JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 88, NO. C3, PAGES 1745-1759, FEBRUARY 28, 1983

Monte Carlo Simulations for Studying the Relationship
Between Ocean Wave and Synthetic Aperture
Radar Image Spectra
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Institut fiir Geophysik, Universitdt Hamburg and Max-Planck-Institut fiir Meteorologie, Hamburg, Federal Republic of Germany

A theoretical model previously developed for describing the imaging of monochromatic ocean waves
by synthetic aperture radar (SAR) is extended to relate ocean wave spectra to SAR image spectra.
Since the SAR response to the moving ocean surface is nonlinear for a large range of ocean wave
parameters, this relationship can, in general, not be described by a linear mapping transfer function.
SAR image spectra are calculated from given ocean wave spectra by applying Monte Carlo simulation
techniques. The computer simulations are performed with varying SAR parameters and for a
unidjrectional wave field propagating in azimuth direction. Though the model calculations are only one
dimensijonal, they reveal the following basic features of the SAR imaging mechanism: (1) If the
nonlinearity of the imaging is sufficiently strong, then the peak of the SAR image spectrum is shifted
towards lower azimuthal wave numbers. (2) One parameter suitable for characterizing the degree of
nonlinearity is the average velocity bunching parameter ¢, which for SEASAT-SAR is given by é = 1.6
X 10° \,,"*2H, cos ¢, where A, is the dominant wavelength and H, the significant waveheight in
meters, and ¢ the azimuth angle (¢ = 0 for azimuthally traveling waves). (3) The amount of the
azimuthal shift of the spectral peak depends on ¢, SAR integration time, and on the width of the ocean
wave spectrum. It increases with integration time and spectral width. (4) In case of a fully developed
wind sea, shifts of spectral peaks toward lower azimuthal wave numbers become significant for
SEASAT-SARif & = 7/2. For ¢ ~ =, the relative azimuthal wavenumber shift is of the order of 1. If ¢ =
24, the peak of the image spectrum is located near zero wave number and no wave information can be
extracted from the SEASAT-SAR image spectrum.

1. INTRODUCTION

The imaging of ocean surface waves by synthetic aperture
radar (SAR) has been the subject of many recent theoretical
investigations [Larson et al., 1976; Elachi and Brown, 1977,
Jain, 1978; Raney and Lowry, 1976; Tomiyasu, 1978; Raney
and Shuchman, 1978; Alpers and Rufenach, 1979; Swift and
Wilson, 1979; Raney, 1980; Valenzuela, 1980; Harger, 1980;
Alpers and Rufenach, 1980; Rufenach and Alpers, 1981;
Alpers et al., 1981; Raney, 1981].

In almost all of these investigations, only the special case
of imaging one monochromatic ocean wave has been consid-
ered. Therefore, these SAR imaging theories apply primarily
to narrow band swell systems. But, when the spectrum of
the ocean surface wave field is broadband, then the previ~
ously developed theories suffice to describe the SAR imag-
ing of the ocean wave field only if the imaging is a linear
process. In this case the superposition principle holds and
the mapping can be described by a linear mapping transfer
function [Alpers er al., 1981].

However, often the SAR imaging process is not linear
because the ocean surface is.-moving. These motion induced
nonlinearities in the imaging process are most severe for
Waves traveling in flight or azimuth direction. In the present
Paper we investigate how these nonlinearities affect the
::lllationship between ocean wave and the SAR image spec-

m.

It is well known that sometimes SAR does not detect
0Cean waves, although their wavelength is several times the
Spatial resolution [Gonzales et al., 1979; Kasischke, 1980].
There is experimental evidence that nondetection is not
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confined to low waveheights. If this would be the case, then
nondetection could easily be explained by a too low signal-
to-noise or signal-to-clutter ratio [see, e.g., Alpers and
Hasselmann, 1982]. However, it has been pointed out by
Alpers et al. [1981] that image distortions due to nonuniform
scatter motions may also lead to nonimaging. This occurs
when the waves have a large azimuthal component and when
their height exceeds a certain value.

In the following paper, we present model calculations
based on Monte Carlo methods to relate SAR image to ocean
wave spectra. Our model is one dimensional, which means
that all waves travel in one direction. We restrict the model
calculations to azimuthally traveling waves, because the
effect of orbital motions on SAR imagery is largest for these
waves.

Extending the model to a two-dimensional wave field is
straightforward, but requires much more computing time.
Such a two-dimensional SAR simulation study is required
when investigating, for example, the directional spread of
SAR image spectra, but this will not be treated in the present
analysis.

