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Goal: 
Identify the backscattering characteristics of breaking waves 
Improve our understanding of the scattering mechanisms 

We can compare the RiverRad data for all wave stages 
NRCS 
Doppler Spectra 
Doppler offset 

RiverRad settings 
9.36 GHz 
2 min  
128 range bins @ 7.5 m 
0.53 s sampling 

31 two-minute runs were used
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Doppler offset at the spectral peak were recorded at each of the 128 range bins. A single Doppler spectrum
averaged over the whole 2 min data collection was stored at each range bin, as well as 84 values of NRCS
and Doppler offset at a sampling resolution of 0.53 s. The gain pattern characteristics of the antenna meant
that upon calibration, NRCS values at ranges shorter than r 5 200 m where artificially increased and will not
be considered in the analysis.

The second remote sensing system was comprised of three optical cameras from the ARGUS III observing
station established at the FRF by the Coastal Imaging Lab, Oregon State University [see Holman and Stanley,
2007, for a review]. For the purpose of this experiment, a high-resolution rectangular pixel array was
designed spanning x 5 60–600 m and y 5 500–1000 m with spatial resolution of Dx 5 2 m and Dy 5 5 m,
using cameras 0, 3, and 1 as shown in Figure 1. Optical (video) pixel intensity data I (x, y, t) were collected at
a sampling rate of 2 Hz for 31 min, hourly during daylight hours (seven collections per day).

Finally, the third sensor was a single polarization (HH polarized) marine radar operating at X-band
(9.45 GHz). Data were collected hourly at a nominal rotation rate of 44 rpm or roughly 0.7 Hz, but only col-
lections synchronous with the optical sets are used here. The large swath and synchronization of the optical
and marine radar sensors allows the data to be used in conjunction to discriminate between the different
stages of the breaking cycle on a wave-by-wave basis following the joint discrimination of Catal!an et al.
[2011]. The discrimination method is based on a heuristic model that can be summarized as follows: (1)
active breaking is expected to be bright in both sensors, (2) remnant foam is optically bright but dark in the
radar signal, and (3) very steep front faces of nonbreaking waves are bright in radar but dark in the optical
signal. Since very steep fronts can yield very large backscattering levels [e.g., Liu et al., 1998; Frasier et al.,
1998; Puleo et al., 2003], it is relevant to study how it compares against the scattering from breaking waves.
Hence, an additional rule was added to the discrimination algorithm to discern very steep waves from the
remaining nonbreaking waves. Since the optical signal of nonbreaking waves becomes darker as the wave
becomes steeper [J€ahne et al., 1994], this discrimination is achieved by defining a darkness threshold It

d for
the optical data. The updated discrimination rule becomes [see Catal!an et al., 2011, equation (3d)]:

Iðx; y; tÞ < It
d & r0ðx; y; tÞ # rt

0; (1)

where It
d is the optical intensity threshold to separate very steep waves and rt

0 is the power threshold (in
dB) for the marine radar record. From now on, we shall refer to these very steep waves simply as steep
waves. The method is generally not sensitive to the values of the brightness thresholds used, and test dis-
criminations by substituting the marine radar by RiverRad HH data instead yield similar results, ensuring the
robustness of the scheme.

Figure 1. (a) Schematic of the field of view of the sensors and sensor location. Gray line arcs denote the swath covered by RiverRad (solid) and the marine radar (dashed), respectively.
Background is merged images from the ARGUS III station where white dashed lines denote camera boundaries. The vertical white line indicates the location of the FRF pier, and the solid
square and circle the location of the marine radar and RiverRad, respectively. Gray-shaded areas indicate the RiverRad swaths. (b) Zoom in of the video image. Black lines correspond to
the RiverRad radar cells. White arrows indicate sample radar cells uniformly covered by active breaking.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 4
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In the following, we focus the analysis on 31 RiverRad collection periods, which correspond to 11 sets of
optical and marine radar data. In the following, each collection is identified based upon the sequential num-
ber of the RiverRad collection. The timing of the 31 RiverRad collections is indicated by light gray vertical
lines in Figure 2, where sample collection identifiers are shown for reference.

