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1
INTRODUCTION

This report describes the present status of several closely re-
lated, ongoing investigations of the use of synthetic aperture radar
(SAR) data for oceanographic purposes. The common element in these
investigations 1is that they make use of information which is con-
tained within the data recorded by the SAR system but which is not,
for the most part, preserved in the processed SAR imagery. The ob-
ject of these investigations is to obtain information on the motion
of the water surface, including currents, orbital velocities and
phase velocities of surface gravity waves. Data analysis methods
and results are presented for various SAR systems, including both
aircraft and satellite platforms.

Two general types of analysis are described in this report.
Section 2 provides the background for both analysis techniques by
discussing the general principles of SAR data collection and proc-
essing. Section 3 describes the Doppler analysis methods which are
being investigated for the extraction of current and wave orbital
velocity information. Section 4 describes the use of Doppler filter-
ing techniques for measuring phase velocities. Section 5 summarizes
the present status of these investigations and makes recommendations
for further research.
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2
BACKGROUND

A brief description of a synthetic aperture radar (SAR) system,
including the data collection and processing methods used for recon-
structing an image of the scene, is presented in this section. A
more detailed description of the processing methods for extracting
current and wave velocity information is contained in the following
sections. The system described here uses optical recording and proc-
essing methods, but the basic principles involved apply to both op-
tical and digital systems.

A SAR system consists of a pulsed microwave transmitter and re-
ceiver mounted in an airborne or spaceborne platform, a recording
system, and a ground-based processor. The transmitter sends out a
series of short coherent pulses in the broadside direction. These
pulses are scattered from the surface and the reflected pulses are
received and recorded by the SAR. By time-gating the recceived
pulses, using pulse compression techniques in some cases, a fine
resolution is obtained in the cross-track direction.

The method by which the scene is resolved in the along-track
direction is the principal difference between synthetic-aperture and
real-aperture radars. In a real-aperture radar, each pulse is taken
as an independent sample of the scene. The along-track resolution
is therefore determined by the antenna beamwidth, which is inversely
proportional to the physical length of the antenna. Thus, a large
antenna is needed to achieve an acceptable resolution in the along-
track direction. In a synthetic aperture radar, a comparable resolu-
tion can be obtained using a much smaller antenna by using informa-
tion from successive pulses to reconstruct an image of the scene.
This process, which may be viewed in analogy with either pulse com-
pression or holographic techniques, results in an along-track resolu-
tion which theoretically approaches one half of the physical antenna

Preceding page blank 3
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length [Brown, 1967]. As will be shown in the following sections,
the fact that a given object is illuminated by a large number of
successive pulses rather than a single pulse also allows information
on the velocity of the scatterers to be extracted from the SAR data.

The process by which the SAR data is recorded and processed may
be carried out using either digital or optical (analog) techniques.
Optical processing techniques are attractive because of the high
density of the storage medium (film) and high processing rates. The
advantages of digital processing are the greater dynamic range and
Tidelity of the storage medium and the fact that the processing can
be more tightly controlled to avoid noise and nonlinearities.

A schematic diagram of a typical optical processor is shown in
Figure 1. A photographic record of the raw data received by the SAR
is placed at the signal plane (P]) and illuminated with a coherent
Jight source. As recorded on film, the signal history for a point
object forms a Fresnel zone plate which focuses the light on a point
in the image plane (PZ)' The purpose of the optical elements be-
tween the signal plane and the image plane is to bring the Tight from
all parts of the signal film into focus at a common plane [Kozma,
et al., 1972; Cindrich, et al., 1977]. The light intensity distribu-
tion at the primary frequency plane (P{) is essentially the
Fourier transform of the signal plane. Thus, by placing a filter or
aperture in this plane, as discussed in Section 4, a portion of each

Doppler history can, in effect, be selected for processing.