The purpose of this paper is to elucidate the basic features
of the ocean wave spectrum—-SAR image spectrum relation-
ship. In a subsequent paper a detailed comparison between
calculated and measured two-dimensional SAR spectra will
be given.

The procedure of the model calculations is outlined in
section 2. In section 3 we describe how the ocean surface is
modeled, and in section 4 we state the formulas used for
describing the SAR imaging mechanism. The parameters
used in the present computer runs are given in section 5, and
some examples of Monte Carlo runs are presented in section
6. Finally, in section 7 we discuss and summarize the results
obtained from the Monte Carlo calculations.

1745



1746 ALPERS: SIMULATION OF SAR OCEAN WAVE IMAGING

2. OUTLINE OF THE MODEL CALCULATIONS

The model calculations consist of the following steps:

1. Generate one realization of a statistical ocean surface
wave field with a given spectrum by using Monte Carlo
techniques.

2. Calculate the orbital velocity and acceleration in range
direction, as well as the ‘real’ cross section modulation for
each facet on the ocean surface.

3. Calculate the SAR image of this particular realization
of the ocean wave field by applying the SAR imaging
mechanism for moving scatterers as discussed previously by
Raney [1971], Alpers and Rufenach, [1979], Swift and Wil-
son [1979], Rufenach and Alpers [1981], and Alpers et al.
[1981].

4. Calculate the ‘instantaneous’ autospectra and coher-
ence function of the ocean wave field and its SAR image.

5. Generate more realizations of the ocean wave field
and repeat the above calculations.

6. Calculate the average autospectra and the coherence
function.

7. Compare the average ocean wave field spectrum with
the SAR image spectrum and calculate the linear modulation
transfer function as well as the spectral mapping function.

These calculations are carried out for a variety of ocean
wave spectra, including fully developed wind sea and swell
spectra. Where applicable, the SEASAT-SAR parameters
are inserted [see, e.g., Jordan, 1980).

3. REPRESENTATION OF THE OCEAN SURFACE WAVE
FIELD

We approximate the ocean wave field by a superposition
of a finite number of harmonic components

N
Lxo, 1) = 3 z(ky) cos (kixo — wit + &) (1)

i=1

k: and w; denote the two-dimensional wave vector and
frequency of the ith wave component. {(x,, ) is the wave-
height, which is a function of the two-dimensional space
coordinate xo and time z. The amplitudes z(k;) = |z(k)| and
phases ¢; are random variables with Rayleigh and uniform
probability distribution functions, respectively.

The z(k,) are related to the ocean surface wave spectrum
E(k) by

(z(k)z(k)) = 28;E(k;)Ak @

where Ak = k;;, — k; is the stepwidth (which is assumed to
be independent of i), 8; the Kronecker symbol (5; = 1fori =
Jand &; = 0fori # j), and ( - - - ) and ensemble average over
different realizations of the ocean wave field. Likewise, the
ensemble average of the product of the ¢; is given by

m
(i) = 3 8y 3)

The Monte Carlo simulation consists in generating random
values for the amplitudes z(k;) and phases ¢; such that the
z(k;) are Rayleigh and the ¢; uniformly distributed and their
second statistical moments are given by equations (2) and
(3).

We restrict the present analysis to a unidirectional wave
field and assume that it can be described by a one-dimen-

sional JONSWAP-type spectrum [Hasselmann et al., 1973
1976] ’

E(k, ¢) = E(k)d(¢d — dy) (4a)
with

1 k 1/2 2
E(k) = Epm(k) exp {ln Y exp |:— ;2- ((k_) - 1) :I} (4b)

where Epy(k) is the one-dimensional Pierson-Moskowitz

spectrum
Eom(k) = = k3 ex Sk
= = e -
PM 5 p 4 \k, (&)

and & the Direac delta function. Here k = k| = 2#/\ denotes
the modulus of the wave vector k, X the wavelength, &, the
wave number of the spectral peak, « the Phillips parameter,
v the peak enhancement factor (which is the ratio of the peak
value of the corresponding Pierson-Moskowitz spectrum
with the same values of &,, and a), and o a shape parameter
that specifies the width of the spectral peak and which is
defined by o = o, for k < k,, and o = o, for k > k,.

If the spectrum describes a growing wind sea, then,
according to Hasselmann et al. [1973, 1976] the parameters
04, 03, and y have the values o, = 0.07, 0, = 0.09, and y=
3.3. For a fully developed wind sea, the JONSWAP spec-
trum reduces to the Pierson-Moskowitz spectrum. In this
case, is ¥ = 1 and a = 0.0081. The peak wave number £, is
then equal to the Pierson-Moskowitz wave number kpy,
which is related to the local wind speed U, at a height of 10
m by

k,,, = 217/)\," = kpM = 0.67g/U102 (6)

where g is the gravitational constant and \,, the dominant
wavelength.