These collections correspond to the decaying phase of a storm, when the environmental conditions showed
large variability in significant wave height, wind speed, and wave direction, but wave period and wave
direction remained fairly constant, as can be seen in Figure 2. Spatial coverage of remnant foam decayed as
wave energy and wind speed decayed. We focus on azimuthal look directions spanning from / 5 27! to
48!, clockwise relative to the cross-shore axis.

The wave stage tag (breaking, steep, foam) for each instance was thus retrieved by table look up proce-
dures and applied as a categorical filter on the RiverRad data, which allows us to examine the backscatter-
ing levels and other quantities as a function of scattering source. The time series of video and RiverRad HH
were reduced and interpolated to the time and spatial domain of the RiverRad VV data, thus ensuring spa-
tial and temporal pixel-to-pixel comparisons.

3. Results

We focus our attention on a set of standard microwave parameters and examine their dependence on the
wave stage. These are the backscattered power at both polarizations (NRCS r0HH and r0VV, in dB), the polar-
ization ratio (RHV 5 r0HH /r0VV, in dB), the Doppler spectrum (S(f), in dB), and Doppler offset (frequency of
the Doppler spectral peak, fD, in Hz) at each polarization. Given that RiverRad data are collected along fixed
radial lines, time-space images (Hovm€oller diagrams) along specific radials are used unless otherwise noted.

Figure 2. Wave and environmental conditions during data collection. Vertical gray lines indicate the RiverRad runs used in the analysis. (a)
Significant wave height, Hm0; (b) peak wave period, Tp; (c) mean wave direction relative to the FRF x axis; (d) wind speed, U; and (e) wind
direction relative to the FRF x axis.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL"AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 5
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seen that a visually pleasing discrimination is achieved throughout most of the field of view, especially
between active breaking and remnant foam.

Previous studies have shown that partial coverage of the radar cell can lead to a decrease in the NRCS, even
though partial coverage by breaking waves is significantly larger in the surf zone than in deep water [Lewis
and Olin, 1980; Haller and Lyzenga, 2003]. For this reason, we estimate the percentage of the RiverRad radar
cell that has a common discrimination tag by taking advantage of the higher resolution of the optical data.

Figure 4. (left) Results of the breaking detection algorithm superimposed on their corresponding optical intensity images. Contours demarcate areas where BF!k " 75% for active break-
ing (red), steep events (green), and remnant foam (cyan). White contour indicates the trajectory of an individual wave, analyzed in section 3.2.1. (right) Beam filling fraction of the break-
ing waves expressed in percentage. Colorscale refers to right plots. (a–b) Collection 23691, (c–d) Collection 24863, and (e–f) Collection 24868.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 7
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To do this, each video pixel is assigned a value (k 5 1, 2, 3) depending on whether it is active breaking, steep
waves or remnant foam. Next, the percentage coverage is estimated as:

BFk!5Njk5k!=N; (2)

where BFk! is the beam filling fraction of the k*th surface type; Njk5k! is the number of pixels that satisfy
k 5k* within a given radar cell; and N is the total number of video pixels within the RiverRad footprint
(between 4 and 16 for the ranges used here). As can be seen in the right plots of Figure 4, beam filling
factors exceeding 75% are not uncommon. These values are larger than those found by Haller and Lyzenga
[2003] at the same coastal site, although in their case for smaller waves in the inner surf zone, Hm0 " 0:68m.
Our results focus on the outer surf zone, where a breaking wave can fill a few consecutive radar cells even
at oblique looks (see the cells indicated by white arrows in Figure 1b). Considering that a partial coverage
of 75% only reduces the NRCS by about 1 dB, in the following most of the analysis focuses on data satisfy-
ing BF!k # 0:75 for all stages, although data with lower values of BF!k are retained in some figures for
reference.

