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1.0 INTRODUCTION

This report summarizes the tasks completed and results obtained during the

period I Febrnary 1990 to 31 January 1993 under ONR contract number N00014-90-

C-0071. The overall goal of this research has been to contribute to a better

understanding of the processes which cause variations in the radar backscatter from

the ocean surface on scales of 1 meter to 1 kilometer, in order to enhance the utility

of radar remote sensing techniques for oceanographic purposes. The specific

objectives were to (1) develop a statistical model for the ocean surface which includes

the effects of all the relevant processes which influence the small-scale surface

roughness, (2) combine this model with an appropriate electromagnetic scattering

model, and (3) test the predictions of the combined model using empirical data from

laboratory and field experiments.

During the first year of this project, work centered on the theory of wave-

current interactions using the wave action spectral transport equation. This task

included both the development and exercise of models in order to make pre-

experiment predictions for the High Resolution field experiment. The work resulted

in the publication of a paper in the Journal of Geophysical Research, a copy of which

is included as Appendix A of this report. Additional efforts under this task which

have not been published in the open literature are described in section 2 of this report.

Subsequent modeling efforts included consideration of the radar backscatter

problem, including a comparison of two implementations of the two-scale or

composite model and an exploration of a new scattering model for breaking waves

based on the Kirchhoff approximation. The results of this effort are described in

section 3 of this report.

During the second and third years of this project, model verification studies

were carried out using data collected during the High Resolution pilot experiment



which took place in September, 1991. A Doppler radar was deployed on the LADAS

platform during this experiment, and data from this instrument was analyzed and

compared with other measurements made during the experiment. Synthetic Aperture

Radar data collected by the ERIM/NAWC P3 SAR system during the High Resolution

experiment was also analyzed during the final year of this project. These efforts are

described in section 4 of this report. Finally, a summary of the work accomplished

and results obtained during this project is given in section 5.

"2
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2.0 WAVE SPECTRUM MODELING

The ocean surface may be described statistically in terms of the wave height

spectrum S (k, C) where k is the wavenumber and * is the propagation direction.

Although this description does not necessarily imply anything about the dynamics of

the surface, the assumption is commonly made that the Fourier components which

make up the spectrum may be regarded as freely propagating, linear surface waves.

Spatial variations in the spectrum are then considered to be due to interactions of

these waves with variable surface currents, surfactants, the atmosphere, and other

waves.

The interaction of short waves with surface currents was investigated during

the first year of this project using the wave action equation, and the results were

published in the paper reproduced in Appendix A. Subsequently, further work was

done on the net source function which appears on the right-hand side of this equation.

Some of this work was presented orally at the Spring 1991 AGU meeting, but since it

has not been published in printed form it is described in more detail in the following

section.

2.1. NET SOURCE FUNCTION

The primary energy source for ocean surface waves is the atmosphere.

Although the mechanisms responsible for the transfer of energy from the atmosphere

are not entirely understood, they may be considered to fall into two categories. The

initial formation of waves from a calm surface is thought to be caused by turbulent

atmospheric pressure fluctuations which move across the water surfaice at die saie c

speed as the waves (Phillips, 1957). The energy input due to this mechanism is

denoted here by the function a (k, 0) . Once waves of a certain amplitude are

present a feedback mechanism begins, leading to an exponential wave growth. The

3
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rate of energy input due to this mechanism is therefore proportional to the spectral

energy density, with a constant of proportionality denoted by (3 (k, 0) •

Measurements of this quantity exhibit a large amount of scatter, but the expression

ps=o. 25 [-Ucos (0 - 1, W

given by Snyder et al (1981) is widely accepted for wavenumbers near the spectral

peak, while the expression

l p=O 4(.2 cos (,-,O,,) for I€-4pj<n/2

suggested by Plant (1982) is generally considered to he valid at higher wavenumbers.

Here U is the wind speed at 5 meters above the surface, u. is the friction velocity

(see section 2.4 below), c is the phase velocity and w is frequency of the waves, * is

the wave propagation direction, o, the wind direction, and p. and pl, are the

densities of air and water, respectively.

In order for the wave system to reach a state of equilibrium, there must exist

energy dissipation mechanisms which balance the energy input from the atmosphere.

One such mechanism is due to the viscosity of the water. The rate of energy

dissipation due to viscosity is given by 4vk 2 times the spectral energy density, where

v is the kinematic viscosity of the water. However, this mechanism is capable of

producing an equilibrium state only if 4vk 2 >P3, which occurs only at very high

wavenumbers or very low wind speeds. Mathematically, a state of equilibrium can be

produced by introducing a rate of dissipation which is a nonlinear functional of the

energy spectrum. The simplest such term would be proportional to the spectral

density raised to some power n> 1. For n=2 the net source function can be written

as

4



ddS= a+ (-4vk 2 ) S-ywjk 4 S 2

dt

where T is a dimensionless constant. The steady-state solution of this equation yields

the equilibrium spectrum

P -4vk2+V/( P-4vk2) 2+4aywk2ywk 4

Although the form and magnitude of the Phillips growth term is uncertain, it is

assumed to be the dominant term for wavenumbers near the spectral peak. In this

region, the equilibrium spectrum is then given by approximately

So(k,4 - (k- )1 /2

It is further assumed that in this region the equilibrium spectrum has the form given

by Pierson and Moskowitz (1964). This would imply that the Phillips or linear

growth term can be written as

a =Y (ak "Sp~(k, 40)

where S., (k, go) is the Pierson-Moskowitz spectrum converted into wavenumber

space, i.e.

k dk

where g is the gravitational acceleration, c 0 =g/U, U is the wind speed at 19.5

meters above the surface, F(it) is an angular distribution function such as

F(it) = 4 ( cos )

5



and w is given by the dispersion relation

C2=gk+ •--k3
p

where v is the surface tension and p is the density of water.

At high wavenumbers, where the viscous dissipation term dominates, the

equilibrium spectrum approaches

4vk 2

which falls off as k-1' for k 2 '.pg/r. The range of wavenumbers where this

approximation holds is sometimes referred to as the viscous cutoff region.

At intermediate wavenumbers, the exponential growth term dominates and the

equilibrium spectrum predicted by this model is larger than the Pierson-Moskowitz

spectrum. The amount of this enhancement depends on the wind speed and also on

the value of the constant y. An example plot of the equilibrium wave height

spectrum for y =1, using the growth rate suggested by Plant (1982), is shown in

Figure 1. The wavenumber dependence shown here is qualitatively similar to that

suggested by Pierson and Stacy (1973) and Bjerkaas and Riedel (1979). However,

the detailed structure shown in the measurements by Jdhne and Riemer (1990) is not

accounted for by this model (see sections 2.5 and 4.2 below). Multiplying the height

spectrum by k 2 cos' (4-C,) and k 2 sin2 -(•-O,) and integrating over all

wavenumbers yields the slope variances in the upwind and crosswind directions,

respectively, as shown in Figure 2. These slope variances agree fairly well with

those measured by Cox and Munk (1954) which are also shown in Figure 2.

6
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2.2. WAVE-CURRENT INTERACTIONS

The net source function discussed in the previous section can be rewritten in

terms of the action spectral density N (k, () = p c S (k, () as

dtd--t=a'+ ( I3-4vk 2 ) N- y'tk'N2

where a/=pcu and y'=y/pc. This equation can be used, along with the ray

equations

dK = -kxau-k aLvdt cgx+u dt ax ax
dyc+ C= +v-k auk av

Sd---? :-k,,. -ky-
dt c,+v dt ay ~ay

to calculate the evolution of a wave packet as it interacts with a variable surface

current. Alternatively, these five equations can be combined into a single partial

differential equation as discussed in Lyzenga and Bennett (1988). The paper

reproduced in Appendix A discusses an analytic solution of this equation, obtained by

approximating the net source function by -0, (N-N0 ) where N0 is the equilibrium

action spectrum and 0, is a relaxation rate. Using a Taylor expansion of the net

source function described above, this relaxation rate may be written as

P,=/(P-4vk 2 ) 2 +4aywk'.

Note that P1 = f3 in the intermediate wavenumber range where the exponential growth

term dominates, and P, r = 4vk 2 in the viscous cutoff region.

An example calculation of the change in the wave spectrum due to a

converging current is shown in Figure 3. Additional examples are discussed in

Appendix A and in section 4.2 below. A general characteristic of these calculations

is that the maximum effects are predicted at wavelengths on the order of 1 meter, and

9
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very small changes in the wave spectrum are predicted at wavelengths of less than 10

cm. These predictions are apparently at odds with the observation of large changes in

microwave backscatter associated with current gradients on the ocean surface, since

the microwave backscatter is generally considered to be governed by the surface wave

spectral density at wavelengths comparable to the radar wavelength. The studies

discussed in the remainder of this report were motivated in large part by this apparent

discrepancy. A more quantitative evaluation of the accuracy of the predictive models

will be presented in section 4 below.

