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ABSTRACT

Synthetic aperture radar (SAR) ocean wave imagery processed,
analyzed, and archived at the Environmental Research Institute of
Michigan (ERIM) is summarized. This summary includes a review of
the SAR systems used to collect ocean wave imagery, as well as a
brief review of the experiments where SAR ocean wave data was col-
lected. The imagery from these experiments was manually examined to
qualitatively rate the detectability of waves in each pass. This
information is summarized in table form, along with the SAR operating
parameters and environmental conditions for each of the experiments.
The data summarized in this report can be used in evaluating current

and future SAR ocean wave imaging models.
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SUMMARY OF SAR OCEAN WAVE DATA ARCHIVED AT ERIM

1
INTRODUCT ION

Over the past nine years, scientists from the Environmental Re-
search Institute of Michigan (ERIM) have explored the utility of
synthetic aperture radar (SAR) for oceanographic applications. The
major emphasis of this work has been in evaluating the ability of
SAR to detect and accurately measure ocean surface gravity waves.
ERIM's research activities in this area have included, but were not
limited to: experiment planning, data collection, data processing,
and the development of analysis techniques. The purpose of this
report is to summarize the SAR ocean wave imagery from these past
experiments which was processed, analyzed, and is presently archived
at ERIM.

There is considerable debate among the radio oceanography com-
munity on the imaging mechanism for "wave-like" patterns on SAR
imagery of the ocean surface (Alpers, et al., 1981; Plant, 1983;
Hasselmann, et al., 1983). Three principal SAR imaging mechanisms
have been proposed for gravity waves. These include: tilt modula-
tion, hydrodynamic modulation, and velocity bunching. Tilt modula-
tion is due to the change in the local incidence angle induced by
the slopes of the surface waves. Hydrodynamic modulation is due to
the hydrodynamic interaction between the short Bragg scattering waves
and the longer gravity waves, which results in a nonuniform distribu-
tion of short waves with respect to the longer gravity waves. Veloc-
ity bunching is a consequence of the mis-mapping of scatterers with
non-zero radial velocities, which is peculiar to the SAR as a range-
Doppler imaging device.

Much of the past work in developing a SAR imaging mechanism for
ocean surface waves has been solely theoretical (Alpers and Rufenach,
1979; Hasselmann, et al., 1983). These studies have presented elab-
orate mathematical descriptions of the SAR imaging process, but did

-

[




WR'M RADAR DIVISION

d—

not include any supporting experimental data. The experimental ob-
servations presented in this report provide a basis by which the
various imaging theories can be evaluated. |

Presented in the following sections are descriptions of the vari-
ous experiments where SAR imagery of ocean waves was collected. In-
cluded in this discussion will be a review of basic SAR theory and a
description of the SAR systems used to collect wave data. In addi-
tion, the detectability of waves on the imagery based on a manual
interpretation is presented. Also included as an Appendix to this

report are a series of reprints which describe the various SAR exper-
iments in greater detail.

%E
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2
SAR BACKGROUND

Presented in this section is a review of basic SAR theory and a
description of the SAR systems used to collect the ocean wave imagery
summarized in this study.

2.1 SYNTHETIC APERTURE RADAR

Synthetic aperture radar (SAR) is a side-looking coherent imaging
radar that uses the motion of a moderately broad physical antenna
beam to synthesize a very narrow beam, thus providir ‘ne azimuthal
(along-track) resolution (Brown and Porcello, 196¢ Harger, 1970).
Fine range resolution is obtained by transmittinc “ort pulses or
longer coded pulses which are compressed into 4 alent short
pulses; usually the coded pulse is a waveform linea: .y modulated in
frequency. The received signals may be recorded optically or digi-
tally. In the optical case, the phase history of a scattering point
in the scene 1is recorded on photographic film as an anamorphic
(astigmatic) Fresnel zone plate. The parameters of the zone plate
are set in the azimuth direction by the Doppler frequencies produced
by the relative motion between the sensor and the scatterer, and in
the range direction by the structure of the transmitted pulses. The
film image is a collection of superimposed zone plates representing
the collection of point scatterers in the scene. This film is used
by a coherent optical processor which focuses the anamorphic zone
plates into the points which produced the microwave scatter of the
scene (Kozma, et al., 1972). Digital techniques may also be used to
both record and process the data. Digital processors typically use
matched filtering techniques to compress the signal in range, while
fast Fourier transform (FFT) techniques achieve the required azi-
muthal compression of the SAR Doppler history (Ausherman, 1980).
Specially-designed digital processors have also been designed for
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real-time processing of SAR data aboard the aircraft for display or
transmission to a ground receiver via a digital downlink.

Three SAR systems were used to collect the ocean wave data pre-
sented in this study. These were: the ERIM four-channel X- and
L-band system, the Goodyear-manufactured APD-10 X-band system, and
the L-band system aboard Seasat. Each of these SARs is discussed in
more detail below.

2.1.1 ERIM X-L SAR

The ERIM X- and L-band (3.2 and 23.5 cm wavelengths, respec-
tively) four-channel SAR system has been used numerous times to col-
lect ocean wave imagery. For ocean wave data collection, the system
operates in a four-channel, narrow swath mode. In four-channel oper-
ation, alternate Y- and L-band pulses (chosen to be either horizon-
tally or vertically polarized) are transmitted, and reflections of
both polarizations received; thus, four channels of radar imagery
are simultaneously obtained. Both polarizations of X-band are re-
corded on one film, both polarizations of L-band on another. Only
like-polarized data collected by this system are summarized in this
repart. The slant range swath width for each channel 1is approxi-
mately 5.8 km. The nominal resolution for the system is approxi-
mately 3 m for both slant range and azimuth. The operating param-
eters for this SAR are given in Table 1. A more detailed description
of this SAR system is given by Rawson, et al. (1975).

Up until 1978, this system was operated by ERIM from a C-46 air-
craft which flew at a nominal velocity of 80 m/s. In 1978, it was
installed in a Convair 580 aircraft owned by the Canada Centre for
Remote Sensing (CCRS). This SAR system is now jointly owned by ERIM
and CCRS and is collectively known as the SAR 580 system. In con-
trast to the C-46, the Convair 580 operates at a nominal velocity of
125 m/s.
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TABLE 1

NOMINAL OPERATING PARAMETERS FOR THE ERIM X- AND L-BAND SAR SYSTEM

Transmitter Average Power
Nominal Vehicle Velocity
Antenna Gain

Polarization Isolation
Along-Track Beamwidth
Incident Angle

Recorded Swath Width

Max imum Range

FM Rate

Pulse Width

Wavelength

Range Packing Factor (Q)
Azimuth Packing Factor (P)

Correlator Demagnification (M)

CRT Sweep Speed (on film)
PRF (transmitter)

PRF (receiver, per channel)
Azimuth Offset Frequency
Range Offset Frequency
Input Aspect Ratio

Output Aspect Ratio

Film Speed

Resolution

Laser Wavelength of ERIM
SAR Processor

X-Band

5 watts

110 m/sec
25 dB

23 dB

1.1°

0°-60°

5790 m
Slant Range
24 km

33.3 MHz/usec
3 sec

0.032 m
196,000
14,947

13.7

765 m/sec
3400 pps
1700 pps
100 Hz

0

13.1 to 1
1:1

5.15 mm/sec

3 m Slant Range
3 m Azimuth

.633 x 106

L-Band

25 watts
110 m/sec
16.5 dB

19 dB

7°

0°-60°

5790 m
Slant Range
24 km

33.3 MHz/usec
2 sec
0.235m
185,465
41,478

4.8

765 m/sec
3400 pps
1700 pps

0

67.7 MHz
4,5 to 1
1:1

1.86 mm/sec

3 m Slant Range
3 m Azimuth

633 x 1076 m
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2.1.2 APD-10 SAR

[

¢ Another SAR wutilized by ERIM scientists to collect ocean wave

e

imagery was the APD-10 system flown in an RF-4 jet. The APD-10 sys-
tem is a high-resolution . rborne side-looking SAR which operates at

X-band (3.2 cm). The APD-10 has six modes of operation which provide
a variety of standoff distances and also provide both fixed target
. imagery (FTI) or FTI along with moving target imagery (MTI). Imagery
5 can be obtained on either side of the aircraft.

For the ocean wave imagery summarized in this report, Mode 1 was
used in which FTl is recorded on 9.5-inch film in four channels.

Each channel corresponds to a slant range swath width of 4.6 km with
an additional 0.46 km overlap between adjacent channels. The nominal
: resolution of this system is approximately 3 m for both slant range
| and azimuth. The operating parameters for the APD-I0 system 1in
Mode 1 are given in Table 2.

2.1.3 SEASAT SAR

In addition to the above two aircraft systems, ocean wave imagery
collected by the SAR on the Seasat satellite was used in this study.
The SAR aboard Seasat was an L-band (23.5 cm) system which generated

continuous radar imagery with a 100 km ground swath width and lengths
of up to 4000 km. The nominal resolution of this system is 25 m for
both ground range and azimuth.

The data received by the Seasat SAR was transmitted to any of
several ground stations via a digital data link where it was stored
on high density digital tape (HDDT). The HDDT could then be played
back and recorded on film for optical processing (Kozma, et al.,
1972), or transferred to a computer compatible tape (CCT) for digital
processing (Wu, et al., 1981). The operating parameters for the
Seasat SAR are given in Table 3. For a more detaiied discussion on J
the Seasat SAR, the reader is referred to Jordan (1980).
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TABLE 2
NOMINAL APD-10 SAR SYSTEM PARAMETERS (MODE 1)

Vehicle Velocity
Along-Track Beamwidth
Incident Angle

Swath Width

Wavelength
Max imum Range
FM Rate

Pulse Width
Polarization
Resolution

Range Packing Factor
Azimuth Packing Factor

Correlation Demagnification

210 m/s

1.5°

0-90°

18.5 km Slant Range (4-4.63 km
sub-swaths)

0.032 m

23.2 km

105 MHz/yusec

0.95 usec

HH

3 m Slant Range
3 m Azimuth

100, 000
12,500
8:1
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TABLE 3

NOMINAL OPERATING PARAMETERS OF SEASAT-A
SYNTHETIC APERTURE RADAR SYSTEM

Frequency

Wavelength

Polarization

Transmitted Bandwidth

Pulse Duration

Pulse Time-Bandwidth Product
Transmitter RF Power
Transmitter Type

PRF

Satellite Altitude

Nominal Range (20°)

Antenna Dimensions

Antenna Beamwidth, Elevation
Antenna Pointing Angle

Surface Resolution
Slant Range Resolution
Azimuth Resolution (one look)

Integration Time

Image Swath Width
Image Length

Sensor Power
Satellite Velocity

1274.8 MHz

23.5 em (L-band)

HH

19 MHz

33.8 usec

642

800 W Peak - 46 W Average
Solid-State Bipolar Transmitter
1647

~800 km

~850 km

10.7 x 2.16 m

6°

19-25° of f nadir, right side

25 m x 25 m (4 look data)
8 m
6.25m

0.5 to 2.5 sec depending on
resolution

100 km

250 to 4000 km

60 W, nominal operation
~7000 m/sec
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DATA SUMMARY L
{ In this section of the report, a detailed summary of the various
SAR data sets is presented in table form. These summary tables

should prove useful in evaluating current and future SAR ocean wave
imaging models. In addition to the tables, a set of summary statis-

tics is presented.

