 0.022. Therefore, the initial filter removes images
where Fc is greater than 0.2 or an order of magnitude larger
than FcMAX .
The second filtering step is to recognize that, due to spatial
scales larger than those of whitecaps, clouds and glint in general
persist from image to image over many frames. Therefore, the
presence of clouds or glint could also be identified by finding
sequences of images where the Fc for each image is greater than
the average Fc plus twice the standard deviation of Fc , σF , for
that set of images. Fig. 3 shows a plot of Fc for each image in

the set of images recorded at station 4. The solid horizontal line
shows the average Fc , and the dashed line shows Fc + 2σF .
The presence of clouds is seen as the increase in Fc for the
times 10 to 40 s.
These two filtering steps typically left 30 to 40 images per
set with values for Fc greater than Fc + 2σF , and to ensure that
these are cloud-free images, they were examined manually. As
a check on the algorithm mistakenly identifying cloud-free images as containing clouds, a random sample of 600 of the 6000
images identified as containing clouds and glint were checked
manually to make sure that they are cloud contaminated.
C. Comparing Data From Different Sources
On August 21, the WindSat pass over the Gulf of Mexico
at 23:26 UTC was closely matched in time for stations 7, 6,
and 5, with time differences Δt of −12, +15, and +43 min,
respectively, and reaching +150 min for station 1. For the
SSM/I data, the Δt values follow those of WindSat closely
(Fig. 4(a), open squares). There was less synchronization with
QuickSCAT, where Δt = +67 min at station 7. The closest
match for GDAS data is from 00 UTC on August 22, which
results in Δt = +22 min at station 7.
Because of the temporal and spatial offsets (Fig. 4) and
differences in spatial resolution between the different RASSI
data sets (Table II), the approach described in [31] was used
for comparing the satellite, aircraft, and in situ data. Brightness
temperatures measured by APMIR were spatially and temporally averaged over the entire circle pattern made at each
measuring station (Section III-A). The average values of Fc at
each station were calculated using at least 500 cloud/glint-free
images from each circle pattern (Table I). Typically, this covered at least 40% of the total time spent in the circle pattern.
We average the available satellite-measured brightness temperatures for each RASSI station using the number of points
falling within a 0.5◦ × 0.5◦ box (approximately 55 × 55 km at
the latitude of the Gulf of Mexico). Depending on the swath
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ΔT = −0.4 ◦ C at buoy #42055. The significant wave height
ranged from 2 to 3 m.
A. Brightness Temperature

Fig. 4. (Panel a) Time difference Δt, and (panel b) distance d between RASSI
stations and various sources of brightness temperature TB (in kelvins) and wind
speed U10 (in meters per second) values. Note that, in panel a, the data for the
two buoys (black and gray solid circles) coincide in time.

resolutions (Table II), the number of points used to obtain
averaged TB values ranged from 5 to 42.
For U10 and other gridded data (Table II), we performed
similar spatial averaging after interpolation to or resampling
around each RASSI station. The in situ data from the NDBC
buoys were temporally averaged over time periods of 1 hr and
30 min for #42003 and 1 hr for #42055. A comparison of
the standard deviations of U10 , d, and Δt for each considered
data set identifies the temporal and spatial offsets for the
WindSat as the smallest. We thus work with the WindSat values
for U10 .

IV. R ESULTS AND D ISCUSSION
During the RASSI measurements while Hurricane Dean was
approaching, U10 ranged from a minimum of 10 m · s−1 at
station 2 to 16 m · s−1 at station 7 (Table I). The air–sea
temperature differences ΔT (defined as Ta − Ts ) recorded by
the buoys show that the atmospheric stratification in the entire
region is unstable with ΔT = −0.6 ◦ C at buoy 42003 and

