IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 37, NO. 4, JULY 1999 1951

Radar Backscatter from Breaking Waves in
Gulf Stream Current Convergence Fronts

Scott R. Chubb, Arnold L. Cooper, Robert W. Jansen, Robert A. Fusina, Jong-Sdtellee, EEE and Farid Askari

Abstract—Bright linear features have been observed in radar enhancements to each signature that are consistent with the
imagery taken near the Gulf Stream (GS) boundary on two experiment, using an approximate model of WB effects.
separate occasions. In each case, these have been observed di- In the present paper, an improved electromagnetic backscat-
rectly over strong current convergences. Progress has been made L .
in understanding the origin of these signatures through simu- te_r gpproach that incorporates local WB eﬁeCts.'s used FO
lations that incorporate environmental forcing from the winds €liminate the unknown parameters that were used in the earlier
and currents. These simulations significantly underestimate the work [3], [4]. The new approach, called the local wave-
backscatter unless wave-breaking (WB) effects are included at preaking criteria (LWBC) method, was inititally developed

least approximately. Using a new, quasistatistical procedure that 54 tegted, using a refined one-dimensional (1-D) model of
generalizes and quantifies earlier procedures for including WB

effects, we have been able to successfully simulate the magnituddn® HIRES-1 surface currents [5]-{7] that included both the
and behavior of these signatures. The approach combines the convergence and shear that were present in the vicinity of
statistically based, composite model of radar backscatter with a the signature. Some of the results from this earlier study are
deterministic feature model that relates backscatter from break- jncjuded in the present paper. These results show that it is

ing waves to a particular geometrical model of a spilling breaker. ; : . :

This is accomplished using localized criteria, defined by local pOSSIF)|e to predict the magnitude-11 dB) of the signature
wave crest acceleration, to determine the probability of breaking, (relative to the ambient background), based on the LWBC
and by extending the feature model so that its unknown param- method, in good agreement with measurement, where it was

eters may be evaluated directly from wave—current interaction found [5], [6] that the signature varies in relative intensity over
calculations. The new approach provides an estimate of the criti- 5 range of values between 10 and 15 dB. Also, in the present

cal crest acceleration of a potentially breaking wave, as a function r the LWBC roach i lied t t.h Gé’90 ianatur
of wind speed, that agrees with independent measurements. pape » (e approac _S app e. ,0 e signatu .e,
_ using a current model that is very similar to the one used in

cu:rrrlgr?txilggcs:ti_or?u” Stream, radar, wave-breaking, wave- ihe earlier study [3], [4]. Again, quantitative agreement for
' the (~3 dB) enhancement observed in the radar return over

the feature is obtained.

|. INTRODUCTION These calculations provide a quantitative explanation for the

ARTICULARLY bright radar signatures have been 0bprigin of the reduced magnitude in the (_38’9_0 ;igpgture relative
Pserved in imagery taken at the boundary of the Guip its HIRES—l counterpar_t and (_axplaln similarities between
Stream (GS) during both the first high resolution remot&e t.wo S|gnatgres. In partlcula}r, in both cases, fthe calc_ulated
sensing (HIRES-1) experiment [1] and the GS 1990 (Ggggjaxmal WB-lnduceq effect is found to prowde_optlmal
experiment [2]. During GS'90, the signature was in the for,ﬁ_greemen_t w_|th experiment. I_n both cases, the magnitude of the
of a bright line. In the HIRES-1 imagery, the signature wadignature is fixed by the maximum WB-induced enhancement,
a bright meandering linear feature. In each case, ground tr@ff this enhancement occurs when it is assumed that WB
information has revealed that the feature occurs directly ovcurs when the local crest acceleration exceeds a critical
a strong current convergence. value of ~0.4 g (j = 9.8 m/3).

In a previous study [3], [4], simulated radar imagery that Specifically, the WB-induced enhancement is derived from
incorporates the interaction of the small-scale surface waJ/8§ assumption that the probability of WB occurring can be
with the underlying convergent current structure has been ug@/ated with the probability that wave crest acceleration (or
to obtain a qualitative understanding of the origin of the twdlope) locally exceeds some critical valde [7]-[10]. We
signatures. In both cases, an estimate of the magnitude of #jstrate that in the two very different signatures from HIRES-
signature was obtained from calculations that include wavé-and GS’90;A.-values are obtained that are very close in
current interaction but neglect wave-breaking (WB) effectyalue. This occurs in the 1-D model of the HIRES-1 rip
However, in this study, the magnitude of each signature waignature [5}-[7] and in a more sophisticated two-dimensional
underpredicted. This study provided bounds for WB-inducdd-D) model [8], [9] discussed in the next paragraph. These

A.-values are in good agreement with comparable values
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the hypothesis that critical crest acceleration criteria can t@ve-current interaction calculations, and detailed discussions

used to predict the onset of WB. This is the first time, tof the LWBC procedure for including WB corrections and the

our knowledge, that values fak. have been inferred using manner in which the adjustable parameters of the earlier SBM

remote-sensing microwave imaging techniques. can be obtained from the LWBC. In Section Ill, the results
The studies of the meandering HIRES-1 rip signature awd the simulations are presented. The final section summarizes

line-shaped GS’90 signature described above both involveitiportant conclusions of the study.

