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Comparison of Radar and Video Observations of
Shallow Water Breaking Waves

Merrick C. Haller and David R. Lyzenga

Abstract—Simultaneous microwave and video measurements of To date, video recording is the most established remote sensing
shallow water breaking waves are presented. A comparison of the technique for detecting breaking waves (see [7], [8], and many

data from the two sensors shows that short-duration spikes in the 0r5) hyt infrared [9], underwater sound [10], and microwave
measured X-band radar cross section are highly correlated with
backscatter have also proven useful.

the presence of breaking waves in the video imagery. In addition, . .
the radar backscatter from shallow water breaking events is It has long been known that steep and/or breaking waves in

responsible for 40% to 50% of the total cross section, which is a the open ocean are associated with the presence of short-dura-
much larger contribution than typically observed for deepwater tjon, large-amplitude bursts (“sea spikes”) of radar backscatter
break!ng events. Based on estimates _Qf the area lof individual (e.g., [11] and [12]) and that breaking waves appear as bright
breaking regions determined from digitized video images, the treaks i theti t d SAR) | 131, SAR
radar cross section per unit area of the turbulent breaking region ;rea S In Synthetic aper urg radar ( ) images [ ,]'

is shown to be well approximated by a value of-1.9 dB at 3% imagery from nearshore regions are often saturated with these
grazing. Finally, there are some differences between the radar streaks, which makes typical analysis of the surface wave field
and video signals that suggest that microwave radar may be less difficult or impossible. While wave breaking is clearly a dom-
sensitive than video techniques to relict foam not associated with inant feature of nearshore areas, comparisons of simultaneous

active wave breaking. In general, the results indicate that radar is id d rad ts h h that iK
a very good detector of shallow water breaking waves and suggestVI €0 and radar measurements have shown thal sea spikes are

that radar can be used for the measurement of the spatial and NOt always caused by breaking wave events [14]-[16], and the
temporal variations of wave breaking. exact relationship between wave characteristics and sea spikes
Index Terms—Radar, sea spikes, surf zone, video remote sensing,fémains unclear.
wave breaking. Most previous studies of radar backscatter have taken place
in deep water, but recently there has been increased interest
in using microwave radar as a tool for studying the nearshore
environment. The few published applications of radar in the
HE MEASUREMENT of the location and frequency ofnearshore have suggested that radar measurements can be used
wave breaking events in shallow water is of significartb infer information on wave directional characteristics [17],
interest because these events are the dominant forcing medizhymetry [18], [19], and wave energy fluxes [20]. However,
nism for several processes in the nearshore region. The brealdimge wave breaking is a primary source of radar scattering in
process transfers most of the energy and momentum asstioése areas, it is necessary to better understand the influence of
ated with the organized wave motion into longshore currentsave breaking on microwave returns in order to fully realize
[1], low-frequency gravity wave motions [2], and turbulencéhe potential for radar as a remote sensing tool in these areas.
[3]. Additionally, the movement of sediment in the surf zone i$he following experimental study presents field measurements
closely related to these energy transfer processes and the bedichicrowave backscatter and simultaneous video from shallow
topography is often encoded in the spatial variability of the meavater breaking waves. This type of data is rare in the literature,
locations of wave breaking (i.e., when averaged over time scadew this study offers a unique opportunity to assess the backscat-
of 10-100 wave periods) [4]. tered field from surf zone waves and to compare the breaking
Quantitative field measurements of individual wave breakirgignatures observed by microwave and optical remote sensors.
events are generally difficult, especially with situ sensors.
Various measurements have been tested with some success, such II. EXPERIMENT
as sea surface elevations [5] and void fractions [6]. It is clear,
however, that remote sensing techniques are the only feasible
method for observing wave breaking over large spatial areasThese experimental data were collected during the multiin-
stitutional SHOWEX experiment conducted at the U.S. Army
Manuscript received March 18, 2002; revised December 10, 2002. TifOrPS of Engineers Field Research Facility (FRF) in Duck, NC
work was supported by the Office of Naval Research (Littoral Remote Sensiity the fall of 1999. The microwave backscatter measurements
Program) under the direction of F. Herr. y _ _were made with a coherent continuous-wave polarized scat-
M. C. Haller is with the Department of Civil, Construction, and Envi- .
ronmental Engineering, Oregon State University, Corvallis, OR 97331 Ustﬁrometer operating at X-band (10'5 GHZ)' The scatterometer
(e-mail: hallerm@engr.orst.edu). was configured with two antennas, one for transmitting and re-
D.R. Lyzenga s with the Ocean and Terrestrial Applications Group, Veridi%iving and one for receiving only. Signals from both antennas
Systems Division, Ann Arbor, Ml 48109 USA (e-mail: david.lyzenga@ . . . .
veridian.com). were mixed with the local oscillator signal so as to produce four
Digital Object Identifier 10.1109/TGRS.2003.810695 output channels corresponding to the in-phase and quadrature
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TABLE | a) Frequency Spectrum
VIEWING PARAMETERS FORPIER COLLECTION i
graz. ang. | look dir. | radar video 10° |
(deg.) (deg. T) | records | records
31 104 2 0
1 124 N
21 104 i ? L0
46 124 1 1 g
46 134 1 1
46 144 1 1 107}
signals for each antenna. However, the received signal from the 1073 - .
transmit antenna suffered from excessive noise, so only data 0 0.1 0.2 0.3
from the dedicated receive antenna are presented here (i.e., Frequency (Hz)
channels 3 and 4, in-phase and quadrature, respectively). Both b) Directional Spectrum
antennas were vertically polarized for these data. 120 : .
The scatterometer was mounted on the FRF pier with the an- 110l
tennas 9.4 m above the water surface, and a bore-sighted video  _
camera was mounted on the scatterometer to record the optical :5; 100+
signatures of breaking wave events. The 3-dB widths of the el- z %l
liptical illuminated areas (footprints) of the radar were approx- %
imately 1.6 mx 2.4 m (3% grazing) and 1.1 nx 1.2 m (46 < 80t
grazing) atrange distances of 18.2 and 13.0 m, respectively. The % 70l
footprints were small compared to the wavelength of the surf =
zone waves, and the turbulent breaking regions filled a consid- 60
erable fraction of this footprint. 50 . . .
The grazing angles and look directions along with the number 0 0.1 0.2 0.3
of data records for each run are listed in Table I. Each record was Frequency (Hz)