For the RASSI observational conditions, Fig. 5 shows the
plots of TB for 19 V and 19 H (panels a and b) and 37 V
and 37 H (panels c and d) measured by (black squares) APMIR,
(open squares) WindSat, (circles) SSMIS, and (triangles)
SSM/I versus radial distance to the eye of Hurricane Dean. The
error bars on APMIR data represent the sum of the calibration
bias and the range of scene variation for each particular station
(column 5 in Table III; see discussion in Section III-A).
The correlation between the 19 V brightness temperatures
from APMIR and those from SSMIS is 0.80, while the 19 H
data are over 91% correlated. The average bias at 19 H is
−3.1 K, which is well within the expected calibration bias (see
Table III), although at 19 V, the average bias is −4.5 K, which
is about 1.2 K higher than what would be expected. However,
as can be seen in Fig. 5, the APMIR data agree with most of the
satellite data to within the expected error (bias plus scene variation). The results are summarized in Table IV. Table IV also
lists the comparisons between APMIR and the two SSM/I
sensors (F13 and F14) that were overhead during the flight.
The correlations of APMIR 37 V brightness temperatures
with those of WindSat and SSMIS are 0.87 and 0.90, respectively, while for 37 H, the correlations are 0.96 with each
sensor. The vertical channel bias against SSMIS is less than
0.5 K and is about −2.6 K when compared to WindSat. This is
within the expected bias of 3.1 K. The horizontal channel has
biases of −5.8 K and −4.8 K (Table IV), which are larger than
the expected value of 3.9 K (Table III), but radiative transfer
modeling suggests that there could easily be 1 K of brightness temperature change (H-polarization) from the atmosphere
above the aircraft.
To obtain a measure of the variation that can be expected
based on different viewing geometries and measurement times,
Table IV includes a comparison of 37 GHz data between
WindSat and SSMIS. The WindSat 37 V brightness temperatures are an average of 3.1 K higher than those for SSMIS, with
a 0.8 K standard deviation. For 37 H, the bias is 1.0 K, with a
1.2 K standard deviation. Examining the values in Table IV, for
37 V, APMIR data agree with the data from the two satellites,
as well as the brightness temperatures from the satellites agree
with each other. On the other hand, at 37 H, APMIR has a
significant bias compared to the intersatellite number (some
of this bias is due to atmosphere above the aircraft), but the
APMIR data still have a very good correlation with the data
from satellites.
Overall, the oceanic brightness temperatures measured by
APMIR can be corrected and used as surrogates for values that
would be measured by WindSat under the same conditions.
APMIR data can thus be used to develop, test, and evaluate
algorithms for retrieving foam fraction from radiometric
observations.
B. Foam Fraction
Table I lists the values of Fc and U10 for each image set
collected on the August 21 flight. These data are shown in
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Brightness temperature TB (in kelvins) measured on August 21, 2007, at each station from various sources.

Fig. 6, along with the parameterizations of the form Fc =
A(U10 − B)3 obtained using least squares linear regression
1/3
of Fc with U10 , as suggested in [32], from five previous
measurements of whitecap coverage made using video cameras
mounted on ships [7], [8], [28], [32], [33]. The RASSI Fc data
have approximately the same dependence on U10 and similar
scatter in the individual values of Fc at a given U10 as the shipbased measurements but are, on average, a factor of eight lower
at a given U10 . This difference can be explained in terms of the
performance of the camera/lens system coupled with the relatively high altitude at which these measurements were made.
The modulation transfer function (MTF) of a lens defines
its ability to resolve differences in contrast [34]. It is known
that the MTF decreases as the aperture size increases, and
the decrease in MTF implies a decrease in the ability of the
lens to resolve differences in contrast [34]. Contrast resolution
of lens is important in measuring Fc because the total foam
coverage is the sum of the area of the actively breaking waves
(stage-A whitecaps) and the area of the decaying bubble plumes
and foam (stage-B whitecaps) left in the wakes of the stageA whitecaps. These two stages have different video signatures
in terms of brightness threshold, with the decaying plumes
being less bright than the actively breaking wave crests [32].

Furthermore, the spatial coverage of these bubble plumes is
a factor of eight larger than the actively breaking crests [32].
Given the low contrast inherent in sea-surface images taken
from high altitudes (Section II-C), the ability of the camera to
resolve differences in contrast is critical in interpreting the foam
coverage data.
Fig. 2(a) shows an image of the sea surface taken at APMIR
station 6 using a focal length of 374 mm, a shutter speed
of 1/10 000 s, and an f number of 2.3. Fig. 2(b) shows the
corresponding segmented image and the area detected to be
breaking waves and bubble plumes using a brightness threshold
of 0.36 (with Fc = 0.0031 for this image), which is the minimum that can be used and still separate pixels that are clearly
unbroken sea surface from pixels that are the crests of breaking
waves. However, a threshold of 0.36 is too high to detect all
the light gray patches in the image that are decaying bubble
plumes left behind by breaking waves. This means that it is
impossible to separate foam from unbroken sea surface using
these camera parameters. Therefore, the most likely explanation
for why the Fc values are a factor of eight lower than previous
measurements is that the low contrast in the images caused by
working at high altitudes, combined with the low MTF due to
the large aperture of the lens, prevented thin foam layers and
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TABLE IV
S TATISTICS OF DATA C OMPARISONS , APMIR V ERSUS W IND S AT, SSMIS, AND SSM/I FOR A LL F REQUENCY /P OLARIZATION C HANNELS