For the purpose of generating an image of the scene, a photo-
graphic film is rormally placed at the image plane. However, for
the measurements described in Section 3, the film is replaced by an
aperture which defines the sub-area of the scene selected for Doppler
analysis. Light falling on this aperture is passed through another
spherical lens (fs) to the secondary frequency plane (Pé) where
jts intensity distribution is measured and recorded.
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As will ba shown in Section 3, the distribution of the light in-
tensity at Pé in the along-track direction contains information on
the radial (i.e., line-of-sight) velocity of the scatterers within
the image-plane aperture. The shape of this distribution is deter-
mined primarily by the antenna gain pattern, and the distribution is
shifted by an amount proportional to the radial velocity of the scat-
terers. Thus, if the amount of this shift can be measured, the
velocity of the scatterers can be inferred.
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CURRENT AND ORBITAL SELOCITY MEASUREMENTS

The sensing of surface currents using conventional SAR data is
potentially feasible using one of three techniques. One possible
technique is to use the azimuthal displacement in the SAR image of
an object which has a velocity component in the range direction
tRaney, 1971]. The use of this phenomenon for measuring ocean cur-
rents was proposed by Shuchman, et al. [1979] although no data was
presented.,  Measurements of the current in the Columbia River
(Oregon) was reported by Shemdin, et al. [1980] using this technique
with Seasat data. By measuring the azimuthal shift in the apparent
boundary of the current as it flowed past the jetties, the radial
line-of-sight velocity (Vr) of the Columbia River was successfully
estimated. This method may be feasible where sharp current bound-
aries exist, but is probably not useful in the open ocean where cur-
rent boundaries are more diffuse.

A second technique to measure currents from SAR data is summar-
ized by Hayes and Shuchman [1981]*, who showed it is possible to
calculate the magnitude and direction of the Gulf Stream by observing
gravity wave refraction across the Stream. This method appears to
be feasible in deep-water areas where a suitable gravity wave field
exists, but fails where such a wave field does not exist or where
wave interactions occur with the bottom.

The third technique to measure currents reported by Shuchman, et
al. [1979]* and Gonzalez, et al. [1981]*, and the subject of
this report, utilizes a measurement of motion-induced Doppler pertur-
bations in the SAR signal history. As described in the following
section, this technique requires that the radial (line-of-sight)

*These articles supported by this NOAA contract are found in the
appendices to this report.
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component of the current be large enough to produce a measurable
shift in the Doppler spectrum of the SAR signals. A similar method
may be used to infer the orbital velocities of gravity waves by mea-
suring the broadening of the Doppler spectrum.

Data from both aircraft and satellite (i.e., Seasat) systems has
been analyzed using Doppler techniques. These data sets are described
in Section 3.2, and the results of the analyses are presented in
Sections 3.3 and 3.4. Finally, sources of error in these measure-
ments are discussed in Section 3.5.

3.1 THEORY OF DOPPLER ANALYSIS METHODS

The theoretical basis for the Doppler measurement techniques can
be understood by considering the simple case of an isolated point re-
flector. The geometry of this situation is illustrated in Figure 2.
The object is assumed to enter the antenna illumination pattern at a
time t = ~T/2 and is broadside to the SAR platform at t = 0. The
slant range from the antenna to the object is given, to second order
in t, by

R(t) = Ry - V .t + % [(v - Va)2/R0 - a‘,]t2 (1)

wnere R0 is the range at t = 0, V is the platform velocity, Vr
is the radial velocity of the object, Va is the along-track veloc-

ity of the object, and a, is the radial acceleration of the ob-

ject. The effects of Va and a, are neglected in the following
discussion, leading to the further simplification

2.2

- Vet
R(t) =R, -Vt + i (2)

Note that the variation in R(t) over the imaging time T is small
compared with the swath width but is large compared to the radar
wavelength. The SAR transmits a series of pulses at time intervals
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t = nat, receives the reflected pulses, and compares the phase of
the received signals with a reference signal of the same frequency.
The resulting signal for a point object of unit cross section can be
expressed as

0

51(6) = A(R) exp L32kR(1)] (3)

where Kk = 2¢/2 is the radar wavenumber and A(¢) is proportional to
the antenna gain pattern in the along-track direction. In the case
of optical recording, the real part of this signal is recorded on
fiim at the position (x', y') where x' corresponds to the time t and
y' corresponds to the across-track coordinate.