of approximately 5 min duration, and all were collected betwet?:ri]g 1. (a) Frequency spectrum and (b) directional wave spectrum measured
12 and 2»m. (EST) on November 5, 1999. Measurements of ﬂ}ﬁthe'FRF offshore pressure sensor array (11/5/99, 1300 EST). Pier is oriented
wind—wave directional spectrum and ambient wind speed aaidng 72 True.

direction are acquired year-round by the FRF. The wave spectra
measured at the FRF offshore pressure sensor array during the
pier collection are shown in Fig. 1. The incident wave field was
dominated by narrow-banded swell arriving from the east (90

True). The significant wave height was 0.68 m, and the spectral 800}

Bathymetry Nov. 5, 1999

1000

peak frequency was 0.09 Hz. The winds were light at 3.9 m/s €
and from the southwest (20Grue). E:/ 600}
Bathymetric surveys are periodically conducted at the FRF 2 pier &
site, and, fortunately, a survey was conducted on the day of the % 400 ¢
pier collection. The survey is shown in Fig. 2. The FRF pier is S

located aty = 517 m and is oriented along 77, and the radar 200

<t
I
footprint was always on the south side of the pier so that the L
angle between the radar look direction and the direction of wave 400 600 800 1000
approach ranged between®ldnd 54. It is clear from Fig. 2 Cross—shore (m)
that there is a depression under the pier. This localized depres-

sion, along with wave reflections from the pier pilings, tended9: 2- Bathymetry contours from survey cqnducted on Nov. 5, 1999. Radar
ocated on pier at cross- and longshore coordinates 177 and 517 m, respectively.

to complicate the wave field C!Ose _tO the pier an_d led to Signi#l*?ange distances to radar footprints are 18.2 and 13.0 m at grazing anglés of 31
cant differences between the illuminated wave fields &te88id and 46, respectively.

46° grazing. This will be discussed further in Section Ill. Vi-

sual observations from the pier al_so indicated the presence (grﬁj bursts were written to disc at approximately 1-s intervals.

moderate longshore current flowing to the north driven by thg,e processing of the data involved corrections to account for

breaking of the obliquely incident waves. nonideal amplifier gains and noise in the output signals due to

) internal instrument interference. The internal interference con-

B. Data Processing sisted of very short duration (typically 1-2 ms) negative voltage

Data runs lasted slightly less than 5 min; the output signdtapulses in the raw signals, which were removed using a filter
of all four data acquisition channels were sampled &0 Hz, based on the instantaneous slope of the raw signal.
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In order to calculate the time series of received power from
each channel with high temporal resolution, each data run was
divided into subintervals of 194 points. The received power
(signal variance) for a given subinterval is then given by

194

1
pult) = 13 2_ (i =7’ 1)
=1
wherer; is the recorded signal (proportional to the voltage at
the output of the detector, after filtering)js the signal mean;
andn is the channel number. This resulted in a 1500-point time
series of received power for each channel with each data point ,
representing an averaging time of approximately 0.2 s. 0 1 2 3
The time series from each channel represent two indepen- Py (counts’) x 10°
dent measurements of the instantaneous backscattered power,
and the ratio of the instantaneous powers from a given chanhigl 3. Received power in channel four versus received power in channel three
ir should b it d about tant | to the eff {or all data runs from the pier. The linear fit to the low power points is shown as
pair shou i € S_Ca ered abou a constant equal to } e efiec Hé_edashed line. The fit to the high power data points is shown as the solid line.
channel gain ratio. However, during the data processing stage it

was discovered that the raw signal was large enough to saturate

the amplifier on the higher gain channel during the most engfhere;: andy are the horizontal coordinates at the surface, and
getic events. , ¢ and¢ are angular coordinates that are related @ndy by

The received power from both the in-phase and quadratiig, e geometric considerations. Having determined the radar
channel for all the subintervals from the entire data set analyzg@l << saction and illuminated area. we then define the normal-

herein are shown in Fig. 3. The plotted data indicate that Wh%d radar cross section, or radar cross section per unit area as

the received power is low the relationship betwggmndps is 7% = o/A. Based on the agreement between the calibration

aplp ro|X|tm§tel)i/nl|neﬁ1r. Ti?]f Ilcver:]ar fitto ;he Iﬁ\)’\g’ pow;rgpo;n(}s; Waheasurements and the theoretical antenna pattern, we estimate
calculated using all points Whefa < 2 counts and is 0 calibration accuracy to be better than 1 dB.