3.2. Backscattered Power and Polarization Ratio
3.2.1. Evolution of Individual Events
We first analyze the scattering characteristics of individual waves as they progress shoreward and evolve
through the different stages of the breaking cycle. For each collection, an individual wave is isolated by
manually tracking the wavefront in the time-space images such as Figure 4. At each time step, a 52.5 m
long window moving with wave is selected to obtain the along-range profile of the signal. In Figure 4 (left
plots), selected wave trajectory envelopes are demarcated with white contours, where it can be seen that
the selection encompasses shoaling, active breaking, and remnant foam. In Figures 5–7, results are pre-
sented for two representative conditions: a higher energy wave climate on 13 May (collection 23691,
Hm0 " 2:5m, Tp " 11:7s), which also exhibits a large amount of remnant foam in the wave troughs; and col-
lections 24863 and 24868 on 15 May, which have clearer signatures of the dark fronts indicative of steepen-
ing shoaling waves (Hm0 " 1:15m, Tp " 11:6s). Results include look directions of / " 2$ and / " 28$

relative to the cross-shore axis.

Figure 5. Space-time evolution of a wave under energetic conditions at / " 28$ (collection 23691). (a) Spatial profiles of video intensity tracking the same wave as it propagates, (b) cor-
responding r0HH (dB), and (c) corresponding r0VV (dB). Thicker lines denote sections of the profiles identified as wave breaking where dots indicate data with BFbreaking# 75%. (right verti-
cal plot) Video time-space map of the event with profiles identified. Gray scale corresponds to the optical pixel intensity.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 8
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Figure 5 shows range profiles, at different time steps thus moving with the wave, for collection 23691 at /
! 28". The rightmost plot shows the optical intensity time-space image, where selected range profiles are
marked alphabetically starting from offshore (profile letters also shown at bottom of bottom left plot). The
upper left plot shows the optical intensity of these profiles. Instances where active breaking has been identi-
fied are highlighted with thicker lines, and locations where BFbreaking# 0.75 are marked with large colored
dots. The middle plot shows the corresponding backscattered r0HH, while the bottom plot shows the r0VV.

Figure 6. Space-time evolution of a shoaling wave for mild wave conditions at / ! 28" (collection 24863). Same key as Figure 5.

Figure 7. Space-time evolution of a shoaling wave for mild wave conditions at / ! 2" (collection 24868). Same key as Figure 5.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 9
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presented as function of grazing angle and environmental parameters. No dependency on environmental
parameters is observed, despite the range of variation found in most of these parameters.

3.3. Doppler Spectrum
In addition to the time series of backscattered power, time series of the Doppler offset, Doppler bandwidth
and the mean Doppler spectrum (averaged over the 2 min time series) at each range bin were also
recorded. These parameters can provide further information regarding the scattering mechanisms and their
sources. For example, if pure Bragg scattering was the only mechanism, the mean Doppler spectrum would
show a peak at a frequency given by the Bragg resonant condition:

Figure 9. Histograms of median NRCS of ensemble events as function of grazing angle for (a and b) breaking, (c and d) steep waves, and (e and f) remnant foam patches. Histograms
are calculated at each range bin. (g and h) Red markers are the median NRCS of all events at each range bin for breakers (circles), steep waves (squares), and remnant foam (triangles)
which are grouped at the bottom for comparison. Columns correspond to (left) r0HH and (right) r0VV.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 12
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3.4. Doppler Offset
Finally, we analyze the Doppler offset fD, which corresponds to the frequency of the Doppler spectral peak
at each time and range bin. Although the information at frequencies other than the spectral peak is dis-
carded, the analysis of this quantity can be related to the mean radial surface velocity of the dominant scat-
terers, V, by [e.g., Plant et al., 2005]:

V5
fDk0

2sin h
; (4)

thus allowing the analysis of its time and space evolution at high resolution. Time-space maps of the along-
range surface velocity are shown in Figure 15 (collection 23691, energetic wave conditions) and Figure 16
(collection 24868, milder wave conditions), where thin black contours indicate breaking waves. Both time-

Figure 12. Median NRCS of breaking waves classified by environmental parameters magnitude. Rows correspond to significant wave height Hm0, mean wave direction, wind speed, and
wind direction, respectively. Columns correspond to (left) r0HH and (right) r0VV.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 15
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space maps clearly show the pres-
ence of propagating waves, espe-
cially for the more energetic wave
conditions when wave tracks can be
seen at all ranges. When waves are
smaller, tracks are more discernible
at VV than HH as expected from
CST. Negative velocities (moving
away from the antenna) are
observed in the wave troughs, but
are more evident for the milder
wave conditions. Their absolute
magnitude is significantly smaller
than the magnitudes observed near
wavefronts and crests. Regardless of
environmental conditions, active
breaking exhibits large velocities
that decay as the waves progress
onshore.

Figure 13. Mean Doppler spectra, dB. (a) Collection 23691 at HH, (b) HH, and (c) VV for collection 24868, where white line indicates ranges where at least one breaking event was
detected. (d–g) Plots of mean Doppler spectra at ranges indicated by white arrows in plots (a–c). Blue lines correspond to VV and red lines to HH. Thicker lines correspond to collection
24868. Black arrows indicate the Bragg frequency.

Figure 14. Doppler spectra variability at r 5 250 m, for collections where /< 15! . Shaded
areas correspond to data within one standard deviation from the mean, mean not shown.
Lines correspond to spectra of collection 24868 (see Figure 13) for reference. Blue is VV
and red is HH.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 16
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at VV than HH as expected from
CST. Negative velocities (moving
away from the antenna) are
observed in the wave troughs, but
are more evident for the milder
wave conditions. Their absolute
magnitude is significantly smaller
than the magnitudes observed near
wavefronts and crests. Regardless of
environmental conditions, active
breaking exhibits large velocities
that decay as the waves progress
onshore.

Figure 13. Mean Doppler spectra, dB. (a) Collection 23691 at HH, (b) HH, and (c) VV for collection 24868, where white line indicates ranges where at least one breaking event was
detected. (d–g) Plots of mean Doppler spectra at ranges indicated by white arrows in plots (a–c). Blue lines correspond to VV and red lines to HH. Thicker lines correspond to collection
24868. Black arrows indicate the Bragg frequency.

Figure 14. Doppler spectra variability at r 5 250 m, for collections where /< 15! . Shaded
areas correspond to data within one standard deviation from the mean, mean not shown.
Lines correspond to spectra of collection 24868 (see Figure 13) for reference. Blue is VV
and red is HH.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 16

Time is given in seconds relative to the beginning of the RiverRad collection. The spatial coordinate r, in m,
corresponds to the horizontal distance between the radar cell and RiverRad along the look direction (i.e.,
ground range).

Figure 3 shows sample time-space images of the calibrated marine radar r0, the optical intensity signal, and
RiverRad r0HH and r0VV, along with the categorical filter results for collection 23688. The data indicate that
almost all of the individual waves are breaking between r 5 200 2 400 m and, overall, the three radar
images are very similar. However, shoaling waves offshore of breaking show somewhat larger r0VV signals
than r0HH (compare Figure 3c and Figure 3d, as indicated by white ellipses at t 5 75s and r 5 500 m), which
would be expected within CST [e.g., Plant, 1990].