3.1 SUMMARY PROCEDURE

The procedure used in producing the summary tables presented
below consisted of examining flight logs and satellite ephemeris data
to determine various flight and radar parameters including:

1. Aircraft pass or satellite revolution,

2. Aircraft or satellite heading,

3. Aircraft or satellite velocity,

4. Aircraft or satellite altitude,

5. Range distance to near edge of SAR coverage,
6. Radar wavelength,

7. Transmitted polarization, and

8. Received polarization.
In addition, available surface measurements were located including:

. Significant wave height (H]/3),
. Dominant wavelength,

1
2
4. Dominant wave direction,
4, Wind speed, and

5

. Wind direction.

Finally, the SAR imagery from each pass or revolution was manually
examined to determine whether waves were imaged. The detectability
of waves at 20°, 40°, 60° and 80° incidence angle was also recorded.

(V]
T el
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An example summary of SAR data collected by Seasat during the
JASIN Experiment 1is presented in Table 4 . The 0 and -0.0 values
represent cases where the data did not exist for one reason or an-
other. For example, the Seasat SAR only collected data from approxi-
mately 19 to 25° incidence angle. This is reflected in Table 4 by
0's in the last 3 columns. The detectability rating in the last 4
columns is a qualitative measure based on the author's experience.
Comparison of these ratings with actual quantitative measures of wave
detectability (available for a small subset of the data) showed close
relative agreement.

Presented in chronological order below is a review of the various
experiments during which SAR ocean wave imagery was collected. An
overview of these experiments is presented in Table 5. Over 200 in-
dividual passes (revolutions) of SAR data were examined and are sum-

marized below.

3.1.1 MARINELAND

A major collaborative oceanographic experiment was conducted
offshore of Marineland, Florida, in December 1975, The primary ob-
jectives of this experiment were to determine whether the proposed
Seasat SAR could detect waves, and to better understand the SAR imag-
ing mechanism by measuring surface waves coincident with the SAR
flights. In addition to the ERIM X-L SAR, the NASA JPL CV-990 L-band
SAR also participated. More complete descriptions of the Marineland
Experiment are given elsewhere (Shemdin, 1980; Shuchman, et al.,
1977; Shemdin, et al., 1978; and MclLeish, et al., 1980).

Multi-sided data collection patterns were flown by the ERIM X-L
SAR on the 3rd, 4th, 10th, 14th, and 15th of December. During these
flights, 69 passes of SAR data were collected. Except for the
flights on the 4th and 10th, surface wind and wave measurements by a
pitch-and-roll buoy were made coincident with SAR data collection.

10




, (3123130 1avi1) £ 03103110-¢ 11130 LON L VIV ON O) 4T0NY 4INIAIUNT oG8 Iv AL1118VIodt3U IAVM 5l j
2 (AI153130 1 1IVIID-€°AI1D1110-2 aIIDT140 10N 1 VIvO ON-O) 319NV IINIAIONT 409 (v AL1119vIDIL3I0 IAVM L1 .
=] (Q3153130 A1V 1D-€°AI133130-27A11)31340 1ON=1 VIvd ON:Q) JTONV IINIAIONT o0 v AL1118viD3130 JAvM 9 !
7} (03123130 AVI06°AT103130:2°G 1123130 LON- £ VIV ON-O) 319NV 3ONIAIINT oOZ LV A11118v103130 IAVA Gt
> CON ¢ S3A L "VIVO ON-O) cAS4OWWE NI IN3SIad SIAVA £ *
a (3Nd1o) NOILIDIYIA ANIM €1 ]
o« /W) U33dS aNtm Ty !
q (3Nd1o) NOL1D3INIA 3AVM INUNIWOO 44 !
o (W) HIONITIAVM INUYNIWOG O
M (W) IHOT13H JAVM INVOIIINDIS 6

CWOILHAA-¢ IVINOZIHOH=1 ) NOLLIVZINV 104 A3A13738 8
CIVOLLHIA-C  IVINOZTHOH 1 ) NOLLIVZIAV10d Q3L11WSNVAL L
CONVA 1:C ONVA-X:=1) HIONITIAVM avavy 9
(W) 4OVAIADYD dVaVY 10 3D03 AVAN 01 IONVISIO IUNVE S
CUIAJY VIS 4ADUY 1) JONLTLIV 3111131vS 30 [ 3vaodiv  f
(5W) *119013A 3111131VS 40 14vaddlv €
{IN¥1g) ONIAvIH 3111131VS A0 L3vaodly &
NOTINTOAIY FL171131VS 30 SSvd §4vaddlv |
w
| 0 0 0 £ ‘0-  0°0- '0-  0- 0 0- t+ 4 Z 0000v8 ~000SZ9YZ OO0OL ¥ 44 L8O
0O 0 0 € ‘0O- 0°0- 'v8 vpZ 00'G + | Z 0000r8 ~0QO00SZ9T ~000L “€2E "6v01L
O o0 o0 £ ‘0-  0'0- ‘b8 ¥PZ OL S 4 T ~0000p8 000SZOT 000L oze “ppOL —_
O O O '+ Z "OZi 0641 "6BZ 'SOb 09 E | I ¢ ~0000OP8 ~000GZ9Z ~0O0OL ‘zze 9001 —
o o0 0 z ‘0TI OL°0V 'SEE 'E9  OE T 4+ + T 00008 ~OOOSZ9Z O0OL 1% 1001
0O 0 0O T ‘0-  0'0- "bLL BOL OV 4 4 1 T 0000OP8 ~0Q00SZ9T "0OO0OL sz 856
0O 0 0 T "08BZ 08°L SKL LpL 08'C 4 4 T 0000pP8 0OO0SZ9ZT O00L “vTE "vES
o 0 0 £ ‘pZZ OOV OS 1S4 OL E 1 4 Z 00008 ~000SZ9Z "000L "GZE 16L
o 0 0 € v9L OZ L 09 O4Z 0S'G |+ | T 0000v8 0Q00SZIZ 00OL RZ4> zoL
o o0 o z 0- ©00- 09 96Z 06 v 1 | T ~0000P8 O00SZ9Z 0OOL ‘G1e A=y
o 0 0 T 0o- 00- oO- o- 0'0- 1 + T 0000V8 ~000SZ9Z 0O0OL "E£TE 6lL
o o o ¢ o- 00- O- o- 0 0- 1} + T 00008 '000SZSZ 00O0L e K4y
o 0 o0 4+ 091 06 0L OC 690 OL'Z 1+ I T '0000OV8 ~000SZ9Z 000L vz Zr9
o o o 1 z 0S+ 06 ¢ OF 68 O} 4 1 } Z 0O0OP8 000SZ9T ~000L “€Z€ "€€9
o 0 o0 + ¢ vb O£ 9 00Z dL O i I 4 T ~0000P8 000SZ9T O0OL 1% 666G
0o o0 o0 I+ oF 099 O ZZZ 0OZ 1 4 4 T "0O00OP8 000GZ9Z 000! "g2E 06§
o o0 0 Z OE 00 E 0O 1S 0SS L} L T 0000OP8 000SZ9Z 000L ‘are 955
0 0 0 £ St 09 € €8 Otk 091 1 + Z "0000P8 ~000SZOZ 000L iE4> LpS
81 L+ 91 SL o pi o Ed 2 Ve ol 6 8 L9 g t € Z '
Wm INIWIYIIXI NISYC 861 IHL INIYNA SNOILIANOD TVINIWNOYIANI

ﬁﬂL— OGNV SY3L3IWVYVd ONILVYIHO ¥VS 1YSVY3S 40 AUVWWNS ITdWVX3
, v 378v1




RADAR DIVISION

8°11-67¢ 0N -6f A
('8 2% G0
8°11-87¢ 9G7-0¢ 1 a'¢g |71
8 11-1°G L1708 A |
6°11-0°¢ 967-¢9 (TG 71
0'9 (7 f0°
G6°6-671 1£1-08 G- |
{s/wy (wy (W)
_ o HY
__putm ___ _enem

SUOLIIPUGY) 0 Abupy

69

SyB L] 34380
40 $3SSP{
40 aaquny

01 -CGdv
=X Wyl

105035
=X WIY3

105036
1-X WIY3
X WIY3

wayshg
yvs

6/61 42que1dag
8/61 4390120 81

8/6! 43qwaldag

8/61 42quajdas-isnbny
L[61 43903130 9

G/61 43qWada(Q

(s) @1eq
6L 4

SINIWIYIdXT JAVM NV3IIO0 YYS J0 AYYWWNS
§ 378Vl

NISUYH
uebiyoy axen

X3SY09

NISYD
uebryoty axe
pue|dulJey

BT

12




VERIM

=

RADAR DIVISION

A summary of the ERIM X- and L-band SAR operating parameters and
environmental conditions are presented in Table 6 for 3 December
1975. In each of the 9 passes where X-band data was available, waves
were imaged at some location within the swath. The L-band channel
failed to image waves in 5 of the 10 passes where data was available.
Included in these 5, were 4 passes in which vertically polarized
signals were transmitted.

The ERIM X- and L-band SAR operating parameters and environmental
conditions for 4 December 1975 are summarized in Table 7. Surface
wind and wave measurements were not performed on this day. Waves
were visible in all 10 X-band passes and in 9 of the 10 L-band
passes. Waves were not detected for either wavelength at 60° inci-
dence angle. In addition, waves at 20° incidence angle were only
visible in 2 of the 10 L-band passes.

Presented in Table 8 is a summary of the ERIM X- and L-band SAR
operating parameters for 10 December 1975. Surface wind and wave
measurements are unavailable for this day. In each of the 13 passes
studied, the X-band data imaged waves at some location within the
swath. The L-band data contained wave images in only 5 of the 13
passes. The SAR imaging geometry and flight lines were identical to
those on the 3rd and 4th.

The ERIM X- and L-band SAR operating parameters and environmental
conditions for 14 December 1975 are summarized in Table 9. In each
of the 16 X-band passes, waves were visible. In the 4 L-band passes
which failed to produce wave imagery, the surface waves were travel-
ing in the azimuth direction relative to the radar line-of-sight.
X- and L-band digitally-processed directional spectra from the first
8 passes of this data set have bec~ rigorously compared (Shuchman,
et al., 1983). A copy of this article is included in the Appendix.