D models of the surface currents, which were represented

either as a simple current convergence [3], [4] (applicable Il. METHOD

to both HIRES-1 and GS’'90 signatures) or (in the case

HIRES-1 in [5] and [6], and for GS'90 in the present work

as a current convergence in the presence of a shear [3]-[7]Previous simulations [3]-[7], [10], [11] of RCS of the

[10]. These 1-D models of the currents cannot be used HBRES-1 rip feature and GS’90 bright line feature [3], [4], [12]

understand a number of effects associated with the HIRE®ve been based on wave-current interaction calculations of

1 rip signature because the resulting estimates are applicabive height spectr&'(r, k, t), as a function of the timg and

to regions where the effects of changes in the direction #fe 2-D wave-vectok at locationsr on the ocean surface. In

the rip are not pronounced. In fact, the strength of the rtpese calculations;’(r, k, t) is derived from the intrinsic an-

signature varied considerably-{0-15 dB) as a function of gular wave frequency, (k) [=(gk+T/pk*)/2, k = |k|, p =

position and was greatest in the “cusp-like” regions associatéensity of sea water, and@ = surface tension] and wave

with positions where changes in the meander were sharp@stion spectral density (r, k, t) = w,(k)/kF(r, k, t). In the

In an earlier study [11], it was found qualitatively that thignitial 1-D model calculations [3], [4], [12]N(r, k, t) and

pattern of variation in signal strength, in which the largest(r, k, t) were derived using oney{dependent) northward

return was found to occur in the regions where the directi@murrent component [3], [4], [12} of the form

of the signature changes most sharply, could be obtained using sV sy < y )

arn

?«f. Hydrodynamic Calculations

the composite backscatter (CB) model. This was accomplished Viy) = 2 Sy (1)

using wave. specFra derived from wave-current .interqcti A the model of the GS'90 feature 3], [4], [12], the signature
calculations involving currents constructed from a sinusoidal teurs wheny = 0 and [9V/dy| ~ 0.002 L. Appropriate

varying 2-D functional form. The resulting range of Value@alues aresV — 0.2 m/s andy = 50 m, and V(y) was

of the radar cross section (RCS.) \.N.ithin the rip, hOWeve5\/aluated over the range400 m < y < 1000 m. It was also
calculated from the model., was significantly Iarger than Wh@ﬁown [3], [4], [12] that, for the 8-m/s wind speed that was
was observed in the experiment, and the associated backsc HeLent [12], the magnitude of the signature was relatively

exhibited a nonphysical dependence on look-angle that A2ensitive to variations iV over the range of values 0.2 m/s

not present in the experiment. SV < 0.4 ,
o . . . .4 m/s. In the present paper, we model the GS’'90
As a final illustration of the importance of WB effects, mﬁ < P bap

this paper, we apply the LWBC to this 2-D current mode eature using (1) with a slightly different value f6F = 0.25

; . . .-M/s and the previous value fow to obtainV. In the model,
We find that, by mcIung WB, very gqod agreemeqt W'ﬂ(}ve also introduce a slight shear through an eastward current
the experiment is obtained for the magnitude of the signat

" . . e = U(y), which is consistent with measurements performed
across and within the rip. In particular, it is found thatduring the experiment [9]. We do this using

by including WB, the deficiencies that are found when the
CB model is used alone are eliminated. Thus, within the U(y) = tanh <£> % 0.05 m/s )
rip, when WB effects are included, the location of maximal 6
and minimal cross section, and the manner in which R@8lditional modeling of RCS (beyond the calculations pre-
varies within the meander, all agree well with the experimergented in [3] and [4]) of the HIRES-1 rip feature [7], [10],
Also, incorporation of these effects into the RCS modelinglso included botH/ and V' components of the current, but
eliminates the nonphysical dependence on look-angle ti@@ain, using the important simplifying assumption that the only
occurs when the CB model is used alone. spatial dependence in the currents occurs in one direction:
This paper summarizes the results of applying the LWBE =V (y), andU = U(y) [7], [10]. As opposed to the model
method in the analysis of the GS'90 and HIRES-1 radased in [3] and [4] in the later calculations, a considerably
signatures. It also includes a discussion of the relationshipore sophisticated current structure was used, derived from
between the LWBC method and an earlier (less quantitatiiiie time evolution of subsurface currents that are initiated
procedure, called the sparse breaker model (SBM) [3]-[6fpm a dynamically unstable configuration, involving denser
for including WB effects. The organization of the papeGS water, coming into contact with less dense shelf water.
is as follows. In Section Il, the procedure for performingne-dimensional modeling of WB effects for the HIRES-1
the RCS simulations is reviewed. This includes a revietip feature presented in this paper are derived from these
of the procedures for performing the calculations of wawvealculations ofF, based on this later current model.
spectra, based on wave-current interaction calculations, and foBecause the currents in these previous studies only include
modeling the currents associated with both radar signaturasdependence og, it is not possible from these calculations
This is followed by a review of the manner in which RCSo infer information about the behavior of the RCS in regions
is calculated, based on the wave spectra that result from thiere strong spatial variation in the rip occurs in both #he
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andy-directions. To investigate this point, we have employed To accomplish this, a specific model for constructisfj,

a different model that was used previously [11] in RCS calcis introduced in which the predominant source of backscatter

lations based on the CB model. In the results presented beldwm breaking waves is assumed to be from a dominant

we have extended these earlier calculations by incorporatiggometrical (plume-like) shape. Then, a procedure is con-

WB effects in the RCS calculations, using the LWBC modestructed for inferring parameters that define the vertical and

The associated 2-D model for the currents is definetflay 0, horizontal extent of this average shape, based on the statistical

andV = V(z, y), with information provided by the wave height spectrum.
- QOnce a particular parameter set has been infereg],
Y— %o Sin(T) is determined using a feature modeling approach due to

(3) Wetzel [15], [16]. The necessary geometrical information
by associated witle}?, is obtained using the wave action. This is

a new approach that effectively marries the more restrictive,
Here, the values fofVaq = 0.6 m/s andéy = 30 m are used deterministic method applied by Wetzel with a statistical
to mimic the convergence observed [5], [6] during HIRES-kcheme. In particular, as outlined below, wave slope spectra
(These values were also used previously [3], [7], [10], [11]gre constructed from the wave action calculations. These are
The remaining parameters, = 300 m and A = 1500 m used to determine average information about potential break-
were inferred from radar imagery [8]-[10]. Using these curreitig processes and in conjunction with local WB criteria to infer
models, V is derived from the steady-state form [8], [9] ofP(r). In the process of deriving’(r) in this way, estimates
the wave action equation are obtained of effective average values of all of the additional
9U ON  OU ON geometrical parameters required by Wetzel's model. (This
O Ok + oy a—kJ eliminates the unknown geometrical parameters of Wetzel's

[a_v ON + o aN} =-8 N (N —N,). (4) parameters or used to develop a qualitative understanding of
dy Oky ~ Ox Ok, N, WB-induced enhancements.) An additional result of this alter-
Herew = w,+k,UU+k,V, andj3 andN,, respectively, are the native approach is that it introduces frequency, polarization,
Plant wind growth rate and Bjerkaas—Riedel equilbrium wawand environmental information associated with the local WB
action that were used previously [1]-[4]. environment that is not present in the original SBM.