The digital or optical processing of the SAR signal in order to
reconstruct an image of the scene may be described in the ideal case
as a convolution of this signal with the function

(4)

where b is normally chosen as b = kV2/Ro to cancel out the quad-
ratic phase factor in S](t). In the case of optical processing,
this operation is carried out by simply illuminating the signal film
with coherent light and measuring the light intensity at an appro-
priate distance from the signal film [Kozma, et al., 1972; Cindrich,
et al., 1977]. The illumination is assumed for the present to be
uniform and the illuminated area is assumed to be much Tlonger than
the signal history length. The effects of variations in the illumi-
nation and of finite aperture widths are considered in Section 3.5.
The processed signal (corresponding to the distribution of the light
amplitude in the along-track direction at the image plane of the op-
tical processor) is then given by

10
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5,(t) = f S;(t*)a(t! - t) dt’
2 £ oo j2(bt—kv.)t
-jbt f vt r .
= @ A e dt
) *&,)
-jbt? %
=Ce A[2k(Vt - aX)] (5)

where K denotes the Fourier transform of A, ¢ is a complex constant,
and

vr‘
AX = RO v (6)

Thus, the image of the point object is essentially the Fourier trans-
form of the antenna pattern displaced by a distance aX which is pro-
portional to the radial velocity of the object. This displacement
could be used to infer the radial velocity of the object if the
proper location of the object were known. However, in most cases,
this method is not feasible for mapping ocean currents since the
current boundaries are not sufficiently sharp and are accompanied by
surface roughness changes which tend to obscure any image displace-
ment. A more promising approach is to consider the Fourier transform
of the output signal

o0

5,(0) = [Sz(t) edot gt . (7)

=00

Using the above expression for S,(t), it can be shown that
15,(0)] 2 = ¢ Flw - 2kv )| 2 (8)

where F(w) is the Fourier transform of the function
2

f(t) = A(%) edbt™ (9)

1
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In the optical processor,lsz(m)l2 corresponds to the light inten-
sity in the secondary frequency plane (Pé), with the w axis lying
parallel to the longitudinal axis of the film (i.e., the along-track
direction). Thus, the spectrum observed in the frequency plane is
shifted by an amount 2er rad/sec, or 2Vr/A Hz, for an object
having a radial velocity Vr‘ If this spectrum shift is an appre-
ciable fraction of the spectrum width, it can, in principle, be de-
tected and used to infer the radial velocity Vr‘ |

The shape of the spectrum is determined primarily by the antenna
gain pattern in the along-track direction. If the antenna is a uni-
formly illuminated linear aperture of length D, the one-way (inten-
sity) gain pattern is given [Brown, 1967]'Ey

9(8) =<?,—¢)2 sin (32) (10)

where g8 = A/D is the antenna beamwidth (the 4 dB points are at ¢ =
#g/2). If this function is approximated by a Gaussian

_44?
;?'
g(¢) = e (1)
the spectrum has the form
~ 2,42
IF(u)] =c et /e (12)

i.e., the spectrum also has a Gaussian form with an equivalent width

2 1/2
g' =2 K%) + (kVa)Z] ~ 2kVs (13)
0

at the 4 dB points.

The current detectability criterion using a Gaussian antenna
pattern can be stated as

12
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frequency shift _ !ﬁ N (14)
spectrum width ~—gv ~ ¢

where o is a threshold whose value is determined by the system per-
formance and the size of the sample used for measuring the spectrum
(both of which influence the amount of "noise" in the spectrum mea-
surement). The data presented in the following sections indicate
that values of a ~ 0.1 are achievable for areas on the order of
104 resolution elements using optical methods. Preliminary expe-
rience with all-digital processing suggests that at least an order
of magnitude improvement in the detectability threshold can be ob-
tained with digital methods.

