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Abstract—The relationship between synthetic aperture radar
(SAR) signatures of depth-limited breaking waves and wave height
is studied. Wave height is estimated from SAR images using an
empirically derived relationship that exploits the azimuthal shift in
SAR images associated with moving scatterers. This relationship is
derived from in sifu measurements rather than from an idealized
model of breaking waves as was done in a previous study. We
find that the lengths of the SAR signatures are correlated with the
observed significant wave height (the correlation coefficient is 0.78)
for a range of wave conditions. The relationship between the wave
heights and velocity bandwidths from the field data is similar to
that between simulated (with a Boussinesq surface wave model)
wave heights and velocity ranges (correlation coefficient = 0.82).

Index Terms—Airborne radar, electromagnetic scattering,
remote sensing, sea surface, synthetic aperture radar (SAR).

I. INTRODUCTION

EPTH-limited ocean breaking waves have a clear and

distinct signature characterized by bright streaks in along-
track interferometric (ATI) synthetic aperture radar (SAR) im-
agery. Although many sensors have been used to obtan SAR
imagery of nearshore waves [1], [2], only a few studies have ex-
amined the signatures of depth-limited breaking waves. These
signatures are caused by orbital velocities in the breaking region
that vary temporally (during the time the synthetic aperture is
formed) and spatially, causing scatterers to map to different
azimuthal positions in the image. While analytical models for
the signature of depth-limited breaking waves suggest that the
phase velocity of the wave is not directly related to the ATI
SAR velocity measurement and therefore cannot be used to
derive breaking-wave parameters directly [3], idealized model
simulations of breaking waves suggest that the azimuthal dis-
placements in SAR images allow estimation of depth-limited
breaking-wave heights [4].
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Antenna frame

Fig. 1. Antenna frame (arrow) installed on a Cessna 172. Both antennas
radiate toward the starboard side of the aircraft.

In this letter, we show that the lengths of the SAR signatures
are correlated with the observed significant wave height of
depth-limited breaking waves estimated from in sifu obser-
vations near the ebb shoal and neighboring beaches of New
River Inlet, NC. The accuracy of the approach is assessed with
Boussinesq wave model simulations. Although the approach
to estimating depth-limited breaking-wave height is similar to
that used previously [3], the development of the retrieval is
significantly different, and the analysis of the results in terms
of the model provides new information about the accuracy of
the methodology. Other differences with [3] are that we relate
the SAR signatures to significant wave height, as opposed to the
trough to crest wave height, and we do not study the relationship
between the SAR signature and depth.

II. SYSTEM DESCRIPTION

The remote field measurements were obtained with a minia-
turized dual-beam ATI SAR [5] operated on a small aircraft
(Fig. 1). The system is designed to measure surface velocity
at high resolution using two dual-receiver frequency-modulated
continuous-wave radars to implement dual-beam ATTI SAR. The
bandwidth of the transmitted signal is 80 MHz, so the slant
range resolution is 1.875 m. The frequency bands of the radars
are separated by 40 MHz, allowing the radars to operate si-
multaneously. The portside radar antennas are squinted forward
of the side-looking (starboard) direction, and the starboard-
side antennas are squinted backward (aft). The broadside-beam
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Fig. 2. Images of the experimental area. (a) SAR intensity image. (b) SAR velocity image. (c) Visible image with sensor location (Q17). The outlined polygons
(labeled “1”) in a and c indicate an area of depth-limited wave breaking. The white arrow (“I” in ¢) shows the inlet channel.

flat-panel antennas are mechanically rotated in the horizontal
plane and tilted in the squinted plane. The squint angle is 30°
measured in the horizontal plane, and the elevation angle is 60°
measured in the plane defined by the propagation vector k£ and
the z-axis. The antennas are not covered by a radome.

III. DATA

SAR data were collected along the North Carolina coast,
adjacent to New River Inlet from May 1 to May 20, 2012 (0 <
wind speed < 10 m/s from the south or southwest, 0.3 < wave
height < 0.7 m in 1-2 m water depth, wave direction normally
incident +50°, and tidal elevation range about 1 m). Although
tidal flows are strong and can affect the waves, depth-limited
breaking dominates in this region [6], producing strong wave
breaking in 0-2 m water depth along the shoreline adjacent to
the inlet and over the shoals just offshore of the inlet mouth
[Fig. 2(a), white polygon]. The signatures of these breaking
waves are visible in the SAR intensity and velocity images
[Fig. 2(a) and (b)].