advantageous to measure both active and decaying whitecaps
during RASSI with FoamCam. Because the RASSI Fc values
are only of the active whitecaps, a correction is required when
comparing Fc values from RASSI with the results from other
observations of whitecaps. Such a correction can be developed
from previous data sets for foam fraction because the stage-B
coverage scales with the stage-A coverage [32].
The merit of the collected Fc data, however, is that it provides
stage-A whitecap coverage, and the combination of these Fc
values with the radiometric data enables direct correlation of
concurrent and collocated data for Fc and TB . Furthermore, being associated with actively breaking waves, stage-A whitecaps
are needed to quantify dynamical processes such as transfer
of momentum, energy dissipation, turbulent mixing, gas exchange, spume droplet production (apart from bubble-mediated
production), and generation of ambient noise.

C. Microwave Thermal Emission in Presence of Whitecaps
Fig. 6. Foam fraction Fc as a function of wind speed U10 (in meters per
second) for RASSI video data collected on August 21. Also shown in the
figure are parameterized results from five previous ship-based experiments that
measured Fc [7], [8], [28], [32], [33].

bubble plumes (i.e., stage-B whitecaps) from being included in
the foam coverage.
While sea-surface emissivity is a function of both the stage-A
and stage-B whitecap coverages, radiometric data do not allow
clear separation of the emissivity of active whitecaps from
that of the decaying whitecaps [18]. Thus, it would have been

Fig. 7 shows the TB at 18–19 GHz (V and H polarizations;
panels a and b) and 37 GHz (V and H pol, panels c and d)
for both WindSat and APMIR, plotted as a function of Fc
from FoamCam. The sensitivity of brightness temperature at
V and H polarizations to changes in foam fraction ΣV and
ΣH , respectively, for each sensor and frequency was calculated
by performing a least squares linear regression on the data in
Fig. 7 with the results given in Table V (in units of kelvin per
percent Fc ). Table V also provides the ratio of ΣH to ΣV at
each frequency for each sensor.
As can be seen in Table V, the ratios of ΣH to ΣV at 18 GHz
for WindSat and at 37 GHz for APMIR, SSMIS, and WindSat
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Fig. 7.
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APMIR and WindSat brightness temperatures TB (in kelvins) as a function of foam fraction Fc .

TABLE V
S ENSITIVITY OF B RIGHTNESS T EMPERATURE M EASURED W ITH APMIR,
W IND S AT, AND SSMIS TO F OAM F RACTION FOR A LL
F REQUENCY /P OLARIZATION C HANNELS

are all 2.8 or larger with a ratio of ΣH to ΣV at 19 GHz for
APMIR and SSMIS equal to 2.0. Previous estimates by Smith
[19] found the ratio of ΣH to ΣV at 37 GHz to be 1.9, which is
somewhat lower than the one measured here. However, the data
reported in [19] were collected at a wind speed of 10 m/s for
large waves breaking on a shoal. Therefore, it is possible that
the differences of ocean-surface roughness from small-scale
waves, which also contribute to the difference in ocean-surface
emissivity between vertical and horizontal polarizations, are