The data presented in Table 10 summarize the ERIM X- and L-band
SAR operating parameters and environmental conditions for 15 December
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1975. In each of the 17 X-band and the 14 available L-band passes,
waves were visible, This is somewhat surprising when compared to
the 14th data since the wave height was smaller and the wind speeds
were less on the 15th. One possible explanation for the non-imaging
of azimuth-travling waves on the 14th, is the degradation of azimuth
resolution due to orbital acceleration effects. The larger heights
and shorter lengih: of the waves on the 14th cause a greater degrada-
tion in azimuth resolution than for the lower amplitude, longer waves
on the 15th. The SAR data collected on the 15th were analyzed in
detail in a previous study (Shuchman and Shemdin, 1983). A reprint
of this article is included in the Appendix.

3.1.2 LAKE MICHIGAN 1977

On 6 October 1977, the ERIM X- and L-band SAR system collected
two passes of data during a flight over Lake Michigan between
Muskegon, Michigan, and Milwaukee, Wisconsin. At the time of the
flight, surface wind and wave measurements were made from a research
tower and a waverider buoy operated by the National Oceanic and
Atmospheric Administration's (NOAA's) Great Lakes Environmental
Research Laboratory (GLERL).

A summary of the ERIM X- and L-band SAR operating parameters and
environmental conditions is presented in Table 11 for 6 October 1977,
In both passes, waves were visible on both the X- and L-band imagery.
Due to the limited fetch of Lake Michigan, these waves were wind-
generated rather than swell. In both passes, the waves were more
detectable on the X-band imagery than the L-band imagery. A more
detailed comparison between the SAR-derived and surface-measured wave
spectra has been performed on this data and is reported by Schwab,
et al. (1981). A reprint of this paper is included in the Appendix.
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: 3.1.3 JASIN

Seasat SAR images were obtained on 18 separate occasions over
the North Atlantic in conjunction with the Joint Air-Sea Interaction
(JASIN) Experiment during the late summer of 1978. Simultaneously

with most of the Seasat overpasses, surface measurements including

wave height, wavelength, wave direction, and wind speed and direction
were performed by personnel aboard oceanographic research vessels
and wave buoys deployed within the study area. More detailed
descriptions of the JASIN Seasat Experiment are available (Allan and
Guymer, 1980; Allan and Guymer, 1984).

The Seasat SAR operating parameters and environmental conditions
for the 18 overpasses in the late summer of 1978 in support of the
JASIN Experiment are summarized in Table 12. A wide range of en-
vironmental conditions were present during the 18 passes including:
wave heights ranging from 1.1 to 5.7 meters, wavelengths from 63 to
256 meters, and wind speeds of 3.0 to 11.9 m/s. Of the 18 passes,
waves were visible in 13. More detailed studies have been performed
using this data set (Kasischke, 1980; Vesecky, et al., 1982). A
reprint of the Vesecky, et al. paper is included in the Appendix.

3.1.4 GOASEX

The Gulf of Alaska Seasat Experiment (GOASEX) was conducted in
September 1978 in the Northeast Pacific. This experiment provided
surface wave measurements coincident with aircraft and satellite SAR
imagery. Seasat L-band SAR imagery was collected during five over-
passes of the test area. In addition, the ERIM X- and L-band SAR
system collected data during multi-sided flight patterns on the 22nd,
23rd, 25th, and 26th of September. The total number of aircraft
passes was 35. During the SAR data collection, surface wind and
wave measurements were performed by pitch-and-roll and NOAA data
buoys. A more detailed description of the GOASEX Experiment is given
by Gonzalez, et al. (1979).
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Presented in Table 13 is a summary of the Seasat SAR operating
parameters and environmental conditions for 5 overpasses in September
1978 in support of the GOASEX Experiment. Waves were imaged in 4 of
the 5 passes. The one pass where waves were not imaged had a
surface-measured significant wave height (H]/3) of only 1.1 meters.

The ERIM X- and L-band SAR operating parameters and environmental
conditions for 22 September 1978 are presented in Table 14 . Waves
were clearly visible in each pass where data was available for both
X~ and L-band. Note that imagery for several passes was either lost
or never processed. The signal films do exist for these passes so
they could be processed into imagery in the future.

A summary of the ERIM X- and L-band SAR operating parameters and
environmental conditions for 23 September 1978 is presented in
Table 15 . Waves were clearly visible in each pass where data was
available for both X- and L-band. It is interesting to note that
the L-band data appears equivalent to the X-band for this data set
and that collected on the 22nd. This implies that under certain
conditions, radar wavelength is not an important consideration for
the detectability of waves.

The ERIM X- and L-band SAR operating parameters and environmental
conditions for 25 September 1976 are summarized in Table 16. The
image film from this flight could not be located at ERIM. However,
as mentioned previously, the signal films do exist and could be
processed into imagery in the future.

Presented in Table 17 is a summary of the ERIM X- and L-band SAR
operating parameters and environmental conditions for 26 September
1978. Only 4 of the 9 passes were found and these all contained
waves in both the X- and L-band imagery. It is interesting to note
that the waves are not as detectable as on the 22nd or 23rd. This
is most likely due to the lower wave heights or the different imaging
geometries.
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The GOASEX data set represents the only exampie of coincident

aircraft and spacecraft SAR coverage. Comparisons between the two
platforms have been performed which indicate close agreement of the
two sensors as described by Gonzalez, et al., 1981. A reprint of
this article is included in the Appendix.

3.1.5 LAKE MICHIGAN 1978

On 18 October 1978, the ERIM X- and L-band SAR system collected
two passes of data over Lake Michigan near Pentwater, Michigan. Dur-
ing the SAR data collection flight, surface wind and wave measure-
ments by an array of wave probes were performed by the Physical
Oceanography Laboratory of the University of Michigan.

The ERIM X- and L-band SAR operating parameters and envirgnmental
conditions for 18 October 1978 are presented in Table 18. Waves were
detected in both X-band passes but in only one of the 2 L-band cases.
More detailed comparisons between the SAR-derived and surface-

measured wave spectra from this data set are given by Shuchman and
Meadows (1980) and Meadows, et al. (1982). Reprints of these papers
are included in the Appendix.

3.1.6 MARSEN

The Maritime Remote Sensing Experiment (MARSEN) was conducted in
the southern part of the North Sea during August and September 1979.
Seven APD-10 SAR data collection missions were flown by the United
States Air Force of Europe (USAFE) RF-4s, In total, 39 passes of
data were collected. These flights were concentrated over two in-
strumented towers in the North Sea where surface wind and wave mea-
surements were performed. A collection of articles describing the
scientific results from MARSEN have been published in a special issue
of the Journal of Geophysical Research. Two papers from this issue
are included in the Appendix (Shuchman, et al., 1983; Lyzenga and
Shuchman, 1983).
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Presented in Table 19 is a summary of the APD-10 SAR operating

parameters and environmental conditions for Line 8 data collected on
25 September 1979. Again, some of the imagery was not available,
but signal films exist so that it can be processed in the future.
0f the 5 passes where imagery was available, waves were clearly de-
tected. The clarity of the wave images fall off rapidly with in-
creasing range (incidence angle). This is probably due to the effect
of scatterer motions in the imaged scene caused by the relatively
high wind speed (11.8 m/s). This effect is discussed in greater

detail by Lyzenga and Shuchman (1983). A reprint of this article is
included in the Appendix.

A summary of the APD-10 SAR operating parameters and environ-
mental conditions is presented in Table 20 for Line 12 data collected
on 27 September 1979. Waves were imaged in each pass. Again, wave
detectability falls off with increasing range. No waves were visible
at 80° incidence angle.

The APD-10 SAR operating parameters and environmental conditions !
for Line 13 data collected on 27 September 1979 are summarized 1in
Table 21. Waves were again imaged in each pass but none were visible

at 80° incidence angle.

The data presented in Table 22 summarize the APD-10 SAR operating

parameters and environmental conditions for Line 10 data collected
on 28 September 1979. Waves were clearly visible in each pass and
in one pass were detected at 80° incidence angle.

Presented in Table 23 is a summary of the APD-10 SAR operating
parameters and environmental conditions for Line 7 data collected on
28 September 1979. These data were collected using the same flight
pattern as Line 10, but by a different aircraft at a slightly later
time. The visibility of waves for this data set are the same as
Line 10. This implies that the environmental conditions remained
relatively constant between the two flights.
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The APD-10 SAR operating parameters and environmntal conditions
are presented in Table 24 for Line 6 data collected on 28 September
1979. These data were collected approximately 250 km south of Lines
7 and 10, and therefore under a different set of environmental con-
ditions. The wind speeds in this area were only 3.5 m/s. Waves were

only visible in 3 of the 6 passes. It is interesting to note that
waves were visible at 80° inidence angle in pass E-3. This could be
due to the reduced effect of scatterer velocities because of the
lower wind speed. The fact that waves were not imaged in 3 of the
passes could be due to the low wind speed not causing enough small
scale surface roughness to be modulated by the longer waves. For a
more detailed analysis of the MARSEN data set, the reader is referred
to Shuchman, et al. (1983). A reprint of this article is included
in the Appendix.

3.1.7 OTHER EXPERIMENTS

In addition to the data described above, SAR experiments have
recently been conducted or are planned which will add to the above
data set. The Torrey Pines Experiment was held in December 1983 off
the coast of Southern California. United States Marine Corps (USMC)

RF-4 jets collected APD~10 imagery over an instrumented test site.
The surface measurements included a linear pressure sensor array
which yields high resolution directional wave spectra. Comparisons
between these surface measurements and spectra derived from simulta-
neously collected SAR imagery are currently being performed.

A SAR experiment is planned to coincide with the SIR-B Experiment
this summer (1984) off the coast of Long Island in the New York Bight
region. The SAR 580 system will collect X-, L-, and C-band SAR data
over an instrumented area. This experiment will provide additional
data with which to test various imaging theories.
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3.2 STATISTICAL SUMMARY !;

A basic question when using synthetic aperture radar (SAR) as a
# wave measuring device is under what conditions can a SAR detect waves
and how accurately? This study has only addressed the detectability

question and not the accuracy of the SAR-derived wave spectra. This
latter question would require a much larger effort.

Summarizing the above data set with regard to detectability
finds: the Seasat SAR detected waves in 17 of 23 overpasses or 74
percent of the time, the APD-10 X-band SAR detected waves in 30 of
33 passes or 91 percent of the time, the X-band channel of the ERIM
X-L system detected waves 1in all 98 passes studied (100 percent),
while the L-band channel detected waves in 62 of 86 passes or 78
percent of the time. It should be strongly noted that these results
are only valia for the environmental conditions encountered during
the various data collection flights. For example, aircraft flights
were rarely conducted on days when wind and wave conditions were not
conducive for imaging waves. Similarly, the JASIN and GOASEX data
were collected in regions where reasonably high wave energy was
expected.
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4
CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study has been to summarize the synthetic
aperture radar (SAR) ocean wave data which is archived at ERIM. This
has included documenting the SAR operating parameters and environ-
mental conditions during each pass or overflight when SAR wave data
was collected. In addition, the processed imagery from these passes
was manually interpreted to determine if waves were detected, and if
s0, how clearly.

