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Abstract.

The phase and amplitude of the real aperture radar (RAR) modulation

transfer function (MTF) are, applying both simulated and real synthetic aperture radar
(SAR) image spectra, shown to strongly influence the SAR ocean wave imaging of
range- (or near-range) traveling wave systems. Conventionally, in situ measurement of
the sea state has been used in connection with SAR estimation of the RAR MTF. In
most cases, the SAR imaging has been simulated by varying the phase and amplitude
of the transfer function until some criterium for best fit between the measured and
simulated spectra is met. The main problem with this method is the need for in situ
buoy measurements of the underlying ocean wave height spectrum. This paper
proposes a new method for estimating the RAR MTF directly from the SAR ocean
wave image spectrum. Hence the method differs from previously used methods in that
it is independent of in situ measurements of the sea state. The only (weak) restriction
is that the observed wave system is range- or near-range traveling. On the basis of
three range-going profiles the RAR MTF phase and amplitude are estimated.
Investigations using synthetic data reveal that the SAR image spectrum for realistic sea
states is colored by the unknown transfer function to such an extent that the
underlying wave spectral form is not critical. Experimentally, the phase and amplitude
of the RAR modulation are computed using the Norwegian Continental Shelf
Experiment 1988 data. It is shown that the phase is most important for the SAR
spectral distribution. Typically, the phase is observed to be in the interval from 60° to
110° and the amplitude to be of the order of 10-18. Furthermore, it is shown from
simulation studies that marked changes in real SAR image spectra crossing an
atmospheric front are recreated when the measured MTF phase and amplitude are
used. Eventually, the hydrodynamic modulation is also extracted from the RAR MTF
data. Variations of the hydrodynamic MTF phase across the abovementioned front are
focused on. The estimates confirm a consistent wind direction induced modulation on
each side of the front. No marked trends are observed for the amplitude. The overall
conclusion of the study is that the conformity between simulated and measured spectra
is improved when measured RAR MTFs are incorporated in SAR imaging simulation

procedures.

1. Introduction

Imaging of ocean waves by synthetic aperture radar (SAR)
is strongly influenced by the orbital motion of the scatterers.
This is due to the fact that the fine azimuth (along-track)
resolution of the SAR is obtained by coherent integration of
the backscattered signal. Typically, the integration lasts on
the order of seconds and contributes both constructively and
destructively to the ocean wave imaging. The constructive
effect, denoted velocity bunching, makes it possible to image
azimuth-traveling waves. Random motion and spatial deco-
rrelation of the scatterers during the integration interval,
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together with the nonlinearities of the velocity bunching,
contribute destructively to the imaging. Much of the recent
work on SAR has been concentrated on these orbital motion
effects [Alpers and Briining, 1986; Alpers and Rufenach,
1979]. Imaging of range- (cross-track) traveling waves, de-
scribed by the real aperture radar (RAR) modulation transfer
function (MTF), is nevertheless also important.

The RAR MTF is usually divided into terms modeling tilt
and hydrodynamic modulation. Tilt modulation is a pure
geometric effect describing the variations in backscattered
energy due to changes in the local incidence angle of the
scattering elements (facets) along the surface waves. Hydro-
dynamic modulation arises from interactions between Bragg
scatterers and long ocean waves. This latter effect produces
a nonuniform distribution of the Bragg waves on the sea
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Figure 1. The experiment area of NORCSEX'88 off Nor-
way with buoy locations at stations 1 to 4.

surface. Also contributing, but often neglected, is range-
bunching modulation. This modulation arises from the geo-
metric folding of scatterers above or below the mean ocean
surface level. Having all these effects in mind, the total RAR
MTF is generally assumed to be linearly dependent on the
long ocean wave field, although there are extreme cases
where this is not a valid assumption [e.g., Jacobsen and
Eltoft, 1992]. Furthermore, the magnitude and phase of the
hydrodynamic MTF are evidently related to air-water inter-
action mechanisms [Wright et al., 1980; Plant, 1986]. Mea-
surements of the hydrodynamic MTF from SAR image
spectra will therefore also be a sensitive sensor of air-water
interaction processes (see the discussion of atmospheric
front in section 5).

Several field campaigns have been conducted to examine
the SAR ocean wave imaging process. The Norwegian
Continental Shelf Experiment (NORCSEX’88) was carried
out in March 1988 at Haltenbanken off mid-Norway (see
Figure 1), with participation from Canada, France, Norway,
the United States, and Germany. The overall goal of the
experiment was to investigate the capability of ERS-1 type
of active microwave sensors to measure oceanic features
such as near-surface wind, waves, and currents. Several
instruments were involved including the Canadian CV-580 X
and C band SAR, the Geosat altimeter, and a ship-mounted
scatterometer. Only C band (6 GHz) SAR data is processed
in this paper. In situ measurements were also collected from
wave directional buoys and research vessels.