2.3. SURFACTANT EFFECTS

The viscous damping of surface waves is enhanced by the presence of

surfactant films. A linearized theory of this damping effect was developed by

Dorrestein (1951) and Levich (1962). Empirical validation of this theory was

provided by Cini and Lombardini (1981). The main parameter influencing the

amount of wave damping is the surface elasticity E which describes the change in

surface tension upon compression of the film. Diffusion or adsorption effects can be

incorporated by considering this to be a complex quantity. However, in the simpler

case in which the elasticity is real, the surface wave damping rate is given by

Pd= 4vk2 1-X+XY
1-2X+2X

2

where

X= Ek 2  and Y= Ek

P (4pvw

(Cini et al., 1987). Figure 4 shows a plot of the viscous damping rate for a clean

surface (E=Q) and for a surface covered with oleyl alcohol, which has an elasticity

E=22.5 dyne/cm. The damping rate for the film-covered surface has a characteristic

11
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peak at a wavenumber of about 2 rad/cm, which is caused by a resonant coupling of

the surface wave energy into longitudinal or Marangoni waves within the surface film.

This damping rate can be used in the net source function, as discussed in

Section 2.1, in order to determine the change in the equilibrium spectrum due to the

presence of a surface film. Example results of such a calculation are shown in Figure

5 for an oleyl alcohol film.

2.4. ATMOSPHERIC STABILITY EFFECTS

The wind-wave growth rate introduced by Plant (1982) involves the friction

velocity u.=V-/?7- where T is the wind stress and p is the density of air. The wind

stress is dependent on atmospheric stability conditions as well as the wind speed. An

empirical relationship among these variables, as determined from a set of 214 records

over a range of windspeeds from 2 to 21 m/sec (Geernaert, 1990), can be written as

U, (2.58U+0.49 U2+0.07 U3- 1.06AT) x 1 m2/sec2

where U is the windspeed (in m/sec) measured at 10 m above the surface and A T is

the difference between the air and water temperatures (in * c). Using this relationship

to calculate the growth rate, and solving for the equilibrium spectrum as discussed in

section 2.1, yields the results shown in Figure 6 for U = 3 m/sec and two values of

A T corresponding to stable (AT>0) and unstable (AT <O) conditions. Note that the

largest effects are predicted at very short wavelengths.

2.5. WAVE BREAKING EFFECTS

The net source function discussed in section 2. 1 includes a dissipation term

which is thought to be due primarily to the effects of wave breaking (Phillips, 1977,

1985). However, it does not incorporate any corresponding source of wave energy or

spectral density. There is ample empirical evidence that small-scale roughness is

13
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generated by breaking waves (e.g. Banner and Fooks, 1985), although there is

consider. 'le uncertainty as to the details of this process. This section describes a first

attempt to model the effects of wave breaking on the surface roughness. The effects

of this change in roughness on the radar backscatter are considered in section 3.3

below.

A procedure for predicting the fraction of the surface covered by breaking

wave crests has been developed and to some extent validated by several authors. The

procedure assumes that there is a threshold on the downward vertical acceleration at

the surface of the water, beyond which the surface becomes unstable and breaks. A

breaking threshold of -g/2 was suggested by Longuet-Higgins (1969), this being the

limiting acceleration near the crest of a Stokes wave. Laboratory observations of

wave breaking by Ochi and Tsai (1983) were shown by Srokosz (1983) to be

consistent with a zhreshold of -ag, where r -,0.4. Using this threshold and assuming

that the values of the vertical acceleration are normally distributed with mean zero

and standard deviation oa,, as in Snyder and Kennedy (1983), the fraction of the

surface covered by breaking water is given by

fb = -ag I-" = o.Serfc

-f V /N-O. L 2 a! 1

For gravity waves, the variance of the vertical acceleration is given by

W, 27 ke

a.' f c 4S. (w) d =f f g2k2S(k,4ý)kc3JcO = g2c.
0 0 0

where a2 is the slope variance and k• is a cutoff wavenumber which defines the

16
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spatial scale of the brealing waves. A plot of the breaking fraction as a function of

the slope variance is shown in Figure 7. The cutoff wavenumber is somewhat

arbitrary, but for the present purposes it is assumed to lie near the boundary between

gravity and capillary waves. The slope variance in this equation may therefore be

associated with that measured by Cox and Munk (1954) in the presence of a surface

slick, which would presumably damp out the capillary waves as discussed in section

2.3 above. The total (upwind plus crosswind) slope variance under these conditions

was found to be related to the wind speed by the equation
2 2+2

CJ = C 2+1 = 0.008+0.00156W

where W is the wind speed (in m/sec) recorded at 41 feet above sea level. The

fractional breaking area using this equation for the slope variance Is plotted in Figure

8. For wind speeds between 3 and 15 m/s the breaking fraction is approximated quite

closely by the equation

fb=O. 0044(1.5 3 < W< 15 m/s.

This is roughly half of the fractional whitecap coverage as given by Spillane et al

(1986), although is is somewhat closer to the observations of Kondo et al (1973).

Given the foregoing macroscopic description of the surface in terms of the

breaking fraction f.,, the next step is to attempt to statistically describe the

microstructure within the breaking regions. Here we are faced with the problem that

wave breaking may encompass a wide variety of phenomena, ranging from parasitic

capillary generation at the onset of small-scale breaking to the formation of droplets,

bubbles, and foam during the most energetic large-scale breaking events. Although

the latter cases are the most obvious and easily observed, the breaking criterion

discussed above suggests that a large fraction of the breaking surface area may be

associated with relatively short waves. For a k -4 spectrum, the slope variance within

17
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the wavenumber interval from k, to k2 is proportional to in (k 2 /k 1 ) . Thus, for

example, wavelengths from 10 cm to 1 meter contribute the same amount as

wavelengths from 1 to 10 meters. Therefore, features associated with small-scale

breaking waves, such as parasitic capillary wave generation, may be as important as

large-scale breaking events for the purposes considered here.

Laboratory measurements by Banner and Fooks (1985) indicate that the

roughness generated by 20-30 cm breaking waves is fairly narrow-banded. Field

measurements by Kondo et al (1973) associated breaking waves with local increases

in the height variance calculated over time intervals of 0.2 sec. Typical values of the

r.m.s. surface height for these high-frequency components were on the order of 0.5-1

cm in the presence of breaking waves. Values of this r.m.s. height were also

calculated for all observations (with and without breaking) and plotted versus the wind

speed.

For a given measurement interval, the height variance associated with the

roughness caused by wave breaking may be assumed to 'e proportional to the fraction

of the surface covered by breaking water during this interval, and may be written as
22

h2 =fbhb

where h2 is the height variance within the breaking regions. The spatial structure of

both breaking and non-breaking regions can be described by means of the

autocovariance function

40(r) ={ ( r) r+)

where il (r) is the surface height and the brackets indicate ensemble averages. It

will be assumed here that the surface within a breaking region may be characterized

by a covariance function having a correlation length z, which is much smaller than

the correlation length in the absence of breaking.

20
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Assuming the small-scale height variations within the breaking regions are

uncorrelated with the larger-scale height variations on the underlying surface, the total

height autocovarianc,' function can be written as

(Z) = (b (r) + 41b(r) .

It is further assumed that the shape of the breaking wave contribution to the

covariance function is approximately gaussian and isotropic, and can thus be written

as

4)b ()fbh .e-/.

where r. is the correlation length within the breaking region.

Using this expression for the surface height autocovaniance function, the

corresponding height spectrum can be written as

S(k,0)1= ff (r) e ico(of)r dr dS~k,) -(27t)2

fbhb ~.2/Z 2
2 e J 0 (kz)rdr + S,(ke)

2 -k2-r2

fbh 2r4 e- C + S,,b(k,S).

Detailed measurements of the short wavelength portion of the wave spectrum

in a large wind wave facility have been made by Jahne and Riemer (1990). These

measurements show a weak dependence of the spectrum on the wind speed or friction

velocity at wavenumbers below 1 rad/cm and a much stronger dependence at higher

wavenumbers, with a sharp cutoff in the spectrum at a wavenumber of approximately

8 rad/cm. The wind speed dependence for wavenumbers between 1 and 8 rad/cm and
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friction velocities between about 10 and 50 cm/s is described as approximately a

power law in the friction velocity, with an exponent between 2.5 and 3. For the

lowest wind speeds the dimensionless curvature spectrum or "degree of saturation"

B(k), which is defined as 0 times the height spectrum, falls off rapidly between

wavenumbers of 1 and 2 rad/cm.

One possible interpretation of JAine and Riemer's measurements is that for

wavenumbers below 1 rad/cm, the spectrum results from a balance between the wind

input and various dissipation mechanisms as discussed in section 2.1 above, wherea.L

for ,ier wavenumbers the spectrum is dominated by wave breaking effects. Under

this hypothesis, the rapid increase in the spectrum with wind speed at these

wavenumbers is then due to the strong dependence of the breaking fraction f4, on the

slope variance. The observed cutoff in the spectrum at 8 rad/cm is consistent with a

value of r, of roughly 0.5 cm. Furthermore, the observed spectral levels in the

region of 1 to 8 rad/cm appear to be predicted fairly well by assuming a value of

hb ZrC and using the breaking fraction calculated as described earlier in this section.
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3.0 RADAR BACKSCATTER MODELING

The problem of predicting the statistics of the radar backscatter from the ocean

surface is one of long standing. There are well-known solutions of this problem in

the limiting cases where the electromagnetic wavelength is either much longer or

much shorter than the relevant spatial scales of the surface roughness. However, for

electromagnetic radiation in the microwave region of the spectrum, and at

intermediate angles of incidence, the spatial scales for typical ocean surfaces are such

that neither of these limiting solutions is valid.