As before [7], [10], RCS values are determined frdm Wetzel [15], [16] has modeled radar return from WB pro-
using the CB model, without the small slope approximatiopesses by assuming that a particular geometry can be used
[7] that was used in [3] and [4]. WB effects are investigatet derive the resulting backscatter. The choice of geometry
using the LWBC approach [7], [10] and (in the case of this based on a particular geometrical form (or “feature”) that
HIRES-1 feature) the SBM developed in [3] and [4]. Imesembles the shape of a spilling breaker obtained in the
[7], the underlying assumptions of the LWBC method anBlume model [17]. The associated feature is derived from a
the procedure for applying it are presented. The discussie@cond (raindrop) feature model due to Wetzel. In Wetzel's
presented there, however, is incomplete. In what followtgindrop feature model, the sea surface manifestation of rain is
a more complete description is presented that includesapproximated by a feature consisting of a donut-like structure
procedure for using the LWBC method to derive the unknowthat is elevated by an amouft (referred to by Wetzel as the

%
Viz,y) = _TN tanh

Viw - VN — kx{
theory, which previously either have been treated as adjustable

— My

adjustable parameters associated with the SBM. “slosh region”) and a receding dimple (of depthH). The
donut has diameteL. In Wetzel's spilling breaker model,
B. Radar Backscatter: The LWBC Method the breaker is modeled using a portion of the donut and

In the LWBC, the RCS is derived probabilistically, bydimple, defined by passing a chord of lengththrough the
combining the CB model RCS (suitably weighted so thagner circle of the “slosh region.” Fig. 1 shows plots of the
it applies in locations where breaking does not occur) wifigatures associated with both (raindrop and spilling breaker)
an approximate feature model of a breaking wave, using tAedels. To simplify the analysis, we approximate the feature
probabilities P(r) or (1 — P(r)) for WB to occur or not to associated with the spilling breaker using the raindrop model

occur atr. Specifically, the RCS is derived from feature. This approximation eliminates anisotropies associated
op op op with edge effects, while retaining the (specular) scattering
Oor = (1= P(r))ocy + P(r)oy, (3) effects that are believed to be important [15], [16]. This

wheres’h denotes the specific, average cross section thata@gproximation leads to an important simplification, involving
attributed to breaking processes. Alsd? (which is assumed the elimination of the unknown length scale, which is

to approximate the RCS per unit area in the absence of We§pcussed below.

is evaluated from the standard, specific RCS expressions ofVhen the short-wavelength (physical optics) approximation
the CB model [13], [14]. (In order to obtain an accuraté2mH/A > 1, wherel = radar wavelength) applies, Wetzel's
representa‘[ion for X-band and h|gher microwave frequenci@(,preSSion for the total cross section from an individual WB
this is done without the small slope approximation that igws (based on Wetzel's raindrop model) can be expressed
frequently used [7].) In the LWBC method?(+) and o,  Using the two length scale and L

respectively, are inferred from crest acceleratioand wave-

height variance values that are derived frdin own = sk, HL?F?. (6)
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: When the illuminated area of the radar ¢ locally, the
breaking probabilityP(r) may be equated with the average,
local fractional coverage of breaking wave&? (an equality
that applies when the spatially and time-averaged probabilities
are equivalent). It follows that, when an average specific cross
section defined by, /Q = P(r)c’?, is used, we may define
o = ow/q using a local mean value foll = H(r)

that is determined from an estimate of the local heiftr)

of a breaking wave. This is made possible by an important
cancellation that results from the fact that, as a consequence
of (8) and (9),c.s is proportional tog. Combining (8), (9),
and the definition ofz’% | we find

wb?
ko H
oy~ ) (10)

Slosh (Crest)
Region

wh ™
where the value off(r) is estimated from the local wave
field, as explained below. In this way, the dependence on the
unknown length scalé can be eliminated. In the next section,
@ we illustrate an alternative procedure for estimatih@-) that

is independent of and(, so that we can evaluate (10) and at
Slosh the same time provide information about the unknown quantity
Region g. Substituting (10) into (5), we find

oit, = (03) x (1= P(r) + DOEHD

C. Local Breaking Probabilities”(r) and HeightsH (r)

To determineP(r), it is necessary to establish a critical
valueA = A. of the crest acceleration, beyond which breaking
is assumed to occur with 100% certainty. This assumption is
based on a suggestion given by Snyder and Kennedy (SK) [8],
[9] in which P(r) is equated with the probabilit{’s. that, at
the pointr, the local crest acceleratiat{r) exceeds a critical
value A.. SK assume that the ocean is homogeneous and that

() the wave-height obeys Gaussian statistics (meaningaat
Fig.“ 1. Plots of the"“Feature Model” geometries for the (a) “Raindrop” anfs uniformly and normally distributed), so thdt,. may be
e o e o5 Bomputed globally from the variance afhat resus from the
lines show regions below the water surface. short-time(ét — 0) and small-distancés» — 0) limit of the

_ ) o . acceleration auto-correlation functiddy(ér, 6t), defined by
Here,k, = 27/, and Fx is the “surface proximity function, My(67, 6t) = (a(r, t)alr + 6, t + 6t))

defined by o x
= / Edk | doeCoT+ Rk w(k))w (k).
0

—T

(12)
" We have generalized this approach slightly, based on two
observations: 1) although in the results developed by SK, the
WYB process is assumed to be stationary and homogeneous
globally, it is only necessary to assume that the process be
stationary and homogeneous locally, and 2) it is assumed
that the short-time and small-distance limit 81, can be
derived using an acceleration—acceleration correlation function
that results from the spectral density associated with the
solution of the wave action equation. The criteria for breaking
in the presence of currents are identified using acceleration
Twp R %koHLQ. (8) information provided by the solution of the wave action

The areag of a breaking wave that applies to the CirCula(requatlon, based on criteria due to SK. (Also, these criteria are

n . extended using the assumption that they apply in a spatially
plume-like structure of (6) ar;d (8) is given by homogeneous fashion locally, but not globally.)
wL

=T 2 ©) In the present case, breaking phenomena appear to have
1=y ' been localized in the vicinity of the GS'90 feature [12] and

Dimpl(;f} Region

(11)

Dimple
Region

Fy = eikoH cos(26,) + RXeikoH (7)

where X denotes the polarization of the incident radiation
8, is the local grazing angle, anBx = Rx(f, 6,) is the
complex reflection coefficient of an incident wave of frequen
f and grazing anglé,. Consistent with Wetzel's model [15],
[16], it is assumed in (6) that, H is much larger than unity.

