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THE PHYSICAL BASIS FOR ESTIMATING 
WAVE ENERGY SPECTRA FROM SAR IMAGERY 

Ocean surface waves are imaged by synthetic aperture radar (SAR) through a combination of the ef
fects of changes in the surface slope, surface roughness, and surface motion. Over a limited range of 
conditions, each of these effects can be described in terms of a linear modulation-transfer function. In 
such cases, the wave-height spectrum can be estimated in a straightforward manner from the SAR image
intensity spectrum. The range of conditions over which this assumption of linearity is valid is investigat
ed using a numerical simulation model, and the implications of various departures from linearity are 
discussed. 

INTRODUCTION 

The imaging of ocean surface waves by synthetic aper
ture radar (SAR) has been amply demonstrated by 
numerous experimental investigations. 1-7 The relation
ship between the SAR image and the wave spectrum has 
been investigated during these experiments; it has also 
been the subject of various theoretical studies of the im
aging process. 8

-
15 As a result of these investigations, the 

physical mechanisms and effects involved in the SAR 
imaging of ocean waves have been identified, although 
there are still uncertainties in the magnitudes of some 
of the effects. The mechanisms are discussed and esti
mates of their magnitudes are given in the following sec
tion. A numerical model of the imaging process that 
incorporates the mechanisms is then described and results 
are presented for several cases. Finally, the prospects for 
estimating wave-height spectra from SAR images and 
the conditions under which such estimations mayor may 
not be possible are discussed in the final section of this 
article. Monaldo (this issue) describes a spectral estima
tion procedure based on certain linearizing approxima
tions to the model and gives results from a SIR-B 
experiment. 

SAR IMAGING MECHANISMS 

The microwave reflectivity, or radar cross section per 
unit area of the ocean surface, is influenced by the small
scale roughness of the surface; it is also dependent on 
the local angle of incidence of the microwave radiation. 
Thus, changes in the surface roughness as well as the sur
face slope associated with "long" ocean waves cause var-
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iations in the backscattered micr~wave power that are 
observable by high-resolution radar systems. These sources 
of variation are referred to as hydrodynamic and tilt 
modulation, respectively. 14 

In the case of SAR, the image intensity is also in
fluenced by the motion of the surface. Motions that are 
correlated with the phase of the long wave cause varia
tions in the image intensity via the' 'velocity bunching" 
mechanism. 8

,9 Random motions, on the other hand, 
cause a degradation in the effective azimuth resolution 
that results in the "azimuth falloff" effect described by 
Beal et al. 6 

Each of the modulation mechanisms, over a limited 
range of conditions, may be assumed to be linear in the 
sense that a sinusoidal surface wave of a given ampli
tude produces a sinusoidal variation in the backscattered 
power, or image intensity, with an amplitude that is 
proportional to the wave amplitude. Under these con
ditions, superposition also applies so that the spectrum 
of the back scattered power or image intensity is related 
to the wave-height spectrum via a composite modula
tion-transfer function that is the (vector) sum of the in
dividual modulation-transfer functions due to hydro
dynamic effects, tilt effects, and velocity bunching. The 
effect of random surface motions may be similarly ac
counted for, in this approximation, by a convolution in 
the image domain with a resolution function having a 
width Po in the along-track or azimuth direction. This 
is equivalent to a multiplication of the image spectrum 
by a falloff function, j, having a width proportional to 
1/ Po in the azimuth wavenumber direction. Combining 
these effects results in the equation 

Si (kx, ky ) 

Sw (kx, ky ) 

where Si is the image spectrum, Sw is the wave-height 
spectrum, kx is the azimuth wavenumber, ky is the 
range wavenumber, and k L = k; + k; . 
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The hydrodynamic modulation-transfer function, 
mh, was originally thought to be dominated by the 
straining effect of the long-wave orbital motions on the 
shorter surface waves. 16 An expression for that effect, 
neglecting the relaxation of the short waves, is given by 

(2) 

assuming a Phillips-type k - 4 spectrum for the short 
waves. Measurements of the transfer function indicate 
magnitudes several times larger than this value, as well 
as a dependence on wind speed and wavelength that is 
not predicted by the equation. 17 Other mechanisms
such as a modulation of the air flow across the long 
waves that in turn modulates the short waves, or non
linear effects such as wave breaking-may be responsi
ble for the larger observed hydrodynamic modulation. 