The most widely accepted approximate solution within this intermediate

scattering regime is the composite or two-scale model. Some problems associated

with this model are discussed in section 3.2 below. An alternative approach is

provided by the Kirchhoff or physical optics approximation. This approximation is

reviewed in the following section, and is applied to the problem of breaking wave

backscatter in section 3.3.

3.1. KIRCHHOFF APPROXIMATION

Electromagnetic radiation striking the surface of a highly conducting medium,

such as the ocean, induces a surface current Jr (z) . Once this current is known, the

scattered magnetic field can be calculated from the equation

H, (.r) =f VG (r-r') x J, (.') dr I

where

G(r_-r') - eIklr'I'
e Ikz-z'j4n jr-r'l

The Kirchhoff or physical optics approximation is obtained by assuming that the
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surface current is given by

J,(r) =-2n (z-) x . (r)

where n (r) is the surface normal and AV (Cr) is the incident magnetic field. This is

equivalent to the current which would be present on an infinite flat plane tangent to

the surface at the location z. If the surface height 11 (x, y) is assumed to be a

Gaussian-distributed random variable, the radar cross section per unit area is then

given by

o--1 k2sec2effOr(x,y) e -21 kxdxdy

where k. is the radar wavenumber, 0 is the incidence angle, k,=kosinO,

k.= k0cose and

r (x, y) = exp{4k2 [4 (x,y) -_(0,O)] }

where 0 (x, y) is the surface height autocovariance function (Holliday et al., 1986).

In the limit as k.- G, r (x, y) is non-zero only in an infinitesimal region

around the origin, over which the covariance function 0 (x, y) can be expanded in a

Taylor series to second order in x and y. The integral for a, can then be evaluated

analytically to yield the well-known specular scattering result (Barrick, 1968). On the

other hand, as k- 0 the small-argument approximation can be used for the

exponential function in the above equation, with the result that co becomes

proportional to the surface height spectral density at the "Bragg" wavenumber

kB= 2k,= 2kosin8. However, the constant of proportionality in the resulting

expression is different from that obtained by the small perturbation method (SPM). It

has been shown by Holliday (1987) that if a second iteration is performed by

calculating the current induced by the first-order scattered field in the Kirchhoff
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approximation, the SPM result is reproduced for both vertical and horizontal

polarization.

It can be seen, therefore, that although the Kirchhoff approximation is inferior

to the SPM in some respects, it has certain advantages in that it does not rely on the

assumption that the waveheight is much smaller than the electromagnetic wavelength.

This makes the approximation attractive for some cases, such as the one discussed in

section 3.3, where the wave height may not be small enough for the SPM to be valid

and for which the two-scale model is not applicable because the roughness is basically

on a single length scale.

3.2. TWO-SCALE MODEL

There are several variations and several methods of deriving the two-scale

model, but the basic idea is to apply the small perturbation or Bragg scattering model

to small patches of the surface, each of these patches having a different slope or

orientation with respect to the overall scattering surface. The total scattered power is

then obtained by summing or integrating over all possible slopes of the Bragg

scattering patches. There is some ambiguity regarding the scale separation

wavelength, which influences the distribution of slopes included in the integration,

and also regarding the method of performing this integration. In addition, the two-

scale model makes certain assumptions about the surface height and slope statistics

(namely, that they are uncorrelated) which may be violated at small scales and in the

presence of wave breaking and parasitic capillary wave generation.

The radar cross section given by the two-scale model can be written in its

simplest form as

Oo0ffOB(ix, 11y) p (qx, i1y) dnxdtly,

where ce (.11, -ny) represents the Bragg scattering cross section per unit area for a
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surface element having slope components I., and qY, and p (%e, n y) represents the

probability density function for these slopes. This integral can be evaluated

numerically, using well-known expressions for the Bragg scattering cross section as

described for example in Lyzenga and Bennett (1988). An example of the results for

vertically and horizontally polarized radiation, assuming a k' short wave spectrum

and a 450 incidence angle, are shown in Figures 9 and 10 as a function of the slope

variance q.

Alternatively, the Bragg scattering cross section can be expanded as a Taylor

series in the slopes YIn and iqy and the integration can be carried out analytically. In

fact, it is argued by Plant (1986) that it is "inconsistent" to carry out this expansion

beyond second order in the surface slope. This implies that the radar cross section is

a linear function of the slope variance, as shown by the dashed lines in Figures 9 and

10. Obviously, there is a large difference between the results for horizontal

polarization when the slope variance exceeds about 0.03, or the r.m.s. tilt angle

exceeds 100.

3.3. BACKSCATYER FROM BREAKING WAVES

Measurements of the X-band radar backscatter from breaking waves at near-

grazing angles of incidence led Lewis and Olin (1980) to propose that breaking

regions may be considered as perfect isotropic reflectors, with all of the incident

energy being scattered uniformly throughout the upper hemisphere. This would imply

a radar cross section per unit area on the order of unity, or more precisely

Go= 2 cosO

where 0 is the angle of incidence. Field measurements of microwave backscatter

made at intermediate incidence angles have also been interpreted in terms of the

contributions from wave breaking by Jessup et al (1990, 1991a, 1991b) as discussed
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Figure 9. Radar Cross Section Versus Large-Scale Slope Variance Calculated
From Two Versions of the Two-Scale Model, for Vertical Polarization
at 450 Incidence. Solid Line Indicates Result of a Numerical
Integration Over Wave Slopes, as Described by Lyzenga and Bennett
(1988), and Dashed Line Indicates Analytical Result Obtained by Plant
(1986).
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Figure 10. Radar Cross Section Versus Large-Scale Slope Variance Calculated
From Two Versions of the Two-Scale Model, for Horizontal
Polarization at 450 Incidence. Solid Line Indicates Result of a
Numerical Integration Over Wave Slopes, as Described by Lyzenga
and Bennett (1988), and Dashed Line Indicates Analytical Result
Obtained by Plant (1986).
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below. Additional laboratory measurements of the radar backscatter from breaking

waves have been made by Banner and Fooks (1985), Melville et al. (1988), and

Trizna et al. (1991).

Several attempts have been made to model the backscatter from breaking

waves deterministically, based on various assumptions about the geometric structure

of the surface. Wetzel (1981, 1990) has constructed models for breaking wave

backscatter based on assumptions about the detailed shapes of the scattering elements

within an actively breaking region. Lyzenga et al.(1983) proposed a wedge

diffraction model to account for scattering from the sharp crests of breaking waves,

and Kwoh and Lake (1984) made laboratory measurements and calculations to

evaluate the relative effects of the sharp crest and the parasitic capillary waves

associated with a finite-amplitude surface gravity wave.

Most statistical scattering models of the microwave backscatter from the ocean

surface at intermediate incidence angles have been based on Bragg or two-scale

"approximations (e.g. Valenzuela, 1978). Phillips (1988) has suggested that the radar

cross section of the ocean surface may be represented as the sum of separate

contributions from Bragg scattering and individual wave breaking events but did not

specify the scattering mechanism for these events.

In the following, the Kirchhoff approximation discussed in section 3.1 is

combined with the statistical description of a breaking wave surface discussed in

section 2.5 in order to construct a model for the backscatter from breaking waves.

Using the Gaussian surface height autocovariance function discussed in section

2.5, the function 1" (x, y) which enters the Kirchhoff approximation can be written as

r --)=r.(r r, (r)

= [rb(r) - rb(. )r(r) + rb(-) r,(r)

where
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rb(r) =exp{4kz[{b(r)4-b(Q)] , rh(O)=

and

,,b(r) = exp{4ks [ -ka(O)]}.

If we further assume that the correlation length in the absence of breaking is much

longer than r,, we can approximate this function as

r r) = [rb(r)- b(-() ++ b(-)()rb(r)

Substituting this into the Kirchhoff approximation, the radar cross section per unit

area in the presence of wave breaking becomes

CO= o÷ obe -4k2hb2

where oa is the radar cross section per unit area in the absence of breaking, and

ob=- k2, sec2Off ['b (r) - )b (-)]e -21*hO'r ddrd4tl.

To evaluate this expression, we make another simplifying assumption and approximate

the integrand by a second gaussian function, i.e.

rb (r) -r(O) -- (•-e-'k,4) e -/- 2

where L is equal to r, in the low-frequency limit and approaches the value

r,/ (2kzhb) in the high-frequency limit. In the intermediate frequency region, the

value of L may be approximated by the formula
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The Kirchhoff integral can then be readily evaluated to yield the result
2 k22 I -4 h2

Ob=ko L (_e x sec 2 O

Before comparing this expression with observations, some of its properties

may be noted. First, it can be seen that in the high-frequency limit the radar cross

section approaches the value

I~~ 212( rb _)2sec'lO e as ko,-*

which is recognized as the familiar specular scattering result. Second, in the low-

frequency limit or for small grazing angles, the small-argument approximation can be

used for the exponential function, and the cross section approaches the limiting value
4 2 ~2 k~ 2

ob=4kOhbre as ko--0 or O--/2.