On March 11, seven SAR flights at two different altitudes
were performed. The flights were in a star pattern covering a
wave scan buoy. On this day a trimodal wave spectrum with
a significant wave height of the order 4-5 m was monitored
by the buoy (see Figure 2). On March 20, two of the passes
going in opposite flight directions crossed a strong atmo-
spheric front. These data sets give a unique opportunity to
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study SAR imaging of complex sea states under different
imaging geometries and atmospheric conditions.

Using all seven passes from March 11 and the two passes
from March 20, SAR image spectra were computed for
different incidence angles and ranges. On the basis of these
spectra the phase of the RAR MTF, and in most cases the
amplitude, were computed with the proposed method. The
imaging was then simulated using model and buoy spectra as
well as measured and theoretical RAR MTFs as inputs. The
results obtained were then compared to corresponding mea-
sured SAR image spectra.

It is also of considerable interest to discover the physical
mechanisms that influence the modulation of the local radar
cross section. It is expected that hydrodynamic interaction
theory (section 2.2) is more applicable to decimeter (L band)
than centimeter (X and C band) Bragg scatterers. The
distribution of the short ripple waves is more affected by the
wind than the distribution of longer ones. Wind dependent
modulation caused by spatially varying air flow should
consequently be expected to occur across an atmospheric
front. On the basis of this hypothesis and the assumption
that geometrically induced modulation (tilt and range bunch-
ing) are modeled correctly (equations (7) and (10)), the
hydrodynamic modulation may be extracted from the RAR
MTF estimates. Instead of presenting any improved hydro-
dynamic modulation theory, we apply a simplified model for
the hydrodynamic MTF involving a complex amplitude
(phase and amplitude) as well as a wavenumber term. This
model is thereafter fitted to real SAR data.

In section 2 a short outline of Hasselmann and Hassel-
mann’s [1991] nonlinear integral transform (describing non-
linear SAR imaging) is given, together with some of its
implications for imaging in the linear spectral region. In
addition, the RAR MTFs conventionally used in the litera-
ture are shortly summarized. Section 3 presents the pro-
posed computational procedure for extracting the RAR MTF
from SAR image spectra and introduces parameters applied
to quantify the procedure performance. Section 4 shortly
reviews the NORCSEX’88 experiment including computa-
tional procedure, data selection, and supporting in situ

Station1-880311-115900

Figure 2. Buoy spectrum from station 1 on March 11 at
1159 UTC.
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measurements. Section 5 presents results of obtained RAR
MTF estimates for synthetic and real data as well as extrac-
tion of the hydrodynamic MTF. Section 6 presents a sum-
mary and discussion of the results.

2. SAR Oceian Wave Imaging Model
2.1.

Gaussian linear wave theory (GLWT) is assumed to de-
scribe the ocean surface properties. Assuming that both tilt
and hydrodynamic modulation are linear transformations
within GLWT, the SAR image spectrum S;(k) is given as
[Hasselmann and Hasselmann, 1991]

The Nonlinear Wave Imaging Transform

Sik) = I e ¥ G(x, k,) dx — I35(k) (1)
X
with
G(x, k;) = IZe Slre®@Pe®(1 + o (x) + ik [py(x)

= pre—%)] + kH{[p1£(0) — p (X)W 1e(0) — pr(—X)D)
@

where pj; is the RAR auto covariance, pj, is the RAR shift
field cross covariance, pg is the shift field auto covariance,
k, is the azimuth wavenumber, and I, is the mean radar
cross section.

Equation (2) states that the nonlinear transform contains
various combinations of the auto and cross-covariance func-
tions. Numerical implementation of S;(k) is based on the
general form Pop(x) = F M M ’;,\If(k)) of the covariance
functions above. Here M refers to a linear transfer function,
%( ) denotes the Fourier transform, and ¥(k) is the ocean
wavenumber spectrum.

The various terms may be scaled by the nondimensional
RAR modulation standard deviation s = [p;;(0)]"? and the
nondimensional azimuth wavenumber k = ky[pg(0)] 12 giv-
ing [Hggda et al., 1993]

G(x, ky) = 13901 + O(n?) + O(kp) + O[(k )} (3)

Because of the &, dependence, (1) is not a conventional
two-dimensional Fourier transform, and the result turns out
to be strongly dependent on the magnitude of «.

RAR region. When | x| << 1, G(x, k,) = I3[1 + py(x)]
yielding a SAR spectrum S§;(k) = S;;(k). Hence the SAR
spectrum reduces to the RAR spectrum in this region.