3.1. Breaking Detection
Figure 4 shows sample results of the detection algorithm for three different collections. Colored contours
demarcating wave breaking, remnant foam, and steep waves are overlaid on the optical image. It can be

Figure 3. Sample time-space maps for collection 23688. (a) Marine radar calibrated, r0 (dB); (b) optical pixel intensity, I; (c) RiverRad, r0HH (dB); (d) RiverRad, r0VV (dB); (e) video time expo-
sure showing the RiverRad look direction as dotted line. Arcs correspond to radial distances to RiverRad, (f) results of the breaking detection showing breaking (red*), steep waves
(green), and remnant foam (cyan) areas. Gray scale corresponds to the microwave NRCS (dB) for plots (a–d).
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Figure 17 shows the profiles of the surface velocities, derived from the Doppler offset, of the individual
wave events identified in section 3.2.1. The surface velocities associated with breaking events are much
larger than those of nonbreaking events. The surface velocity of the active breaking waves exceed 5 m/s
and do not show a clear distinction between polarizations nor different environmental conditions. The
range profiles of the surface velocity at each time step show a peak in velocity magnitude. Nonbreaking
waves in turn show smaller surface velocities in the shoaling region, usually not exceeding 2 m/s.

In summary, observation of a suite of radar backscattering parameters have been presented for the different
stages of the nearshore wave breaking cycle, with a special emphasis on the scattering from surf zone
breaking waves. While most of the results are consistent in some aspects with previous observations, certain
specific details are worth to be highlighted. We will discuss them in the following sections.

Figure 15. Time-space maps of surface radial velocities (m/s) derived from the Doppler offset, for collection 23691. (a) HH and (b) VV. Thin contours denote locations identified as break-
ing, and dashed contours correspond to the individual wave identified in section 3.2.1.

Figure 16. Time-space maps of surface radial velocities (m/s) derived from the Doppler offset, for collection 23868. Same key as Figure 15.
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4. Discussion

In this section, we will discuss the ramifications of some of the results from this study and place those
results in context with previous work. First, we note that previous studies have attempted to define the
characteristics of microwave scattering from breaking waves in order to use radar observations for wave
breaking detection. One potentially detectable characteristic is the presence of high polarization ratios
[Hwang et al., 2008]. In the present work, we were able to examine the polarization ratios along individual
wave profiles and to spatially correlate the observed high polarization ratios (RHV> 0) to the portion of the
front face of the wave that leads the active breaking region, which is consistent with models for multipath
scattering. Moreover, the active breaking portion yields polarization ratios of (RHV ! 0). Models for the
source of multipath reflections include: bulges and plumes [Wetzel, 1986, 1990], water dihedrals [Trizna,
1997; Plant et al., 2010], and the shape of the water surface near breaking [e.g., Lewis and Olin, 1980; West,
1999; Fuchs et al., 1999; Sletten et al., 2002; Melief et al., 2006; Li and West, 2006]. Hence, while multipath scat-
tering (and high polarization ratios) can be associated with the shape of waves that are breaking, they are
not inherent properties of the active breaking region where most of the wave dissipation is occurring. In
addition, our results indicate that steep waves and remnant foam can also induce large polarization ratios,
which further complicates the association of high polarization ratios with active wave breaking.

A second known characteristic of the scattering from breaking waves is that the mean Doppler spectrum is
subject to broadening and bias to higher frequencies by sporadic, but large power, scattering events. The
Doppler peak is shifted to high frequencies by scattering arising from the active breaking portion of the
wave [e.g., Smith et al., 1996] with spectral broadening being driven by surface disturbances produced on the

Figure 17. Space-time evolution of the surface radial velocity for the corresponding profiles of Figures 5–7. Similar key as Figure 5, plus
solid blue lines corresponding to the modeled phase speed c of a linear wave, dashed blue lines correspond to 1.3c, and red lines corre-
spond to the orbital velocity extrema. Solid surface radial velocity lines are HH records, and dashed lines correspond to VV data. (a) Collec-
tion 23691, (b) Collection 24863, (c) Collection 24868, and (d) Bathymetric profile (December 2007).
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Breaking waves source of large backscattered power , several dB above non breaking waves 

Maximum NRCS seems to have a limiting value 

Weak dependency on viewing geometry (θg,φ) 
Subtle polarization dependency 
No discernible dependency on environmental parameters  