This is equivalent to the result obtained by using the small perturbation method

(SPM), except that in this case o, is multiplied by cos 40 for horizontal polarization

and (1+sin4j) for vertical polarization. Plots are shown in Figure 11 of the

backscatter cross section calculated from the SPM, from a numerical integration of

the Kirchhoff integral, and from the analytical approximation to the Kirchhoff integral

developed above. Although the Kirchhoff model does not predict the polarizati 'n

dependence of the backscatter, it does at least provide a transition from the low-

frequency to the high-frequency cases and may therefore be expected to be more

accurate than the SPM in the intermediate frequency case, although the limits of
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Figure 11. Comparison of X-Band Radar Backscatter Cross Sections Calculated
From Kirchhoff and SPM Models for Surface Described by a
Gaussian Correlation Function With rms Height and Correlation
Length Both Equal to 0.5 cm.
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validity of both of these models are still uncertain.

Using the approximate Kirchhoff expression for a. derived above, and

assuming rC=hb=0.5 cm as discussed in section 4, the radar cios section per unit

area for ko=2 rad/cm (X-band) is equal to approximately 1.5 at grazing incidence,

which agrees with observations by Lewis and Olin (1980). For the case of large-area

averages where a fraction fb of the surface is covered by breaking water, the

contribution of breaking waves to the backscatter can be written as

Wb = 4 Cy

wherefb is the breaking fraction discussed in section 2.5. This expression may be

compared with the observations of Jessup et aL(1991a, 1991b) by using the breaking

fractionfb as a function of wind speed as shown in Figure 8, and the values of rc and

hb as estimated in section 2.5. For a radar wavenumber of 2.94 rad/cm (K, band) and

an incidence angle of 450, the radar cross section per unit area for the breaking areas

is approximately 0.66 and the average contribution of these areas to the entire data set

is equal to 0. 66 fb. This contribution is plotted versus the friction velocity (assumed

to be 1/30 of the wind speed) and compared with measurements from Jessup et

al.(1991b) in Figure 12.
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4.0 MODEL VALIDATION STUDIES

Aside from comparisons with previously published data, model validation

activities undertaken during this project centered on the ONR/NRL High Resolution

field experiment. This activity involved three areas of participation: (1) experiment

planning and pre-experiment model predictions, (2) deployment of a Doppler radar on

the Woods Hole LADAS platform, and (3) analysis of SAR and in situ data, and

comparison with model predictions.

A number of interesting features associated with the edge of the Gulf Stream

were observed in both the SAR and RAR images collected during the first High

Resolution experiment. These include (1) numerous bright lines, some aligned

parallel to the Gulf Stream boundary and some oriented at large angles to this

boundary, (2) dark narrow lines parallel to the Gulf Stream currents, and (3) an

overall higher return over the Gulf Stream as compared with the shelf water to the

west of the stream.

The features in the first category are presumably caused by strong shearing

and converging currents. Although these currents were not always clearly observed

in the ADCP data because of their shallow depth and rapid spatial variations, some

information has been obtained by analyzing a sequence of RAR images (F. Askari,

personal communication). An analysis of the radar backscatter variations associated

with these features is presented in section 4.2 below.

The second category of features may be due to the accumulation of surfactant

materials along weaker convergence or shear regions. Evidence for the association of

such features with shearing currents has been observed during previous experiments in

which ship wakes crossing similar dark lines were observed to be displaced on either

side of the lines (A. Ochadlick, personal communication). However, the connection

between the dark lines observed along the edge of the Gulf Stream and and any sharp
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current gradients in this region has not yet been established.

The higher radar returns observed over the Gulf Stream in some of the radar

images may be caused by atmospheric stability effects associated with the higher

water temperatures in the Gulf Stream, as discussed in section 2.4 of this report.

Further testing of this hypothesis is required using the meteorological data collected

during the pilot experiment.

Several of the features observed in the airborne radar images collected during

the pilot experiment have been identified in the Doppler radar data set as well. The

intention was to compare this data with in situ measurements of the surface

rouginess, surface currents and wind stress in order to test the wave spectrum and

radar backscatter models described above. Activities carried out in pursuit of this

goal are described in the following section.

4.1. DOPPLER RADAR MEASUREMENTS

During this project, a simple Doppler radar system was assembled using a

commercial motion sensing device built by Microwave Associates, and this system

was deployed on the Woods Hole LADAS catamaran during the High Resolution field

experiment. The MA86735 device consists of a Gunn diode source in a tuned cavity,

which is coupled to a short section of waveguide in which two Schottky diode mixers

are also mounted (see Figure 13). The other end of the waveguide is connected to a

horn antenna which radiates the microwave signal and receives the radiation

backscattered by objects or surfaces within its field of view. The electric field at each

of the detectors can be represented by

S= E + E

where Eti is the outgoing or transmitted field and Ei is the incoming or received

field at detector i. If this detector is located a distance x, from the source, the
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+ 8.5 v Vdl Vd2

Frequency = 10.525 GHz

Polarization = Vertical

Antenna Beamwidth = 12 deg.

Figure 13. Schematic Diagram of Doppler Radar. Gunn Diode Source is on the
Left. Vdl and Vd2 are the In-Phase and Quadrature Signals From the
Detector Diodes.

37



-RIM

transmitted field is given by

Eti 2= EoeJ(kxj-wt)

and the received field, for a scatterer located at a distance x from the source is

Eri = Ere-j(2kx-kx4-wt)

where k=2n/X is the radar wavenumber, o)=2nf is the radar frequency in

radians/sec and r is the ratio of the transmitted to received field strength (which

depends on the radar cross section of the scatterer, its range and position within the

antenna beam). Assuming that r4 1, the voltage on the detector is then given by

V, = IEri+Erij = Eo1 3+re 2k(x-x) I Eo[1+rcos (2kx- 1 ) I

where 4 1=2kxi. Thus, by choosing 2 -401 =n/2+nn or x 2 -xl= (2n+1) A/8, the

in-phase and quadrature components of the signal can be measured. For the

MA86735 device, the detector spacing is selected to produce a nominal phase

difference of 9(r0± 150. Examination of the output signals revealed that the actual

detector phasing was about 80* for the particular unit used during the High Resolution

experiment. A phase error was also incurred due to the fact that the two detector

signals were not sampled exactly simultaneously. These phase errors were corrected

and the amplitudes of the two detector signals were equalized during processing of the

data.

The detector output signals were fed into two parallel operational amplifiers in

order to remove the d.c. bias and amplify the fluctuating part of the signal by a factor

of 100 (20 dB). The antenna used was a standard gain horn antenna manufactured by

Scientific Atlanta, which has a beamwidth of approximately 120 and a gain of 22.5 dB

at the operating frequency of 10.525 GHz. The unit was mounted so as to produce a

vertically polarized field with an incidence angle of about 45*. The data was sampled
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at a rate of 167 sample pairs per second, using a data acquisition system supplied by

the Woods Hole Oceanographic Institution, and recorded on the hard disk of a

personal computer.

The Doppler radar was mounted on the LADAS catamaran, along with a video

camera, laser wave slope gauge and a mini-SODAR for meteorological observations

(E. Bock, personal communication). The Doppler radar was mounted next to the

video camera on a mast approximately 4 meters above the water surface, as shown in

Figure 14. This produced a footprint on the surface having a diameter of about 1

meter.

A total of 18 hours of data was collected during the period 13-24 September,

1991. Examples of the data are shown in Figures 15 and 16. Figure 15 shows the

raw I&Q signals recorded during a 3.6 second time interval under low wind

conditions on September 16. The data was processed using a short-time Fourier

transform method to produce two-dimensional (frequency versus time) plots, as shown

in Figure 16. These plots indicate that under these low wind conditions the signal is

dominated by an extremely coherent, though time varying, component. Further

analysis indicates that this component is probably due to a sidelobe of the antenna

gain pattern. The third sidelobe of the horn antenna occurs at an angle of about 440

from the boresight direction, and was therefore directed nearly toward the nadir for

the configuration in which the radar was deployed. The theoretical two-way antenna

gain for this sidelobe is more than 40 dB below the main lobe. Data from the NRL

4-frequency radar (Valenzuela, 1978) indicates that the radar cross section is typically

25 dB larger at nadir than at 450 incidence, for vertical polarization. However, under

low winds it appears that this difference can be much larger and the return from the

nadir-looking sidelobe can dominate the main lobe return. In future, it is

recommended that a shield be installed below the antenna to eliminate this sidelobe

return.
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Figure 14. Photograph of Doppler Radar Mounted on the LADAS Platform.
Radar is on the Near Side of the Mast, Next to Video Camera.
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Mon Sep 16 12:49:29 1991

Blocks 217 to 222
Hit C to continue or S to stop

Figure 15. Examples of Doppler Radar In-Phase and Qurdrature Signals
Recorded During the High Resolution Field Experiment.
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This problem did not appear to be present, at least to the same degree, on

September 17 during a crossing of the 'rip' feature whl'ch was the focus of much

attention during the first High Resolution experiment. A plot of the backscattered

power (in relative units) from the Doppler radar during one of these crossings is

shown in Figure 17. The average backscattered power during the interval from

16:17:15 to lb: 19:15 EDT was five times greater than the average power during the

interval from 16:16:30 to 16:16:45. This increase is somewhat smaller than the

maximum change observed by the NRL airborne real-aperture radar (F. Askari,

personal communication) for the same or a similar feature. The difference may be

due to a difference in the radar look direction, or may reflect some contamination of

the Doppler radar signal by the sidelobe return in the low-return area just prior to the

rip crossing.