The foregoing discussion has assumed that all the scatterers
within the test area are moving with a constant velocity, as in the
case of a uniform surface current. When the test area contains sur-
face elements moving at different velocities, the resulting spectrum
may be described as a convolution of the uniform-velocity spectrum
with the velocity distribution function for the surface. This would
be the case, for example, when the test area contains a gravity wave
field, because of the orbital motions associated with these waves.
If the radar cross section were constant over the entire wave sur-
face, the orbital velocity would cause a symmetrical broadening of
the spectrum. In fact, however, the radar cross section is modulated
by variations in both the slope and the surface roughness along the
wave profile. Describing this effect by the modulation index m
[Keller and Wright, 1975], the radar cross section at a given point
on a wave of frequency Q may be written as

o(x, y, t) = oo[l + m cos (Kx cos o, * Ky sin o, -0t +4)] (15)

where % is the average cross section, K = Q 2/9 is the water
wave number, Oy is the wave propagation direction relative to the
x-axis, and ¢ is the phase angle by which the maximum cross section
leads the wave crest. The orbital velocity at this point on the wave

surface is (to first order in the wave amplitude)
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Vx(x, ¥y, t) = acos e, cos (Kx cos e, + Ky sin o, - t)  (16)

w w

in the cross-track direction, and
Vz(x, ¥y, t) = a sin (Kx cos o, + Ky sin o, - Qt) (17)

in the vertical direction. Thus, the radial component of the orbital

velocity for an incidence angle 0; is

V.,.(’(s Y t) =V

X

éin e; *V, cos o, . (18)

The wave-broadened Doppler spectrum can be obtained by integrating
over one complete wave cycle, either in time or space. Integrating
over time, we obtain

- /2.
|S,(u)] = 5= of Flo - 2kV (t)]o(t) dt (19)

where the position dependence has been deleted from Vr and o,
since it is cancelled out by the integration process. For a Gaussian
antenna pattern, the spectrum may be written as

- cOQ 21/8
Sz(m) =

2n

-2
exp {-4[%7-— %ﬁ Vr(t{] } [1+mcos (Rt +¢)] dt
(20)
This spectrum is plotted in Figure 3 for three values of 2kQa/g' with
oy = & = 45°, m = 0.5, and ¢ = 45°. Note that a significant
broadening is evident for the case 2ka/g' = 0.5. The only effect
of the modulation (m) appears to be a slight asymmetry and shifting

of the spectrum.

0

As in the case of Doppler shifting, the measurable increase in
the Doppler bandwidth due to wave orbital motions depends on the
system performance and the sample size. Using 8' = 2ksV, we may de-
fine the minimum measurable wave amplitude as that which satisfies

%3—)0.‘ (21)
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where o' is a broadening threshold whose value jis on the order of
0.5. Examples of wave-broadened Doppler spectra are given in Sec-
tion 3.3 below.

3.2 DATA SET DESCRIPTION

Doppler measurements were made on the aircraft and Seasat data
sets listed in Tables 1 and 2. These data sets are described briefly
in this section, and the measurements themselves are discussed in
the following section.

The first four data sets listed in Table 1 were collected with
the ERIM X-L band SAR system mounted in a C-46 aircraft platform.
The first three data sets include an area just off the coast of
Florida, while the fourth covers an area further offshore which in-
cludes the western boundary of the Gulf Stream. Surface conditions
for the first three data sets are characterized by a dominant wave-
Tength of 80 m with a significant wave height of 1.56 m, and an on-
shore current of 85 cm/sec. The direction of propagation of the 80
m waves was also in the westerly or onshore direction. The Gulf
Stream current velocity distribution on 15 December was such that
the difference in current velocity for the two areas selected from
pass 13 was on the order of 0.5 m/sec.

The remaining data sets listed in Table 1 were collected with
the same radar system mounted in a Convair 580 aircraft. These data
sets include two inlets into the Straits of Georgia east of Vancouver
Island, British Columbia. The 27 July pass was collected during
flood tide, at which time a current of approximately 2 m/sec was
flowing into the Straits of Georgia. At the time of the 28 July
overpass, the current was in the opposite direction at about 1 m/sec.
The sea state was fairly calm in these areas on both days, with no
visible gravity waves present in the radar imagery.

