
364 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 5, NO. 3, JULY 2008

Relating Microwave Modulation to Microbreaking
Observed in Infrared Imagery

Ruth Branch, William J. Plant, Member, IEEE, Martin Gade, Member, IEEE, and
Andrew T. Jessup, Member, IEEE

Abstract—Microwave modulation by swell waves and its rela-
tion to microbreaking waves were investigated in an ocean ex-
periment. Simultaneous collocated microwave and infrared (IR)
measurements of wind waves and swell on the ocean were made.
The normalized radar cross section σo and the skin temperature
Tskin were both modulated by the swell, but with differing phases.
In general, σo maxima occurred on the front face, whereas Tskin

maxima occurred on the rear face of the swell. Infrared imagery
has shown that swell-induced microbreaking occurred at or near
the swell crest and that the resulting warm wakes occurred on the
rear face of the wave. When tilt and range modulations are taken
into account, the location of microbreaking also accounts for the
maximum of σo occurring on the front face of the swell. Thus,
microbreaking waves generated near the crest of low-amplitude
swell can produce microwave and IR signatures with the observed
phase. The relationship between microwave and IR signals was
further emphasized by comparing microwave Doppler spectra
with simultaneous IR and visible images of the sea surface from
the same location. When small and microscale breaking waves
were present, Doppler spectra exhibited characteristics that are
similar to those from whitecaps, having peaks with large Doppler
offsets and polarization ratios near unity. When no microbreakers
were present, Doppler offsets and polarization ratios were much
smaller in accordance with a composite surface scattering theory.

Index Terms—Infrared, microbreaking, microwave, ocean sur-
face waves, swell modulation, wave breaking.

I. INTRODUCTION

THE MODULATION of sea surface temperature and mi-
crowave backscatter by swell waves has been indepen-

dently observed on the ocean [1], [2]. However, the extent
to which the mechanisms that cause backscatter modulation
are related to those for temperature modulation is unknown.
The objectives of this letter are to investigate the relationship
between the two types of modulation and to examine the mech-
anisms that are responsible for both phenomena. Collocated
simultaneous microwave and infrared (IR) ocean measurements
were made to reach these objectives.

Modulation of microwave backscatter by swell waves is a
well-known phenomenon [2] and is composed of range, tilt,
and hydrodynamic modulations [3]. Range and tilt modulations
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are due to the change in distance and orientation between the
sensor and the surface as a wave propagates through the field
of view (FOV). Hydrodynamic modulation characterizes how
the wavenumber power spectrum is affected along the profile
of swell waves. A weak hydrodynamic interaction theory pre-
dicts that the maximum modulation of small- to intermediate-
scale gravity waves will occur near the crest of the swell,
whereas capillary waves will be enhanced on the forward
face near Ψ = 90◦ [4]. Hara and Plant [3] showed that tilt
and range modulations shift the maximum of the measured
microwave modulations about 45◦ farther toward the front face
of the swell when it propagates toward the microwave antenna.
Plant [5] developed a model to explain characteristics of the
Doppler spectrum of microwave backscatter at large incidence
angles by including Bragg scattering from bound tilted waves.
He proposed that in addition to the modulated capillary and
gravity–capillary waves, gravity waves with wavelength O(1 m)
may be modulated sufficiently by the swell to generate shorter
waves bound to them. His model suggested that this occurs
on the forward face of the swell at Ψ = 130◦. These short
gravity waves with bound tilted shorter waves are suggestive
of microbreaking waves [6], which are short gravity waves that
break without entraining air. Microbreaking waves have a bore-
like crest with parasitic capillary waves that ride along on the
forward face and have been shown to produce an IR signature
caused by disruption of the skin layer [7]–[9]. Thus, a primary
motivation of this letter was to determine if the microwave
scatterers proposed by Plant [5] are related to microbreaking
that causes Tskin modulation.