For a fully developed wind sea, the significant wave height
H; is related to the wind speed U;q by

flJ = 0.24U|02/g (7)

In this paper we use the JONSWAP spectrum also to
describe swell. This is done by choosing a large peak
enhancement factor y(y > 3.3) and a small Phillips constant
ala < 0.0081).

4. SAR IMAGING PROCESS

According to Alpers and Rufenach [1979], Rufenach and
Alpers [1981], and Alpers et al. [1981], the ensemble-aver-
aged image intensity I(x, y) of a monochromatic ocean wave
(after range compression) can be expressed by the following
integral

oo

Ix) =B j

(%) pan/p' an{Xo) €XP { —12lp’ (%)

R 2
. [x —n-y ur(Xo)] } &y — yo) dxodyo  ®)

Here o(xg) denotes the radar cross section that varies aloqg
the long ocean wave profile due to tilt and hydradynamic
modulation, p,n the stationary target azimuthal resolution
for N (incoherent) looks, p',y the degraded azimuthal reso-
lution due to target acceleration and finite scene coherence
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time, R the distance between the target and the radar
(range), V the platform velocity, and u, the orbital velocity in
look direction of the antenna (we define the positive direc-
tion here as pointing towards the antenna). xy = (x, yo) and x
= (x, y) are the Cartesian coordinates on the ocean surface
and the SAR image, respectively. x; and x are the azimuthal
(along track) components. B is a constant which depends on
the parameters of the SAR system, including the SAR
correlator. The value of B is irrelevant for the present
analysis since we are interested in relative changes of I(x).

In deriving the above integral representation of the ensem-
ble-averaged image intensity, the following simplifying as-
sumptions have been made: (1) «T/2 = 1, where w is the
radian frequency of the ocean wave and T the coherent
integration time. (2) The scattering at the ocean surface can
be described as the scattering at an ensemble of scatter
clements (facets) which are statistically independent. (3) The
SAR antenna has a Gaussian antenna pattern in azimuth
direction. (4) Range-azimuth coupling can be neglected in
SAR processing. (5) The SAR is a perfect instrument that
maps uniquely a time-invariant two-dimensional radar cross
section distribution a(xp) into an image intensity distribution
I(x). The system transfer function is a constant in the wave
number range considered here. (6) System noise and speckle
do not limit the SAR resolution.

The degraded azimuthal resolution p’,x is given by

’ 1 "ITTZ 2 T 2711172
PanlX0) = Nps 11 + N TOGKM) + - (9a)

_ ) 1 5 ] 2 Y OR 2] 12
{(Npa) + (2 Var(xo) T) + (2V'r: (9b)

- bR

2TV
is the maximum achievable (one-look, full-bandwidth) reso-
lution, A the radar wavelength, 7, the scene coherence time
[Rufenach and Alpers, 1981], and a,(x;) the orbital accelera-
tion in look direction of the antenna (range direction).

If the surface elevation associated with the long waves is
given by equation (1), then the orbital velocity and accelera-
tion in range direction at ¢ = 0, are given by

where

Pa (10)

N
Ul%) = u,(xp, t = 0) = > z(k)w;G(8, &)
i=1
- sin (kxo + 8 + ¢) (11

N
4X) = alxy, 1 = 0) = — 3 z2(k)w’G(6, ¢)
=1

* COS (k,Xo + &+ ¢,) (12)

where
G(8, ¢) = (sin?8 sin’p + cos?8)'? 13)
8 = tg”!(tg0 sin ¢) 14)
and
o = ofk) = (glki)'"” (15)

Here 8 denotes the radar incidence angle and ¢ the azimuth
angle, which is at the angle between the propagation direc-
tion of the ocean wave and the satellite flight direction (¢ = 0
for azimuthally traveling waves). The variation in cross
section due to tilt and hydrodynamic modulation can be
written as [Alpers and Hasselmann, 1978]

N
o(xq) = oy {l + 2 |R(K)| z(k) cos (kixg + ¢ — ./,,.)} (16)
i=1

where |R(k)| and ¢; are the modulus and phase of the
modulation transfer function, respectively. Formula (16)
implies that cross section and ocean wave field are linearily
related. It is often convenient to define a dimensionless
modulation transfer function m(k) by

m(k) = k|~ kR(k) (17)

m can also be interpreted as the modulation transfer function
that relates the ocean slope spectrum to the real aperture
radar (RAR) image spectrum. (This function is essentially
identical to the modulation transfer function m used by
Wright et al. [1980]).