responsible for the increased values of the ΣH -to-ΣV ratios
measured during RASSI.
Webster et al. [18] reported ΣH values on the order of
0.08 K/Fc (%) at 19 GHz, which are considerably lower
than the ΣH values listed in Table V. One difference is that
Webster et al. [18] report ΣH in terms of “white water”
coverage, not whitecap fraction. Given that Webster et al.
[18] do not specifically define how they estimate white water
coverage from their photographic images, they also report that
the whitecap coverage during their measurements was relatively
constant at 4% (with the increase in white water coverage due
to foam and foam streaks). In addition, the measurements in
[18] were made under fetch-limited conditions, and roughness
effects on emissivity may also contribute to the observed ΣH .
Intercomparing only the RASSI data, Fig. 7 shows that
the changes in brightness temperature ΔTB are smaller for
WindSat than those for APMIR, implying a decrease in sensitivity of the average scene brightness temperature to foam on
the surface. This decrease in sensitivity is larger for 18–19 GHz
than for 37 GHz, with ΔTB values for H polarization at
18–19 GHz for APMIR and WindSat being 25 K and 18 K,
respectively. In contrast, at 37 GHz, for H polarization, the
ΔTB values for APMIR and WindSat are similar at 15.8 K
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and 15.6 K, respectively. This suggests that the atmosphere
has a stronger effect on the satellite-based measurements at
18–19 GHz than at 37 GHz. While larger ΔTB for H polarization at 18–19 GHz supports the conclusion in [1] in that this
frequency is suitable for sea-state measurements, including the
appearance of foam, the findings here imply that the estimates
of Fc at 18–19 GHz might require more accurate atmospheric
corrections than the estimates made at higher frequency. It
would be wise, therefore, to consider the use of 37 GHz for
obtaining satellite-based estimates of Fc in addition to data at
18–19 GHz.

V. S UMMARY AND C ONCLUSION
We have presented airborne observations of the dependence
of both microwave brightness temperature and whitecap coverage on wind speed over spatial scales that are similar to
those measured by satellite-mounted radiometers. Previous
airborne measurements made at low [19] and high [17], [24] altitudes either have lacked concurrent/collocated measurements
of microwave brightness temperature and whitecap coverage
or have brightness temperature measurements over a more
limited range of wind speeds. Previous airborne measurements
of both brightness temperature and whitecap coverage were
made from aircraft flying at low altitude [17], [18]. Although
these previous measurements have been invaluable in understanding the response of brightness temperature to changes in
wind speed, until now, there has been a gap in observational
results quantifying the response of satellite-based brightness
temperatures measured at spatial scales of hundreds of square
kilometers to changes in scene-averaged foam coverage caused
by breaking waves with individual spatial scales that are much
smaller than the spatial scale of the measurement.
The data measured during the RASSI experiment have shown
that the sensitivity of brightness temperature to changes in
coverage of wave breaking over larger spatial scales is consistent with the predictions made from measurements at much
smaller spatial scales. This furthers the understanding of how to
compare foam fraction data obtained from in situ photographic
measurements to those estimated from satellite radiometric
observations. Such comparisons are critical for constraining
satellite-based foam fraction estimates that are required to
properly account for the effects of breaking waves on global
biogeochemical processes.
The sensitivity of brightness temperatures measured by
APMIR, WindSat, and SSMIS with respect to changes in wind
speed and foam coverage is in qualitative agreement with past
experiments made at lower altitudes in that the dependence of
brightness temperature measured for horizontal polarization on
both wind speed and foam coverage was found to be much
stronger than the dependence measured for vertical polarization. However, the sensitivities found in this experiment were
significantly larger than those found by previous researchers
working at lower altitudes. Complete interpretation of the
RASSI data presented here to explain this difference is beyond
the scope of this paper but will be examined in future work.
The roles of atmospheric effects (related to using brightness
temperatures measured at high altitude), differences in lateral
spatial scales between these data and previous measurements,

and differences in the wave field caused by fetch, water depth,
or wind–current interactions between these and previous measurements will be examined by further analysis of this data set.
This experiment demonstrated that the APMIR data have
sufficiently high correlation with the satellite data to aid in
developing algorithms for retrieving foam coverage from WindSat and similar microwave radiometers. The second key result
was the demonstration of the ability to measure the areal
coverage of actively breaking waves from an altitude of over
6 km. When coupled with the agreement between the APMIR,
WindSat, SSMIS, and SSM/I brightness temperatures, the foam
coverages provide the first data set that can be used as ground
truth for foam-retrieval algorithms. The results also suggest that
the future experiments should use a higher resolution camera
on a gimbal mount to minimize the slant length to the water
surface to improve scene contrast. Furthermore, the results have
shown that identifying and correcting sources of noise in the
radiometric measurements are critical.
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