The tilt modulation-transfer function, m" can be 
written as 

(3) 

where (Jo (0) is the radar cross section as a function of 
the incidence angle 0, and the "i" indicates that the 
change in radar cross section is 90 degrees out of phase 
with the surface elevation. 14 Using a Bragg scattering 
model with a perfectly conducting surface and a Phillips
type short-wave spectrum, this becomes 

4 cot 0 
1 ± sin 2 0 iky /k (4) 

where the plus sign refers to vertical polarization and 
the minus sign refers to horizontal polarization. For in
cidence angles less than about 30 degrees, the tilt 
modulation-transfer function is larger than the hydro
dynamic modulation-transfer function given by Eq. 2. 

For sufficiently small wave amplitudes, the velocity
bunching modulation-transfer function, mv , can be 
written as 

R 
- w [ - cos 0 + i ( k y / k) sin 0] k x / k , 
V 

(5) 

where R is the range, V is the SAR platform velocity, 
and w = (gk) VI is the radian frequency of the long 
wave. 14 The conditions under which this linear 
modulation-transfer function is valid are discussed in the 
following section. 

The azimuth falloff function f(kx ) also involves the 
R I V ratio as well as the surface velocity distribution. 6,18 

An expression for f(kx ) was derived by Beal et al. 6 of 
the form 

(6) 
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where (J3 is the radial velocity variance, which is ob
tained by integrating the surface velocity spectrum over 
an appropriate range of wavelengths. The proper limits 
of the integration are still a matter of debate, however, 
and consequently the dependence of the azimuth falloff 
effect on environmental conditions has not been re
solved. 

NUMERICAL SIMULATION MODELING 
In order to resolve questions that are difficult to ad

dress analytically, such as the conditions under which 
the velocity bunching mechanism is linear and the de
pendence of the azimuth falloff function on the wave 
spectrum, a numerical simulation of the SAR imaging 
process is useful. 13,19 The numerical model of the pres
ent study uses a Monte Carlo simulation to assign values 
of the surface velocity and reflectivity to each point on 
the surface. These values are then used to calculate the 
SAR image intensity following the procedure described 
by Hasselmann et al. 15 The predictions of this model 
appear to agree well with SIR-B observations over a 
limited parameter range. 19 Nevertheless, the conclusions 
based on this model must remain tentative until further 
experimental confirmation can be made. 

A wave-height spectrum having a peak wavelength of 
200 meters at a direction of 45 degrees with respect to 
the SAR ground track is shown in Fig. 1. This spectrum 
was scaled to yield a significant wave height of 2, 4, and . 
6 meters and was used as an input into the above
mentioned SAR simulation model. 19 Additional para
metric variations of the R I V ratio and the (tilt) modu
lation-transfer function were made, as shown in Table 1. 

The effect of varying the significant wave height Hs 
is illustrated in Fig. 2 for R I V = 35 seconds and in Fig. 
3 for R I V = 120 seconds. For R I V = 35 seconds, the 
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Figure 1-The assumed wave-height spectrum used as an in
put for all simulations in Figs. 2, 3, and 4. The peak wavelength 
is 200 meters, and the wave system is travelling at a mean direc
tion of 45 degrees with respect to the SAR ground track. 
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Table 1-Parameters used for numerical simulation results. 