Equation (8) shows that in azimuth direction an image
point receives contributions from several scatter elements
(facets) on the ocean surface. These contributions are
weighted by a Gaussian function. Its width is the azimuthal
resolution, which varies with xy. The main contributions to
the integral (8) arise from those facets for which the argu-
ment of the Gaussian function in equation (8) vanishes:

—nt+ R 13
x =X V"r(xo) (18)

For small orbital velocities, this equation has only one
solution, which means that the SAR image is a one-to-one
map of the imaged scene. However, for large orbital veloci-
ties, the equation may have multiple solutions, which implies
that several facets on the ocean surface give major contribu-
tions to one particular image element. The SAR ocean wave
imaging ceases to be a one-to-one mapping process. We
expect already from these considerations that the transition
from the unique to the multiple value solution of equation
(18) constitutes the limit beyond which the SAR imaging of
ocean waves becomes significantly nonlinear.

The mapping of a monochromatic ocean surface onto the
SAR image plane is illustrated in Figure 1, where equation
(18) is plotted in terms of the nondimensional quantities

Xo' = kyXo x' = kx (19)
and where k,y, + & has been set equal to zero. The resulting
equation reads

x' =xy + c¢sinx’y 20)

with

I
=y Lowk<G(6, ¢) @n

where {, is the wave amplitude.

This parameter ¢ has been used previously by Alpers and
Rufenach [1979] and Alpers er al. [1981] for describing the
transition between linear and nonlinear imaging.
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‘ c=50

¢ % ¥ = 3n i
Fig. 1. Transformation of the azimuthal component of the ocean

plane xy’ to the SAR image plane x’ for different values of ¢ (see
equation (20)). For ¢ > 1, the transformation is not unique.

If the deep water dispersion relation is applicable, then ¢
can also be written as

c= I‘—f Log"kP2G(8, ¢) cos ¢ (22)

where g is the gravitational constant.

Figure 1 shows plots of equation (20) for different values of
¢ [see also Raney, 1981].

For example, if an ocean wave of wavelength A = 100 m
travels in azimuthal direction (¢ = 0) and is viewed by the
radar at an incidence angle of 8 = 20°, and if R/V = 128 s
(SEASAT), thenc¢ = 0.2, 0.5, 1.0, 2.0, and 5.0 correspond to
Lo = 0.03, 0.08, 0.16, 0.34, and 0.84 m, respectively. Howev-
er, if the wavelength is A = 200 m, then the corresponding
wave amplitudes are {o = 0.10, 0.24, 0.48, 0.95, and 2.38 m,
respectively.

The azimuthal density distribution of the backscatter
elements in the SAR image is given by
dxl

dxy’
The image of a long ocean wave contains regions, where,

in an alternating way, the apparent position of the backscat-
ter elements are concentrated (or bunched) and spread out.

-1
= |1 + ¢ cos xo'|™! (23)

This phenomenon in SAR ocean wave imaging is also calleg
velocity bunching [Alpers and Rufenach, 1979].

A radial target acceleration leads to a degraded azimuthal
resolution p’,n(xp). The backscattered energy originating
from one facet on the ocean surface is smeared in azimuth iy
the image. The degree of the smearing varies with azimuthg]
position on the long wave profile as indicated in Figure 2,
Note, however, that the total backscattered energy is cop-
served (see equation (8)).

The azimuthal image smear is relatively large for SEA-
SAT-SAR. For azimuthally traveling waves and 6 = 20°, the
maximum degradation in one-look (N = 1) azimuthal resoly-
tion is in case of #T?\o~" - a,° > 1 and p, = 6.25 m given by
(see equation (9a))

do = p'ulpa = 4.4 X 103§0/)\- (24)

This implies, for example, that for a monochromatic ocean
wave of wavelength A = 200 m and amplitude £y = 0.5 m, the
degraded azimuthal resolution varies between

=p,=625m (254)

P a,min
and
Pamax = 12p, = 69 m (25b)

From these considerations it is evident that the degradation
in azimuthal resolution due to wave motions is an important
factor in the imaging process for SEASAT-SAR. However,
the azimuthal image smear becomes less important for
SAR’s with shorter integration times (see equation (95)).

5. PARAMETERS USED IN THE CALCULATIONS

In the present calculations we simulate SAR images that
are 768 m long in azimuth direction and which have a pixel
size of 6 m. Since, owing to target motions, the image field
may be a map of a larger ocean field, the corresponding
azimuthal ocean field length is extended at both ends to (768
+ 2 X 198) m = 1164 m. In this way, one can account for
maximum azimuthal shifts and image smear of 198 m.