O0f the 210 passes of imagery studied, waves were imaged in 183,
or 87 percent of the time. This number should not be thought of as
the expected performance of a SAR in general. Typically, SAR data
collection flights were only conducted on days when wind and wave
conditions were suitable for producing wave imagery. More data col-
lected over a wider range of environmental conditions is required to
better define the capabilities and limitations of using SAR for ocean
wave detection. Also, a wider range of SAR operating configurations
over the same set of wind and wave conditions is required for system
optimization.

A basic objective of documenting this data set is to provide a
basis by which SAR ocean wave imaging theories can be evaluated.
Wave detectability is a function of the environmental conditions and
SAR system parameters, Imaging theories can suggest which are the
most critical parameters or combination of parameters, and these
suggestions can be tested using data such as that presented here.

Recommendations for future work in this area would be to digitize
the existing wave imagery and produce digital spectral estimates.
Quantitative interpretation of these estimates would remove the ob-

jectiveness of the manual interpretation used in this study.
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APPENDIX

Contained in this Appendix are a series of reprints which
describe in more detail the experiments during which the SAR ocean
wave imagery summarized in this report were collected. These arti-
cles are presented in alphabetical! order according to first author,
as summarized in Table Al. The figures contained in this Appendix
are xerox copies, not half-tone prints.
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1. ABSTRACT

A comparison of airborne and satellite synthetic aperture radar
wave imagery and coincident surface wave observations indicates that
for the range of environmental conditions encountered, the radar
estimates of dominant wavelength and direction are of equal or
better accuracy than the corresponding in-situ estimates.
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2. INTRODUCTION

This short paper concerns itself with the ocean wave detection
capabilities of synthetic aperture radar (SAR). A more detailed
report of this work is in preparation. A major field experiment, the
September 1978 Gulf of Alaska SEASAT Experiment (GOASEX), provided
surface wave measurements coincident with aircraft and satellite SAR
imagery. A preliminary assessment of this data was primarily quali-
tative (Gonzalez et al, 1979). The present work quantifies the
correlation among surface and radar estimates for those ocean waves
successfully detected by SAR. This report also qualitatively dis-
cusses a separate but related issue, that of the dependence of SAR
wave image quality on viewing geometry and environmental conditions.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Satellite L-band SAR imagery was acquired in the Northeast
Pacific during seven Seasat revolutions (Revs); on four of these Revs,
coincident airborne SAR images were obtained by the ERIM dual polar-
ized X- and L-band SAR (Rawson et al, 1975) on the Canadian CV-580
aircraft. Coincident surface observations were also made: estimates
of directional wave energy spectra were computed from measurements
collected by a pitch-roll (PR) buoy; similarly, estimates of one-~
dimensional wave energy spectra were obtained by NOAA data buoys;
surface windspeed and direction measurements were made at all buoy
sites. This coverage is summarized in Figure 1. Surface wind speeds
encountered in this data set ranged from 2 to 14 m/s; multiple wave
systems were common, with a range of significant wave heights from
1 to 3.5 m and wavelengths of from 100 to 500 m.

In what follows, the in-situ estimates of dominant wavelength
and direction correspond to peaks in the wave energy spectra computed
from buoy measurements; similarly, SAR estimates correspond to peaks
in the image intensity spectra obtained by two dimensional Fourier
transforms of the SAR scenes.

3.1 Aircraft data

Each aircrzft mission over the PR buoy included a multi-sided
box pattern designed to image the dominant waves from various
directions. Figure 2 presents the results obtalned as a function of
viewing angle for the pattern flown coincident with Seasat Rev 1269.
Only parallel polarized imagery has been examined. On this occasion,.
a dominant wave system of length 150 m and significant height of 2.5
m was present, with wind speeds averaging about 5 m/s. We see that
SAR estimates obtained for all viewing angles are in reasonable
agreement with surface observations; in particular, we note agreement
on flight lines (1) and (4), for which the waves were propagating
within a few degrees of azimuth.
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Fig. 1:
GOASEX.

REV

-y
1169
1212
1255
1269
1292
1306

DATE
(1978}
{3 Sept
16 Sept
{9 Sept
22 Sept
23 Sept
25 Sept
26 Sept

SYNTHETIC APERTURE RADAR WAVE OBSERVATIONS

Cv-580
SAR
NO
NO
NO
YES
YES
YES
YES

SURFACE OBSERVATIONS
® N NOAA doto buoy 4600N

® PR Pitch-roll buoy aboard R/V Oceanographer

1169

® T Waverider buoy at Tofino, B C.

SAR and surface observation coverage during
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This is significant, because the dependence of SAR ocean wave
detectability on viewing geometry and environmental conditions is of
some concern; specifically, 1t appears that wave image quality deter-
lorates as the wave becomes more nearly azimuthal (Shuchman et al,
1978; Vesecky et al, this volume). It is unclear, however, under
what range of environmental conditions a SAR will or will not detect
a purely azimuthal wave, and instances of both failed and successful
azimuth wave detection have been reported for airborne radar (Elachi,
1978; Shemdin et al, 1978).

The environmental effects on image quality for waves propagating
in range (the cross~track coordinate) is somewhat better understood;
the primary imaging mechanisms appear to be modulation of radar cross
section through tilting and hydrodynamic straining of the relatively
short wavelength Bragg scatterers by the longer dominant waves
(Elachi and Brown, 1977). Higher and shorter dominant long waves
should cause greater tilting and hydrodynamic straining due to
larger mean slopes and velocities, though it should be noted that the
effects of these two mechanisms could act in concert or opposition.

With this last caveat in mind, a possible interpretation can
be made of the data presented in Table 1 for primarily range propa-
gating . waves. This table summarizes the satellite and aircraft
results processed so far for the particular box pattern flight line
which was oriented parallel to the Seasat track for each of three
different aircraft missions.

Of special interest is the data collected during Rev 1306. The
PR buoy and Tofino Waverider data indicate the presence of a low
energy wave system (H_ about 1 m) composed of three identifiable
dominant waves (256, f30, and 19 m), and closer examination of the
wave energy spectra indicates roughly equal partition of the total
energy among the three systems (individual values of H_ about .6 m).
It is significant that there was a complete failure bysall SAR
systems employed in this experiment to detect the relatively longer
dominant wave, in contrast to the successful detection of the inter~
mediate and short waves of this trio, and the intermediate but more
energetic waves present on Revs 1255 and 1269, Furthermore, a visual
examination shows that the more energetic wave in Rev 1269 is more
clearly imaged than its less energetic counterpart of comparable
length in Rev 1306.

These results are consistent with the previous discussion of
backscatter modulation through tilting and straining, and suggest
that, at least for range waves, some measure of root mean square
slope and/or orbital velocity should be used to characterize the
lower 1imits of SAR ocean wave detectability, rather than simply
the significant wave height of the entire system, as has been
suggested previously (Gonzalez et al, 1979).
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Fig. 2: CV-580 and SEASAT SAR wave observations
during Rev 1269 September 28, 1978. Airborme obser-
vations were made with 6 different viewing angles as
illustrated.
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Table 1. Coincident SEASAT, CV-580,
and Pitch-Roll buoy observations

Wind 11.8 m/s from 100°

Rev SEASAT CV-580 SAR PR Buoy
SAR X-Band L-Band
1255 A 187 m 193 m 210 m 177 m H =2.7m
By 96° 87° 96° 93° s
; 8, | 135° 124° 135° 121°
i Wind 8.3 m/s from 243°
1269 A 165 m 167 m 138 m 151 m H =2.5m
0, 93° 109° 109° 93° s
0, | 121° 136° 136° 121°
] Wind 5.1 m/s from 90°
1306 A Undet. Undet. Undet. 256 m° H =1.1m
or 336° s
0, 128°
Wind 11.8 m/s from 100°
b d c
1306 A 130 B 128 m Det. 130 m Hs =1.1m
. or 95°p 95° 105°
j 6, | 248° 248° 258°
i Wind 11.8 m/s from 100°
1306 A Undet. 22 m pet.d 190° H =1.1m
i oy 293° 274° s
i 8 84° 66°
i A
{

The notation used is A for wavelength, 8_ for wave direction referred
to true North, 8, for wave direction referred to azimuth (the along-
track coordinate of SEASAT), HS for significant wave height.

bUndetected in optically processed imagery of 40 m resolution, and
detected only with difficulty in contrast-enhanced, digitally pro-
cessed imagery of 20 m resolution,

cCorresponding peaks were found in wave energy spectra obtained by
a Waverider buoy at a site 75 km away, near Tofino, British Columbia.

dDetected by visual examination only. No transforms available.
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3.2 Satellite data

A sufficient number of SEASAT SAR/surface observation pairs
exist to justify an estimate of their correlation by linear regres-
sion analysis. Sixteen pairs were obrained for wavelength, only
seven (from the PR buoy) for direction. The results are presented
in Figure 3. Error bars for buoy wavelength measurements are deter-
mined by the finite frequency intervals for which the spectral
estimates are computed; error bars for the PR estimates of mean
direction correspond to the half-width of the directional peak.
Error bars for the satellite observations reflect the conservative,
albeit subjective judgement that individual peaks in image intensity
spectra can generally be located with confidence in a circle of 1 mm
diameter on the scale of the original data. (An exception is the
larger set of error bars assigned to the extremely weak and diffuse
maximum for Rev 1306. See note for Table 1.) We see that a high
degree of correlation exists for both wavelength and direction. No
statistical significance can be attached to the deviation of the
slopes from unity and the relatively small biases indicated.

It is probable that SAR estimates of dominant wave direction
are superior to those of in-situ buoys. 1In at least one case the
radar evidently detected two dominant waves, similar in length and
propagating within 30 degrees of one another, which the PR buoy failed
to resolve. The relatively small error bars for the SAR directional
estimates should be noted.

With regard to azimuth wave detection, the SEASAT SAR indicated
propagation directions within 45 degrees of azimuth for 5 of the
sixteen wavelength data pairs of Figure 3. Only one pair included a
PR buoy estimate of direction, however, and in that case the associ-
ated error bar was so large that the data point was edited (Figure
3); nonetheless, the agreement in wavelength for all 5 data pairs is
strong indirect evidence of successful azimuth wave detection.

A separate case of azimuth wave detection, not considered in
detail here, should also be mentioned. On a Rev which imaged the
region offshore of Baja, California, waves were clearly detected
traveling within a few degrees of azimuth (NASA, 1980). These waves
were apparently generated some 58 hours earlier by hurricane Gilma;
using hurricane parameters estimated from satellite imagery, a
parametric model (Ross, 1976) has been used to hindcast a wavelength
of about 250 m, in good agreement with the SAR estimates.