Linear region. For xup to a size u we may expand the G
function to second order in «

G(x, ky) = I§{1 + py(x) + ik,[p1e(x) — p1e(—x)]
+kipee(x) + 0GP} (4
After some algébra the linear SAR spectrum is obtained to
Sin®) = IP{IM(k, w)|?¥(k)/2 + |M(k, — 0)|*¥( - k)/2}
Q)

where M is the combined transfer function M(k, w) = M (k,
) + ik, Mk, ») and M; and M, are the RAR and shift
transfer functions, respectively.

Nonlinear region. When x becomes larger than 1, the
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exponential factor tends to kill all other contributions in G
unless p(x) is close to p,/(0). For realistic sea states this will
occur around x = o. Thus G might be approximated by

G(x, k) = IZ[1 + p(0)]e —k2pgex)—p ge(—x)] (6)

that is; no explicit information on RAR effects is contained in
(6). Apparently, the RAR MTF will be most important in the
RAR and linear region (near range) because the smearing
will tend to dominate in the nonlinear region. An estimation
procedure for the RAR MTF is consequently best adopted in
the linear region since nonlinearities may be neglected within
this spectral band.

2.2. RAR Modulation Transfer Function

In this subsection we give a short overview of some of the
most common RAR MTF models given in the literature. The
tilt and range-bunching modulation given in (7) and (10) are
explicitly used in section 5.3 to extract the hydrodynamic
modulation from the estimated RAR MTF estimates.

Tilt modulation. Tilt modulation is a geometric effect
owing to a locally varying facet tilt over the long ocean
waves [Valenzuela, 1968]. Assuming Bragg scattering to be
dominant, the tilt modulation may be expressed [Alpers et
al., 1981]

4 cot ®

M = 1+ sin? @ ikey

)]
where the plus and minus signs denote vertical and horizon-
tal polarization, respectively [Monaldo and Lyzenga, 1986].

Hydrodynamic modulation. The Bragg scatter energy
will vary over the long ocean wave field because of several
factors. Wind tends to modulate the small-scale wave field
inhomogeneously over the long wave period. The small-
scale wave field will feel a locally varying acceleration of
gravity owing to the orbital motion of longer waves. Break-
ing waves also contribute to the scattering process. All these
effects require a complex model and several relations have
been proposed to describe the hydrodynamic interactions
between the short and long surface waves.

Alpers and Hasselmann [1978] used the action balance
equation and modeled the hydrodynamic interaction as

e 2
Mpyqa(k) = P 4.5kw cos® ¢ ®)

where k cos ¢ = k, and u is a characteristic relaxation time
of the system.

A similar transfer function was obtained by Keller and
Wright [1975] using the transport equation for the energy
spectrum of short water waves. Feindt [1985] introduced
additional empirical feedback terms y, + ivy; for modeling
wind input in wave tank measurements, leading to the
following modification of (8)

et 2 .
Mpya(k) = P 4.5kw(cos® ¢ + y, + iy))
9)

Range bunching. The position determination of a scatter-
ing object in range direction is accomplished by the time
interval between a pulse and the returned echo. This intro-
duces an object misplacement proportional to the vertical
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position of the object relative to a reference level, i.e., the
mean sea level. The misplacement in range direction, for a
facet with height 1 above the reference height, is given as
8r = tan~! @ 7. It is readily shown that the range-bunching
transfer function may be approximated by [Gower, 1983]

ik,

tan @

M, y(k) = (10)
Observe that the range-bunching MTF is in phase with the

tilt MTF but contains a smaller amplitude unless © is very
small.

2.3. Selected RAR MTF Model

Briining et al. [1988, 1992] and Monaldo et al. [1992] used
the following simplified model to describe the complete RAR
MTF:

M,(K) = kyA, exp (in,) (11

where A, is the amplitude and 7, the phase of the combined
tilt and (generally unknown) hydrodynamic modulation.
Monte Carlo simulations carried out by Briining et al. [1988,
1992] showed that the location of the spectral peak maxima
strongly depends on the phase of the RAR MTF (see also
Figure 5). The amplitude of the RAR modulation transfer
function was not found to be that critical. However, Johnsen
et al. [1992] observed in inversion studies that application of
a too-low amplitude gave inverted ocean wave spectra with
artificial growth of spectral energy along the range axis.
Hence the amplitude must at least be roughly estimated to
obtain trustworthy results. In this paper it is assumed that
the tilt and range-bunching modulation, being purely geo-
metric effects, are reasonably well described. On the basis of
the discussion above we adopt the RAR MTF model in (11)
and a marginally modified version given by

2

ky .
M, (k) = A, exp (in,)

P 12)

3. Measurement Procedure for the RAR MTF
3.1.

A number of experiments with the goal of measuring the
hydrodynamic MTF, have been conducted [e.g., Feindt et
al., 1986; Keller and Plant, 1990]. Such campaigns have
usually been carried out in wind-wave tanks and from
towers. Typical problems with these types of experiments
are nonrealistic sea conditions in wave tanks and distur-
bances from towers making downwind measurements im-
possible. Unfortunately, similar measurements have not yet
been carried out at open oceans with wavenumber scales
applicable for SAR imaging.