We approximate the long ocean wave field by a sum of 30
terms with equidistant azimuthal wave number spacing Ak,
= 2#/768 m~! (see equation (1)). The high wave wave
number cutoff is at k, max = 0.242 m™!, corresponding to a
wavelength of 26 m. The averaged spectra are obtained from
50 Monte Carlo runs (100 degrees of freedom).

In all calculations presented here we keep the parameters
No» Pa» 6, and ¢ fixed: Ao = 0.23 m, p, = 6.25m, § = 20°,¢=
0°. In one set of Monte Carlo runs we vary R/V in order to

azimuthal

———
e : Tl T

1
—_— i Pax image smear
—HT— x —image plane

X~ ocean piane

~ADE) B x-x, = %-u,(xol
image shift

< -
Y e
S

ocean wave amplitude

Fig. 2. Azimuthal image shift and image smear associated with a monochromatic ocean wave.
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SAR SIMULATION

R/V : 128.008 LAMBOA MAX. 768 M M@DUL. INDEX : 5.00
FOCUS SHIFT : 0.0 M/S LAMBDA MIN. 26 M MODUL.PHASE : 45.0
RZIM. RES. : 6.25 M M.C. RUNS : 50 INCIDENCE : 20.00
LOOKS : 1 JONSWAP PARAMETERS : RZIMUTH : 0.00
COHER.INT.T.: 2.406 S PERK : 150M o = 0.000010 G : 0.8u40
SCENE COH.T.: 10.00 S ¥ : 1000.0 owmnmer ¢ 0.070,0.080
H 1/3 : 1.608M
SLOPE SPECTRUM OCEAN-PLANE POWER SPECTRUM OCERAN-PLANE POWER SPECTRUM IMAGE-PLANE
0.040 «== 1 INPUT SPECTAUN 20.000 ~== v INPUT SPECTRUM 8-000
| A | B ) ' C _
€=1.39

2090 ! 15.000 [

0.020 10.000
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10 K-SPACE K-SPACE K-SPRCE

SPECTRAL MAPPING FUNCTION COHERENCE -~- PHRSE 275 LIN, MODULATION TRANSF. FCT.
40,000 1.000 0. 000
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$0.000 |- 0. 750 60.000 [~

20,000 = 0.500

10.000 ~ 0.250

0,000 Lol FER 0. p00
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0 o.000 Lot
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400,00 500.00 £00.00 700.00
LENGTH CNJ

Fig. 3. Example of a Monte Carlo simulation run showing SEASAT-SAR imaging of a very narrow band swell of 150
m wavelength and 1.6 m significant waveheight traveling in azimuth direction. The heading states the radar and ocean
wave parameters used in the run. The ocean wave spectrum is plotted as slope spectrum in panel A and as waveheight
spectrum in panel B. The dotted line represents the ideal input spectrum and the solid line the actual input spectrum
generated during this particular Monte Carlo run. Panel C shows the resulting SAR image spectrum with the parameter
¢ defined by equation (29) as insert, panel D the spectral mapping function defined by equation (30), panel E the
coherence function (modulus and phase) of the SAR image intensity and the waveheight, and panel F the linear
modulation transfer function defined by equation (31). Panel G shows one realisation of the ocean wave field and panel

H its SAR image.

Study the effect of target motions on SAR ocean wave
Spectra. The scene coherence time is chosen as 7, = 10 s.

The shape parameters of the JONSWAP type spectra (see
tquation (4)) are set o, = 0.07 and o3, = 0.09 in all runs, while
the parameters « and y are varied.

In all Monte Carlo runs presented in this paper, the ‘real’
Cross-section modulation transfer function is chosen as
k)| = 5 and g = (k) = =/4. This is a typical value
obtained from modulation experiments carried out from sea-
based platforms [Wright et al., 1980]. However, the principal
Tesults of this paper do not significantly depend on the

]
specific value chosen for the real cross-section modulation
transfer function, since in this paper we are mainly con-
cerned with nonlinear effects which are due to motion
effects. On the other hand, a detailed comparison of ocean
wave spectra with SAR image spectra requires an exact
knowledge of this transfer function.