Modulation of sea surface temperature has been observed on
the ocean with IR instruments, and swell-induced microbreak-
ing has been postulated as the cause of the modulation [1],
[10]. The surface temperature measured by an IR radiometer
corresponds to the so-called skin temperature Tskin. The ocean
thermal boundary, or skin, layer is O(1 mm) thick, and the IR
optical depth is O(10 µm). Tskin within the wake of a breaking
wave is approximately equal to the bulk temperature Tbulk

because the breaking process mixes water from below to the
surface [11], [12]. Thus, the skin temperature modulation due
to breaking can be observed because Tskin inside the breaking
wake area corresponds to Tbulk, whereas Tskin outside the wake
area corresponds to the undisturbed water temperature.

II. OCEAN MEASUREMENTS

Microwave scatterometer, IR, and video data were acquired
during the Fluxes, Air–sea Interaction, and Remote Sensing
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Fig. 1. Time series of field measurements showing coincident modulation
of microwave cross section for VV and HH polarizations, (σVV, middle and
σHH, top) and skin temperature (Tskin, bottom). The surface displacement η
is repeated as a dashed line with each variable. In general, the Tskin maxima
occur on the rear face, whereas the σ maxima occur on the front face. The wind
speed during this run was 2.25 m · s−1.

(FAIRS) Experiment on the R/P Floating Instrument Platform
(FLIP) in the Fall of 2000. A Ku-band microwave scatterome-
ter, IR imager (3–5 µm), IR radiometer (9–11 µm), and a video
camera were mounted on booms over the water and positioned
with collocated FOVs. The scatterometer was mounted at an
incidence angle of 70◦, and the IR instruments at 33◦. The sen-
sors were pointed into the wind and remained so for the entire
experiment since FLIP was freely floating. A full description of
the experiment can be found in [13].

III. RESULTS

The time series in Fig. 1 illustrates the modulation of σVV

and σHH, the normalized radar cross sections at vertical and
horizontal polarizations, respectively, and Tskin. The Tskin data
are from the IR radiometer and correspond to the average
temperature over a spot on the surface of roughly 30 cm in
diameter. The surface displacement η measured by a sonic
altimeter is superimposed as a dashed line on the other time
series. The swell and wind waves were aligned, and the wind
speed was 2.25 m · s−1. The power spectra of Tskin, σVV, and
σHH in Fig. 2 exhibit strong peaks at the swell frequency. In
general, the maximum temperature appears on the rear face of
the swell waves, whereas the cross-section maxima occur on
the front face. Due to the environmental conditions, microwave
backscatter was modulated much more frequently than temper-
ature. This means that a statistical comparison of the phases
cannot be made.

The association of whitecaps and large amplitude excursions
in the radar cross section, or sea spikes, in moderate incidence
angle measurements is well established [14], [15] and continues
to be an area of active research [16]–[18]. The characteris-
tics of backscatter associated with sea spikes due to breaking
waves include a polarization ratio, σHH/σVV, near unity, a

Fig. 2. Spectra of microwave cross sections, Tskin, and surface displacement
all show a peak at the swell frequency. These spectra correspond to the time
series shown in Fig. 1.