Measurements using SAR have been reported only by a
few authors [Briining et al., 1992, 1993; Monaldo et al.,
1992]. These methods have been realized by using some
buoy-measured, or wave model obtained, sea surface truth
spectra as input for simulation of the SAR imaging process.
The RAR MTF is thereafter typically obtained by varying
the RAR phase and amplitude A, and 7,, respectively, until
the output spectrum in some way best agrees with the real
SAR spectrum. A problem with this method is the depen-
dency of correct information on the sea surface truth. Owing

Previous Approaches
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to the strong bandpass structure of the nonlinear SAR
imaging transform, small directional mismatches in the input
spectrum will give large deviations and misplacement in the
energy distribution of the simulated spectrum. The uncer-
tainty of the angular distribution that in fact exists in a buoy
spectrum can therefore give large deviations between the
true and estimated RAR MTF. In some cases, estimates are
impossible, or at least very difficult, to attain.

In this paper we consequently assume that four unknowns
have to be dealt with, namely, the phase and amplitude of
the RAR MTF and the ocean wave spectrum as well as the
azimuth smearing effect. This seems to be a rather difficult
problem to handle. However, operating in the quasi-linear
region (near range) of the imaging process, several possibil-
ities for estimating the RAR MTF exist, since the parameter
then strongly alters the resultant SAR image spectrum.

3.2. Range Profile Method

The proposed method uses three different SAR spectral
lines with a constant azimuthal wavenumber value in each
line. It is assumed that the imaged ocean wave spectrum is
constant (or described by a modeled directional distribution)
over the three lines. Using lines on and adjacent to the range
axis, it is assumed that the imaging is quasi-linear. These
assumptions give rise to several sources of error. Firstly, the
ocean wave spectrum is strictly not constant over the
profiles. Secondly, outside the range axis the imaging is
often nonlinear or at least quasi-linear. However, simulation
studies (see section 5.1) using realistic sea states and a priori
known RAR MTFs, nevertheless do show that these effects
do not influence the estimates significantly. Assume the
following linear imaging model (see (5)):

Si= M, +MP*¥ =[|M,|*+ A}

+ 2|Mv|Ar cos (nr - ’ﬂv)]‘l’ (13)

where |M,| and 7, are the velocity-bunching transfer func-
tion amplitude and phase, respectively. The velocity-
bunching transfer function is well known and takes the form
[Alpers et al., 1981]

R 1/2 ky :
M, = ; k.(gk)"°li % sin ® — cos O (14)

where R is the radar-target range and V is the aircraft flight
velocity. For range-going waves, that is k, = 0, (13) reduces
to S i = A} \I’

Three different lines, S = §;8(k,), S;1 = S;8(k, + Ak),
and S, = §;8(k, — Ak) are selected giving the following
three equations:

S0 =|M,|*¥, (15)
Sq=F|M,+ M,|*¥, (16)
Sn=FIM,+ M|V, (17)

where F is an exponential function introduced to account for
the azimuth smearing effect (see (3)). A useful expression for
Fs argument is given by Hpgda et al. [1993], k* = k}(R/V)?
w(H /4)%(1 + cos? @), where H, is significant waveheight
and w is the ocean spectral peak radian frequency.
Assuming that ¥, = ¥, = ¥, = ¥ (i.e., constant over the
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range lines but varying with k,), solving (15) for ¥ and
substituting into (16) and (17) give

|M,|2S;) — FIM, + M,|’S;=0 (18)
|M,|2 S5 — FIM, + M,|*S;p=0 (19)

In general, M, is a function of k£, ®, A,, and n, where the
latter two parameters are to be estimated. However, F also
affects the equation set especially for large R/V ratios. Thus
the problem is now reduced to two equations with three
unknowns. Depending on the model used for the RAR MTF,
this nonlinear set of equations can be difficult or even
impossible to solve analytically. Instead of solving the
equation set explicitly, an iterative method is introduced.
The scheme is based on a stepwise computation of the total
linear transfer function for each phase 7, and amplitude A4,
of interest. The transfer function is then combined with S,
Si1, and S, in (18) and (19). In real data analysis the
right-hand side of these latter equations is not zero, but
rather a small-value . More specifically, the various estima-
tion approaches are as follows:

Casel. (Inthis case, xk = 0= F = 1, which corresponds
to a small R/V, H,, and w,.) Step A, and 7, to extract A,
and 7, by minimizing (e; + &,)/2. The minimum obtainable
numerical values on the right hand side of (18) and (19),
respectively, are ¢, and «,.