6. ExAMPLES OF MONTE CARLO RUNS

In total, more than 200 SAR simulation runs have been
carried out on a CDC Cyber 173 computer. A sample is
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SAR SIMULATION

R/V : 1.00 S LAMBOA MRX. 768 M MODUL. INDEX : 5.00
FOCUS SHIFT : 0.0 M/S LAMBDA MIN. 26 M MODUL.PHRASE : 45.0
AZIM. RES, : 6.25 M M.C. RUNS : 50 INCIDENCE : 20.00
LOOKS : 1 JONSWAP PARAMETERS = RZIMUTH : 0.00
COHER.INT.T.: 0.019 S PEAK : 150M o : 0.008100 G : 0.8ug
SCENE COH.T.: 10.00 S Y : 1.0 owrmer ¢ 0.070,0.080
H 1/3 3.776M
SLOPE SPECTAUM OCERN-PLANE POWER SPECTRUM OCEAN-PLANE POWER SPECTRUM IMAGE-PLANE
D.08BD === 3 INPUT SPECTRUM 40. 0og ==+ 4 INPUT SPECTRAUN 0.400
LA | B  C _
c=0026
0.080 | 20.000 - 0.300 [
0.040 - 20.000 |- 0.200 |-
0.020 [~ 10,000 |- 0.100 [~
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0.500 |- 0.500 %.000 [~
0.250 - 0.250 2.000
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LENGTH CMJ

Fig. 4. SAR imaging with R/V = 1 (R = target range, V = platform velocity) of azimuthally traveling waves having a
Pierson-Moskowitz spectrum.

shown in Figures 3-12. These figures contain as headings the
SAR, ocean wave, and modulation parameters used in the
computer runs. Panel A shows the input spectrum plotted as
slope spectrum S(k) and panel B the same input spectrum
plotted as waveheight spectrum E(k). Both spectra are
related by

S(k) = KE(k) (26)

The dashed line represents the ideal spectrum, while the
solid line is the random spectrum generated during this
particular Monte Carlo run.

The corresponding spectrum of the image intensity F(k) is
plotted in panel C in relative units (B - o, has been set equal
to 1 (see equation (8) and (16))). Inserted in this figure is the

velocity bunching parameter &, which is one parameter
characterizing the degree of nonlinearity of the imaging. This
parameter is identical to the nondimensional parameter ¢
defined by (22), if £ is replaced by (¢%'*2 and [k| by [knl- ()
is the variance of the waveheight, which is related to the
significant waveheight H, = H,5 by

&« ;2>1/2 = H, (v4)]
and |k,,| the wave number at the peak of the spectrum. Thus,

the definition of ¢ is

¢= g"2G(8, @) cos |k *H; (28)

<l

1
4
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SAR SIM

ULATIGN
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Fig. 5. SAR imaging with R/V = 10 s of azimuthal

Inserting the SEASAT-SAR parameters and replacing ||
by the dominant wavelength \,, = 27lk,,|~! yields

Zseasat = 1.6 X 10 cos ¢ \,,~V2H, (29)

if A, and H, are given in meters.
\ Panel D shows the spectral mapping function T(k) defined
y

(30)

Ty =171 (ik))m

E(k)

Where I is the average image intensity. F(k) the image
Spectrum, and E(k) the waveheight spectrum.

As stated before, the mapping is nonlinear for a large
range of ocean wave parameters. If it were linear, then the

400.00 500.00 800.00 700.00
LENGTH CMJ

ly traveling waves having a Pierson-Moskowitz spectrum.

appropriate way to describe the imaging process is by a
linear modulation transfer function [Bendat and Piersol,
1966]. In this paper we define such function by

w)llz

@31

= 1p|= 11y~
M) = |k~ AT (E(k)

where 1 is the coherence function between the waveheight
and the SAR image intensity. With this definition the modu-
lation transfer function M(k) becomes a dimensionless quan-
tity. It is defined in analogy to the dimensionless ‘real’ cross-
section modulation transfer function m(k) (see equation
(17). |M(k)| is plotted in panel F.

The degree of linearity of the mapping can be character-
ized by |¥k)|. A value of |y(k)| close to 1 means that the
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SAR SIMULATION
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Fig. 6. SAR imaging with R/V = 50 s of azimuthally traveling waves having a Pierson-Moskowitz spectrum.

imaging is approximately linear, while a value close to 0
means that it is highly nonlinear. The modulus and phase of
the coherence function are plotted in panel E. The left-hand
scale applies for the modulus and the right-hand scale for the
phase.

Finally, one realization of the ocean wave field generated
during the simulation run is shown in panel G. The corre-
sponding SAR image in relative units (B - oy = 1) is plotted in
panel H:

Figure 3 shows SEASAT-SAR imaging of a narrow-band
swell of 150 m wavelength and significant waveheight of 1.6
m propagating in azimuth direction. The nonlinearity of the
mapping is evident from higher order peaks in the image
spectrum at twice and three times the dominant wave
number k,, = 27/150 m~!. Note that waveheight and SAR

image intensity are out of phase by approximately 180
degrees.