In [15], a tabulation is provided of the proximity function
Fx, based on the values dtx, given by Saxton and Lane
[18]. Although for values o#, < 30°, considerable variation
of F'x occurs at X-band, for the larger values@fof interest
in the present workF's approaches unity, so that
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here involves writing a (spatially dependent) expression fbe computed from the slope spectrum variaggg + S§>|r:
a
k. T

Here, because the process is assumed to be homogeneous (SH)lr = k dk /4 Aok} F(k, w(k), 7). (16)
which is constructed by evaluating/4(0, 0) at the point i =wori=y. Since Dy o (S5 + 5,)l., at each point,

Nonphysical numerical instabilities may result when (12) i§his is a reasonable approximation, especially when WB
increasing wavenumber to ensure that the integral in (12)ttgat the assignment of a critical crest acceleration based on
k7, which is poorly defined unlesE asymptotically decreases®f €xceeding a critical slope.
more commonly used equilibrium wave spectra (e.g., in tiigcelerations exceed 0.5 g, an approximate upper baiitd
sufficiently rapidly to ensure that the integral is well definedp, practice, we have estimated values\of by maximizing the
at some finite value: 1) measurements of spectra and the un-~ 0.4 g for all of the cases that we have considered.
and 2) the electromagnetic model for backscatter associatgthsequence, the application of the procedure in the present
BY kBragg = 2 * ko sin(finc), finc = angle of incidence]. Estimates of H(r) are derived from calculations of an
tests and comparisons with WB probability measurements. dssumption about the regions of the spectrum that are involved
the CB approach, scattering is treated through a two-scalgectrum/. BecauseH is an average physical deviation that
currents; while the longer waves evolve according to the way2(n?))'/2, where (?) is the variance defined by. [Here,
that (in the case of a perfectly conducting ocean surfack)is restricted to cases involving positive frequencig#).]
which higher order moments beyond those that enter as gnstructd using the smaller subset of components defined by
maintaining only terms of this order in the evolution of timeand 61 <6 <#,, where N is significantly different thanv,,.
value k, = 27 /A, (with A, = 0.05 m) are excluded. Then, k=ko 6=03 1/2

HIRES-1 rip [1]. The extension of the globally homogeneous?(k) = gk is valid for the resulting range of-values that
results of SK to the locally homogeneous case considerack included in thé-integration in (12), it follows thaDZ can
the probability P(r) folr break|2<§>; to occur at 2each point DT~ g(S2 + S§>|r (15)
P(r)= ——— / da exp<_—r>. (13) where
V(27 D3) Ja. [2D7]
.. . . 0

Iocal‘!y,: an exphm_tdependence on position |§|nclud(_ad (throuq_r'lere, k; = k cos() or k; = k sin(d) when, respectively,
the “r” superscript) in the local acceleration variang#,

becomes large or varies significantly when the average slope

D} = My(0, 0)| ). (14) variance= (52 + S2)|» becomes large or varies significantly.

evaluated because a number of the commonly used equilibri@gfurs predominantly from waves th;’:lt are20f moderate (5
height spectraF, do not fall off sufficiently rapidly with M) wavelength. Becaus®j oc (S; 4 S;)lr, it follows
bounded for large values df. Specifically, for largek, the this procedure is equivalent to the assignment of a critical
prefactor of ' that appears in (12) asymptotically approaché@avesmpe and breaking probability is equal to the probability
faster thank—%. This clearly is not the case when (4) is Based on Longuet-Higgins’s argument [24], for the limiting
derived using choices faW, that are defined by many of theC@S€ involving Stokes waves, that breaking occurs when crest
Phillip’s spectrum ~ k4 ask — o). The Bjerkaas—Riedel for breaking can be inferred through the requirement
equilbrium spectrum [19] used here, however, does fall off VD> AP =050 a7
Despite this fact, there are a number of reasons to adop{\@-induced enhancement ¥2,. Empirically, as discussed
strategy in which the large wave-vector limit of (12) is cut offn Section 11, not only do we find thai. < A™# but that
derlying assumptions regarding application of spectra to obtaie also find that these values df. are consistent with
acceleration variance are suspect in the short wavelength ligilyes obtained in wave-tank studies and in the field. As a
with (11) is not consistent with including wave vectors thajtudy involving currents provides a link for relating crest
are larger than-1/3 the Bragg wave vectorp,.g, [defined acceleration WB criteria to more general situations.

SK [8], [9] investigated the first of these justifications for apaverage rms deviation (variance) of the mean relative eleva-
plying (12) with a finite wave vector cut off through numerications of breaking and nonbreaking waves. This requires an
the radar backscatter problem, a more rigorous justificationith breaking waves. We accomplish this by calculating the
based on the second reason, is applicable. In particular,aissociated deviations in height from different portions of the
model in which the shorter waves are normally distributegsults from realizations of the surface, we estimate it using
and evolve independently from the wind and the underlyirg portion of the average total deviation in heighi,. =
action (4). Partial formal justification of the two-scale modeds discussed by Kinsman [25], the factor of two that applies
procedure is provided by Thompson [20]-[22], who has shovim this definition occurs because the wave-height spectrum
the picture can be rigorously derived through an expansiém upper bound forH is provided by including all spectral
of the longer wave height-height autocorrelation function @omponents in the evaluation. As in the SBM, however, we
square of the wave vector are neglected. A consistent pictifi portion of the spectrum where significant WB occurs. This
that preserves these requirements of the two-scale modelfgytion of the spectrum is defined by the regibn< k <k
dependent quantities is obtained when théntegration of Then, we obtain the following:

(12) is restricted so that all values beyond the upper limit
as observed by Lyzenga [23] and Lyzenga and Bennett [14], H(r) = |2 x > Y~ F(k, 6, x, y)kAkAG| . (18)
because the longwave gravity wave dispersion relationship k=ky 6=061
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In the evaluation of (12) and (15), we have used an uppisrdifferent than the one that occurs in the SBM, whefés,
k-integration cut offk, defined by2x/k, = A, = 7.95 cm. however, allowed to vary in order to identify bounds associated
This choice falls within the range\(, > 0.05 m), where (27) with WB [3], [4]. This kind of variation, by assumption,
applies. The choice is also consistent with the radar parameterguires that the dissipated power in the ambient region be
(9 Ghz, 8;,. = 37.5°) that apply to the HIRES-1 rip with held fixed, meaning”(0) is also held fixed. (By construction,
the value of the upper limit dynamical valdg, (Lyzenga the SBM assumes that relative to the ambient region values,
and Bennett [14]), through an equality, = kq = kprags/3 at pointsr within the front, the values of’(r), power from
that has been imposed for convenience. We have estimateslie dissipation [3], [4] [defined by the wave action source
H(z, y) using (18) and the following values fdr, ko, #;, function], and WB contributions to RCS are all proportional to
and 0y: k; = 1/(47) m~! <k < 3/7 m~t = ky, 6, = each other. This assumption applies in an average sense when
—45° < 8 < 45° = 6, centered about the maximum variatiorthe density of breaking waves is sufficiently sparse.) As a con-
in N — N,. We selected these values to be consistent with teequence, when® is varied in the SBM, to be consistent with
assumptions of the earlier application of the SBM (as discussibé assumptions of the modef,’, (0) /0.7 (0) is being varied.
in [3] and [4]). This is not allowed in the LWBC since the contributions to the
RCS from WB and CB are fixed as a result of the electromag-
netic scattering model that is used. This result illustrates one
D. Relationship Between LWBC and SBM Procedures reason the LWBC has greater predictive power than the SBM:
In the earlier 1-D calculations of radar signatures froithe SBM omits geometrical effects that are included [through
fronts, the SBM was used [3], [4] to study WB-inducedhe dependence af;’, on H(r) in (10)] in the LWBC.
enhancements from calculations of the ratio of the total specificAlso, the LWBC and SBM definitions aP(r) are different.
RCS o;%, to its mean, ambient value;?,(0). Because the But since the SBM define®(r) only relative to an undeter-
calculations were 1-D and involved WB effects that wergined constan{’(0)), it is possible as an ansatz to use the
localized primarily in the vicinity of fronts, it was possible toP(r), as defined by the LWBC procedure, to determing(r)
do this using a scheme involving a single adjustable parame#d x..(r). As a result
«?, defined by the ratio of the magnitudes of contributions to SBM P(r)
the RCS from WB and non-WB scattering processes in regions Xap (1) = (21)

far from the front, where the ambient (background) RCS | : s
found. Thus, in the SBM 8hd because the SBM omits the dependence;hfon H(r)

op that appears in (10), in the LWBC, it is appropriate to introduce

Oror_ _ _Otot  _ XCS T QoXWB (19) acomparable quantity’ VB (r), that is defined by the ratio of
010 (0) 7 710t (0) 1+ a the WB contribution at the pointto the background (ambient)

Here, x..+(r) and x.(r) are the WB and composite scatte’VB contribution
enhancements, defined, respectively, by the ratios of contribu- | pc P(ryo’t(z,y) P(r)H(r)
tions from WB and non-WB scattering to the cross section at ~ Xwb (@, y) P(0)o5(0) — P(O)H(0)’ (22)
the locationr to the comparable contributions to the CrOSBiare. H -
section at the position where the cross section obtains éts?tre;”ne
ambient value. The additional quantity’ is the adjustable

P(0)

(0) is the value of the heighH (r) evaluated at the
southern (ambient-condition-boundary) location. By
combining the last two equations, we find

parameter. B
Using (5),a° can be rewritten in the form LWBC(y ) = Xwh (@, y)H(r) (23)
XwB T,
o oH(0)P(0,0) o A |
o= —p (20) Viewed in terms of operative definitions, this last equality

o 7a, (0)(1 B P(O’_O)) ] provides a test of the approximate equality betwdef)
sp
where o, (0) is given by the right side of (11) WittH(r)  {hat is determined from the LWBC and the SBM breaking
defined by its value at the extreme southern edge of thgypapility which results from the requirement that it be

hydrodynamic calculation (which corresponds to the |0Cati0p§}oportional to the wave dissipation power.
of the ambient condition)y"; (0) refers to the specific com-

posite scattering cross section af{0) is the probability
of breaking, both evaluated at the same (extreme southern) lll. RESULTS
ambient-condition-boundary location. ) o

Because the parameter depends on both cross-sectiorf 1h€ HIRES-1 Rip Feature, and Motivation
information andP(0), by construction, whew % (0)/o°¢(0)  for Including WB Effects
is held fixed, each value af., which uniquely defines the Fig. 2 showsX-band imagery of the HIRES-1 rip feature.
value of P(0), also defines the value af. In particular, in the It appears as a pronounced 0-15 dB) increase in cross
LWBC, 0.5 (0)/07(0) is defined by (10) and the CB modelsection, along the meandering line-shaped feature (colored pri-
RCS expressions, so that this ratio is always independentnadrily in red) that extends several kilometers, predominantly
A.. Thus, in the LWBC procedure, the only way that is in the east-west direction. Two important points are that 1)
allowed to change is throug(0); this is allowable when independent evidence [1], [12] exists that WB was present in
A. has not been specified through a procedure in which thige vicinity of both this signature and the GS’'90 feature, sug-
parameter is allowed to vary. Such a procedure for varyifig gesting that WB effects possibly are involved in the associated
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Fig. 2. Real aperture radar (RAR) image of HIRES-1 feature from airborne measurements by Askari [5], [6] performed off the coast of Cape Hatteras,