Case 2. (In this case k is estimated from meteorological
wave model data.) Substitute the estimate F into (18) and
(19) and solve as in case 1.

Case 3. (Unknown k) Start with F = 1 and generate
estimates A,, 7, and [(g;, + £,)2];. Step F down to a
minimum of 0.90 while new estimates are generated in each
step. Pick the solution which minimizes [(g, + &£5)/2];,
where { refers to the step number in F;.

Regardless of which case we are confronting, phase and
amplitude values are typically estimated for 10-15 spectral
range bins in the most energetic spectral region (to obtain
maximum SNR ratio). The final RAR MTF estimate is
generated by averaging over the range bins.

3.3. Performance Parameters

In order to give a quantitative measure of the improved
imaging performance that is clearly observed visually by
introducing measured RAR MTF, two different parameters
are applied. The first one is the conventional correlation
coefficient K, which is established by correlating the esti-
mated SAR spectrum based on real data and the simulated
SAR spectrum. With values between —1 and +1 the corre-
lation coefficient is readily interpreted.

Moreover, we also adopt a parameter based on normalized
spectra. Analytically, this parameter may be expressed

r= f IS30k) — S50k dk 20)
k

where the superscript # reflects that the total power of both
simulated S g and measured S, SAR spectra is normalized
to one. A perfect fit corresponds to I' = 0. Cases of no
overlap, corresponding to no similarities in power spectral
distribution, is reflected by values of T close to 2.

4. Measurements Based on NORCSEX’88 Data
For testing the algorithm on real SAR data the two data
sets from March 11 and March 20 of the NORCSEX’88
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Table 1. In Situ Measured Air and Sea Conditions
Parameter March 11 March 20
H 173, M 4.25 5
Peak wavelength, m 127 240
Peak propagation direction, 119 230
deg”
Sea temperature, [°C] 6.7 5.7
Air temperature, [°C] —-0.2 3.7
Wind direction, deg?® 352 227 345¢
Wind speed, m/s 7.5 12.5° 5.5°¢

4Measured clockwise from north.
bHigh-(up) wind side.
‘Low-(down) wind side.

experiment were used. To start with, a number of SAR
image spectra were computed. In addition, the imaging
process was simulated using directional buoy or wave model
spectra and conventional literature RAR MTFs as input.
Conventional (or standard) RAR MTFs here refer to (7), (8)
(with relaxation time u = 0), and (10). Furthermore, the
conformity to real image spectra was then quantified. RAR
MTFs estimated from real SAR image spectra were thereaf-
ter run through the same procedure. Eventually, improved
performance in the SAR imaging was established.

4.1.

The in situ wave and meteorological conditions were
measured from four metocean buoys. The geographical site
of the experiment is shown in Figure 1. The time of the SAR
flights was from approximately 1100 to 1400 on March 11 and
from 0730 to 0900 on March 20.

The metocean buoys were deployed to measure both
heave and directional ocean wave spectra, in addition to a
set of meteorological parameters: wind speed and direction,
air and sea temperatures, and air pressure. Details relevant
for the analysis are given in Table 1. The buoy measure-
ments were made with a 3-hour period referenced to synop-
tic hours (0000, 0300, 0600, 0900 UT, etc.). Figure 2 shows
the buoy wave spectrum during the March 11 SAR over-
flights, indicating a rather complex sea state composed of a
trimodal swell and wind-wave system. The propagation
directions and peak wavelengths for the three modes are 76°,
240 m; 119°, 127 m; and 194°, 156 m, whereas the relative
peak power ratios are 0.44, 1.0, and 0.68.

The spectrum was processed using a maximum entropy
estimate for the directional distribution [Lygre and Krogs-
tad, 1986]. Rufenach et al. [1991] estimated the number of
degrees of freedom for the buoy spectra to be approximately
32.

Some problems occurred with the buoys during the
NORCSEX’88 field investigation period. At station 4 the
tape recorder failed, so that only wave parameters computed
in real time and no spectra are available. The wind speed
quality is also suspect from that station. Especially on March
20, the wind speed was likely overestimated. Data quality
was, however, good for stations 1 and 2.

The SAR overflights on March 20 were concentrated over
buoy 4 where the spectral data is lacking. Using the SAR
image spectra, the directional spectra from buoy 1 and 2, and
the available Argos data from buoy 4, it is possible to
reconstruct the directional spectra during the SAR over-

In situ Parameters
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Figure 3. Buoy spectra on March 20. (a) Station 1, 0859
UTC; (b) station 2, 0813 UTC.

flights. At the time of the SAR recording the situation in the
area was dominated by a southwesterly system with peak
wavelength around 240 m and a northwesterly system with
peak wavelength around 110 m. The significant wave height
is approximately 5 m. The two-dimensional buoy spectra
from stations 1 and 2 are plotted in Figure 3.