Because of problems with the WHOI laser slope gauge, as well as the

aforementioned problems with the Doppler radar, the original intention of using the

combination of these data sets for model verification purposes has been largely

unfulfilled. Instead, a collaborative effort with Peter Smith of NRL/Stennis has been

initiated, utilizing his measurements of the wave spectrum from a buoy as it drifted

across the rip feature, and a comparison of model predictions with SAR observations

has also been carried out as described in the following section.

4.2. SAR DATA ANALYSIS

Data was collected with the P3 SAR system on six days during the first High

Resolution field experiment, on September 11, 12, 16, 19, 20 and 21. Of these data

sets, the ones collected on the 16t1 appear to contain the largest number of interesting

features in the vicinity of the research vessels, and these have consequently received

the most attention. In fact, the only digitally processed data available during the

period of this project was from data set 1 (pass 2) on the 16". Our analysis has
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Figure 17. Backscattered Power Received by Doppler Radar on September 17,
1991 During a Crossing of the 'Rip' Feature.
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therefore concentrated on this data set.

On the morning of September 16, the USNS Bartlett executed a box pattern

centered at approximately 350 16'N and 750 5'W. The box was oriented at about 450

from North so that the northeast and southwest edges of the box intersected the edge

of the Gulf Stream at approximately right angles. Two distinct changes in the water

temperature were observed aboard the Bartlett at 10:45 and 10:54 EDT while heading

southeast into the Gulf Stream, on the first leg of the box pattern. The chief

scientist's log indicates the following entry at 10:54: "Crossing scum line.

Athwartship speed jumped from below 1 knot (where it has been all this time) to 1.8

then 2.2 knots. Perturbation in gyro heading was about 4 deg, indicating a current

front so sharp the auto heading device couldn't respond fast enough. STAR saw

stratified water before scum line, changing to isothermal water after it " (G.

Marmorino, personal communication).

SAR data set 1 (pass 2) was collected over this area at approximately 12:08

EDT. A segment of this pass was digitally processed by NAWC, covering the area

shown in Figure 18. In order to compensate for the time difference between the

overpass and the ship observations, the locations of the water parcels sampled by the

ship at 10:45 and 10:54 EDT were projected using the water velocities measured by

the Bartlett's ADCP, i.e. 50.8 cm/s toward 31.4 `T at 10:45 and 67.6 cm/s toward

42.9 OT at 10:54. These projected locations are also shown in Figure 18, awong with

the outline of a subset of the digitally processed image which was selected to include

these points. The Lvv and Xvv band SAR images for this subset are shown in Figure

19. Based on the position information, which is of course somewhat uncertain

because of the relatively large time difference between the shipboard and aircraft

observations, we conclude that the two bright lines running diagonally through the

image subset shown in Figure 19 correspond to the two thermal gradients observed

aboard the Bartlett, with the rightmost line corresponding to the scum line and
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35 024'N

SAR Data Set 1

4..

"-' ' fBartlett Track

3506#N
74 051'N

750 15'N

Figure 18. Location of P3 SAR Data Set 1 (Pass 2) Relative to Bartlett Track
From 10:00 to 12:00 EDT on September 16, 1991. Dots Indicate
Locations of Sharp Thermal Gradients, and Arrows Represent
Projected Locations of These Points at the Time of the SAR Overpass
(12:08 EDT). Smaller Box Indicates Location of Image Subset Shown
in Figure 19.
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SAR Data Set 1 9/16/91
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Figure 19. L-Band and X-Band Images for Subset Indicated in Figure 18.

Horizontal Line Through L-Band Image is the "Double-Nadir" Return
Which Occurs at an Incidence Angle of 60*. Image Dimensions are
170 x 410 Pixels or 1377 x 3321 Meters, Each Pixel Representing the
Sum of 3 x 5 Original One-Look Pixels.
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velocity gradient noted in the chief scientist's log.

It is interesting to note that the orientation of these features (approximately

701T) is much different from the measured current direction, which suggests the

possibility of a strong converging as well as shearing current. The current variations

in the vicinity of these features which were noted in the chief scientist's log were not

clearly observed by the ADCP, apparently because the horizontal and/or vertical

resolution of the measurements was insufficient to resolve the features. However, an

apparently similar feature (dubbed the 'rip' feature) was observed 25 hours later by

both the ships and the NRL airborne real-aperture radar at around 35' 23'N and 75'

0'W, i.e. about 18 km north of the features in the SAR image. These featres appear

to correspond with 'shingles' protruding from the North edge of the Gulf Stream,

which are visible on AVHRR thermal images and are observed on these images to

migrate Northward about 20 km per day. The convergence velocities in these

features have been estimated from various sources (including a sequence of NRL

RAR images) to be on the order of 25-40 cm/s.

The nearest available wind measurement was made aboard the R/V Oceanus at

11:30 EDT on September 16, when the Oceanus was located at 350 16'N and 750

0'W. This measurement indicated a wind speed of 4.2 m/s from 1611T (J. Edson,

personal communication). In attempt to match the spectral shapes measured by J.hne

and Riemer (1990) more closely at low wind speeds, the net source function discussed

in section 2.1 was modified by increasing the dissipation rate for wavenumbers larger

than 1 rad/cm. The angular distribution of the growth rate was also modified so as to

produce the ratio of upwind to downwind propagating waves inferred by Plant and

Keller (1990) from L-band Doppler radar measurements. The current field was

approximated by a linear variation in both the normal and tangential components of

the current from -20 cm/s to +20 cm/s over a 10 meter transition region.

Changes in the wave spectrum due to the interaction of the ambient wave field
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with this current were calculated using the model described in Lyzenga (1991).

Changes in the radar backscatter at L-band and X-band were then calculated using the

two-scale model described by Plant (1986). These results are shown as the solid lines

in Figures 20 and 21. The contribution to the backscatter from breaking waves was

also calculated using the model described in sections 2.5 and 3.3 of this report. This

contribution is indicated by the dashed line in Figure 21. The slope variance used for

this calculation, as obtained from the wave-current interaction model, is shown in

Figure 22.

The change in backscatter from the two-scale model (without wave breaking

effects) is much smaller at X-band than at L-band, as discussed in Lyzenga (1991).

When breaking effects are included, the changes in backscatter at X-band and L-band

are comparable, for this case, both being on the order of 7-8 dB. This appears to

agree qualitatively with the SAR images shown in Figure 19. A quantitative

comparison is difficult because the background signal, at least for the X-band image,

appears to be below the noise floor. Plots of the image intensity across the feature

(taken from the right-hand side of Figure 19) are shown in Figures 23 and 24. From

these plots, the ratio of the peak to background signal can be inferred to be at least a

factor of 6 (7.8 dB) at X-band and a factor of 12 (10.8 dB) at L-band. It may also

be noted that some weaker features can be seen in the L-band image which do not

appear to be present in the X-band image. This is explainable in the context of the

present theory by reference to the fact that the breaking wave return is a strongly

nonlinear function of the slope variance.
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5.0 SUMMARY AND CONCLUSIONS

During this project, a new analytic solution of the wave action equation was

derived, and various formulations were investigated for the net source function which

appears in this equation. The present formulation includes source terms due to the

Phillips growth mechanism and the Miles or exponential growth mechanism, and

dissipation terms due to viscosity, surfactant damping, and wave breaking.

Coefficients have been selected so as to yield an equilibrium spectrum which is in

reasonable agreement with observations. However, considerable uncertainty exists

with respect to several of these terms and the present formulation can only be

considered as provisional.

One area in which the present formulation of the net source function is quite

clearly lacking is in its neglect of nonlinear interactions, which involve the transfer of

energy from one region of the spectrum to another. As a first step in this direction, a

model for the effects of wave breaking was developed, which describes the

contribution of breaking waves in terms of the breaking fraction, which is a function

of the slope variance. This model appears to predict the wind speed dependence of

the surface curvature spectrum at wavenumbers between I and 8 rad/cm. The

electromagnetic scattering from breaking waves is calculated using the Kirchhoff

approximation, and the results are found to compare favorably with several

observations of the radar backscatter from breaking waves.

The combined model predicts that the radar backscatter at centimeter

wavelengths is strongly and nonlinearly dependent on the slope variance associated

with wavenumbers below about 1 rad/cm. In the open ocean, this variance is linearly

related to the wind speed or friction velocity. However, in the presence of variable

surface currents, the slope variance may also change dramatically due to the

interaction of surface waves with these currents. Comparison of the predictions of
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this model with SAR observations during the first High Resolution field experiment

appear favorable, but of course many more such comparisons are required in order to

adequately test the model.
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Interaction of Short Surface and Electromagnetic Waves
With Ocean Fronts

DAVID R. LYZENGA

Advanced Concepts Division. Environmental Research Institute of Michigan. Ann Arbor

The interaction of short surface waves with shearing and converging currents is investigated by
means of an approximate analytical solution of the wave action spectral transport equation. Spectral
perturbations of less than 10% are predicted at centimeter wavelengths for moderately strong ocean
fronts, although much larger perturbations are expected at wavelengths of the order of I m. These
results, when combined with a simple Bragg electromagnetic scattering model, do not explain the large
backscatter variations observed at X band and C band in the vicinity of ocean fronts. A two-scale
electromagnetic scattering model provides an effective coupling between the long-wave spectral
perturbations and the radar backscatter at small incidence angles, but this mechanism becomes less
effective at intermediate incidence angles. Observation of large backscatter variations at these angles
may thus be an indication of additional hydrodynamic and/or electromagnetic scattering mechanisms
that are not yet accounted for.