i — < _ 5
given byp, - 7'180. ps — L.T07 X 107, The threshold o4 The correction procedure for signal saturations was employed
was essentially arbitrary, however, the linear fit compares vew . ;
i order to improve the accuracy of the measurements of instan-

well with a linear fit to a smaller subset of points from interval% cous backscattered power. This correction procedure is made
that did not contain any saturations. The nonzero intercept 8f P ' P

the linear fit is due to the difference between the ratio of t pssible by the fact that the two channels of data provide a re-
background noise levels and the gain ratio undant estimate of backscattered power. However, it should be

Since the presence of the saturated points would cause théql%t-ed that the cor_rection procedure essentially reduces the de-
ceived power to be underestimated, an algorithm for estimatiflf €S of freedom in the calculation of net ba‘?ksca“?fe_d_ power
the amount of power lost due to saturations was developed. Fi d therefore, increases the effect of sampling variability and
the entire set of recorded subintervals was fit to a third-ord8P'S¢:
polynomial

I1l. BREAKING-WAVE DETECTION

py=1.322 x 1077p3% — 1.216 . _ _ .
s 9 s The association of wave breaking with sea spikes has been
1077 p3” + 4274 - p3 + 1283 X 107y qqwn for several decades, yet relatively few quantitative com-

as shown in Fig. 3. Next, the power in channel four was Shiﬁ@@risons between radar backscatter and optical signatures of

upwards by the amount equal to the vertical distance betwebAve breaking have been made. Lewis and Olin [21] appear to

the linear fit and the third-order curve, with those values ca?:le the first to attempt such a comparison and their study is also

culated using the measured valuepgf This correction was tetea?nﬁonfetsoeﬁ?g(:'ggg;P?!%Vr‘:s"v?z;grgaﬁgg ;V:alis' igst?]:?
applied to all datawheng, > 2.749x 102, which is the intersec- [14] p vatl P! u

0, i i -
tion point of the two curves. Absolute calibration was achieve700/0 of the sea spikes observed using a Ku-band (14 GHz)

. . : radar operating at #5grazing were associated with whitecaps
by recording the signals from a known reflector (a 6-in alu- g ) :

: . . L recorded by a bore-sighted video camera. Though sea spikes
minum sphere) placed at a series of locations within the antenna

b Th librati q tablished lationshi ave been observed at all grazing angles [22], they are more
eam. 'he calibration procedure established a relalionship Bes inent above the ambient (nonbreaking) background signal
tween the received power and the radar cross seetiofhe

librati | q p h hin low grazing angle (LGA) measurements. leital.[15] found
calibration measurements were also used to confirm the thgos, only approximately 30% of the observed sea spike events

retical antenna gain patter@(¢, ¢), for the horn antennas. Thewere associated with deepwater whitecaps for LGA measure-
antenna gain pattern was then used to determine the illuminafgd, s angles less 2 while the remainder were attributed

area, which is defined as to "steep” wave features. However, whitecaps accounted for a

much larger percentage of the total backscattered power, which

A= // G(6, d)dzdy & indicates their importance to the overall returns. In a related



HALLER AND LYZENGA: COMPARISON OF RADAR AND VIDEO OBSERVATIONS OF SHALLOW WATER BREAKING WAVES 835

work, Frasieret al. [16] found that a large range of whitecapA. Radar Sea Spikes
coverages mapped to a comparably smaller range of sea Spik, order to analyze the relationship between sea spikes

coverages. Thus, they concluded that sea spike coverage {asred at intermediate grazing angles and shallow water
a significant dependence on ocean surface features that dokﬂ@taking waves, a sea spike definition must be adopted.

yield an optical signature. Here we define a sea spike as simply any excursion above

Nonetheless, at intermediate grazing angles sea spikes (€ mean NRCS containing more than one data point (i.e.,
better correlated with active wave breaking. Obviously, ayyration > 0.2 s). This definition is chosen instead of the
technique for measuring wave breaking is dependent to SOBKolute NRCS threshold o£6 dB used by Jessupt al.
extent on the definition of what constitutes a wave breakinga] for several reasons. First, their definition was based on
Signature, whether it is based on video intensity, backscattemgasurements from 0n|y one grazing ang|e anditis present'y
power, or any other measurable quantity. Jesstil. [14]  unknown how the NRCS from active breaking regions depends
found the best correspondence between the microwave @pfgrazing angle. Second, an absolute power threshold is sub-
optical breaking signatures when the sea spikes were definegt to calibration uncertainties between radar systems. Third,
by a combination of Doppler bandwidth exceeding 50 Hz antle previous criteria were developed for wave breaking in the
normalized radar cross section (NRCS) values ovérdB. open sea, which is very different from shallow water breaking
However, they did not strictly require the whitecaps observedduced by interaction with the sea bottom. So, in light of these
in the video to occur within the 3-dB radar footprint. Whitecapthree factors, the present definition is chosen for its simplicity.
that occurred up to 5 m downwave of the footprint were also Lewis and Olin [21] were the first to consider the scattering
counted. This, in effect, allowed some steep incipient breakérsm the highly roughened surface of whitecaps. They hypothe-
to be counted as breaking waves. They also restricted thgized that whitecaps behave as isotropic reflectors, and that their
analysis to whitecaps with lengths greater than 0.5 m in ttNRCS should be approximately 3 dB. Their LGA measurements
propagation direction. Finally, it should be noted that norigdicated that when a whitecap approximately filled a resolution
of these previous studies have analyzed the measured opti&ll the sea spike amplitude approached 1.8 dB, which loosely
intensity signal; instead, wave breaking was determined bagwfirmed their hypothesis. Phillips [29] formally defined the