The SAR flights were over an atmospheric front that
passed through the area. Mognard et al. [1991] estimated the
wind vector on the high-wind side of the front to be 12.5 %
1 m/s from 227 = 5° (clockwise from north) and on the
low-wind side to be 5.5 = 1 m/s from 345 = 5°.

4.2. SAR Image Spectra Computational Procedure

Some details regarding the real data SAR spectrum esti-
mation procedure are as follows: The real-time CV-580 SAR
images were converted to ground range coordinates giving a
resolution of 7.7 m in both ground range and azimuth. For
March 20, spectra were computed at each side of the front,
and for March 11 the spectra were computed as close to
station 1 as possible.

For each subimage a two-dimensional illumination func-
tion was computed by fitting a polynomial of third order. All
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range lines were then divided by this polynomial. The
subimage power spectra of the fractional image intensity
modulation, (I — (I}))/(I), were estimated using Bartlett’s
procedure [Stearns and Hush, 1990] with 50% overlap and
were subsequently smoothed by a quadratic 3 X 3 rectangu-
lar-shaped kernel. A total of 31 subimage spectra were used.
The final spectrum consists of 256 X 256 spectral values
within bins of width 8k = 0.0031875 rad/m. The spectra
were then corrected for the stationary SAR system response
by fitting the Fourier transform of featureless speckle scenes
to fourth-order polynomials in both range and azimuth using
standard LMS analysis.

5. Results
5.1. Procedure Performance

The importance of the RAR MTF phase is illustrated in
Figure 4, which is generated with the SAR simulator de-
scribed in more detail by Hggda et al. [1993]. A left-looking
SAR with R/V = 120 s and ® = 23° is assumed (ERS-1
values). The RAR MTF amplitude A, is a priori set to 10,
whereas the phase 7, is stepped from 0°-150° with a step
length of 50°. In Figure 4 the top left spectrum illustrates the
simulation with a RAR MTF phase 7, = 0° and bottom right
illustrates the simulation with a phase 5, = 150°. A Joint
North Sea Wave Project spectrum with Mitsuyasu direc-
tional spread [Mitsuyasu et al., 1975], peak wavelength of
200 m, and significant wave height of 4 m is used as input to
the simulator. The wind speed input is selected to be 15 m/s.
Figure 5 shows the input wave height spectrum. Figure 4
suggests that phase variations in the RAR MTF are capable
of completely altering the spectral distribution in the SAR
image spectrum.

For testing the reliability of the method with realistic input
parameters (variable wave spectrum, nonlinear imaging ef-
fects, noise influence on the SAR input spectrum) a simula-
tion study was performed. A number of SAR image spectra
were simulated with known RAR MTFs. The resultant SAR
image spectrum was then used as input to the RAR MTF
computing algorithm and the estimated phase #), and ampli-
tude A, were compared to the true values. Starting with a
uniform input spectrum (constant for all spectral bins in both
range and azimuth) and following the procedure in case 2, we
obtain estimates of 4, and A, with zero bias and variance.
Hence the procedure works perfectly since no interfering
effects are involved.

Furthermore, the aforementioned synthetic wave spec-
trum (see Figure 5) was also used as input. The input phase
for the simulations was varied from 30° to 180° with 30° step
width and amplitude values from 4 to 18 in steps of 2. The
ERS-1 R/V ratio and incidence angle were selected (see
Figure 4). In addition, the input spectrum was rotated —15°
and 15° offset from the range axis to include cases with less
azimuthal wave energy. Figure 6 reveals that #, = %, when
A, is varied (Figure 6a) but that #, becomes more uncertain
when 7, approaches 180° and A, is constant (Figure 6c).
Furthermore, A, deviates to some degree from A, when 7,
is varied (Figure 6d), and A, becomes biased when A, > 10
(Figure 6b).

These simulations display some of the effects involved in
case 3 (section 3.2) and are further illustrated in Figure 7,
which depicts typical error surfaces of the RAR MTF phase
and amplitude. Solutions of the problem are given by the
minimum point in the error surface. When 7, is in the first
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Figure 4. Simulation series of SAR imaging with input spectrum from Figure 5. ERS-1 parameters: R/V
= 120 s and ® = 23°. A, = 10 and 7, stepped from 0° to 150° with stepwidth 50°,

quadrant the error surface is steep and gives correct results,
almost regardless of the amplitude value A, (see Figure 6a).
The gradient in the amplitude direction is smaller giving less
performance (see Figures 6b and 6d) for A,. On the other
hand, when 7, is in quadrant 2 (approaching 180°), the error
surface contains several local minima. Hence in this case
bias effects in both phase and amplitude occur owing to
wrong assumptions of a constant ¥ and a linear description.