1. INTRODUCTION where cgx is the x component of the wave group velocity: u
and v are the x and v components of the surface current,

Ocean fronts are characterized by large horizontal and respectively: k, and k, are the x and y components of the
vertical gradients in the fluid velocity as well as density (i.e., wave number: N is the action spectral density: which is
temperature and/or salinity). Surface water flows toward the defined as the energy spectral density divided by the wave
front and is subducted at the frontal boundary, causing a frequency; and fs(N) represents the net source function for
converging current at the surface. The component of the wave action, which implicitly includes the effects of air-sea
current parallel to the front is also frequently observed to interactions, nonlinear wave-wave interactions, viscous dis-
have an intense horizontal shear, particularly in the case of sipation, and other dissipation mechanisms such as wave
larger-scale ocean fronts [Garvine and Monk. 1974]. These breaking (Phillips, 1984].
two types of surface current variations are illustrated in The form of the net source term on the right-hand side of
Figure 1. The interaction of surface waves with these cur- (i) is quite uncertain. In fact. it is not clear that it can safely
rents causes a change in the surface roughness, which also be assumed to be only a local function ,,f N since energy
implies a change in the radar reflectivity of the surface. As a may be exchanged among different regions of the spectrum
result, linear features can frequently be observed in radar by nonlinear interactions. However, this assumption has
images of the ocean where fronts are known to occur [e.g., been provisionally adopted for the sake of simplicity, until
Larson et al., 1976: Mattie et al., 1980; Haves, 1981; the importance of these nonlocal effects is demonstrated and
Veseckv and Stewart, 1982; Fu and Holt, 1983]. Other a satisfactory method of accounting for them is devised. The
mechanisms may also be involved in some cases, including existence of a stable equilibrium condition in the absence of
variations in wind stress associated with temperature any currents implies thatfs(No) = 0 andfs(N0 ) < 0 where
changes across the front and damping of short surface waves No is the equilibrium spectral density. Expandingfs(N) in a
by surfactant materials accumulated along the front. Taylor series about this point, we can then write

In this paper the wave-current interaction mechanism is
explored as a possible explanation for the appearance of fs(N) = -03,(N - NO) + y(N - N 0 ) 2 + ..- (2)
fronts in radar images of the ocean surface. An approximate
solution of the wave action spectral transport equation is here are n -fs(Nt) and if =.the:Nc )" If higher-orderderived in the following section. The properties of this terms are neglected, and if the condition fs(0) =0 is
solution are described in section 3. and the implications for imposed, this form is equivalent to that used by Hughesradar imaging of ocean fronts are discussed in section 4. 11978]. with 6, = -Noy = 0 where /3 is the initial growthrate due to wind input. If higher-order terms are included.

the relaxation rate 03, is not necessarily equivalent to the
2. WAVE-CURRENT INTERACTIONS growth rate 3.

The interaction of surface waves with a steady, one- Using this expansion for the right-hand side, it is conve-
dimensional current field (i.e., a current which is a function nient to rewrite the spectral transport equation as
of only one spatial variable) can be described in terms of the
action spectral transport equation (c 91 + u) u(x. A-. k, + (3)- - Pj3f=tax •)+• 3

aN du di, N
q a ) i-- - I - A, -. 3N = fs(Ni II) wheref = N/NO - I is the fractional spectral perturbation

Sx d-or deviation from the equilibrium state.
Copyright 1991 by the American Geophysical Union. ) a_ (A du d.] INo

Paper number 9lJC00900. (.t'. k." k'.)= "" ,d , " .N4)
0148-0227/91/91JC-00900505tX dx dx) Nil a
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where u. When. in addition. the raze ol shear
Ior vorliclily d J. d i,, constant. this reduce-, further to

;L 1

di dt J % . d-, dx constant.

For the case in which the strain rate do d.x is constant but
...................... not zero. (3) no longer has constant coefficients, but a

solution can still be found by using the integrating factor

A(x) = exp j"' In (c 1 u} 9(, o (8)

Fig. la where 0' = P,(duidx; - Assuming that the shear rate

dz-idx is also constant, the solution can be written in the
form

A ,- A(x°0),f .. ix) --- 0 - A 9,

du/dx = constant, dvidx = constant.

It is also instructive to consider two limiting cases relative
to the relaxation rate /3,. In the "lossless" limit. i.e.. for

, /3, =0. the above solution for duldx 9 0 approaches

fiqx) = fixo) + (d'x) In -. l- U!lO)Fig.L u(xo

Fig. I. Illustration of surface current variations in the vicinity of A 0. duldx) O
an ocean front: (a) converging current (du/dx < 0. dvldx = 0) and
(h) shearing current iduidx = 0. dV/dx < 0). which reduces, for the case duidx = 0. to

x - 0

and In the opposite limit, as/3, -- ,. both of the above solutions
approach

I'dii dz,. I aNof a'f - 2fx i, 0 >(V-UjrL(2(= k , T f -) kI fx N, A ,

where L is a characteristic length scale for the current
-+ higher-order terms. (5) pattern. This solution is obvious by inspection of (3;. and

If the current gradients duidx and dz,/dx are small, the furthermore, it can be seen to hold also at the locations

spectral perturbation f is expected to be small as well. Thus where v, - u = 0 for any nonzero A3_. This is the
r, contains only second-order and higher-order terms. We well-known "blocking" or "resonance" condition.

can therefore hope to get some insight into the problem by Although derived for a constant or uniform current gradi-

considering the solution of the equation in which r-, is ent. the above solutions can be applied to an arbitrary

neglected. The validity of this approximation in some cases current field by breaking it up into a set of piecewise linear

of interest when the spectral perturbation is not small is segments. For the purpose of exploring the general behavior
discussed in !he following section. of the wave-current interactions near an ocean front. how-

Even when E, is neglected. (3) is difficult to solve in the ever. the current field can be approximated by the simple

general case because of the nonconstant coefficient in the ramp functions
first term. However. there are several special cases for u{xa = u, 1 <-%I
which exact solutions of the linearized equation exist. One of
these is the ca-e when ii is constant, i.e.. the strain rate duid' I i i t =_ -AH - .I3t
is zero, so the only current gradients are in the flow paralel to
the front, as illustrated in Figure lb. In this case. (31 does have 04 . I -, I . w
constant coefficients and can be readily solved by using the
integrating factor zxp {-/3,x/1%. * ii)t, to yield and

I f * r~rl = •' . ', -it

fix) = AiJxA. .k, , " t3 dx'
V , - -VA _k% 1 i (141

X.in l () ,,) ,,e, dw.d-i = 0 (6) 1t• --- , t
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which imply a strain rate duwdx = -i, iw and a shear rate SJk)(.) = F'ut4dl, (20)
dv/dx = -v ,;w in the central region.

The solution is evaluated at any given location by first where p - 4 in the gravity region and p 8 in the capillary
determining the appropriate value of x, on the basis of the region. The angular dependence of the spectrum maý be
sign of c, ,- it. For c,, - u > 0 the boundary condition is represented b) the function
applied at the left boundary of the region under consider-
ation, i.e.. at x 0  -w for points inside the region FoIdl) = c, cos- h21)

-w < x < w and at x0 = w for points in the region x > vv. 2
The appropriate boundary value for this case isf(x) = 0 for
x s - w. For c2.. + u < 0 the boundary condition is applied where n ý 2-5 in the intermediate region of the spectrum.
at the right boundary, and the boundary value isf(x) = 0 for and n - 10 near the peak of the spectrum [Pierson and
x - w. Stacy. 1973]. Using these forms, the factor 14 in 44) can be

written as

3. SPECTRAL PERTURBATIONS INDUCED (du di,
BY OCEAN FRONTS t = dcos 4 x sin 4,-(p I -cgc) cos 4,

The spectral perturbations caused by the shearing and

converging currents in an ocean front depend on the wind Ii-.
speed and direction (through the relaxation rate /3, and the + n tan sin si. (22)

equilibrium spectrum NO) as well as the current field. Using
the Hughes [19781 formulation for the net source function, The factor g is therefore of the same order of magnitude as
the relaxation rate can be considered to be approximately the current gradients, which are in the range of 0.01-0.001
equivalent to the initial growth rate 0. On the basis of wave s-1 for moderately strong ocean fronts. The relaxation rate
tank measurements as well as theoretical considerations, is typically of the order of 0.1-1.0 s-I for wavelengths from
Plant and Wright [1977] proposed a growth rate of the form f to 10 cm and moderate wind speeds. Thus the fractional