on somewhat subjective visual estimates. NRCS as the sum of two separate contributions

The reason for the varying degrees of correlation between sea

. . L - . . 0_0 — 0_0 +0_0 (3)
spikes and breaking waves is likely related to the relative impor- B ss

tance of specific scattering mechanisms as a function of grazin 0 I 0 .
' ; , whereo, is the Bragg contribution, and,, is the sea spike
angle. A number of potential scattering mechanisms from steep . = "B 4 . ss o
. . . . contribution from localized breaking wave sources. Phillips as-

and/or breaking waves have been described in the literature, 0 . ;
sumedo, would have a functional dependence on grazing and

The mechanisms likely to be of highest importance at intermg-_, "~ ." 55 . . . .
: . . X ook direction relative to the wind, and would increase at low
diate grazing angles are quasi-specular scattering from the for

. ) azing angles and be a maximum for upwind looks.
ward faces of steep breaking or near-breaking waves [23], uﬂi’HerS wegadopt the following notation:p the measured NRCS

edge dlffractpn from sharply peaked wave crests [24]-[26], a‘f'i?ine series is considered a summation of contributions from the
Bragg scattering from the increased surface roughness geners spikes and the ambient background given by
ated during the breaking process [23], [27].

The field measurements of Jessi@l.[14] showed the max- aO(t) = o (t) + 0%(t) (4)
imum NRCS occurred upwave of the crest at the location of
maximum surface slope; hence, those authors had attributgdl the time-averaged mean NRCS for an individual record is
the majority of their observed sea spikes to specular scattering.
In addition, those authors found no significant correlation be- 50 — 1 /T o0 (t)dt (5)
tween whitecap size and the measured microwave parameters. T Jo
However, their video analysis was only qualitative in nature.

Walker et al. [28] collected laboratory measurements of sta¥ hereT"is the record duratioril( ~ 300 s for these data), and

tionary breaking waves with an X-band radar operating &t 45 0 0 o < 50

grazing. Their data showed that the maximum NRCS occurred Oss = { oO(t) o > o0 (6)

near the turbulent region at the wave crest, which is also a region 0 0o_ =5

of high surface roughness, and suggested a Bragg-like mecha- 0= { g (t) ‘70 i U_O (7
o g~.

nism similar to that proposed by [27].

Here we perform a quantitative comparison between theFig. 4(a) and (b) shows time series of NRCS collected at
microwave parameters and the measured intensity variatigsigh 3P and 46 grazing along with the mean NRCS used as
recorded by the video camera, and we show that the measutesl threshold for defining sea spikes. Frequent sea spikes are
sea spikes are highly correlated with the presence of breakitigarly evident and distinct from the low-level ambient back-
waves in the video images and that the total backscattergdund signal. For these data, the sea spikes are more frequent
power is proportional to the size of the imaged turbulerind are larger in amplitude at higher grazing angles.
breaking region, which suggests that the dominant backscatteThere were a total of 50 min of simultaneous video and radar
source is the highly roughened surface of the breaking regiomeasurements, encompassing a range of grazing angles and
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Fig. 4. Time series of NRCS at (a) 3and (b) 46 grazing. Sea spikes are defined as excursions abdydotted line) and are shown as thick lines.

look directions. Based on the radar calibration data the 3-d@riable, the along-crest nonuniformity of the wave crests was
radar footprint was demarcated as a red ellipse on the digitizedreased, and the underlying causes of wave breaking were
video images during post processing. An initial comparisafifferent from standard shoaling effects. Since, for example,
between the video records and the NRCS time series showed radar cross section of breaking waves is expected to vary
that for the 306 sea spikes observed in the radar data, 92%sigfificantly with look direction, the highly variable wave field
the spikes were associated with some degree of visual walese to the pier has significantly limited our ability to make a
breaking. There was no restriction placed on the observed simightforward comparison between grazing angles as will be
of the breaking event, but only events that clearly occurratiscussed further in a later section.
within the 3-dB footprint were counted. The comparison of the A small number of incipient breakers or highly steepened un-
radar measurements with the video suggests that the obserwetken waves also occurred during observations at all grazing
sea spikes serve as a good detector of shallow water brealamgles. However, for these data the comparison with video indi-
events. cates that the sea spike criterion does a very good job of sorting
Since the water depth of the illuminated area was shallawt the steep waves from the breaking waves, and the depen-
(~ 1.5 m) and the incident wave spectrum was narrow-bandetnce of sea spike frequency on grazing angle is directly related
most of the wave crests passing through the footprint weieethe environmental effects that led to increased breaking fre-
breaking. However, the location of the footprint was dependeqiency.
on grazing angle with the footprint being closer to shore and The average sea spike amplitude is given by
the pier at larger grazing angles. At°4and 46 grazing the