Next, we investigate how the orbital motions affect the
SAR image spectrum by varying the ratio R/V. Since we
keep p, constant, a small R/V ratio implies a short integra-
tion time (see equation (10)). For R/V — 0, the SAR behaves
like a real aperture radar (RAR), which is insensitive t0
target motions. Increasing the R/V ratio increases the influ-
ence of target motions on SAR imagery. We carry out t_he
Monte Carlo calculations for a fully developed wind-sea with
peak wave number k,, = 27/150 m ™!, which corresponds to
wind speed of Ujp = 12.5 m s~! (see equation (6)). The wave
field is described by a JONSWAP spectrum with o = 0.008!
(Phillips constant) and y = 1. Figures 4-7 show runs with
RIV = 1, 10, 50, and 128 s corresponding to & = 0.026, 0,26,
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SAR SIMULATION
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Fig. 7. SAR imaging with R/V = 128 s (SEASAT value) of

azimuthally traveling waves having a Pierson-Moskowitz

spectrum.

129, and 3.29, respectively. R/V = 1 s practically corre-
sponds to RAR imaging. R/V = 10 s is a typical value for a
fast and low flying airplane, and R/V = 50 s for a propeller
Tesearch aircraft (e.g., the NASA CV 990 research aircraft).
RV = 128 s applies for SEASAT.

For¢ = 0.026 (R/V = 1 s, Figure 4) and & = 0.26 (R/V = 10
s, Figure 5) the coherence is 1 or close to 1 for a relatively
lar.ge range of wave numbers. This means that the relation-
ship between ocean waveheight and SAR image intensity is
to a good approximation linear. For ¢ = 0.026 the linear
Wodulation transfer function M is almost equal to the
dimensionless ‘real’ cross section linear modulation transfer
. function m. The slope spectrum and image spectrum have

therefore their peaks at the same wavenumber. For ¢ = 0.26
(Figure 5) the motion induced ‘artificial’ cross section modu-
lation (velocity bunching) already contributes significantly to
the imaging as can be seen, for example, from the phase of
the coherence function which approaches 180 degrees for
large k; 180 degrees is the phase of the velocity bunching
modulation transfer function in case of linear imaging [see
Alpers et al., 1981]. The real cross section modulation
transfer function is proportional to %k, while the velocity
bunching transfer function is proportional to k*2. This
implies that velocity bunching contributes more to the
modulation at higher wave numbers and that the peak of the
image spectrum is shifted toward higher wave numbers.
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SAR SIMULATION
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Fig. 8. SEASAT-SAR imaging of an azimuthally traveling swell of 100 m wavelength and 0.173 m significant
wavebheight.

For ¢ = 1.29 (R/V = 50 s, Figure 6) and ¢ = 3.29 (R/V =
128 s, Figure 7) the modulation is dominated by motion
effects. In the latter case the coherence is very low, which
implies a highly nonlinear mapping. The image spectrum
now has more energy at lower wave numbers. In Figure 7 the
peak of the image spectrum is at k£ = 0.0164 m™! (A = 384 m),
while the peak of the waveheight spectrum is at k = 0.041
m~ ' A = 153 m).

Next we investigate how the imaging of a narrow-band
wave system (swell) varies with waveheight H,. In these
runs the peak of the waveheight spectrum is fixed at k,, =
27100 m™1.

Figures 8-12 show runs for H; = 0.173 m (¢ = 0.28), H; =

1.096 m (¢ = 1.75), H, = 1.73 m (¢ = 2.77), H; = 2.45m (¢ =
3.92), and H, = 4.90 m (¢ = 7.84). In the first case (¢ = 0.28,
Figure 8), the imaging is quite linear, and the linear modula-
tion transfer function is of the order of 100. For ¢ = 1-7.5
(Figure 9) the linear modulation has decreased, but still
accounts for an appreciable part of the total modulation (the
coherence is approximately 0.7 around the spectral peak). It
¢ is increased further to & = 2.77 (Figure 10), then the peak of
the SAR image spectrum is shifted from & = 0.065 m!\=
96 m) to k = 0.049 m™~! (\ = 128 m). For & = 3.92 (Figure 1_12
the image spectrum has a broad peak around k = 0.0245 m
(» = 256 m) and for ¢ = 7.84 (Figure 12) around D.C. (k=0
m™Y).

a5UBD| 7 SUOWILLIOD A IEa1D) 3|ced ! [dde ayy Aq pausenob ake sapile YO ‘8sn JO Sa|nJ J0j Areiqi auluQ A8|IAA LD (SUO I} IPUOD-PUR-SWLYWOY A8 | 1M Afeiq 1)U |UO//:SdNY) SUOIIIPUOD pue SWHS | Ul 39S *[£202/90/GT] Uo Ariqiaulluo A8|1M ‘ABo 010 N 8VE Id Il AQ Si72TOAE0D18800C/620T 0T/ 10p/wiod* B | 1M Afeiq 1 puluosgndnBe//:sdny wouy papeojumoq ‘€D ‘€86T ‘920229STE



ALPERS: SIMULATION OF SAR OCEAN WaVE IMAGING 1755

SAR SIMU

LATION
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Fig. 9. SEASAT-SAR imaging of an azimuthally traveling swell of 100 m wavelength and 1.096 m significant
waveheight.