NC, during the first NRL HIRES-1. The RCS is plotted using a pseudocolor scale that varies continuously between extreme blue shading, corresponding
to extremely low €20 dB) values of the RCS (relative to its ambient, average value), to extreme red shading, corresponding to the extremely high (13

dB) values (relative to the ambient). (The ambient value of the RCS occurs when the shading is yellow.) Relative to the ambient RCS value (shown
in yellow), along paths that traverse the rip, the RCS variation is betweth and 15 dB immediately over the rip, relative to its value immediately

to the north and south of the rip. The direction and orientation of the flight path is represented through the schematic plot of an airplane, immediately
above and to the right of the extreme upper right corner of the image.

electromagnetic backscatter, and 2) simulations based onlyrgn feature. The surface currents for this model are derived
the CB model, which do not include WB, do not quantitativelfrom the time evolution of the subsurface current structure.
predict the signature that is imaged in Fig. 2. In two 1-D modFhe resulting surface currents, current gradients, and RCS are
els [3], [4], [7]-[9], the signature is simply underpredicted (bylotted for a representative time from this simulation in Fig. 3.
~6 dB); when the more sophisticated 2-D model is includdd the top panel, the currents that flow across (solid line) and
[11], the maximum magnitude of the signature is obtained, bpérallel to (dashed line) the front are shown. Here, the across-
the range of variation is overestimated &5 dB and a non- front currentV is directed to the north (in thg-direction);
physical dependence on look-angle is obtained. In this sectitime along-front current= — U) is directed in the westward
we illustrate that it is possible to correct these deficiencies direction. The comparable strain ra®#d’/dy (solid line) and
both the 1-D and the 2-D models by including WB effects. shear (dashed line), defined BY//dy, are also shown. (The

Besides providing the correct range of variation of thprocedure for simulating the surface currents, shear and strain,
signature, the 2-D modeling illustrates an additional trendhich is based on a detailed 2-D calculation of the subsurface
the relative maxima and minima in radar backscatter froftow, is given in [7].) The bottom panel includes plots of the
the signature and the manner in which RCS varies within tleerresponding RCS across the feature, based on the CB model
signature, as a function of its location, qualitatively agree. l[@ashed line) alone, and after incorporating the WB correction
particular, as can be seen from Fig. 2, the largest RCS valysslid line) that results from application of the LWBC method.
are obtained at the locations of large curvature where the sigie largest enhancement occurs at the location of the largest
nature meanders significantly (i.e., where the direction of tlenvergence (most negative cross-front divergence). In the
signature changes significantly). As we will see, it is possiblaodel, this is the location of the signature. [Here, and in
to obtain this behavior in simulations that are based on the tglt of the 1-D calculations, the enhancement is expressed in
drodynamic calculations associated with applying (3) and (4)ecibels: RCS= 10 * log, (0%, /07%,(0)), where ¢7%,(0) is

) ] the ambient boundary value of?, defined by the value of

B. 1-Dimensional Model Results: 0P at the southern most location in the plot.] Qualitatively,

We begin by examining the improvements that result wheéhe associated rise in RCS can be understood by the sharp
WB is included in the 1-D model [7], [10] of the HIRES-1decrease in the cross-front divergence in a manner that is also
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Fig. 3. Plots of surface currents (top panel), corresponding divergence and shear (middle panel), and RCS (bottom panel) with and without th8dWVB corre
derived from the LWBC procedure, as a function of position, derived at a particular, representati(&zjnrethe evolution of the subsurface current simulation,

as discussed in [7]. The cross-front (northward) curfiéris plotted using a solid line. The along-front (westward) cureat—07) is plotted with a dashed

line. (The westward componesat —U is plotted, as opposed to the eastward compogedt, so that the two current components can be readily displayed in a
single plot.) The associated cross-front divergefite/ dy), also referred to as the strain rate in the text, is plotted with a solid line. The associated along-front
shear(—0u/dy) is plotted with a dashed line. Values of the RCS with and without the WB correction, respectively, are plotted using solid and dashed lines.

found in the alternative 1-D model [3], [4]. This enhancemerfibr the GS’90 feature 1-D model calculations) agree with
(as well as some of the additional structure to the right @fidependently measured values derived from wave-tank and
the enhancement [7]) also qualitatively can be understood tigld measurements. Fig. 4 shows a plot of RCS for three
applying the relaxation model [26]. In [7], a discussion iglifferent values (0.3, 0.4, and 0.5 g) &f. for the HIRES-
provided of the relationship between the CB RCS and tlefeature that illustrates the behavior of the signature\as
underlying current structure. is varied. As discussed in [7], the behavior of the RCS as
As can be seen from Fig. 3, however, in the CB moded function of A, is governed by a delicate balance between
the magnitude of the signature3.8 dB [=maximum value 1) enhanced WB from increases Iz, y) in regions away
of 10 = logo(a;%,/07%,(0))] is significantly underestimated. from the convergence whefy. is small and 2) reduced WB
By incorporating the LWBC correction, the variation in theeverywhere that results whéf(z, ) is diminished as a result
cross section increases from 5.8 to 10.9 dB. The WB-inducefliA,. being too large. The maximum valude. = 0.4 g results
enhancement shown in this plot corresponds to the valfrem the balance between these competing effects.
A. =0.4g. ThisA.-value results in the largest RCS signature. Fig. 5 shows a plot of RCS from the LWBC method.
In practice, as in [7] and [10], this value, as well as thAlso shown is the comparable SBM result (based on the
remaining values associated with the 2-D HIRES-1 simulati@orresponding, calculated value @f) that results from (20).
and in the 1-D GS’90 simulation, are determined through As can be seen from the plot, the agreement between the
number of calculations involving different valuesf, which  shapes, locations of maxima and minima, and widths of the
were performed to find the particular value that maximizeéBCS’s as functions of position of the two models is good.
the variation in RCS across each front. This value Agr=  Although immediately in the vicinity of the rip, there is a
0.4 g as well as the other values that are obtaiidd = significant (2.5 dB) enhancement, locally, of the LWBC
0.42 g for the 2-D HIRES-1 model and\. = 0.375 g cross-sectiowrwge (in agreement with experiment) relative
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Fig. 4. Plots at the same timg%) of the current simulation [7] of the RCS with the LWBC correction included for three different values, 0.5, 0.4,
and 0.3 g, of the critical crest acceleration.. Different line styles (dashed, solid, or dotted), as labeled in the legend within the figure, are used in
each RCS plot to distinguish the different values /of that are used.