The Seasat data sets considered in this study are Jlisted in
Table 2. The Columbia River pass was collected at ebb tide, with a

16
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TABLE 2
SUMMARY OF SEASAT DATA SETS SELECTED FOR DOPPLER ANALYSIS

«, Area Date Orbit Look Direction
Columbia River 7 July 1978 150 66°
Dover Straits 19 August 1978 762 63°
Gulf Stream 11 August 1978 651 63°
Straits of Juan de Fuca 13 August 1978 681 63°

18
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current of 2.5-3.0 m/sec flowing out of the river. The SDR data for
this pass shows an unusually large yaw angle of approximately 3.5
degrees. The current in the English Channel (Dover Straits) at the
time of the 19 August overpass was estimated to be 0.5 to 2.0 m/sec
at 210°N, based on tide tables for this area.

The Gulf Stream current on 11 August 1978 is not precisely known,
but the USCG Weekly Sea Current chart for 30 August 1978 indicates a
maximum current of about 2 m/sec in an approximately northward direc-
tion for the area covered by Orbit 651. Striations on the Seasat
imagery indicate that the Gulf Stream appears to be flowing in a
somewhat more easterly direction, at an angle of about 45° to the
range direction.

For the Straits of Juan de Fuca, tide tables indicate a current
of approximately 0.5 m/sec into the Straits.

The incidence angle for all of the Seasat data is approximately
20°, so that the radial component of the current is about one third
of the horizontal current in the cross-track direction.

3.3 CURRENT MEASUREMENTS

Measurements of the Doppler spectrum for selected sub-areas of
each data set were made on the ERIM optical processor described in
Section 2. Sub-areas were selected for each data set by placing a
rectangular aperture in the image plane of the processor, and the
distribution of the Tight intensity in the along-track direction of
the frequency plane was measured and recorded. The aperture size
was equivalent to a 1 km x 1 km area for the 1975 aircraft data sets.
For the 1978 aircraft data sets, the aperture size was 250 meters in
azimuth by 500 meters in range. For the Seasat data, the aperture
size was typically 3 km x 3 km.

The frequency scale for these plots was established by inserting
a grating with a known line spacing at the signal plane and measuring

19
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the separation of the resulting spikes in the frequency plane. This
spatial frequency was then converted into a temporal frequency by
multiplying by the film speed. The film speeds for the aircraft data

sets are shown on Table 1. For Seasat, the film speed was 3.24
cm/sec.

The Doppler spectra for two sub-areas of the Marineland pass 1
X-band (3.2 cm) data over water and land are shown in Figure 4. Al-
though there is a considerable difference in the width of these spec-
tra, the relative shift between the water and land spectra is neglig-
ible. The spectrum width, defined as the difference between the 3
dB points, is the 72.8 Hz for the land spectrum and 160.8 Hz for the
water spectrum. The L-band (23.8 cm) spectra for water and land are
shown in Figure 5. These spectra are nearly the same in both band-
width and mean frequency.

The X-band spectra for passes 3 and 7, which were flown at #90°
with respect to the pass 1 flight path, are shown in Figures 6 and 7.
The relative shift between the water and land spectra is 45.8 Hz for
pass 3, and -54.3 Hz for pass 7. Using the equation

2V
Af =-—)\r- (22)

these Doppler shifts imply radial velocities of 0.73 m/sec and -0.87
m/sec, respectively. Dividing by sin 60°, one obtains a horizontal
current of 0.85 m/sec for pass 3 and 1.00 m/sec feor pass 7. The
direction of this current is indicated by the sign of the Doppler
shifts for passes 3 and 7, and by the absence of any shift for pass
1, to be in the westerly direction.