increase in sea spike frequency was due mainly to the reflection N
of waves from the pier, although other factors may also have mean [0, ] = 1 ZUO (i) (8)
been present. Some of the reflected waves appeared to break I N L

due to their interactions with the longshore current, which was

flowing northward toward the pier. These small breakers alsdherec?, .. (i) are the set of individual spike maxima for a
generated sea spikes. Therefore, in some respects the wave given record containing/ sea spikes. Fig. 5 shows the variation
ditions were very different between the°3and 46 data runs. of the average spike amplitude versus grazing angle and look
For the higher grazing angle cases the direction of breakidgection. The figure indicates that there is some dependence

wave propagation with respect to the look direction was hightf sea spike amplitude on grazing angle. However, there is no
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Fig. 5. Variation of average sea spike amplitude with (a) grazing angle and (b) look direction. Symbols correspond to grazing angle.
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Fig. 6. \Variation of (a) ambient signak{) with grazing angle, (b) sea spike contrast over ambient signal with grazing angle. Symbols correspond to grazing
angle.

systematic dependence on the look direction with respect to e Radar/Video Comparison

waves for the range of angles considered here. he b iqhted vid d simul |
Fig. 6(a) shows the variation of the time-averaged ambientT e bore-sighted video camera was operated simultaneously

signal ¢,) with grazing angle. The ambient signal shows a Sid\_/lth the radar and record_ed black an_d white movies of the sea
nificant increase with grazing angle, which is expected basedface. The radar and video recordings were synchronized at
on traditional models of two-scale Bragg scattering from noff2€ beginning of the pier collection using a time code generator.
breaking waves. The detectability of breaking waves is directh€ time code generator stamped each video frame with the cur-
related to the contrast between the individual spikes and the di#Pt time while the radar queried the time code generator at the
bient background signal, which is shown in Fig. 6(b). It is evioeginning and end of each burst sample. During postprocessing,
dent that the ambient signal increases faster with grazing antlé movies were downsampled to a rate of 5 Hz and digitized
than the sea spike signal indicating that at lower grazing a#sing video capture image processing software on a standard
gles the sea spikes are more clearly visible above the ambiBft. This allowed us to make quantitative comparisons between
background. Nonetheless, even &t 46azing, the sea spikes arghe gray scale intensity of the video images and the measured
~ 10 dB higher than the ambient signal. Also, sea spikes appézalar backscatter.

to be much more important in the surf zone than in deep waterFig. 7 shows three video frames taken at 8ftazing. The

The contribution of the sea spikes to the total cross sectionsigperimposed ellipses near the centers of the images mark the
approximately 40% to 50% for these data, as opposed to the p&simeter of the 3-dB angular beam width. The solid shading
to 15% contribution found in deep water (vertical-vertical paat the left-hand side of the frames is due to one of the antennas
larization) by Jessuet al.[30]. Much of this observed increasebeing in the field of view. The superimposed parallel transects
can be attributed to the higher probability of wave breaking e approximately oriented in the direction of wave propaga-
the surf zone. However, the net contribution of individual se#@on and traverse the wave profile at two separate locations
spikes (sea spike cross section integrated over the sea spikeadlong the wave crest. The pixel intensities along the transects
ration) is also somewhat higher for shallow water versus deegre shown in the right-hand panels. Since the breaking region
water breakers+{35 dB versus-43 dB; see [31, Fig. 6(a)]). was expanding in the along-crest direction, the transects are
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Fig. 7. (Left) Video frames from a data record at°3drazing and 1224 T look direction. (Right) Pixel intensities for the linear transects shown in video
frames (lower transect: solid line, upper transect: dotted). Grayscale intensity varies between 0 (black) and 255 (white). Timestamp in \edes imate
hrs:min:sec.sec/30 EST.

located at different stages in the breaking process. In all thiaee for many seconds before dissipating. In fact, the rightmost
images the leading edge of the breaking region is well definedge of the lower transect shows a region of relict foam left
as a sharp increase in intensity in the upwave direction. Tiiem a previous breaker that remains stationary as the breaker
upper transects cross the wave profile at earlier stages in theves through the scene toward it.

breaking process and the active breaking region appears as arhe results discussed in Section IlI-A suggest that radar sea
isolated intensity spike above a nearly constant darker badpikes are well correlated, at least qualitatively, with optical
ground. As the wave propagates through the scene, the upfpdritewater) signatures of breaking waves and that radar
transects show a widening of the intensity spike and it begibackscatter from the active breaking regions is much greater
to develop a second spike on its trailing edge. These trailittgan from other parts of the water surface. To examine this
regions of higher intensity are the result of relict turbulenaelationship more quantitatively, we used the video imagery
and/or foam being shed from the wave crest and left behirtd. delineate breaking regions by means of a threshold on the
The lower transect crosses the wave at a later stage of breakingge intensity. The procedure for doing this is described in
and shows numerous trailing spiky features of gradually weaknther detail below, but, in essence, we assigned a valyg (
ening intensity. This trailing foam is visible as a splotchy area o each pixel according to whether it was breakiag & 1) or

the video frame and often remains stationary on the water snpnbreaking ¢;; = 0) wherei andj are indices that indicate
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Fig. 8. (a) Portion of the® time series (solid) for the breaking event shown in Fig. 7 with corresporidingralculated using intensity thresholds 225 (dashed)
and 205 (dotted) (b) same as (a) except the records are normalized by their local maximum. Horizontal line is thesfnesedito define sea spikes. The highest
correlation between® andI(t) occurs at threshold 225 (see Fig. 10).