4. CONCLUSIONS

The data presented here suggest that, for the limited environ-
mental conditions encountered: (1) dominant wavelength estimates
by SAR are at least as accurate as the standard surface observations
by buoy; (2) the SAR directional estimates are probably superior;
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(3) both SEASAT and CV-580 SAR succesgsfully detected waves with
significant azimuth components; (4) for range waves, a measure of
rms slope and/or orbital velocity may be more appropriate than
significant wave height for the characterization of sea state in
studies of SAR ocean wave image quality.
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Analysis of Scatterer Motion Effects in Marsen X Band SAR Imagery

D. R. LLyzeENGA AND R, A. SHUCHMAN

Radar and Opticy Division, Environmmental Revearcle Instaute of Mochiean, A Avboy SMichiean 38107

Synthetic aperture radar X band images collected over the North Sea dunmg the 1979 MARSEN
experiment show numerous apparent pomt scatterers imaged with o degraded resolution in the alonge-
track direction. The observed resolution of these teatures is consistent with i scatterer coherence tine
of the order of 10 ° s or a vertical acceleration of the order of S oy Observations of the resolution s
a function of the processor integration time tend to support the coherence time explanation. Symikay
coherence times have been measured for breakhing waves by conventional high-resolution radars.,
suggesting that the same phenomena may be responsible for the features observed on the synthene

aperture radar imagery.

1. INTRODUCTION

Synthetic aperture radar (SAR) data were collected over
the North Sea during the Maritime Remote Sensing (MAR-
SEN) experiment in the fall of 1979. X" band (3-cm wave-
length) SAR images obtained at higher wind speeds during
this experiment are dominated by bright features which
change in appearance from essentially pointlike objects at
near range to elongated streaks at far range. The streaks are
always aligned in the along-track or azimuth direction.
indicating that they are the result of localized scatterers
which are imaged at reduced resoluiion in azimuth because
of the motion or finite coherence time of the scatterers.

In this paper. measurecments of the streak lengths as a
function of range are compared with calculations of the
azimuth resolution assuming various motion parameters.,
and conclusions are drawn as to the probable cause of the
observed image features. Comparisons are also made with
conventional radar observations of breaking waves. and the
properties of these radar returns are shown to be consistent
with the properties of the observed SAR image features.

2. DATA DESCRIPTION

The data sets studied during the present investigation
consist of six passes of X band SAR imagery collected by the
APD-10 system over the North Sea. The AN/UPD-4 SLLAR
system is an X band synthetic aperture radar developed by
Goodyear for the military and mounted in an F-4 jet aircraft.
The APD-10is the radar system portion of the UPD-4 system
which includes a ground data processing unit. The data
presented in this study was processed at ERIM. using its
precision optical processor.

The APD-10 sensor was one among several remote sens-
ing instruments used to collect data as part of the 1979
MARSEN experiment. APD-10 data were collected over a 2-
day period (September 27 and 28. 1979) during which the
wind speed varied from 3.5 mys to 10.3 m/s while the wave
conditions remained fairly constant. The wind and wave
conditions during the overflights considered in this paper are
presented in Table 1.

The data collected by the APD-10 system are recorded
separately in four slant range intervals, referred to as sub-

Copyright 1983 by the Amencan Geophysical Umon.
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swaths A-D. The slant range varies from 3.6 km at the nea
edge of subswath A to 23.2 km of the far edge of subswath D,
corresponding to 4 range of incidence angles from approvs-
mately 40° to 80 for the altitude (3.5 km) at which the
aircraft was flown. Additional APD-10 SAR syvstem parame-
ters relevant o this study are as follows:

altitude. = 3.5 km:

platform velocity. - 200 m s

range, - 4.6-23.2 km:

incidence angle. - 40 to 8O :

wavelength, = 3.1 ¢cm:

azimuth antenna beamwidth, - 0.0252 rad:
PRF  pulse repetition frequency . - 1300 Hz:
nominal processed resolutton - 3 m.

™ > xR

The data sets analyzed in this paper include four segments
collected during the highest wind speed (1003 m s) on Sep-
tember 27 and two segments collected during an intermedi-
ate wind condition (7.5 m s) on September 28, The sigmti-
cant wave height was appronimately 1.0 moon the first day
and 1.2 m on the second duyv. with i period of 7.5 < in both
cases. The radar look directions relative ta the wind direc-
tion and wave propagation direction are shownan Tablo 2 tor
each of the data segments considered. Examples ot the
imagery obtained on September 27 and 28 are shownan the
companion paper by Shuchman et al. [this issuel. All of the
data considered in this paper were collected in relativels
deep water 130 m) near the Nordsee 1ower in the German
Bight.

3 MIEASUREMENTS

Extensive image streaking occurted i all of the SAR data
over the North Sca except that collected at the fowest wind
speed. Land features were imaged with good reselution,
indicating that the streaking over water was not doe to g
system malfunction. During the lowest wind speced 03 Smw
very few of these features were observed except neat the
coastline, where wave shoaling occurred. Anenlargement ot
subswath C of the September 27 data s presented in Frewie
. Note that the streaks are always parallel with the et
path, indicating they are localized scatterers which are
imaged with a degraded resolution m the azmmuth direction

The observed streak lengths are smaller than the synthetic
aperture length (i.c.. the antenna beamwadth muluphied
the range distance)., indicating that some azimuth compres
sion of the signals is occurring. Thus the observed dengths

9769
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FABLE 1 Waind and Winve condimions ar Lime ot Data
Collection Over MARSEN [est Site on September 27 and 28,
197y

September 27 September 28
Wind speed 103 ms TSms
Wind Jdirection o r 90 |
Sunificant wuse henght L.om 1.2m
Domimant winve period RN TAN
Al b

Donunant wave direction
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are apparently  determined by the characteristics of the
scatterers and are not limited by the SAR svstem itselt. The
signals were observed o persist over essentially the entire
SAR integration time by reducing the processor integration
time and noting the appearance of the image featares. Figure
2 shows a set of enfarged images obtained by processing datu
from pass 10-3. swath B with three different integration time
settings. The antenna-limited integration time is approxi-
mately 1.5 s for swath B, while the normal processor setting
for the data presented elsewhere in this report correspands
to an integration time of 0.9 « ftor swath B. Notc that
although there 15 a shight change in the signal-to-noise rato.
the streaked image features persist and their appearance is
essentially the same in each of these images. The lengths of
the features were also observed to be relatively unaffected
by changes in the processor focus settings.

The lengths of the image streaks increase dramatically
trom subswath A to subswath D. In order (o quantity this
range dependence. image subsets were selected irom the
center of cach subswath and were Jigitized for further
analysis. The range and incidence angle at the center of cach
subswath is shown in Table 3. The method of measuring the
effective azimuth resolution for the streaks was 10 compulte
the autocorrelation function for the images using fast Fourier
transforms (FFT) of the digitized data. A tvpical set of FFTS
for all four subswaths of one of the data segments (pass 12-4)
is shown in Figure 14 of the companion paper | Shuchman et
al.. thisissue]. The squared amplitude of the image FFT was
inverse-transformed to yield the image autocorrelation func-
tion. One-dimensional plots of the autocorrefation in the
azimuth direction for pass 12-4 are shown in Figure 3. These
plots apparently contain a component due 1o random noise
and speckle. which is manifested as a narrow spike at zero
shift. This component was ignored and the 3-dB width of the
wider part of cach curve was measured.

The results of the corretation length measurements tor all
SIX passes are summarized in Figure 4. This figure shows an
approximately lincar dependence of the streak fengths on

Maros Frrrcrs i SAR

range. Although there is some vanabidity inthe lengths at o
given range. this vanability does not appeiar to be correlated
with cither the wind or the wave direction (see Table 2. The
lengths for the September 28 datia are smaller than tor
September 27 indicating a possible dependence on the wind
speed. The Kinds of scatterer motions which are consistent
with these observations are discussed in the following sec-
tion.

4. THEORETICAL CONSIDERATIONS

The image features described in the prestous section
represent the SAR response to o set of point scatterers which
are smeared in the azimuth direction due to the motion ot the
finite lifetimes of the scatterers. In this section. we review
the theory which describes the degradation in the azimuthad
rexolution for such scatterers and caleutate the dependence
of the resolution on the range and incidence angle.

For a stationary point scatterer. the nominal azimiha)
resolution (p,) of a SAR image processed at full bandwidth i~

!

~

A
R
where A 1s the radar wavelength, g8 is the antenni beam-
width. and D is the physical fength of the antenna in the
azimuth direction. The radar wavelength, untenna heam-
width and other system parimeters tor the APD-10 svstem
have been presented above. The resolution imdicated by o)
is a theoretical Hmit and is not attained in prachice because of
uncorrected platform motions as well as target motions. The
resolution s also fimited by the bandwidth or ategration
time of the processor. This effect can be taken into account
by replacing the actual antenna beamwidth 8 by an effectne
value which is determined by the processor characterntios
and settings, For the data discussed in this paper. the
processor was set to vield an effective antenna beamwidth of
0155 radians, and subsequent multi-looking was done 1o
achicve a nominal azimuth resolution of 3 for stationasy
scatterers. This effective beamwidth was used i all of the
calculations involving B in this paper.

The resolution indicated by 1 s realized only it the
scatterers are stationary and the scattering cross section
remains constant over the integration time intery al

- th

ta

R
I - ﬁ t
\

during which the scatterer is within the antenna beam. where
R is the range distance to the target and Vs the plattorm

FARLE 20 Radar Look Directions tor Siv Datie Segments Studica
[.ook { ook
Awrcraft Iirection Poection
Heading, With Respedt With Respeat
Pass Duate fame, U1 1 1o Waind- To Woanes
12-1 Sept. 2701979 (RI-OK S 29° x3 Nl
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azimuth direction.

velocity. If the radar cross section fluctuates during this time

interval, such that the temporal autocorrelation function of

the scattering cross section has a width 7. the resolution is
reduced [Raney. 1980] 1o

A 5 R
Pa = T 1 bR 13
283 1954

The coherence time = which enters this expression corre-
sponds to the decorrefation time which might be measured.
for example, by a scatterometer mounted on the SAR
platform if the scatterometer were able to track the object’s
position continuously during the time T. 1t does not describe
the gross motion of the scatterer (which is accounted for
below) but may be due to random particle motions within the
resolution cell. In fact. a completely equivalent expression
for the azimuthal smearing can be obtained by assuming that

the feature contains a distribution of radial velocities of

width 8V, and equating 8V, with A27. This expression
follows directly from the azimuthal displacement formula

A 4

given by Ranev {19711, Such o modet would also predict a
fluctuation in the power received from the resolution cell due
to interference of the returns from cach scattering center
within the cell. Note that this model implies that for a given
physical distribution of scatterer velocities the coherence
time would be proportional 1o A, In fact. however. the
scattering elements are likely to be different for wideh
different radar wavelengths. so this proportionality is proba-
bly enly approximate at best.