Large polarization ratio but not necessarily greater than 1  

Few breaking events suffice to broaden the Doppler spectrum  

Peak speeds well correlated with speed of the carrier wave 
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turbulent front face that have a range of speeds about their spatial mean, which is the local wave celerity
[e.g., Fuchs et al., 1999; Coakley et al., 2001; Farquharson et al., 2005]. All locations where breaking waves were
identified, this shift and broadening were identified in the Doppler spectra. Herein, we have shown that for
surf zone waves the presence of even just one breaking event (during a 2 min record) is sufficient to funda-
mentally change the mean Doppler spectrum. Moreover, we have found that the spectra at locations where
breaking was persistent among different collections showed little variability, also indicating that the scatter-
ing characteristics do not depend on environmental parameters for breaking waves.

However, it is also known that small-scale bound waves can also lead to spectral broadening and peak fre-
quency shifting toward high frequencies, as shown for different microwave frequencies and incidence
angles by Rozenberg et al. [1995, 1996]; Plant [1997, 2003], among others. We also found evidence of spec-
tral broadening at locations where breaking was not identified, although steepening waves were found on
occasion at these locations. Even though they worked at a different frequency and grazing angle, Jessup
et al. [1991] considered the spectral broadening as a breaking indicator, but they considered as breakers
waves whose breaking onset was up to 20% of the wavelength downwave. For our results, the broadening
takes place up to one wavelength upwave of the breaking onset (see Figure 13), preventing considering
them as an active breaking wave and complicating the use of spectral broadening as a breaking indicator.

It is also of interest to investigate whether the time varying, line of sight Doppler velocity (corresponding to
the peak in the Doppler spectrum) can be related to the local wave height. For nonbreaking waves, and in the
absence of strong winds, the oscillations in the Doppler velocity about the Bragg peak should represent the
surface orbital velocity of the incoming waves. This is potentially a useful tool for the remote measurement of
surface displacements and/or wave height [Nwogu and Lyzenga, 2010]. However, our results indicate that
such a methodology will require extreme care for systems operating in the nearshore at low grazing angles.
Specifically in Figure 17, we compare the observed Doppler velocities with estimates of the local wave surface
orbital velocity amplitude um and the local wave celerity c computed from linear wave theory by:

c5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g
k

tanh ðkhÞ
r

; (5)

um5
H
2

2p
Tp

cosh ðkhÞ
sinh ðkhÞ ; (6)

Figure 18. Grazing angle dependency of NRCS from various data sets. Line corresponds to grazing angle dependency of a Lambertian
scattering surface.

Journal of Geophysical Research: Oceans 10.1002/2014JC009880

CATAL!AN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 19

Lambertian Sactterer Decay



SOMaR-3 
JUL 2015

U   S    M 
CatalanScattering model

Previous research assumed surface scattering e.g. Bragg, specular, etc. 

Roller has a complex structure and its morphology is usually disregarded 
(e.g. Coakley et al., 2001)  

Proposition: 
 Model based on Volumetric Scattering  
Roller as a two-phase medium (air + water) 
Scattering from water droplets (Mie regime)  

  

23

Model Conceptual model

Conceptual model for the wave roller

Previous research assumed surface scattering
e.g. Bragg, specular, etc

Roller has a complex structure and its morphology is
usually disregarded
(e.g. Coakley et al., 2001)

Proposition: Model based on
Volumetric Scattering

Roller as a two-phase medium
(air + water)
Scattering from water droplets
(Mie regime)

Catalán (OSU) Microwave Scattering from Surf Zone Waves November 26, 2008 31 / 47

Model Conceptual model

Conceptual model for the wave roller

Previous research assumed surface scattering
e.g. Bragg, specular, etc

Roller has a complex structure and its morphology is
usually disregarded
(e.g. Coakley et al., 2001)

Proposition: Model based on
Volumetric Scattering

Roller as a two-phase medium
(air + water)
Scattering from water droplets
(Mie regime)