the position within the image. We then define a beam-filling Fig. 8(a) shows a sea spike and the corresponding
factor beam-filling factor based on two different thresholds for
the wave breaking event shown in Fig. 7. It is evident from
I = ZZ M (9) the figure that the sea spike occurs simultaneously with the
PR A beam-filling spike, and that spikes from both sensors are fairly
similar in shape. However, lowering the intensity threshold
whereG;; is the antenna gain at a given pixel locatidn; and clearly increased, especially near the maxima and along
Ay are the pixel dimensions; amdlis the illuminated area de- the trailing edges. The similarity of the sea spike and the
fined in Section Il. Thus] = 0 if there are no breaking regionsbeam-filling spike strongly suggests a correlation between the
within the illuminated area, anfl = 1 if the illuminated area NRCS and the size of the breaking region within the footprint.
is completely covered by breaking water. We also refer to tie fact, the three video frames shown in Fig. 7 correspond
numerator in this expression as the breaking atgaln par- to the initiation of the sea spike (i.e% rises abovesY), the
ticular, we investigated the hypothesis that the total radar crassa spike maximum, and the conclusion of the sea spike
sectiono is proportional ta4,, or equivalently that the normal- event. Comparison of the time axis shown in Fig. 8(a) with
ized radar cross sectiar’ = /A is proportional tol. The the timestamps on the video frames shows that the sea spike
constant of proportionality in either case is denotedrPyand is initiated an instant before the breaking wave enters the
may be interpreted as the radar cross section per unit breakiogtprint, reaches its maximum amplitude when the breaker is
area. We also investigated the dependence of this parameteabbore center, and ceases shortly after the crest has exited the
grazing angle. footprint. However, the differences between the beam-filling
Defining wave breaking and, therefore, estimatidg in spikes for each intensity threshold suggest that the magnitude
video images has its difficulties. For example, as seen @f I and the shape of the trailing edges of beam-filling spikes
Fig. 7, while an absolute intensity threshold may be appliede highly dependent on the chosen threshold.
to the upper transects to define the breaking region, a similar=ig. 8(b) shows the same data as Fig. 8(a), except the sea
threshold applied to the lower transect is likely to includspikes and the beam-filling spikes are each normalized by their
relict foam in the estimated breaking region. In addition, Ibcal maxima in order to better examine the absolute spike
is unclear how comparisons can be made between differshape. The normalized spikes indicate that the shapes of both
viewing geometries, since pixel intensity is a relative measucan be remarkably similar if the proper intensity threshold is
dependent on the ambient light conditions and the camexaosen; however, the threshold cannot be knavpmiori. This
aperture. However, at this stage imposing an intensity threshoidicates that the higher tails of the beam-filling spikes, which
seems to be the simplest first approach and is consistent watie caused by the trailing foam, can be significantly reduced
the method used to define sea spikes. Therefore we definbyathe choice of intensity threshold. However, even the sea
threshold video intensity whereby the brightest regions of tlspike shows some front-to-back asymmetry, which suggests
image are isolated and denoted as active breaking regions. Tireg the area of surface roughness that causes increased radar
procedure for determining is to scan the 3-dB footprint in scattering spreads out on the trailing edge of the breaking crest.
each video frame for intensity values exceeding the threshdldt, the sea spike still appears to have a somewhat narrower
and then create a binary mask of ones and zeros where the gressk compared to the beam-filling spike suggesting that the
are the locations of pixels exceeding the threshold (we do rteaker inherently has trailing whitewater that is not associated
require the mask to be contiguous). This mask demarcéteswith surface roughness and active breaking, and therefore does
for a given image and the beam-filling factércan then be not lead to radar scattering. This trailing foam of lower surface
calculated from (9). roughness also causes the beam-filling maxima to occur after
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Fig. 9. (a)o° at 31° grazing. (b) Corresponding beam-filling factor at threshold 215 (solid) and 205 (dash-dot).

the sea spike maxima (which occurs when the crest is at bdine higher grazing angles, relict foam on the water surface was
center). Instead, the beam-filling maxima occur approximatetgvected through the video frame and generated beam-filling
when the crest has completely traversed the footprint and gikes when no breaking waves were present (and there was no
footprint is nearly filled with whitewater. This is an importantcorresponding sea spike). These mismatches between the sea
difference since examination of the video in playback modipikes and beam-filling spikes were not common, but they do
shows that the area of whitewater that is observed to propagiadicate that the two sensors are measuring different quantities,
with the wave crest is smaller than the footprint, and therefoke., the video intensity is sensitive to air entrainment while the
the “true” breaking area would peak when this narrow breakigdar backscatter is sensitive to surface roughness.
region at the crest is at bore center. .