If the coherence time 1s much smaller than the integration
time 7. the azimuth resolution s approvimatehy

AR

My

[ (5

Thus if the coherence tme were proportional o & s
suggested above. the resolution of rapidiy tading scatterers
would be independent of the wavelength. The resolihion s
also independent of the antenna beamwadth o1 processor
integration time. Note that the effect of scatterer coherence
ume depends on the ratio R 4 Typicad catues tor K4 e
25-100 s for the UPD-4, 50-100 s for the ERIM CORS Y and
L band SAR. and 120 & for SEASAT. A plot ot py versus
range for the APD-M system i shown o brgure S0 bor
coherence times of 0.01 and 010 s. Ui~ important 1o pote
that the loss of resolution duc to coherence time s a true
smearing and not a defoacusing and is therefore not recover
able by a change in the processor focus or integration hme
settings.

In addition to coherence time effects. the SAR azamuthal
resolution is influenced by gross scaticrer motions fhe
motion parameters which primarily influence the azimuthal
resolution are the azimuth component of the velocy and the
range component of the acceleration. Both of these tupes at
motion cause 4 defocusing effect which v correctihle g
change in the facus settings of the processor. For a coherent
scatterer with a yange aceeleration «,. the azimuihal resolu-
uon [Ranev. 1971 is

A 2R
. [ ( R ) 1ty
23 Al
The asymptotic expresston tor a, - A 2718
lfR"fl, R
" . o
\

which has o stronger range dependence than the coherence
ume effect descrthed ibove and v also dependent on the
antenna beamwadth or, cquinvalentiy . the processot mtegra-
pon tme. The tactor SRV vanies from about 10 1o 150 <
across the swath lor the APDIO. For the ERIM CCRS A
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RANGE

2.7 km

Fie 20 Images generated from pass 10-3 iSeptember 280 1979 swath B data using three ditferent processor integration
time settngs: (b 027 Soh 085 1 0 82 .

and 1. band SAR. this tactor typically ranges trom about 30 ERIM-CCRS Y-/ band SAR:
10200 87 at X band and from 300 to 1200 7 4t /. band. while
tor SEASA Tty approvmately 30057 SAR system parame- \ fatfor How 130
ters for the SEASAT and ERIM CORS svetem are as platorm s clocits . = m s

’ B X band antenna beamwadth. 0019 rad.

follows
3 L band antenna beamwidth, 0122 rad.

R range. 6-12 km:

SEASAT SAR. 1t instructine to consider the effects of horizontal and
vertical accelerations separateiv . The range component of

R range.  X30 km.
horizontal acceleration a, s given by

Vo plattorm aacloaty . T hmos.
B antenna beamwadeh. 002 1ad (. dp SN HCON
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TABLE 3 Range and Incidence Angle tor Fach Tmage Area
Selected tor Analysis

Subswath Range. km fncidence Angle
A 70 o)
B 1.6 72
¢ 6.2 78

D MR L1

where #1s the incidence angle and ¢ is the angle between the
acceleration vector and the cross-track direction. Substitut-
ing this into (6) results in the effective uzimuthal resolution
shown in Figure Sh tor the APD-10 system. The results
plotted in Figure 5h are tor three look directions relative 1o
the wave propagation direction, assuming a horizontal accel-
eration of 1 m/s* in the direction of wave propagation. This
value for a, is a liberal estimate based on the wave condi-
tions of the time of the overflights.

For vertical accelerations. the runge component of the
acceleration a, is given by

A
a, = a,.cos 8=aqa, — (9
R

where 4 15 the platform altitude. Thus the asvmptotic
expression for the azimuthal resolution is

R
d,. (10)

) < A Y
e B V2

which. like the coherence time effect. varies linearly with
range and is independent of the look direction. Unlike the
coherence time effect, however, the effect of a vertical
acceleration depends on the processor integration time. This
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can be understood by considering that the fonger the object
is observed. the greater the range of velocities tand azimuth-
al displacements) is during this integration time. The degra-
dated azimuthal resolution due to a vertical acceleration i~
plotted versus range in Figure Sc. assuming vertical accel-
erations of | m/s” and 9.8 m s ti.e.. freely falling particles).
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An additional type of scatterer motion which produces a
degradation in azimuthal resolution s a velocity i the
azimuth direction. For an azimuthal velocity V. the azi-
muthal resolution s given [Raney, 19711 by

A AFRV AT
P L '(**%*) R
2B At
which for V., - A g/ reduces to
po 2BRVV 2

In breaking waves. particle velocities can approach the
phase speed of the wave. which was of the order of 10 m s
for the dominant waves occurring during the ume the
MARGEN data was collected. The azimuth smear in swath
D of the APD-10 data for an azimuth selocity of 10 m s
would be approximately 30 m. which is much smaller than
the observed smearing. Thus azimuthal velocity eftects do
not appear to play a major role in the tormation of the
observed artifucts in the MARSEN APD-10 data.
5. Discusston

The lengths of the observed image streaks in the MAR-
SEN APD- 10 data appear to increase lincarly with range and
to have a maximum length of about 180 m in swath D. No
clear dependence on the look direction has been observed.
although the streak length does appear to depend slightly on
the wind speed as indicated in Figure 4 and Table 1.

These observations are consistent with a scatterer coher-
ence time of the order of 107 s or to a vertical aceeleration
of the order of § m:s". The coherence time cxplanation
appears to be supported by the observation that the streak
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which are measurable in the SAR processor by sirtue of then
dependence on focus and integration tume.

Fhe scatterer characteristics which explam the SAR image
teatures described here have been observed by other investi-
gators in connection with breaking or near-breaking wines,
BreaKing wuves are mamifested in conventional radar obser-
vations of the ocean surface s a burst of very high radar
return lasting for about i second but with very rapid fluctua-
tuons i amplitude during this peniod [Long, 1974 High-
resolution X band meusurements have indicated the size of
these features to be of the order of o few meters and the
radar ¢ross section per unit arei o, to be about 1.5 at neur-
grazing incidence [Lewis and Olin. 1980]. These measure-
ments have also indicated the decorrelation time for the
radar return from breaking wases to be of the order of 10 <«
at X band. Other investigators have measured similar decor-
refation times at incidence angles between O and 70° in the
North Sea under a variety of conditions [Rudfenach and
Alpers 1981 Deloor and Hoogeboom, 1982). Finally . mea-
surements of the Doppler spectri of breaking waves, using a
coherent X band radar at incidence angles of §§° and 707
[Keller et al.. 1981] have indicated bandwidths of the order
of 100 Hz which also imphy decorrelation or coherence imes
of the order of 10 7\,

Using the coherence time model discussed in section 4.
the above measurements appear to imply a spread of radial
velocities of the order of a few meters per second due to the
turbulence assoctated with breaking waves. A model ex-
plaining the rapid fluctuations in the backscattered signal
from breaking waves has also been proposed by Lewds wrnd
Olin [1980]. This model, as well as their experimental data.
shows similar fluctuations 1n the radur return from steep but
unbroken waves, although the amplitude of these returns is
much lower. Therefore we may expect that not all of the
observed image features are due to actively breaking waves.
but the brighter features are very likely to correspond with
such waves. Afthough the percent of the images covered by
streaks appears to be larger than most observations of
whitecap formation, it must be remembered that the area of
the streaks is 10-100 times the actua) arca of the features.
duc to the smearing cffect discussed in this paper. Prelimi-
nary estimates of the actual number density of streaks yield
results comparable to the frequency of the events observed
by Longuc:-Higeins and Smith {this issue|. A finaf determi-
nation of the geophysical source for these features will await
more detailed comparisons with in sitt measurements such
as those of Longuet-Higgins and Smith.

6. SUMMARY
It iv concluded that the streaked imuage features which
appear at higher wind speeds in the APD-10 SAR data
collected during the MARSEN experiment are due to scat-

— o ) R

terers which have X band coherence tmes of the order ot
10 7« These coherence times are consistent with canyven
ttonal radar observatons of breahing waves, 10as theretore
also provistonally concluded that these teatures are due 1o
the phenomenon of wave breaking.

Addinonal evidence tor or agnanst this conclusion could be
abtatned by comparisons with in sty observations ot the
trequency of wave breaking and with simultancous scattero-
meter dati. Such compansons, as well as exammation of
simultaneous Y-/ band SAR data. are planned as i sequel to
this study . Additonal optical processor measurements are
also plunned to determine the magnitudes of the secondars
effects due 1o gross scatterer motons.
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Analysis of Remotely Sensed Long-Period Wave Motions

G. A. Meapows!

Department of Atmosphertc and Oceanie Science, University of Machivan, Ann Arbor

Michoean 38104

R. A SHUCHMAN anD J. D. Lypen

Rudar and Opticy Division, Eavironmental Rescarch Institute of Michivan, Ann Arbor, Michigan 45107

Synthetic aperture radar has been used to image long-period (1S-200 s) gravity waves n the
nearshore region of Lake Michigan. These long-period waves are a response of the sea surfice to
forcing by 4 nonmonochromatic. wind-generated surfuce wave field. The synthetic aperture rudar datis
were successtully compared with an in situ wave gauge record. Both one- und two-dimensional st
Fourier transforms were generated from near and offshore regions of synthetic aperture vadur data
The synthetic aperture radar—derived near and offshore spectrul estimates exhibited both fow- and
high-frequency wave components. Classical bathvmetrically controlled wave refraction was observed
for both the short as well as long wave components of the sea surface. This paper demonstrates the
ability of X' band synthetic aperture radar to detect low-amplitude, long-period signals. The signals
appear to correspond to a “surf beat” generated by the incident wind wave field.

INTRODUCTION

Since the initial observations of long-period (30-300 )
wave motions by Munk [1949) and Tucker [1950], several
conjectures concerning the generation and propagation of
‘surf beats’ have been proposed. The theoretical develop-
ment of Longuet-Higgins and Stewart [1962] emploved
interactions of a nonmonochromatic seu to generate an
amplitude-modulated sea surface. Through the use of the
calculated increased radiation stress beneath groups of large
waves and a corresponding decrease in the stress assodtated
with lower waves, a forced long-penod wave is generated at
the beat frequency. Meadows {1977] showed that this jong-
pertod forced wave propagated at the short wave group
velocity and was observable in the nearshore zone Similar:
ly. Larsen [1979] has observed long-peniod forced waves m
the North Pacific which appeared to have been generated by
and propagated with. the modulated sea surtace

All inferences, as well as previous attempts at tield
venfication of the physacal characteristics of these fong-
period waves, have been based on single point ime series
measurements. The studies of Meadows [1977] represented
the first two-dimensional, syachronous time senes observa-
tions of nearshore. long-penod wiuve motons. These stud-
tes, however. were stll conducted over an offshore spatial
interval which was small cof the order of half the wavelength)
compared to the wavelengths of the forced surf beat.

Investigation of the backscatter of microwave energy from
the sca surface provides a unigue way to view large spatial
regions of the sea surface nearly simultancously . Synoptic
coverage of wave charactenstics as avanlable from synthetic
aperture radar (SAR). has provided a three-dimensional (two
spatial dimensions and radar backscatter modulation) repre-
sentation of the propagation and physical characterisues of

' Also a consultant at Environmental Research fnstitute of Mich-
gan, Ann Arbor, Michigan 48107

Copyright 1982 by the Amenican Geophysical t nron

Paper number 2C0261
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long-period wave motions across the sea surface. Since the
intensity of rudar backscatter can be related to the character-
istics of ocean wave propagation [Gonzales et al.. 1979:
Gower and Hughes, 1979: Shuchman and Meadows. 1980:
Schwab et al.. 1981]. definitive information 1s now availuble
concerning the generation and propagation of these wine
mouons.