5.2. RAR MTF Measurements

The next step is to apply the RAR MTF estimator to real
data. In scenario 1, we concentrate on data from March 11,
which covers a complex trimodal sea state (see Figure 2).
Figure 8 shows the complete estimation set of #, and A,
from this day. The incidence angle and R/V ratio vary from
26° to 76° and 30 s to 177 s, respectively. The data scatter is
relatively large, with median values of 13 for the amplitude
and 70° for the phase.

In Section 3.3, two performance parameters, namely the
correlation coefficient K and an RMS parameter I', were
introduced. The obtained results in Figure 8 are now evalu
ated by these parameters. Figure 9 shows the difference

Input Spectrum

Ka

Kr

/_
k l

Figure 5. Joint North Sea Wave Project spectrum with
Mitsuyasu et al.’s [1975] directional spread. Peak wave-
length, 200 m; significant waveheight, 4 m; and windspeed,
15 m/s.
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Figure 8. Estimates of RAR MTF phase and amplitude on
March 11.

between the performance parameters when standard (sub-
script s), summarized in section 2.2, and measured (sub-
script m) RAR MTFs are applied to the simulations. Im-
proved SAR imaging performance is consequently reflected
byl', - T'; <land K,, — K, > 1. It is evident that better
agreement between measured and simulated SAR spectra is
obtained by introducing measured MTFs.

No marked trends were observed for the performance
parameter with respect to @. It therefore makes sense to
generate an overall absolute quantification of the results by
averaging with respect to the incidence angle. In this manner
the following results were obtained: (I",,) = 0.39, (T) =
0.64, (K,,) = 0.75, and (K,) = 0.35, which reflect of the
order of 40-55% improved performance.
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Figure 9. Difference of performance parameters (a) I' and
(b) K on March 11 using standard (s) (equations (7), (8), and
(10)) and measured (m) MTFs.
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Simulated SAR, Standard RAR MTF

Figure 10. Comparison of simulated and measured SAR spectra (R/V = 60 s and ® = 30°) on March 20
across atmospheric front. (a) Input ocean wave spectrum. (b) Simulated SAR spectrum using standard
literature RAR MTF. Measured SAR spectra on (c) low-wind and (d) high-wind side of front, and
simulated SAR spectra (¢) low-wind and (f) high-wind side of front with measured RAR MTF.

Scenario 2 contains results from March 20, where the sea
state is less complex (see spectra in Figure 3). However, on
these overflights the SAR passed an atmospheric front in two
opposite lags. The most striking feature with this scenario is
the flip of the spectral peak across the range axis when the
front is passed (see Figures 10c and 10d). Since the long-
wave part of the ocean wave spectrum cannot be rotated
over a short propagation distance, this effect is likely to be
due to small-scale wind speed dependent modulation. SAR

simulation using the standard RAR MTF (see Figure 10b) is
not able to reproduce this flipping. However, by generating
estimates of #, and A,, excellent performance is obtained.
Visually, this is clear by comparing Figures 10c and 10d with
Figures 10e and 10f.

We now generate A, and #, for all incidence angles on
each side of the front and both lags. Figure 11 depicts the
RAR MTF values, and some interesting features appear. Our
analysis yields a clustered phase 7, in the intervals 0° to 40°
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and 50° to 100° in downwind and upwind cases, respectively.
The phase also seems to decrease slightly with increasing ®
and R/V. The amplitude A, is on average smallest on the
low-(up) wind side but increases with both ® and R/V.

As above, it now remains to quantify the imaging perfor-
mance. Figure 12 is similar to Figure 9 and shows that the
SAR simulation is improved for most of the 24 simulations.
The estimator uncertainty associated with interfering effects
seems to appear as lower performance for large ® and R/V.
Furthermore, the average values of the performance param-
eters are given by (T",,,) = 0.46, (T';) = 0.67, (K,,) = 0.76,
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Figure 12. Difference of performance parameters (a) I" and
(b) K on March 20 using standard (s) (equations (7), (8), and
(10)) and measured (m) MTFs. Symbols are the same as in
Figure 11.
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Figure 13. Extracted hydrodynamical MTF phase and am-
plitude on March 11.

and (K;) = 0.43, corresponding to an improved perfor-
mance of 3045%.