The surf zone wave heights were estimated with a pres-
sure sensor buried beneath the sand surface (to reduce flow
noise) about 150 m from the shoreline in 1-2 m water depth
[Fig. 2(c)]. Significant wave heights (Hg,, four times the
standard deviation of sea-surface elevation fluctuations) were
estimated from 512-s records using linear theory to convert the
2-Hz bottom pressure time series to sea-surface elevation. Off-
shore wave directions were estimated with buoy observations
(NOAA 41110) in 16 m depth, 50 km to the south. As discussed
in the following, the results are not sensitive to wave direction.

IV. SIGNATURES OF BREAKING WAVES

The azimuthal displacement in a SAR image of a moving
scatterer from its true position is given by [7]

~ RoV,.(tan@sin 6 + cos )
B 4

where V,. is the velocity of the scatterer, R is the range
(~2000 m), V is the aircraft velocity (~45 m/s), and 6 is
the squint angle of the radar. SAR images of complex fea-
tures that consist of many scatterers with different velocities
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Fig. 3. Detailed intensity image of the surf zone. Line AB is the shoreline, and
line AZ is the azimuthal direction.

(e.g., with many different AX) will include arcs with radius
and length proportional to the bandwidth AV, of the velocity
distribution of the feature. The distance between each point of
the arc and the real position of the target will correspond to
the radial velocity of the elementary scatterer, and the intensity
of this point will correspond to the radar cross section of this
scatterer. If the arc radius is much larger than the length, the arc
approximates a line (streak; Fig. 3). The bandwidth of surface
velocities of breaking waves with H, ~ 1 m can exceed 3 m/s
[8], so the length of a streak can exceed 130 m. Although
tidal currents are strong in the inlet channel (+ 1.5 m/s),
mean flows were relatively weak on the shoals [6] and do
not appear to affect the measurements. Thus, significant wave
heights can be determined from the velocity bandwidths AV
that are estimated from the lengths L of the streaks owing to
breaking waves.

In addition to the azimuthally broad signature, wave breaking
causes an increase in backscattered power and sharp gradients
in radial velocity in SAR images [9]. These intermittent and
spatially variable breaking-wave processes occur during the
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Fig. 4. Averaged intensity (dotted curve) and interferometric coherence co-
efficient (solid curve) of streaks versus distance along an azimuthal line (AZ
in Fig. 3) on May 17, 2012, 13:12 UTC. The beach is between distances 0
and about 100 m, the surf zone is between 100 and 250 m, and seaward of
the surf zone is from 250 to 450 m. The reference level corresponding to the
backscattered signal from a surface without breaking waves (green line) and
the power level (red line) used to estimate the streak length (L, red arrows, here
about 120 m) are indicated.

time over which the synthetic aperture is formed, resulting in
a reduction of the azimuthal resolution of the SAR image to [9]

A\ 4R 272
G

Pux =
where A is the electromagnetic wavelength (~0.07 m), 5 is the
antenna azimuthal beamwidth (~0.1 rad), and 7 is the coher-
ence time (~0.1—0.2 s). However, even with this reduction, the
resolution is better than 15 m, which is small compared with the
signatures of breaking waves, so the effects of finite resolution
are not considered in the analysis.

The intensity and interferometric coherence coefficient of the
streaks along line AZ are higher across the surf zone (Fig. 4,
range 100-250 m) than in the region seaward of breaking
waves (range > 250 m). The streak length is estimated as the
distance over which the power is 3 dB above the backscattered
signal from a surface without breaking waves. Assuming that
all waves of a given height break the same distance from the
shoreline (line AB in Fig. 3), streak lengths (Fig. 4 shows
an example) are averaged along azimuthal lines (e.g., AZ in
Fig. 3) separated by 2 m (the slant range resolution) within a
trapezoidal area (ABZZ’ in Fig. 3) near the shoreline to obtain
a mean streak length. The mean length of the streaks is about
110 to 120 m, corresponding to a mean bandwidth of radial
velocities of 2.4-2.7 m/s, consistent with surface velocities
associated with breaking waves in the surf zone.