3= 0(5) spectral perturbations predicted by this model are typically
3 =O.04(u,/c)2w 1 only a few percent in this wavelength range. On the other

where u. is the friction velocity (which is roughly 1/30 of the hand, much larger fractional perturbations are predicted for
wind speed U measured at a standard height of 19.5 m above longer wavelengths, where the relaxation rate is much
the surface). c is the phase velocity, and wv is the frequency smaller.
of the waves. The dependence of (3 on the wave propagation At this point, before presenting some examples to illus-
direction relative to the wind direction could not be observed trate the behavior described in the previous paragraph, it is
in the linear wave tank used for these measurements. How- worth mentioning two problems that occur when the relax-
ever, Plant 119861 has suggested an angular dependence of ation rate )3, is equated with the growth rate 0 as discussed
the form at the beginning of this section. The first problem is associ-

ated with the angular dependence of 3. Using the angular
F(Wi) = cos (6i - h.) 1,0 - ,16.I < ir/2 dependence shown in (16), the growth rate falls to zero for

(16) waves traveling at angles larger than 90' with respect to the
wind direction. If the same angular dependence is assumed

where di,, is the wind direction. for the relaxation rate 03,. unrealistically large spectral
The equilibrium spectrum enters this solution through its perturbations are predicted at these angles, as shown by

logarithmic gradient (10M-4012). The other problem occurs when the growth rate is
corrected for viscous dissipation effects. The proper correc-

k aN0  k aNO I a,0o tion to the growth rate is to subtract 4 vk2 from (3. where vis

o cos 4N sin (17) the kinematic viscosity [Plant and Wright. 1977]. However.
if this is done, the net growth rate becomes negative at high

where N 0 is the action spectral density, which is related to wave numbers or at large angles to the wind. Obviously. the
the energy spectrum E0(k, 6) and the wave height spectrum relaxation rate cannot be simply equated to the net growth
S0 (k, 6) through the equation [Phillips. 19801 rate in these spectral regions, since the relaxation rate must

be positive.
vThe solution to both of these problems is to use a more

No(k. di)=- Eo(k, 4) = p-So(k, di) (18)
ov k consistent model for the net source function and to calculate

the equilibrium spectrum by solving the equation f5 (No0 =
where A is the magnitude of the wave number and c, is the 0. Steps in this direction have been taken, for example, by
intrinsic wave frequency, which is given by Donelan and Pierson [19871 and Plant [ 19861. The simplest

gA = (T/p)k (M such model would consist of a wind-forcing term propor-
tional to N and a dissipation term proportional to NP where

where g is the gravitational acceleration. T is the surface p - 1. If viscous dissipation is included in such a model, the
tension, and p is the density of water (T/p = 74 cm'is2 for relaxation rate (3, = f",5 1NO) still vanishes as the net growth
a clean water surface)- rate ((3 - 4 •i• 2 ) approaches zero, leading to large fractional

For wave numbers much larger than the peak wave perturbations. However, the equilibrium spectrum also ap-
number /4) g• U, the equilibrium wave height spectrum proaches zero at these points, so the perturbed spectrum
can be modeled as a power law. i.e.. N = NO( - Pf remains finite, at least if p < 2.
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A somewhat more satisfactory result is cbtained if another
source term which is independent of N is added toj'f.N). In
that case the equilibrium spectrum and the relaxation rate
are both positive for all wave numbers. The equilibrium
spectrum is given by the solution of the equation

f(No) = (,6 - 4vk2 )N(, - yN' - 11 = 0 (23)

wlere n is the constant term (which physically corresponds
to the Phillips resonant growth mechanism), and the relax-
ation rate is then given by

I1
-fs(No) = (p - 1)(/3 - 4pk 2) + p-. (24)

For moderate wind speeds, wavelengths larger than a few . -

centimeters, and wave propagation directions within 90' of
the wind direction, the constant term in (23) is negligible in Fig. 2. Contour plot of the spectral perturbation function for
comparison with the first two terms, and it follows that du/dx = x= -0.005 s-1 with a wind speed of 5 ni/s parallel

to the front.
/,.(p - 1)(/9 - 4vk 2) - (p - I)p (25)

in this region. On the other hand, when 4Vk 2 > /3. the where So is the equilibrium height spectrum and f is the
equilibrium state is determined by the balance between the fractional spectral perturbation. The peak value of this
first and last terms in (23), so that No - l(4,k2 - 0) and function occurs at a wavelength of approximately I m and a

wave propagation direction of about 60* relative to the x
r4vk

2 
- 3 4,k 2 . (26) axis. A minimum occurs at nearly the same wavelength for a

wave propagation direction of about 1080, and anotherThe relaxation rate thus appears to be the larger of (p - I)/3 maximum occurs for slightly shorter waves propagating
and 4 •, 2, at least in the extreme cases (what happens in the almost directly into the front, from right to left. Plots of the
intermediate region, where (p - 1)/3 - 4vk2 , is not yet fractional spectral perturbations at these wavelengths and
clear). For order-of-magnitude estimates we have therefore directions versus position are shown in Figure 3.
approximated the relaxation rate as The wave number dependence of the spectral perturbation

/3, (p - 1)p3 + 4vk 2  (27) function shown in Figure 2 is related to the wave number
dependence of N 0 and /3, and is also a result of the combined

with p 2. To avoid the discontinuity in the derivative of effects of the shearing and converging currents in the front.
(00 at 4, - 4, = ir/2 implied by (16) and to allow for some If there were only converging currents, as shown in Figure

variability in the wind direction, we have also chosen the la. the spectral perturbation would be an even function of
angular dependence k, for a wind direction parallel to the front. On the other

hand. if there were only shearing currents. as shown in
14 - ) Figure Ib, the. spectral perturbation would be an odd func-

F(d,) = cos2  2 (28) tion of k 1, with positive values for k, > 0 and negative
values for k, < 0 for the geometry assumed in this example.

for the growth rate. Finally, in lieu of a complete, self- Thus the large peak at 4, = 60' in Figure I is due to a
consistent formulation of the net source function as dis- reinforcement of the effects of shear and convergence, while
cussed above, we have used the equilibrium spectrum pro- the smaller peak at & = 1800 and the minimum at 4, = 1080
posed by Bjerkaas and Riedel [19791 with a cos 4( W2) angular are due to a partial cancellation of these effects.
dependence. Figure 3 shows that the fractional spectral perturbation is

To illustrate the general behavior of the solution, some larger than I at some locations, which raises a question as to
results were generated using the current pattern specified by the validity of the linearized solution used for these calcula-
(13) and (14) with 1u. = v, = 5 cm/s and w = 10 m. for a tions. In order to address this question, the "source" term
wind speed of 5 m/s along the y axis. parallel to the front. A u(x. k,. k,) and the "error" term E,.x, A k,, ,) in (3) were
contour plot showing the wave number dependence of the calculated and are plotted in Figures 4-6 for the same
spectral perturbation at the center of the current pattern wavelengths and directions as used in Figure 3. Figure 4
(.x = 0) is presented in Figure 2. The radial distance on this shows that F, becomes an appreciable fraction of u as the
plot represents the logarithm of the wave number, and the spectral perturbation approaches I. However, since the
angle corresponds to the wave propagation direction. Thus spectral perturbation depends on the integral of these terms.
points falling along a vertical line through the center of the the accumulated effect of the error term is only about 25' at
plot represent waves traveling parallel to the front. The the right-hand boundary of the current pattern. Note that F,
dashed curves represent the locus of points with a given and p have the same sign within the current pattern, so the
wavelength as indicated on the plot. The solid curves repre- linearized equation underestimates the spectral perturbation
sent linearly spaced contours of the dimensionless quantity in this region. Outside the region where the current is

varying (i.e., for x > 10 ml. r, is negative, which implies
4,

4[St&. <h - S,(k, &)]= .
4 So(k. 6,)flA., (29) that the full solution decays somewhat more rapidly than the
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linearized solution in this region. These conclusions have
been confirmed by spot comparisons with "exact" calcula-
tions using the numerical model described by Lyzen'a and
Bennett [ 19881.

A similar analysis of Figures 5 and 6 shows that the
magnitude of the negative perturbations in the vicinity of
) = 108' are slightly overestimated, and the positive pertur-

bations around 4) = 180' are slightly underestimated by the
linearized model. For wave numbers well away from these
peaks, e, is typically much smaller than j., indicating that the
linearized model performs quite well. as expected. The
spectral perturbations predicted by this model at a wave-
length of 5 cm are well under 10% for all angles of propaga- --
tion. ___

4. RADAR IMAGING OF OCEAN FRONTS

The scattering of microwave radiation from the ocean
surface is commonly assumed to be described by the Bragg
scattering model, according to which the backscattering - - :
radar cross section per unit area is given by

ao(O, 4) = 81rk4G(O)r(e) (30)

where 0 is the incidence angle and 4, is the azimuthal look ________'____

angle, k 0 is the electromagnetic wave number, G(8) is a ------
polarization-dependent geometric factor given by Fig. 4. Magnitude of the source term j.( x, k, k,) and error term

Cos4 e -,(x, k1, kY) for A = 0.99 m and 4= 60r
GH(8) =-(31)

[I + (1/ V E) cos 0]4

for horizontal polarization and cos 4 0 (1 + sin 2 3)'
GO(O) (32)

[cos 8 + )]4

for vertical polarization, where e >> I is the relative dielec-
........ PrEL " RA7" tric constant of seawater, and

r(e) = S(ks, 4)) + S(ku, 4) + 7r) (33)

where S(k, 4)) is the surface elevation spectrum and kB =

2ko sin 0 is the Bragg resonant surface wave number.
Combining this model directly with the results described

/in the previous section, we would expect ocean fronts to be
very rarely detectable by radars operating at wavelengths in
the I- to 10-cm range, since the predicted changes in the
surface spectrum at the Bragg wavelength are typically only

- - a few percent. However, several instances of such detection
have been reported [Johannessen et at., 1991; F. Askari et
al., An estuarine front viewed by an imaging radar, submit-
ted to Journal of Geophysical Research, 1991) for imaging
radars operating at C band (5 cm) and X band (3 cm). The
fractional changes in backscatter for these cases are of the
order of I or larger. If the wave-current interaction model
described above is assumed to yield an adequate represen-
tation of the changes in surface roughness associated with• 5. : 4L 7 •-S C, .', 2i 0 4•. S €7

X "these fronts, then the dominant effects on the radar back-
scatter must be due to surface waves longer than the Bragg
wavelength.