7. DiscussioN

As can be seen from the examples of SAR simulation runs
presented in the preceding section, the SAR response to the
moving ocean wave field is nonlinear for a large range of
Ocean wave parameters. The nonlinearity is caused by an
ex.cessive velocity bunching as well as by an excessive
azimuthal image smear (degradation in azimuthal resolu-
tion). The first effect depends on the R/V ratio and is
l“df=l)endent of radar wavelength )\, and integration time T,
while the second effect depends on T (see equation (9)).

Auseful parameter for characterizing the degree of nonlin-
tarity of a given SAR system is the velocity bunching

parameter ¢ defined by equation (28). However, how the
nonlinearity of the mapping affects the ocean wave spec-
trum~SAR image spectrum relationship depends also on the
value of the azimuthal image smear (which is proportional to
SAR integration time) and on the width of the ocean wave
spectrum.

The results from all Monte Carlo runs carried out so far
can be summarized as follows: If the ocean wave spectrum is
broadband, as in case of a wind sea, then for sufficiently
large values of the nonlinearity parameter ¢ the peak of the
corresponding SAR image spectrum is shifted toward lower
wave numbers. The motion of the sea surface thus turns the
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Fig. 10. SEASAT-SAR imaging of an azimuthally traveling swell of 100 m wavelength and 1.732 m significant
waveheight.

SAR into a nonlinear imaging device. It is well known that
the output signal of nonlinear systems contains in general
frequencies that are multiple sums and differences of the
frequencies present in the input signal. Nonlinear systems
have the capability of frequency conversion (upward or
downward), which means that energy can be transfered from
one frequency band to another. In the present case of a SAR
responding to a moving ocean wave field, the structure of the
nonlinearity is such that the net effect is a shift of the spectral
peak toward lower spatial frequencies and a distortion of the
shape of the spectrum (spectral broadening).

The value of the shift and the degree of distortion depends

on the form of the ocean wave spectrum and on SAR
integration time. The shift is larger for broadband spectra
(wind sea) than for narrow-band spectra (swell) and for
SAR'’s with longer integration times.

In case of SEASAT-SAR and a Pierson-Moskowitz spec-
trum, shifts of spectral peaks toward lower wave numbers
become significant if ¢ > /2. The value ¢ = /2 corresponds
to an average maximum azimuthal image shift of A,/4 (see
equation (19) and (20)). The condition ¢ =< #/2 is fulfilled for
wind speeds U, above 27 m s~! (see equations (6), (7), and
(29)).

For ¢ = ar the shift is already so large that the peak of the
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SAR SIMULATION
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Fig. 11. SEASAT-SAR imaging of an azimuthally traveling swell of 100 m wavelength and 2.450 m significant
waveheight.

image spectrum is located at approximately one half the
Wwave number at which the waveheight spectrum has its
maximum. Expressed in terms of wind speed this occurs for
Up = 13.5 m s~!. In other words, in case of a fully
developed wind sea, SAR imaging is highly nonlinear for Uy
S135ms L.

For ¢ = 2 the peak of the image spectrum is located at
D.C. (k = 0 m™"). In this case no wave information can be
extracted anymore from the image spectrum.

If the wave field is a narrow-band swell, then the spectral
Peak starts shifting toward lower azimuthal wave numbers
for larger values of ¢ as compared with the wind sea case.

Higher-order peaks may occur in the image spectrum for
sufficiently large values of ¢. However, in actual SAR
imagery these higher order peaks should in general disappear
in the background noise because of their low spectral level.

An important consequence of this azimuthal wave number
shift is that ocean waves, which travel at an intermediate
angle between the azimuth and range direction, appear on
the image as being rotated toward the range direction, since
the range component is not affected.

SEASAT-SAR data analyzed recently by Beal et al. [this
issue] seem to support this result from our SAR simulation
studies.
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SAR SIMULATION
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Fig. 12. SEASAT-SAR imaging of an azimuthally traveling swell of 100 m wavelength and 4.900 m significant
wavelength.
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