Fixed Parameters 

SAR platform velocity: 7500 meters per second 
Azimuth resolution (four-look): 25 meters 
Peak wavelength: 200 meters 
Peak wave direction: 45 degrees (from ground track) 

Varied Parameters 

Significant wave height: 2, 4, 6 meters 
Range/ velocity of platform: 35, 120 seconds 
Tilt modulation-transfer function: 5, 10, 15 

shape of the image spectrum remains fairly constant and 
the magnitude of the image spectrum scales with the sig
nificant waveheight as expected, thus indicating a linear 
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Figure 2-The resulting SAR image spectrum for a range-to
velocity ratio of 35 seconds (shuttle and proposed Spectrasat 
altitudes) and for input significant wave heights of (a) 2 meters, 
(b) 4 meters, and (c) 6 meters. Original input wave-height spec
tral limits (Fig. 1) are shown shaded. The assumed tilt modula
tion, m t , is 10; the assumed (off-nadir) incidence angle, 0i, is 
25 degrees. Note that a fully developed wave system with a dom
inant wavelength of 200 meters will have an associated signifi
cant wave height of about 5 meters. 

response over the range of wave heights considered_ The 
image spectrum for R I V = 120 seconds shows a sig
nificant rotation toward the range direction for H s = 
2 meters and a severe distortion for H s = 4 meters. 
For those conditions, the SAR image spectrum is not 
adequately predicted by the linear modulation transfer 
functions described in the previous section. 

The effect of varying the magnitude of the (tilt) modu
lation-transfer function is shown in Fig. 4 for R I V = 
35 seconds and Hs = 4 meters. Significant changes in 
the image spectrum shape and minor variations in the 
location of the spectral peak are observed. The implica
tions of these variations are discussed in the following 
section. 

WAVE SPECTRUM ESTIMATION 
The results of numerical simulations indicate that the 

imaging process may be divided roughly into three re
gimes_ In the first regime, the effects of surface motions 
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Figure 3-The resulting SAR image spectrum for a range-to
velocity ratio of 120 seconds (Seasat and the European ERS-1 
altitudes), and input significant wave heights of (a) 2 meters and 
(b) 4 meters. The original input wave-height spectral limits are 
shown shaded. The assumed tilt modulation , m t, is 10; the as
sumed incidence angle, Oi' is 25 degrees. 

produce linear modulations of the image intensity over 
a spectral region surrounding the dominant wavelength; 
resolution degradation or azimuth falloff effects are min
imal over the same spectral region. In this regime, the 
wave-height spectrum can be obtained simply by invert
ing Eq. 1, after accounting for speckle effects,20 assum
ing that the radar modulation-transfer functions (m il 
and m/) are known or can be estimated. Figure 4 illus
trates the effect of variations in the radar modulation
transfer function and indicates the magnitude of the er
rors incurred by a mis-estimation of that parameter. 

In the second regime, a departure from linearity is ob
served, but the effects of the nonlinearity can be account-
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Figure 4-The resulting SAR image spectrum for a range-to
velocity ratio of 35 seconds (shuttle and proposed Spectrasat 
altitudes), significant wave height of 4 meters, but for tilt modu
lation factors both (a) lower, mt equals 5, and (b) higher, mt 
equals 15, than those used in Figs. 2 and 3. The original input 
wave-height spectral limits are shown shaded. The assumed in
cidence angle, Oi' is 25 degrees. 

ed for by the inclusion of the azimuth falloff function 
f(k x) in Eq. 1. In that regime, it may still be possible 
to estimate the wave-height spectrum if f(kx ) is non
zero over the spectral interval of interest and the mag
nitude of f(kx ) can be estimated. This function may de
pend on parameters not directly measurable by the SAR, 
such as the short-wave (nonresolved) portion of the spec
trum. In that case, auxiliary measurements such as the 
wind speed may be required to estimate the wave- height 
spectrum. 

In the third regime, nonlinearities in the imaging are 
so severe that the wave spectrum is not recoverable from 
the SAR image spectrum. Such cases are probably quite 
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common for R I V ratios exceeding 100 seconds (such as 
Seas at or ERS-l) but are relatively rare for RIV ratios 
on the order of 35 seconds that occur on low-orbit sen
sors such as SIR-B or the proposed Spectrasat (Beal, this 
issue). 
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