to the comparable SBM cross-sectiogisy; this enhancement extracting surface slope asymmetries and a similar theoretical
is accompanied by a reduction (by0.5-1 dB), beginning model to the one presented here, based on the SBM. This other
~100 m to the north of the rip. As a consequence, averagstldy is primarily concerned with V-V- and H-V-polarizations
spatially over the region where both models predict apprat L- and P-band. Because the physical optics approximation
ciable £0.5 dB) RCS, good agreement between the resultitgyassumed in the version of the LWBC model that has been
mean values of the RCS is found. (Respectively, the mean R@&/eloped in the present paper, this model can only be applied
values are 3.94 and 4.09 dB for the LWBC and SBM methodsvhen2r H(r)/\ > 1 (A = radar wavelength). For the values
Also, the calculated value, 1.03 dB, for the rms deviatioof H(r) that are relevant in the present study, this inequality
associated with the comparably averaged difference betwdwaaks down in the vicinity of the feature for these frequencies.
the computed LWBC and SBM cross sections is relativelyor this reason, the model cannot be applied to these cases.
small. Additional similarities and differences between th&he model does apply, however, for C-band.
SBM and LWBC model results are discussed in [7]. Fig. 7 shows the RCS along a 1-D cut across the front,
Fig. 6 shows polarimetrically resolved, H-V (H-transmit anéveraged in the vertical direction over 50 adjacent lines to
V-receive) and V-V images taken by the Jet Propulsion Labeduce speckle. The location of largest variaties2 2 dB)
oratory AIRSAR during GS’90, for C-, L-, and P-band (5.2pccurs with H-V-polarization. Because (6) and (7) have not
1.25, and 0.44 GHz) frequencies. This figure illustrates the fieeen derived for H-V polarization, it is not clear if (8) holds
guency and polarimetric dependencies of both the “velocitydr this case. For this reason, the result of applying (11) to
and “temperature” front signatures, which, respectively, appdhrs polarization may require refinement. Also, (6)—(8) are not
as vertical lines toward the northern and southern portionsdlid for P- and L-Band.
the figure. Of interest to us in this paper is the brighter and nar-Fig. 8 shows a plot of the currents [based on (1) and (2)]
rower signature that occurs on the southern side (to the rigtitat are used to model the GS'90 feature (top panel), the
in each image. Itis quite clear from the figure that the signaturesulting shear and divergence, and simulated helgbt)
exhibits important sensitivities with respect to frequency artlat results when the resulting solution fér is substituted
polarization. In a separate study [27], these dependencies hiane (18). As in the HIRES-1 case, by construction, it is to be
been investigated using a polarimetric analysis procedure pected that the largest return occurs at the location where the
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Fig. 5. Plots of the RCS based on the LWBC method (dotted line) and SBM (solid line), as a function of position, for the particular valugs®# g)
and o® (=0.5) that maximize the WB-induced enhancement. This valué of for the model that is considered, also provides the optimal agreement
between simulation and experiment for the maximal variation in RCS.
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Fig. 6. Synthetic aperture radar (SAR) images with H-V- (H-transmit and V-receive) and V-V-polarization, taken by the Jet Propulsion Labor@faRy AIR
during GS'90, for C-, L-, and P-band (5.2, 1.25, and 0.44 GHz) frequencies, as marked. The patrticular flight path is shown in [2] (Pass SS 360-1). North
is toward the left. The AIRSAR was flying from south to north. The data have been averaged by a multilook factor of 16 (16-look processing). The
“temperature front” as in [12] is to the south (right) in each image.

divergence £negative convergence) achieves its minimunsomewhat larger than the comparabiel(2 dB, C-Band, H-
This is confirmed in the top plot of Fig. 9, which shows plot#l) signature that is apparent in the middle of the comparable
of the resulting simulated H-H polarization RCS (for C-banglot in Fig. 7. This WB-induced enhancement corresponds to
with 45° angle of incidence) with and without the WB-inducedhe valueA,. = 0.375 g, which occurs at the maximum WB-
enhancement that results from applying the LWBC method. Asduced enhancement in RCS. The bottom of Fig. 9 shows a
can be seen from this plot, the CB model prediction for thglot of RCS for three different values (0.375, 0.45, and 0.3
RCS signature is only~0.15 dB; while in the presence ofg) of A. that illustrates how the RCS varies as a function of
WB, the simulated signature is2.8 dB. This last value is A.. As can be seen from the plot, the variation in RCS is not
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Fig. 7. Shows an average of the RCS (relative power, dB) along a representative 1-D cut across the GS’90 “temperature front,” for L-, P-, and C-band
frequencies and V-V-, H-V-, and H-H-polarizations. The average was taken over 50 adjacent lines parallel to the cut. The horizontal axis refers to the
relative position, in which pixel count is a relative measure of north—south location: the separation between pixels is 12 m. The “temperatgeufiont”

at pixel count 100. The location of largest variation2.5 dB) occurs with H-V-polarization.

as nearly pronounced in this plot &s is varied, as it is in in decibels.] As noted above, using this procedure, we have
Fig. 4. The reason for this is that the wind speed(m/s) obtained the estimatk. = 0.42 g, which agrees well with the

in the GS’90 case is considerably larger than in the HIRESether two critical crest acceleration estimates.