Catalán (OSU) Microwave Scattering from Surf Zone Waves November 26, 2008 31 / 47



SOMaR-3 
JUL 2015

U   S    M 
CatalanEM model

Roller is a collection of water droplets scattering in the Mie regime 

Multiple scattering interactions among particles 

Interactions using the Quasi-Crystalline Approximation 
Allows estimation of extinction, absorption and scattering coefficients 

Wave propagation through media using Dense Media Radiative Transfer Theory 

Interactions with boundaries 

Model parameters 
Droplet size 0.1  - 2 cm 
Seawater permitivitty 
Volume fraction (max 50 %) 
Stickiness parameter
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Model Conceptual model

Electromagnetic model

Roller as a layer of droplets

Multiple EM interactions between particles
Particle interactions accounted for using
Quasi-Crystalline Approximation (QCA)

Extinction, absorption and scattering coe�cients
E↵ective wavenumber

Wave propagation within the medium
Dense Media Radiative Transfer theory

Multiple interactions with boundaries (e.g. Tsang et al.,

2007)
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Albedo shows that small volume 
fractions and relative small 
particles O(1)cm can yield large 
reflectivity 

Weak dependency on grazing angle 

Subtle polarization dependency.
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Model Conceptual model
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turbulent front face that have a range of speeds about their spatial mean, which is the local wave celerity
[e.g., Fuchs et al., 1999; Coakley et al., 2001; Farquharson et al., 2005]. All locations where breaking waves were
identified, this shift and broadening were identified in the Doppler spectra. Herein, we have shown that for
surf zone waves the presence of even just one breaking event (during a 2 min record) is sufficient to funda-
mentally change the mean Doppler spectrum. Moreover, we have found that the spectra at locations where
breaking was persistent among different collections showed little variability, also indicating that the scatter-
ing characteristics do not depend on environmental parameters for breaking waves.

However, it is also known that small-scale bound waves can also lead to spectral broadening and peak fre-
quency shifting toward high frequencies, as shown for different microwave frequencies and incidence
angles by Rozenberg et al. [1995, 1996]; Plant [1997, 2003], among others. We also found evidence of spec-
tral broadening at locations where breaking was not identified, although steepening waves were found on
occasion at these locations. Even though they worked at a different frequency and grazing angle, Jessup
et al. [1991] considered the spectral broadening as a breaking indicator, but they considered as breakers
waves whose breaking onset was up to 20% of the wavelength downwave. For our results, the broadening
takes place up to one wavelength upwave of the breaking onset (see Figure 13), preventing considering
them as an active breaking wave and complicating the use of spectral broadening as a breaking indicator.

It is also of interest to investigate whether the time varying, line of sight Doppler velocity (corresponding to
the peak in the Doppler spectrum) can be related to the local wave height. For nonbreaking waves, and in the
absence of strong winds, the oscillations in the Doppler velocity about the Bragg peak should represent the
surface orbital velocity of the incoming waves. This is potentially a useful tool for the remote measurement of
surface displacements and/or wave height [Nwogu and Lyzenga, 2010]. However, our results indicate that
such a methodology will require extreme care for systems operating in the nearshore at low grazing angles.
Specifically in Figure 17, we compare the observed Doppler velocities with estimates of the local wave surface
orbital velocity amplitude um and the local wave celerity c computed from linear wave theory by:

c5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g
k

tanh ðkhÞ
r

; (5)

um5
H
2
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Figure 18. Grazing angle dependency of NRCS from various data sets. Line corresponds to grazing angle dependency of a Lambertian
scattering surface.
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Small volume fractions suffice (upper roller layers)  

Complex formulation but requires physical parameters only  
Can we measure a droplet distribution to validate this? 

Model output shows good agreement with measured data  
Median NRCS 
Grazing angle dependency  
Small polarization ratios 
Roller travels with the wave at its phase speed.
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