Fig. 9 shows a larger portion of’ and time series (using C. NRCS of Breaking Waves
two different intensity thresholds) from another data record atQuantitative estimates of the NRCS for areas of active
31° grazing and look direction of 124True. Itis evident that for breaking ¢) can be made based on the constant of propor-
both thresholds the beam-filling factor shows numerous spikpnality betweens?, and 7. However, in order to make these
fluctuations similar tar°. It should be noted that” andl were comparisons using multiple records, a systematic method for
not sampled exactly simultaneously; therefdraas resampled choosing the video intensity threshold is needed. Therefore, for
using linear interpolation to match the sample timesbfThis this analysis each video record was processed for a range of
interpolation made only minor differences and does not chantjgesholds and the correlation coefficient) betweens® and
the nature of the results. I was calculated. The variation of the correlation coefficient

Although Fig. 9 shows that® andI appear to be very well with intensity threshold for each record is shown in Fig. 10. For
correlated over the entire record, there are some differencids 3T runs the beam-filling factor is generally well correlated
For example, just aftet = 29 min there is a sea spike thatwith the NRCS for a range of thresholds and the correlations
does not have a corresponding increase in the breaking atead to increase for more restrictive thresholds, since the higher
Examination of the video playback shows that this sea spik&resholds remove the relict foam and decrease the tails of the
occurs simultaneously with a breaking wave, but this wave hddpikes. The correlation coefficients are highest when both the
been breaking for several meters before it entered the footprimtmber and shape of the spikes recorded by the two sensors
As the breaking proceeded the whitewater became well mixeldsely correspond. If the threshold becomes too restrictive,
and splotchy. Therefore, the breaking region passed below tireaking waves do not generate spikes/iand correlations
video intensity threshold and did not generate a spikd.in quickly decrease.
Nonetheless, the increased surface roughness of the breaké&ig. 10(b) shows the influence of the intensity threshold on
generated a sea spike. Occasionally for some runs, especiallhatcorrelations at higher grazing angles. The data run @at 41
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Fig. 10. Correlation coefficient betweer! and as a function of video intensity threshold for (a)°3drazing and (b) 41 (1228 EST) and 46grazing. Run
start times are given in EST (see also Table I).
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Fig. 11. Instantaneous’, versusl during (a) sea spike events (sloge0.55, r? = 0.88) and (b) only at sea spike maxima (sloge0.71, r? = 0.97). Data
includes all spike events observed in the data record from which Fig. 7 was derived, with video intensity threshold of 225.

does not show a well defined correlation maximum. This wakreshold of maximum correlation shifts during this period from
primarily a result of poor contrast between the broken and uB15 to 225; possibly the result of a steady increase in the am-
broken water surface in the video images due to the ambident light.
light conditions and the aperture settings on the camera. No efif we focus our attention on a “clean” video record, wherein
fort was made to postprocess the video images to improve the breaking waves tended to approach at a constant angle to
contrast and the video data from this run were not used furthére radar and relict foam patches were not advected through
The correlations at 4#6are generally lower than those foundhe video images, we can make a straightforward estimate of
at 3. This is because the wave field was much more choppy . Fig. 11(a) directly compares the instantaneous value§,of
with smaller more dispersed breaking events traveling in widad / for all the sea spike events contained in the data record
range of directions due to the effects of the pier, as discusdenim which Fig. 7 is derived. The data are highly correlated
previously. There was also more relict foam on the water sy = 0.88) and strongly suggest a linear relationship between
face near the pier and this reduced contrast between the brotenmeasured NRCS and the beam-filling factor calculated from
and unbroken water surface. the video. A linear fit to the data was calculated using a least
Choosing the intensity threshold that gives the highest corsgguares method and the NRCS of the breaking region given
lation with the NRCS allowed us to optimize the binary mask toy the slope of this line is} = 0.55 (—2.6 dB). The scatter
overcome the inherent ambiguity between active breaking aofdpoints below the linear fit to the data likely occur after the
foam in the video recording process. Visual inspection of thereaker has passed by bore center, when the beam-filling spikes
binary mask images further indicated that the areas demarcatgtibit their higher amplitude tails. Since the sea spike maxima
by the mask were reasonable estimates of areas of active waweur when the breaker is at bore center, comparing only the in-
breaking. Optimizing the binary mask also accounted for vastantaneous values at the sea spike maxima will tend to reduce
ations in the ambient light. For example, the five records us#ue effect of the trailing foam. The subset of this data corre-
in Fig. 10(a) were obtained with the same viewing geometgponding to the sea spike maxima are shown in Fig. 11(b), and
during the middle of the day (1315 EST to 1356 EST) and thiedeed, the NRCS maxima are highly correlatet! & 0.97)
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all video data at 31 grazing.
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Fig. 13. Instantaneous’ versus! during (a) sea spike events (slopel.14, 2 = 0.68) and (b) only at sea spike maxima (slogel .29, r? = 72), using all
video data at 4% grazing.

with the simultaneous values. The linear fit to these data giveso the pier. These wave field differences not only lead to more

oy = 0.71 (—1.5 dB), but we note that this is only a subset ofomplicated wave breaking effects, but also had a negative im-

the available data. pact on our ability to systematically define wave breaking in the
Fig. 12(a) compares the instantaneous valueg.adnd! for  video records. Therefore, no further analyses can be performed

the sea spike events in all five records at 8azing. The beam- on the higher grazing angle data, and we show it here for com-

filling factors were determined using the intensity thresholds pfeteness only.