large Doppler frequency shift, and increased Doppler band-
width [14]. The microwave signature of breaking over a wide
range of scales is shown in Fig. 3 by comparing the Doppler
spectra for VV and HH polarization with the simultaneous
collocated IR and video imagery. The case of backscatter from
the sea surface without wave breaking is shown in Fig. 3(a),
in which the dotted ellipse on the IR image indicates the
scatterometer’s approximate FOV. In the absence of breaking,
the Doppler spectra are characterized by σHH/σVV < 1 and
nearly symmetric peaks with a small offset. The whitecap in
Fig. 3(b), which appears warm in the IR image, produces
Doppler spectra with σHH/σVV ≈ 1 at higher frequencies and
mean Doppler shifts that are significantly greater than zero.
The spectra also show a significant return near zero frequency
with σHH/σVV < 1, which corresponds to backscatter from the
surface not affected by breaking. The white crest in the IR
image is an apparent temperature increase due to the increased
emissivity of foam [12]. The Doppler spectra from the much
smaller whitecap shown in the IR sequence and video image
in Fig. 3(c) are remarkably similar to those from the large
whitecap in Fig. 3(b). The warm thermal signature of the wake
left behind by the breaking process is apparent in the IR image.
The final example is an IR image sequence in Fig. 3(d) showing
the wake of a microbreaking wave, outlined by a dashed circle,
which propagates through the images in time. Although the
video image shows no visible signature, the Doppler spectra
show a significant return with a large mean frequency, and
σHH/σVV ≈ 1. This example demonstrates that microbreaking
waves produce microwave backscatter with characteristics that
are similar to those from whitecaps. The environmental condi-
tions during FAIRS limited the number of events like in [1].
This event is, therefore, an example of microwave backscatter
from a microbreaking wave, but no statistical analysis can be
performed on this data set.
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Fig. 3. Comparison of IR imagery (white is warm; black is cool), video imagery, and microwave spectral signatures of different scales of breaking during FAIRS
with approximate wind speed of 5 m · s−1 and significant wave height of 0.75 m. (a) No breaking (IR and microwave): No distinct signature is apparent in the IR
image, and the spectra show small Doppler shifts and σHH/σVV < 1. The 3-dB microwave spot is indicated in the IR image by the dashed ellipse. (b) A large
whitecap (IR and microwave): The whitecap dominates the IR image, and the spectra show large Doppler shifts and σHH/σVV ≈ 1. (c) A small whitecap (IR,
video, and microwave): The whitecap is apparent in both the video and the IR images. The corresponding spectra have characteristics similar to those of the large
whitecap. (d) A microscale breaking wave (IR, video, and microwave): The resulting warm wake is outlined by a dashed circle in the IR image, but no visible
signature is seen in the video image (IR FOV is shown outlined in white). The spectra again show offset peaks with σHH/σVV ≈ 1. All IR images are 4.8 m on
a side except in (d) which are 1.2 m on side. Video images are 9.4 m × 14.8 m.
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IV. DISCUSSION AND CONCLUSION

Modulation of microwave backscatter and sea surface tem-
perature by swell waves was observed on the ocean. Microwave
backscatter modulation was present more often than Tskin

modulation. The presence of Tskin modulation is dependent on
environmental conditions such as wave height, wind speed, bulk
skin temperature difference, density of microbreaking waves,
phase speed of the swell, and skin layer recovery time. The IR
imagery showed that modulation of individual microbreaking
waves was present even when their density was not high enough
along the phase of the swell wave to be measured as a modu-
lated signal by a radiometer [1].

Microwave cross-section maxima occurred on the forward
face of the swell traveling toward the antenna, whereas the Tskin

maxima occurred on the rear face. IR imagery showed that the
swell-induced breaking occurred at or near the swell crest and
that the resulting warm wakes occurred and persisted on the
rear face of the wave [1]. This feature and the known shift of
microwave modulation to the forward face due to tilt effects
explain the different observed phases of the microwave and
IR modulations. Phase shifts as large as those found by Plant
[5] were not observed at the low wind speeds where IR effects
could be measured.

Collocated simultaneous IR imagery and microwave Doppler
spectra of breaking waves were compared for scales ranging
from whitecaps to microbreakers. Consistent with previous in-
vestigations, the Doppler spectra corresponding to the whitecap
exhibited peaks with a large Doppler offset and a polarization
ratio near unity. A notable result was that Doppler spectra for
small and microscale breaking waves exhibited similar char-
acteristics. This result emphasizes the importance of including
microscale wave breaking effects in models of microwave
backscatter.

Collocated microwave and IR ocean measurements showed
a simultaneous modulation by swell waves, which both could
have been due to microbreaking waves. Further experiments
should be carried out to statistically verify the phases of modu-
lation under varying environmental conditions.
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