V. ANALYSIS OF EXPERIMENTAL DATA

The radial velocity bandwidth estimated with ATT SAR and
the significant wave height estimated with in sifu sensors are

Fig. 5. Observed significant wave height versus SAR inferred radial velocity
bandwidth for waves from 40°-70° (stars), 70°—100° (circles), and 110°-140°
(squares). Waves propagating perpendicular to the shoreline (normally incident)
are from 90° in this coordinate system. The black line is the least squares linear
fit to all of the data.

correlated well (correlation coefficient 2 = 0.78; Fig. 5). The
angle of wave arrival does not appear to affect the relationship
for the range of the observed wave heights 30 < Hg;, < 70 cm.
A least squares fit of the observed significant wave height to the
radial velocity bandwidth (AV;.) (Fig. 5 black line) yields

Hygy = 23.58AV, + 2.33. 3)

The total power of the microwave signal scattered from break-
ing waves also can be related to the height of the waves.
However, the ratio of power scattered from waves with H;, =
30 cm to the power for Hgz = 70 cm is less than about 10,
and thus, a good fit requires a more accurate calibration of the
intensity than is available in these data.

VI. MODELING

A phase-resolving Boussinesq wave model for cross-shore
propagation of regular ocean surface waves on a planar seabed
[10], [11] is used to verify the relationship derived between
in situ estimates of Hg;, and SAR estimates of radial velocity
[Fig. 5 and (3)]. The input parameters for the model are the
measured slope of the seafloor (0.02 [12]) and representative
incident wave heights and wave periods. The model simulates
the evolution of waves as they propagate across the shoaling
and breaking regions (Fig. 6).

The SAR forms an image from continuous observation of
the area of interest over a time period given by the distance
to the observed area R multiplied by the antenna beam width
g divided by the velocity of the platform V' [9]. Assuming
an average R of 2-3 km, a probability density function is
estimated for the simulated surface velocities of breaking waves
(Fig. 7) spanning the surf zone (boxed region in Fig. 6) over the
expected 5—10-s observation period. Only velocities identified
by the model as being associated with breaking waves were
used to generate the density function.
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Fig. 6. Simulated sea-surface elevation (solid curve) and orbital velocity (dashed) versus distance from the shoreline. The incident significant wave height was
0.32 m. The boxed region indicates the surf zone, and the thick angled line centered on z = 0 m is the seafloor.
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Fig. 7. Probability density function of simulated velocity (m/s) estimated for breaking waves in the surf zone (boxed region in Fig. 6) with incident significant

wave height 0.32 m.

The simulated distribution does not contain any noise, and
thus, the bandwidth is defined as the range over which the
distribution is nonzero. In this case, the maximal negative and
positive velocities are —0.4 and 1.2 m/s (Fig. 7), respectively,
so the velocity bandwidth for these simulated waves is equal
to 1.6 m/s. In contrast to the SAR-based method, which uses
the image intensity as a function of along-azimuth distance to
estimate streak lengths (Fig. 4) that are then used to estimate
the velocity bandwidth, this model-based method estimates the
velocity bandwidth directly from the simulations (Fig. 7).

The velocity bandwidth was estimated from simulated waves
with initial significant wave heights from 30 to 80 cm, span-
ning the range of observed values. The relationship between
simulated wave heights and velocity bandwidth is similar to
that between in situ-based wave heights and SAR-estimated
velocity bandwidths (Fig. 8). The Pearson correlation coeffi-
cient (=0.82) calculated from the cosine of the angle between
regression lines for experimental and simulated data suggests
that the two data sets come from the same statistical population.
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Fig. 8. Simulated significant wave height versus radial velocity bandwidth
(blue symbols). The red symbols are the in situ-estimated wave heights versus
SAR-estimated velocity bandwidths shown in Fig. 4.
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VII. CONCLUSION

An empirical relationship between ocean observations of
waves and radial velocity bandwidths estimated from SAR im-
ages has skill estimating breaking-wave heights in the surf zone.
The approach was verified with numerical simulations of break-
ing waves. The relationship appears to be robust for a range
of wave conditions observed for one month in the nearshore
region near an inlet in the Atlantic Ocean. Application of
the technique to estimate numerically simulated breaking-
wave heights suggests that it may have skill at other sites.
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