The effects of longer surface waves can be included in the
, Bragg model by means of a procedure described heuristically

by Wright [ 1968] and rederi ved by Brown [ 1978]. Valenzuela
119781, Thompson [19881, and others, using various methods.

Fig. 3. Fractional spectral perturbation versus position, at the Intuitively, these effects can be thought of as being due to
three wavelengths and directions indicated in legend. changes in the local angle of incidence caused by the tilting
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I j'~o 0  G'(0i F'(u)
re!OF (• I37)

as

I 0
j = --- m 0 }3 =m'(61 +r n(8 (38)

ao iiO

Using the above expressions for GH(e) and G%(0), the
S .r.arization-dependent part of m(8) can be written as

Gý(O) 4 sin 0
S= - 4 tan 0 (39)

.r =GH() V, - cos 0

for horizontal polarization and
I G&,(O) 4 sin 6 8 sin 2 0 tan 0

M Ov( ) = = + si 2  (40)SGV09) (Ii\') + Cos 0 1 + sin' 0

- - 2C 4 for vertical polarization. Finally, if the symmetrized spec-

x -' trum can be expressed as a power law in k, i.e.,

S(k, 46) * S(k, 4, + 1r) = A(4d)k- (41)
LEGEND

sorc t•'rn then the polarization-independent part of m(8) can be writ-
e'•o" :e-', ten as

Fig. 5. Magnitude of the source term ;L(x, kz, k,.) and error term ms(8)= F'(O)IF(6) = -p cot 0. (42)
E,{x, k.. k,.) for A = 0.99 m and c6 =_ 108*. Perturbations in the wave spectrum can thus be seen to

affect the radar backscatter in three ways, according to this

of the surface by the longer waves. Since the radar cross model: (1) through changes in the spectral density at the

section is a nonlinear function of the incidence angle, aver- Bragg wave number. (2) through changes in the large-scale

aging over all the slopes occurring on the surface results in a slope variances (2/) and (i•. and (3) through changes in the
net change in the mean backscattered power, even though
the mean slope is zero.

Using this approach, an expression for the radar cross
section can be derived in terms of the long-wave slope 7. -- -- . ..
variances (172) and (-12) in the plane of incidence and in the
perpendicular direction, respectively [Plant, 1986]. A "
change in 7h is equivalent to a change in the local incidence
angle 0, while a change in 72 causes a change in the
polarization of the incident radiation relative to the local .
normal. Assuming the mean slope is zero, the mean radar
cross section including these effects to second order in the
surface slope is

0,)(0 = o(6. 1 + (7I2) + (34)
2 2,

where -
I p3o2 o G'"(0) G'(8)r'(0) ["(0)

-- + 2 + (35)
c1o0eo ' / G(O) G(O)f(O) [(6)

and

I (B cro\ 2(2NR - 1)
M-. = ao O sin0 (36)

where a = tan-I 1i1, is the tilt angle perpendicular to the
plane of incidence, R = GvlGn for horizontal polarization.
and R = GH/Gv for vertical polarization (Plant. 19881. . "

The sensitivity factor A., can be expressed in terms of the Fig. 6. Magnitude of the source term u(x. A,_ A,) and error term
tilt modulation transfer function c,,x, k,,, k) for A = 0.55 m and 46 = 180'.
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gradient of the spectrum near the Bragg wave number t.e..
the value of p).

On the basis of the predictions of the wave-current interac-
tion model discussed in section 3. the second of these would
appear to be the dominant mechanism for imaging ocean fronts
at the higher microwave frequencies (C and X band). since only
small changes in the wave spectrum are predicted at the Bragg
wave numbers for these radar frequencies. The values ofl/.!2
and ,u2/2 are typically of the order of 10-100, depending on the
incidence angle and polarization [Plant, 1986, 1988]. Thus
changes in the slope variance of the order of 0.01 can cause
substantial changes in the radar cross section and could explain
at least qualitatively the appearance of frontal-related features
in such images.

For the example case discussed in section 3. the maximum -

change in the X band radar cross section at a 200 incidence
angle is about I dB, as shown in Figure 7. Such a feature -
would be visible within the speckle or Rayleigh noise back-
ground of a radar image. However, the magnitude of this ._ _

change decreases rapidly with increasing incidence angle, -6c . -,7 -2C2 CC

particularly for vertical polarization, as shown in Figures 8
and 9. The backscatter variations shown in these plots would
be barely visible or not detectable, depending on the radar
resolution. On the other hand, the backscatter modulations i .. ..

observed in the existing data sets appear to be roughly oz , .-. oec .•:. ' ::': 07

independent of incidence angle. Consequently, it is not clear --....... ..........................

that the type of model described in this paper is capable of Fig. 8. Backscatter variation predicted by two-scale model at X
adequately explaining the observed backscatter modulations band. 300 incidence for test case discussed in text.

at intermediate incidence angles, even though it appears to
do so at small incidence angles. the shearing currents associated with ocean fronts. The

5 largest spectral perturbations typically occur at wavelengths
of the order of I m. The perturbations decrease at longer

Changes in surface roughness can be caus;ed by the wavelengths when the group velocity becomes much larger
interaction of surface waves with both the converging and

- ,-,-' .-,.- .- .-

Fig. 7. Backscatter variation predicted by two-scale model at X Fig 9. Backscatter variation predicted by two-scale model at X
band. 200 incidence for test case discussed in text. band, 40' incidence for test case discussed iw" text.
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than the current speed and at shorter wavelengths where Garvine. R. W.. and J 1). Monk. FroniaI structureofa rjer pjume.
relaxation effects play a predominant role. The shape of the J. (;G,,,phn k. Re'i.. 79. 225 l-22',9 19'4

H"%es, R. M.. SAR detection of the Gulf Stream, in .Spa horn,'spectral perturbation function depends on the wind direction .S-mh,, .Ap.rtm,, Radai tlo O0.(iogiaphn . edited h% R C(
and is also influenced by the nature of the currents, with the Beal. P. DeLeonibus,. and I Kat,. pp. 140-14). John-, Hopkiný
effects of shearing and converging currents tending to rein- Press. Baltimore. Md.. 1981.
force each other in certain spectral regions and to cancel Hughes. B. A_. The eftoct of internal waves on surface Aind %kaves.

each other in other regions. 2. Theoretical analysis. J. (Geoph\ %. Rs_,., 83. 455b5.- 1978.
Johannessen. J. A.. R. A. Shuchman. 0. M. Johannessen, K L

Because of the small spectral perturbations predicted at Davidson. and 1). R. L[zenga. S~nthetic aperture radar imaging
centimeter wavelengths, simple Bragg scattering does not of upper ocean circulation features and v% nd fronts. J Ge•phM
appear to be sufficient to explain the appearance of fronts in Res.. in press. 1991.
radar images collected at C band and higher frequencies. A Larson. T. R., L. 1. Moskowitz, and J. W. Wright. A note on SAR

imagery of the ocean. IEEE Trans. Antenna,% Propag.. AP-.4.
qualitative explanation is provided by the two-scale scatter- 393-394. 1976.
ing model, which introduces a coupling between the long- Lyzenga. D. R.. and J. R. Bennett. Full-spectrum modeling of
wave spectral perturbations and the radar backscatter. How- synthetic aperture radar internal wsave signatures, J. Geophyv.s
ever, this coupling is relatively weak at intermediate Res.. 93. 12.345-12,354. 1988.
incidence angles, and it is not yet clear that the observed Mattie. M. G.. D. E. Lichy, and R. C, Beal, Seasat detection of

waves, currents and inlet discharge, int. J. Remote Sen-i.. 1.
backscatter variations at these angles are adequately ex- 377-398. 1980.
plained by this model. Consequently, additional hydrody- Phillips. 0. M., The Dvnamus of the Upper Ocean. Ist paperback
namic and/or electromagnetic effects which are not presently ed., 336 pp.. Cambridge University Press. New York. 1980.
accounted for may be important in some cases. For example. Phillips. 0. M.. On the response of short ocean wave components at
nonlinear wave-wave interactions or wave breaking may a fixed wavenumber to ocean current varations. J. Ph~s. Ocean-
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source terms in the wave action equation. Furthermore. the 129 pp., 1973.
surface statistics associated with highly nonlinear or break- Plant. W. J.V A two-scale model of short wind-generated waves and

scatterometry, J. Geophys. Res.. 91. 10.735-10.749, 1986.ing waves may violate the assumptions of the two-scale Plant. W. J., Correction to -A two-scale model of short wind-
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