SAR seu surface information was collected over a region
of Lake Michigan by the Environmenta) Research Institute
of Michigan (ERIM). At the time of the SAR overflight. the
Unmiversity of Michian Department of Atmospheric and
Oceanic Science was operating 1ts mobile nearshore wine
and current monitoring array {Meadow s, 1979: Meudow s o1
al.. 1980; Shuwechman and Meadow s, 1980]. The concurrent
acquisttion of airborne SAR sea surface data with in ity sea
truth has provided a valuable opportunity to invesugate the
three-dimensional charactenisties of 4 compley nearshore
wave field. A previous paper, utilizing this coincident SAR
and in situ wave gauge data [Shuchman and Meadow s,
1980]. has shown SAR can successfully image the incident
wind-generated gravity wave field. This paper will concen-
trate on the long-period (15-200 <) response of the sca
surface to forcing by a nonmonochromatic. wind-generated
surface wave field and the ability of SAR to image success-
fully ~se subtle surface wave motions.

HEORY OF LONG-PERIOD WaVE GENERATION

Employing the classic formulation for the hnear interac-
tion o “wo sinusoidal waves of diffening rodian winve num-
bers Ay, and A and radian wave frequencies oy and os g
solution for the resultant sea surface 15 posable by ample
superposition of these wave components The resultant sca
surface n1s a function of both space v and time 7 and s given
by

MLt d oS thy LY AREENTRGI YOS i) RE

where « v the wave amplitude  As suggested by Avnan
[1965] tor the condition when the two component waves are
very nearly the same length and penod. such that
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where Ak < A — A>and Ao = 0, — v, then
ki = k> T = o

Hence the amplitude-modulated sea surface, as a function
of distance in the propagation direction, may be expressed as

Ak
mx) = 2a cos | — x ] cos (hx) 2)
and as a function of time as
Ao
) = 2a cos 1] cos ton) 3)

Since Ak < £ and Ao << g, the spatial and temporal scales of
the modulation are very long compared to the individual
wave components which comprise the group. This interfer-
ence pattern results in the generation of groups of large
waves separated by groups of small waves (see Figure 1 from
Longuet-Higgins and Stewart [1962]). The length of the
long-period modulation is given by Kinsman [1965] as

Lo = o7 “
mod AI‘ )
while the period of the modulation is
Tt = X )
mod A()’ -

The distance between successive groups of high waves is
therefore 1 £..4. and the corresponding time interval is i
Tmod-

Consider a conventional right-handed rectangular coordi-
nate system with the x axis horizontal and in the direction of
wave propagation and the : axis vertical and upward. Let .
v. and w be the velocity components in the x. v. and =
directions. respectively, and let p, p. and g denote the
pressure, density, and gravitational acceleration. respective-
ly. Also. let the free surface be given by the equation - =
ix, y. 1), where 1 is time, and the rigid horizontal bottom by
the equation - = —h.

When the length of the modulated wave groups are long
compared to the local water depth. changes in the mean sea
level and the wave mass-transport correspond to those that
would result from an applied horizontal force. in this case
the radiation stress (Whitham, 1962; Longuet-Higgins and
Stewart, 1962]. For this condition, the flux of momentum
across an x = constant vertical plane is given by Longuet-
Higgins and Stewart [1962] as

n
S = J p + pd)dz (6)
h

where the radiation stress S, is the difference between S and
the contribution due to the hydrostatic pressure;

_— n
n -
Se = J’ P+ puddz ~ f pg(n — 2)d:
T n

S — bppth + H?

which is approximately equal to
=S - prth B2 + h9) N

where the overbars denote time averages. For the condition
of long waves in shallow water, the vertical accelerations are

c-2

assumed negligible, hence. correct to second order

20, !
S, = f[——* - ~} (%)
C 2

where E is the wave energy per unit horizontal area and is
defined as
E = { pga?

C. in (8) denotes the deep water group velocity of the waves.
and C is the phase speed of the individual waves.

Conservation of mass and momentum may be expressed
as

apm) , M
it ax

=0 9

and
oM 4§
= L 2
at ax

(10)

where M is the mean. vertically integrated horizontal mo-
mentum given by

M:["p“d: (n
-k

Substituting for S, from (7), the momentum equation may be
written as

aM d - a8,

— +gh—(pn) = - — (12)

at ax ax
Since the applied force —4S,/dx travels with the group
velocity. a/#t may be replaced with —C,d/dx. which upon
substitution into (9) and (12) gives

an M
-, 2y (1%
ax ax
and
an oM a5,
h—-C,— = —-— (14)
pe ax © ax ax

The solution to this set of equations is given by Longuet-
Higgins and Stewart [1962] as

an 1 as,
P = - | (1%
ax gh - C;- ] ax
and
oM a8,
M (G )i
ax eh — C,m ] ax

Upon integration, the free surface elevation and mean hori-
zontal momentum become
S,

~-~— (17)
plgh — C)

H =

and
C.S,
M= - —5 (18)
(gh — C,9)

respectively.
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Fig. 1. Schematic representation of the forced long-period mod-
ulation of the surface resulting from short wind-generated wave
component interactions [from Longuet-Higgins and Stewart. 1962

The interpretation suggested by Longuet-Higginy and
Stewart [1962] is as follows:

1t will be noticed that beneath a group of high waves. where 5,
and E are both large, 7 and 4 are more negative. that is to say
there is a relative depression in the mean surface level. coupled
with a mean flow opposite to the direction of wave propagation.
Beneath a group of fow waves, on the other hand, the mean
surface level is raised and the flow is positive.

(See Figure 1.)

SEA SURFACE-SAR INTERACTIONS

It is generally accepted that the scattering of microwave
energy from the sea surface is a Bragg-Rice resonance
phenomenon [Wright, 1968]., thus making the received radar
image particularly sensitive to capillary and short ultragra-
vity ocean surface waves. Nonlinear interaction of these
short waves with longer period wave motions is the subject
of much research (Phillips, 1981. Longuett-Higgins and
Stewart, 1964, McGoldrick. 1970, 1972]. It is generally
agreed, however, that the short wavelengths are increased in
the troughs of the {ong waves and that the correspondingly
short wave height is decreased. Conversely, on the wave
crest of the fong waves, the short wave height is increased
and the short wavelength is decreased. Both effects act to
increase the sea surface roughness in the crest regions of
long waves and correspondingly decrease the roughness in
the trough region {Phillips, 1981]. The radar backscatter
increases as a function of increasing sea surface roughness.
thus producing regions of intense radar backscatter from
modulated long wave crests and diminished radar return
from modulated long wave troughs. Furthermore, it also
appears that the existence of a surface capillary or ultragra-
vity wave field is a necessary condition to provide radar
images of long-period ocean internal wave motions.

The proposed physical mechanism for the indirect imaging
of “surf beats’ by radar backscatter is as follows. A modulat-
ed, wind-driven, capillary/ultragravity wave field exists in
conjunction with a shoreward propagating, nonmonochro-
matic, gravity wave field. Nonlinear capillary-gravity wave
interactions occur which produce increased surface rough-
ness on the crests of the gravity waves and decreased
surface roughness in the troughs. Concurrently, simifar but
slightly different gravity wave components of the nonmon-
ochromatic wave field are interacting to form surf beats
consisting of groups of high waves separated by groups of
low waves. These wave groups produce corresponding de-
pressions and relaxations of the mean water level in re-
sponse to fluctuations of the applied radiation stress. Hence
a forced. long-period wave, traveling at the group velocity of

c-3
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the wind wave packet. is generated. Bright radar returns,
therefore, should correspond to groups of high-gravity
waves and corresponding troughs of the forced long-period
waves.

DAT1A DESCRIPTION

The synthetic aperture radar (SAR) used to collect the
data is the ERIM X and L band dual polanzed radar
described by Rawson et al. {1975]. The ERIM SAR system
records four channels of radar return, but we will focus our
attention here on the X band horizontal-transmit-horizontal-
receive (HH) channel. as this data provided the clearest
wave images. The SAR was flown at an altitude of 6100 m
and operated with a center incident angle from the vertical of
20°, yielding a swath width of 5.6 km. The cross-track or
range resolution of SAR is limited by radar bandwidth and 15
about 2 m for X band. The along-track or azimuth resolution
is obtained from the synthetic aperture technique described
by Brown and Porcello [1968). For the X band. the azimuthal
resolution is about 2.5 m. This SAR data was processed on
the ERIM tilted-plane precision optical processor described
by Kozma et al. [1972].

The SAR data was collected on October 17, 1978, at
approximately 1635 EST. The airborne data was collected
along the shoreline of Lake Michigan centered at latitude
43°50’ N. The site for this field experiment as shown in
Figure 2 was the eastern shore of Lake Michigan. between
the cities of Ludington and Pentwater. Michigan. This
thirteen kilometer section of shoreline. extending approxi-
mately north-south, is characterized by a multiple-barred
bathymetry with nearly straight and paraliel contours.

At the same time as the ERIM flight. the University of
Michigan Department of Atmospheric and Oceanic Science
was operating its mobile surf zone. wave. and current
sensing array {Meadows, [979]. Monitoring of incident wave
characteristics and longshore current velocities was con-
ducted through the growth of a major storm on Lake
Michigan. A detailed discussion of the experimental design
is presented by Wood und Meadows {1975] and Meadows
[1977]. Surface-piercing. step-resistance wave probes and
bidirectional ducted impeller flow meters were used to make
simultaneous measurements of wave and current conditions.
These sensors were oriented on a line perpendicular to
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shore. extending from the beach to the outer surf zone.
Other coastal sensing equipment included a directionally
mounted motion picture camera and Lagrangian drifters.
Unfortunately. high wind and wave action on October 17 and
18 destroyed much of the array: however, sufficient sensors
survived to make this comparative study possible.

METHODS

The SAR collected data were digitized with an approxi-
mate resolution of 6 m (3-m pixels) by using the ERIM
hybrid image dissector [Awusherman. 1975]. The range coor-
dinates of the digitized data were analytically corrected for
slant-to-ground range geometry [Feldkamp, 1978). Two 1.5
X 1.5 km subsections (see Figure 2) with 6-m resolution were
extracted from the digitized data. The two sections are
labeled A and B. where A is closest to shore.

The 3.0-m pixel digitized SAR images were converted 1o 6-
m samples by 4 pixel into 2 pixel averaging in order to
decrease the speckle in the image. The average value of cach
azimuthal line was subtracted from the line to remove the
trend of intensity falloff with increasing range distance. Two-
dimensional fast Fourier transforms (FFT's) were performed
on each 256 x 256 ceil subsection to yield raw directional
wave number spectra with a Nyquist wave number of 0.5
m '. The raw spectra were smoothed by replacing each
value with the average of the surrounding 5 x 5 cell. The
approximate number of degrees of freedom for the resulting
spectrum is 142 (Kinsman, 1965]. The 997 confidence limits
are then = 1.5 dB [Jenkins and Watts, 1968].