5.3. Extraction of the Hydrodynamic MTF

Assuming that the geometric (tilt and range-bunching)
contributions to the RAR MTF are correctly modeled, it is
possible to extract the hydrodynamic component from the
measurements. This is especially interesting as regards the
variations of the hydrodynamic modulation across the front.
It is expected that, provided the results are transformed to a
given coordinate system at the sea level, the hydrodynamic
properties should be relatively constant on each side of the
front but variable when passing the front. By putting all the
nonspectral information in a complex envelope, the hydro-
dynamic model in (8) is modified to

Mhydr(k) =A, exp (in h)ky

where A, is the amplitude and 7, is the phase of the
hydrodynamic modulation.

Figure 13 shows the results obtained on March 11. No
explicit variations with respect to flight direction or wave
propagation direction were observed. Owing to the trimodal
sea system on this day, there seems to be no dominant
hydrodynamic azimuth modulation angle. However, study-
ing the conditions on March 20, the waves are more direc-
tional and the obtained estimates are far more perspicuous.
On both the high- and low-wind side, A » is increasing with ©
and R/V. No specific clustering is observed on each side of
the front (Figure 14). On the other hand, 7, is clustered
according to upwind and downwind modulation. Hence the
phase seems to be the governing variable. Relating this
feature to simulations (Figure 4) and real SAR spectra
(Figure 10), both showing spectral range flipping, this seems
to be reasonable.

(21

6. Discussion and Conclusions

A new method for estimating the RAR MTF directly from
SAR spectra is introduced. The method is based on using
three range lines (on and adjacent to the range axis) that give
equations from which the RAR MTF amplitude and phase
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can be solved. Simulation studies, using a priori known
values for the RAR MTF, show that the procedure works
well provided compensation for the azimuth-smearing effect
is incorporated, although the performance decreases when
the phase approaches 180°.

The RAR MTF estimator is also applied on real data taken
from the NORCSEX’88 experiment. Two totally different
sea states are studied. In scenario 1 a trimodal wave field
involving both range and azimuth propagating waves is the
basis for the computations. Typical estimates for the RAR
MTF amplitude and phase are of the order of 13° and 70°,
respectively.

In scenario 2 a flipping of the spectral peak across the
range axis (When passing an atmospheric front) is studied.
Estimates of the RAR MTF on each side of the front (for two
opposite lags) are able to recreate this flipping excellently
when applied to SAR simulations. The values obtained for
the amplitude A, lie in the same range as derived from
sea-based tower measurements. The phase, however, is
different. In cases of parallel wind and wave vectors our
analysis yields 7, in the interval of 40° to 100°, whereas
tower measurements yield 5, between 20° and 60°. We have
no explanations for this discrepancy, which also was ob-
served by Briining et al. [1993]. Furthermore, downwind
analysis reveals a clustered phase between 0° and 40°, which
is also in accordance with Brining et al. [1993].

In order to quantify the improved performance, which is
observed by pure visual inspection when measured RAR
MTFs are applied to SAR simulations, two parameters are
introduced. One is the conventional correlation coefficient,
whereas the other is a RMS type of parameter. Evaluation of
all runs in scenarios 1 and 2 shows that the performance is
significantly improved (~50%) for both parameters when
estimated RAR MTFs are applied.

The variations of the hydrodynamic MTF in these scenar-
ios have also been studied. In scenario 1 the complex
trimodal ocean wave spectrum does not seem to generate
any dominating hydrodynamic modulation angle, although
the wind conditions are steady state. In scenario 2 the
unimodal wave spectrum was perturbated by wind-
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generated modulation on each side of an atmospheric front.
The analysis from this day shows a consistent clustering of
the hydrodynamic MTF phase. Of main importance here is
the relative propagation direction between the wind and the
long ocean wave field.

Since the hydrodynamic MTF is an uncontrollable vari-
able it would be tempting to suggest that future SAR systems
should be fast, low flying (small R/V), and steep pointing
(small ®) to minimize the azimuth smearing and the hydro-
dynamic modulation contribution. However, we have ob-
served in our quantitative analysis of SAR imagery the
existence of certain specular reflectors appearing as azi-
muthally oriented streaks. These streaks originate from
reflectors with short coherence time (typically 300 ms)
dominating within the resolution cell. Since the SAR princi-
ple is based on tracking the phase history of the scattering
element during the integration time, a short facet lifetime
would result in a large Doppler broadening [e.g., Winebren-
ner and Hasselmann, 1988]. This nonlinear effect is not
included in Hasselmann and Hasselmann’s [1991] transform
and will contribute destructively to the modulation and be
most important at small incidence angles. Thus there is
obviously a tradeoff between minimizing volatile specular
reflection and volatile hydrodynamic modulation. An inci-
dence angle of the order of 30°-40° may be a proper choice to
prevent dominance from either of these effects. Neverthe-
less, aiming for an operational SAR inversion system in the
future, it seems clear that it is important to establish the
RAR MTF, with its coupling to velocity-bunching, in order
to correctly model the SAR imaging process.
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