The L-band spectra for pass 7 (Figure 8) show a negligible
Doppler shift, despite the existence of an apparent radial velocity
component as indicated by the X-band data. However, if one calcu-
lates the expected Doppler shift at L-band due to this velocity com-
ponent, one obtains a result of 6 Hz, which is apparently too small
in comparison with the bandwidth to be measurable.

20



ERIM

Intensity

1 ] I
0 50 100 150 200 250

Frequency (Hz)

FIGURE 4. DOPPLER SPECTRA FOR MARINELAND (PASS 1) X-BAND DATA.
(Dashed line indicates land spectrum.)
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FIGURE 5. DOPPLER SPECTRA FOR MARINELAND (PASS 1) L-BAND DATA.
(Dashed 1ine indicates land spectrum.)
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DOPPLER SPECTRA FOR MARINELAND (PASS 3) X-BAND DATA.

FIGURE 6.
{Dashed line indicates land spectrum.)

23



mm N

Intensity

ERIM

FIGURE 7.

100 150 200

Frequency (Hz)

DOPPLER SPECTRA FOR MARINELAND (PASS 7) X-BAND DATA.
(Dashed line indicates land spectrum.)

24



Intensity

ERIM

FIGURE 8.

Frequency (Hz)

DOPPLER SPECTRA FOR MARINELAND (PASS 7) L-BAND DATA.
(Dashed line indicates land spectrum.)
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Doppler spectra for two sub-areas of the Gulf Stream data set
are shown in Figure 9. These two sub-areas are spaced approximately
3.1 km apart, and are on opposite sides of an apparent current bound-
ary in the image. The relative shift between these spectra is 23.4
Hz, which indicates a difference in radial velocity of 0.37 m/sec or
a horizontal current of 0.53 m/sec toward the north for the second
sub-area inside the current boundary. This result is consistent with
the known direction of the Gulf Stream and with surface observations
of the current gradient at this location.

Figure 10 shows two Doppler scans for the Porlier Pass data sets,
one from a sub-area within the channel itself and one from an adja-
cent land area. The spectrum width for this data is larger than that
for the 1975 data sets because of the higher aircraft speed of the
Convair 580 as compared with the C-46. This increase in the band-
width, along with the lower signal levels due to the smaller size of
the sub-areas, causes a noticeable asymmetry in the recorded spectra.
This effect was modeled as an additive noise component which varies
linearly with frequency. A straight line was drawn between the high-
frequency asymptote and the zero-frequency background, and points
along this line were graphically subtracted from the plotted curves.
The half-power points were then Tlocated on the "corrected" curves
and used to calculate the bandwidths and mean freguencies of the
spectra. The Doppler shift of 36.4 Hz between the land and water
spectra in Figure 10 implies a radial velocity of 0.58 m/sec in the
flood direction (i.e., into the Straits of Georgia). Assuming this
current to be at an angle of 45° to the cross-track direction, the
calculated current speed is 1.43 m/sec. This 1is smaller than the
maximum reported current of about 2 m/sec, possibly because it repre-
sents an average value over an area containing currents lower than
the maximum.

The Doppler scans for the three Active Pass data sets on 28 July
1978 are shown in Figures 11-13. Passes 10 and 11 are at the same

26

e At B

e 2o



{

intensity

ERIM

1 1

FIGURE 9.

50 100 150 200

Frequency (Hz)

DOPPLER SPECTRA FOR GULF STREAM (PASS 13) X-BAND DATA.
(Dashed Tine indicates stationary water spectrum.)
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FIGURE 10. DOPPLER SPECTRA FOR PORLIER PASS (PASS 6) X-BAND DATA.

(Dashed line indicates land spectrum.)
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FIGURE 11. DOPPLER SPECTRA FOR ACTIVE PASS (PASS 10) X-BAND DATA.
(Dashed 1ine indicates land spectrum.)
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FIGURE 12. DOPPLER SPECTRA FOR ACTIVE PASS (PASS 11) X-BAND DATA.
(Dashed line indicates land spectrum.)
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DOPPLER SPECTRA FOR ACTIVE PASS (PASS 12) X-BAND DATA.
(Dashed 1ine indicates land spectrum.)
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