case. Because of this difference in wind speed, the ambienFig. 10 shows plots of the RCS with [Fig. 10(b)] and
WB-induced enhancement in RCS is considerably larger without [Fig. 10(a)] WB when the radar is pointed across
the GS’90 case than in the HIRES-1 case. This is the reagbe rip. The signature of the rip appears as the meandering
the GS’90 signature is less sensitive to variationg\in The sinusoidally varying region of large RCS variation found in the
simulated value for the CB model H-V polarization, C-Bandenter of each plot. The largest RCS variationd %18 dB)
RCS signature is 1.2 dB. When the valtie = 0.375 is used are found in the regions of large variation located in the “cusp-

in (11), this variation increases t©2.2 dB. like” positions (marked by arrows) within the signature in both
) _ plots. The smallest variations in RCS within the signature
C. 2-Dimensional Model Results in each case are found in the “noncusp-like” regions (also

Using the sinusoidally varying, 2-D model (5) for themarked by arrows). In the non-WB case [Fig. 10(a)], this
northward current componefit, we have used the procedureminimal RCS variation (within the noncusp-like portion of
outlined in Section Il to derive the associated wave spectruire signature), relative to the minimal RCS value (found far
and RCS, with and without WB. To obtain the WB enhancdrom the signature) is-6 dB; while in the cusp-like region, the
ment, we fixedA. by determining the maximum value of thecomparable RCS-variation is 16 dB. Although experimentally
enhancement. [For this case, the ambient value of the RC$5k [6] in comparable “cusp-like” regions, largel5 dB varia-
assumed to be the minimum valug’, (min) of the RCS that tions in RCS were observed, variations in RCS-d00 dB were
results from the simulation, and the enhancement is expresséderved in the noncusp-like regions. As a result, when the CB
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Fig. 8. Shows a plot of the currents [based on (1) and (2)] that is used to model the GS’90 feature (top panel), the resulting shear and divergarateand sim
height H(r) that results when the resulting solution fBris substituted into (18). Currents, shear, and divergé¢eee-(9V/dy) are defined as in Fig. 4.
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Fig. 9. Shows plots, as a function of position, of simulated GS’90 RCS (for C-band and H-H polarization, Wiinglb of incidence) with and without the
WB-induced enhancement that results from applying the LWBC method (top plot) and dependence of GS'90 RCS on critical crest actelératiom

plot), for three values ofA\. = 0.3, 0.375, and 0.45 g. In each plot, RCS is measured in decibels, relative to the minimal RCS value, which occurs at the
extreme left (southern) boundary of the plot. As can be seen from this plot, the CB model prediction for the RCS signature-Gs1&ngB; while in the
presence of WB, the simulated signature~i2.8 dB. In each case, north is directed toward the right alongrthgis.

model is used alone, a considerably larger range of variationRCS-values within the signature is considerably larger than
(~6-16 dB) in RCS is obtained from modeling within thas observed experimentally. By incorporating WB, it is found
rip than was observed. Considerable improvement [as cantbat this deficiency is eliminated and quantitative agreement
seen in Fig. 10(b)] is obtained when the WB effect is included obtained.

For this case, we find that in the cusp-like and noncusp-like WB effects are also found to be important in our ability
regions, respectively, the RCS varies Bjl7 and~12 dB. to simulate the look angle dependence. Without WB effects,
Thus, by including two-dimensionally varying currents, it ishe RCS exhibits a sensitivity with respect to changes in look-
found that, when the radar is pointed across the rip, significaarigle that was not found experimentally; when WB effects are
(~15-18 dB) variations in RCS are obtained in the cusjncluded, this deficiency is eliminated. This effect is illustrated
like regions of the rip, regardless of whether WB effects aia Fig. 11(a) and (b), where simulated plots of RCS are shown
included. This variation in RCS is significantly larger than theshen the radar is pointed along the rip (i.e., perpendicularly
comparable variation that is obtained in noncusp-like regiorts. the dominant current convergence). By comparing this plot
Both of these trends agree with experimental observatiomith Fig. 10(a) and (b), we find that the signature effectively
However, without WB, the range~6-16 dB) of variation disappears in simulations that do not incorporate the WB
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Fig. 11. Simulated RCS values, looking along rip, (a) without and (b) with
WB (again based on the LWBC procedure with the value= 0.42 g), in
decibels (as marked), relative to the minimum value of the RCS obtained in

. . each plot. The schematic of the airplane is used to indicate the flight path
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() that the simulations significantly underpredict the magnitude
Fig. 10. Simulated RCS values, looking across HIRES-1 rip feature, (gf hoth signatures, we have introduced an approximate model

without and (b) with WB enhancement (computed from the LWBC procedu . .
with the valueA. = 0.42 g that maximizes the WB enhancement), irﬁ)r S'mUIatmg the effects of WB on radar backscatter. Our

decibels (as marked), relative to the minimum value associated with eagtotivation for doing this was two-fold: 1) the initial model

plot. The schematic of the airplane is used to indicate the flight path #iges not include these effects and 2) WB was observed in
each plot. “Cusp-like” (“noncusp-like”) regions (marked by arrows) refer t

regions where the signature is strongly (weakly) dependent on 2-D variatiihse vicinity of each feature. The new .approach,' which we
in position within the rip. “Cusp-like” (“noncusp-like”) regions, here andhave named the LWBC method, effectively marries a more

_(qusgtgtive_zlz_) inhFig: 1, show the greatest (least) variation in enhancemeéstrictive, deterministic method for modeling WB effects by
n within the ip. Wetzel with a statistical scheme. We have also illustrated
) ) ) o ) how this LWBC procedure can be related to an earlier (less
effect, while for cases in which WB is included, the signaturgyantitative) procedure, called the SBM [3], [4], [7], for
closely resembles the comparable signature that is obtaingeluding WB effects. Three key results of the analysis include

when the radar is pointed across the rip. the following:
1) LWBC procedure has a single adjustable parameter,
IV. SUMMARY critical crest acceleration.,, which can be adjusted to

In this paper, we have documented the full spectrum pro- provide the desired signature;
cedure that has been used to simulate radar signatures th&) resulting estimates aok. seem to be applicable in very
were observed during HIRES-1 and GS’'90. Because, as in different situations, involving very different environmen-
earlier calculations, in the absence of WB, we have found tal forcing from the currents and winds;
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3) using the LWBC procedure, quantitative agreement fgr2] G. 0. Marmorino, R. W. Jansen, G. R. Valenzuela, C. L. Trump, J. S.
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