maximum correlation. The data show an increased scatter but

there still appears to be a linear relationship. Again, looking IV. SUMMARY

only at the values at the sea spike maxima limits the effects .
of the trailing foam. Fig. 12(b) compares the data at the seaPresented herein are measurements of radar backscatter from

spike maxima and the linear fit yield® = 0.64 (—1.9 dB). an X-band scatterometer along with simultaneous video record-

The standard deviation of the slope based on estimates friigs made ata field beach during low-amplitude swell wave con-

individual records is 0.05, which suggests thgtis bounded ditions and mild winds. For the first time, the radar and video
by —2.3 and—1.6 dB. signals from shallow water breaking waves are compared quan-

A similar analysis was performed on the’4@ata as shown titatively. In general, the data show that breaking events generate
in Fig. 13. There is a significant increase in the scatter for tt@rge amplitude returns in both sensors and, based on subjec-
higher grazing angle data and the correlation between NR&® visual observation, the radar sea spikes show a higher cor-
and beam-filling is significantly smaller than for the°3data. relation ¢~ 92%) with breaking events than has been observed
The subset of data from the spike maxima suggests that a lingegimilar studies of deepwater wave breaking. In addition, the
relationship may exist with an increase in the slope to a valuet@dar backscatter from shallow water breaking events is shown
1.29. This increase in slope implies an increase in the NRCStofcontribute up to 40% to 50% of the total cross section for
breaking regions at higher grazing angles to range of 0.12 dBthese data, which is a much larger contribution than previously
0P < 1.9 dB. However, it is our opinion that a definitive concluobserved for deepwater breaking events. This highlights the in-
sion can not be drawn from these higher grazing angle data dueased importance of understanding how wave breaking influ-
to the significant differences in the wave field that existed closnces radar backscatter in nearshore areas.
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Using simultaneous (digitized) video recordings of the watesenors over a large areas. On the other hand, if only the mean
surface illuminated by the radar, the horizontal size of individuldcation of wave breaking is of interest then time-exposure
breaking events was estimated based on a threshold gray stedéniques work quite well in removing the influence of relict
intensity value. Variations in the ambient light conditions anfbam from video-based wave breaking measurements.
viewing geometries were accounted for through a correlationFinally, these results suggest that X-band radar can be a useful
analysis, and the estimated breaking areas were converted toch for studying surf zone wave breaking processes, and these
normalized “"beam-filling factor” in order to make a direct comresults will also be of use in the development of radar scattering
parison with the radar measurements. The results show thabdels for nearshore areas where shallow water breaking is
when the appropriate video gray scale threshold is chosen, 8z#nmon. The biggest drawback of the present results is that the
beam-filling factor calculated from the video is well correlateguestion of the variation of? with grazing angle is left unan-
with the instantaneous cross section during a radar sea spiered. This is an unfortunate consequence of less than ideal
This supports the hypothesis that the primary scattering frafiperimental conditions. Learning more about the variation of

breaking waves is due to the highly roughened water generaigdyth grazing angle and ambient wind conditions is a priority
by turbulence at the wave crest. This is in contrast to the spegr future surf zone radar applications.

ular scattering mechanism suggested by previous field studies
of deepwater breakers, although we cannot rule out the possi-
bility that specular scattering may contribute more significantly
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[28] for upwave looks (vertical-vertical polarization) and sta-
tionary deepwater breakers in the laboratory. It should be noted
that shallow water breaking waves are often similar to turbu-
lent bores, which propagate long distances with little change intH
shape, and are frequently modeled as such. This is the likelys
reason why these field measurements of breaking wave NRCS
are similar to the lab measurements of stationary breakers. Also
on the day of the field experiment, winds were very light and 3
the highly transient wind-induced spilling breaking that is com- [4]
monly observed in deep water did not occur in the observation
area.

Perhaps more important than the numerical valug)dé the
finding thato) can be well approximated by a spatially constant
value, this result has several ramifications. First, this impliesl[6]
that variations in sea spike amplitudes are strictly dependent
on the amount of beam-filling that occurs. Therefore, the net7;
contribution of breaking events to the total cross section is a
function of both the frequency of breaking and the relationship [€]
between the radar footprint area and the scale of the breaking
waves. We suggest that associating the sea spike cross sectigg)
with the size of the breakers is an important step in removing any
ambiguities in the interpretation of sea spike measurements. [10]

Furthermore, since the horizontal extent of the activey,
breaking area is proportional to the measured NRCS, an
imaging radar system with a large viewing area (and reasonably?]
fine resolution) could be used to measure the occurrence ar[ngg]
spatial extent of wave breaking in the surf zone. Video systems
are already being utilized for this purpose, however, the present
results also highlight certain advantages for using radar ove#4!
video remote sensing. In particular, radar is less responsive
to relict foam not directly associated with wave breaking andis)
requires less “tuning” to differentiate between breaking and
nonbreaking. This becomes of particular importance when16]
analyzing wave breaking on a wave-by-wave basis; such meé—
surements are difficult if not impossible to make withsitu

(3]
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