In addition to the two-dimensional FFT analysis. five
isorange SAR backscatter records 1.5 km long were ana-
lyzed by using both a one-dimensional spectral analysis and
a band pass filtering program. This one-dimensional analysis
was performed on the SAR data to better quantify the long-
period components of the prevalent wave field. To perform
this analysis, five adjacent isorange lines of data were
extracted from the digital image corresponding to the center
of both study areas A and B. These lines were then averaged
or, in effect, smoothed in the range direction: this was done
to reduce the speckled nature of the SAR data. The averaged
lines were then plotted in order to characterize the relative
backscatter across these study areas. These data were then
selectively filtered for wavelengths between 177 and 1180 m
for study area A and from 249 to 1660 m for study area B.
This wavelength filtering corresponds to the temporal region
of interest, 15-200 5.

To calculate the directional wave spectrum at the instru-
mented surf zone site. a 16-min analog record was digitized
at 0.25-s intervals and analvzed by using conventional one-
dimensional fast Fourier transform techniques. The direc-
tional information was obtained from the directionally
mounted camera. One-dimensional spectral analysis using a
FFT routine was performed on the total 16-min, outer surf
zone waler level elevation time history. The smoothed
spectrum resulting from this analysis is presented in Figure
3. This spectrum exhibits a well-defined broad peak in the
wind wave range (2-8 s), composed of multiple components.
This spectrum is characteristic of locally generated scas. In
addition. this spectral analysis has also identified significant
long-period wave motion at specific periods of 17.2 and 32.3
s and a less significant peak at approximately 59 s. These
nearshore spectral estimates were obtained from a continu-
ous digital record consisting of 31840 cqually spaced values at
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0.25-s intervals. The 80% confidence band lies between 1.42
and 0.62 times the spectral estimate and 1s indicated on
Figure 3 [Kinsman, 1965].

Based upon these results, this total water level elevation
record was band pass filtered to retain only surface wave
motions with periods between IS5 and 200 . A representative
portion of the original and band pass filtered. long-period
records is presented in Figure 4. [t therefore, appears that
significant [ong-period wave motions are present in the
nearshore region with a mean amplitude of approximately
10% of that of the incident wind waves. These results agree
favorably with the finding of Meadows and Wood {1982}
where both progressive as well as standing long-period wave
motions were observed in the nearshore region. The ques-
tion arises, however, as to the generation mechanism of
these waves. 1t is the hypothesis of the authors that these
long-period waves are formed as a result of nonlinear
interactions between the dominant wind-wave components
and that they propagate as forced waves at the group
velocity of wind-generated waves. Hence it should be antici-
pated that these wave motions should exist somewhat homo-
geneously across the sea surface provided that wind waves
of sufficient amplitude and prescribed frequency exist.

ANALYSIS

Synthetic aperture radar provides a unique perspective
from which to investigate this hypothesis. namely. that long-
period surf beats are generated by and propagate with the
wind wave field. The nearly simultaneous view of a relative-
ly large spatial region of the sea surface provided by either
an airborne or spaceborne SAR affords an ideal measure-
ment tool for these wave motions. To examine this capabili-
ty. the results of both the SAR two-dimensional and the
nearshore in situ wave gauge data series will be evaluated.

Results of the nearshore siep resistance wave gauge
spectral analysis have indicated several well-defined peaks
in the wind wave range. In addition. two long-period peaks
at 17.2 and 32.3 s, respectively, were also well resolved. A
poorly resolved spectral peak is also apparent at approxi-
mately 59 s. Linear combinations of the dominant wind wave
components are formed in Table 1 to produce their respec-
tive beat periods. It may be noted that the dominant wind
wave components of 5.6, 4.8, and 4.2 s combine. theoretical-
ly. to form beats of 16.8 and 33.6 s, respectively. These
calculated beat periods are very close to those periods
resolved by the spectral analysis of the total 16-min water
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Fig. 3. One-dimensional wave height spectrum of water surface
elevation time history from resistance wave gauge. Dominant wave
periods are identified.
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surface elevation recorded from the nearshore wave gauge.
It therefore appears that forced long-period wave motions
were present in the nearshore region resulting from the
noniinear interaction of the dominant wind wave compo-
nents.

The energy associated with these long-period forced
waves is an order of magnitude below that of the peak in the
wind wave spectra. Theoretical calculations of the maximum
mean surface deformation from (17) suggest a forced wave
height of approximately 0.38 m. The energy associated with
the forced wave would be approximately a factor of 8.4 less
than that associated with the peak wind wave component. It
appears that long-period wave motion in the nearshore
region is present with both a period and an amplitude close
to theoretical predictions.

To further identify these long-period wave motions, the
total 16-min water surface elevation record from the near-
shore wave gauge was band pass filtered for periods between
15 and 200 s. A representative portion of the original water
surface elevation record and its associated long-period com-
ponent are presented in Figure 4. This series, as well as the
data of Meadows [1977], suggests that the mean surface level

i1 180° out of phase with the wind wave amphtudes. As
theoretically suggested. this implies that depressions in the
water surface are associated with groups of large wasves and
long-period elevations of the water surface correspond to
groups of low waves.

Based upon these considerations. SAR imagery of a
relatively large region of the sea surface should also exhibit
these long-wave features. In an effort 1o investigate this
potential of SAR, a manual photo-interpretation of the radar
image film was performed. A portion of the X band (HH)
SAR data collected over the Lake Michigan fest <ite is
presented in Figure 5. The image extends 7.9 km oftshore
and is 5.6 km wide. Alternating groups of large and small
wind wave packets can be readily seen across this image. At
three representative locations across this nearshore imagery .
the long-wave lengths are indicated on the figure. A« these
long waves. forced by short-wave groups. propagate shore-
ward, both wavelength compression and refraction are plain-
ly observable. The long wavelengths decrease from approw-
mately S10 m (area B) to approximately 410 m tarca A).

These radar observations of the long wave components of

surface elevation are in excellent agreement with sea truth
measurements made at the outer surf zone.

To further document the existence and propagation char-
acteristics of these SAR-sensed long wave components, a

TABLE 1. Calculated Beat Periods conventional two-dimensional FFT of the radar backscat-
Input | . ) tered energy was performed. One FFT unulyxi‘s was per-
Compo- nput Components. s formed in both the offshore and nearshore regions of the
nents. s 5.6 48 42 3.0 26 aircraft swath. The SAR FFT's were gencrated by the
T se o 116 6.8 P 49 algorithm described by Shuchman ¢t al. [1979]. However. in
48 e S 336 8.0 5.7 this application, only the long-wave portion of the spectrum
42 s cee Ce 10.5 6.8 is of interest. For a detailed discussion of the total SAR-
12 T T o o 19.5 sensed wave spectra and associated sea truth see Shuchman
i , - ——und Meadows [1980]. A summary of the general sca sate
c-5
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‘ ~Pummm— [ | ight Direction f_Q_ﬁF______}
Radar Look ﬂ
Direction 0 ! - K

Fig. 5. X band (HH}) SAR image of test site showing long-period wave components.

conditions during this experiment as well as a comparison of
the SAR-derived, wind-generated sea spectral estmates lo
sea truth are presented in Table 2.

In the offshore region, the SAR-derived spectral analysis
resolved a long-wave component with energy concentrated
at a wavelength of approximately S11 m. traveling in a
direction of 025 = 3°T. Similarly, in the nearshore region. a
long-wave component of 408 m wavelength traveling at 035
= 3°T was resolved. The nearshore and offshore two-
dimensional FFT's are shown in Figures 6 and 7, respective-
ly. Also shown on each of the figures is the one-dimensional
plot of the low-frequency components versus relative ener-
gy. These estimates of long-wave characteristics exhibit two

important properties. First, the long wavelengths are in
excellent agreement with the representative offshore wave
group dimensions derived from the SAR image film. Second.
the degree of observed refraction from the offshore to the
nearshore region of these forced long-period wave motions is
also in close agreement with the sea truth as well as with the
calculated wave refraction for the dominant wind wave
components. A comparison of SAR-derived and sea truth
wave characteristics is presented in Table 3.

Furthermore. the two directly observed quantities which
determine the propagation of these SAR and sea truth sensed
long-pertod wave motions are the length and period of the
modulated wave group. The lengths of the dominant long-

TABLE 2. Comparison Between the SAR-Derived Surf Zone Conditions
and the in Situ Sea Truth
SAR-Derived Estimates Sea Truth*
Dominant Dominant
Distance Short-Period Short-Period
From Shore. Depth. Wavelengths. Direction. Wavelengths, Direction,
m m m m T
900 10.5 48 s 3 48 402
43 44
2200 14.0 SS 03 S4 KIT G
44
4600 27.0 AN 29+ 3 AN W2
LX) 46
48
6900 31.0 58 29+ 1 s XRoe2
48 46

* Actual measurements made at surf zone. values for test arcas are depth-corrected | Shuchman and
Meadows, 1980].
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Fig. 6. SAR-derived two-dimensional spectral estimate (nearshore). (Note: Negative wave numbers. frequencics,
and periods are included due to the symmetric nature of a two-dimensional FET. The frequency and period aves assume
shallow water waves; see text for further explanation.)

penod waves were obtained from the SAR-derived. two-
dimensional FFT. Similarly, the periods of the dominant
long-wave components were obtained from a one-dimen-
sional spectral analy »is of the nearshore wave gauge data.
By combining equations (4) and (5), the celerity of these
modulated long-period waves may be expressed as

Lmnd

(‘mnd = ”9’

Tmud

The calculated long-period wave celerity utilizing both the

SAR and wave gauge measured dominant long-period wave
parameters, results in values of 12.6 ms 'and IS8 my ' for
areas A and B, respectively. It is interesting to note that
assuming these long-period waves are propagating as shal-
low water waves with celerity given by

C=Ved 120
fong-period wave celerities of 12.6 ms ' and 16.8 mv ' are
calculated for arcas A and B, respectively. On the basis of
this close agreement. it appears that these observed long-

TABLE 3. Comparison Between the Long-Period SAR-Derived Spectral Estimates
and the in Situ Sea Truth
SAR-Derived Estimates Sea Truth*
Dominant Dominant
Distance Long-Period L.ong-Period
From Shore. Depth. Wavelengths. Direction.  Wavelengths.  Direction.
Test Area m m m T m "

A (Nearshore) 2650 16.2 157-167 EAREER] 216 RERRI
393423 406

B (Offshore) 5800 287 498-523 25«3 288 .2

41

*Actual measurements made at the surf zone: values for test arcas A and B are depth-corrected
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Fig. 7 SAR-derived two-dimensional spectral estimate (offshore). (Note: Negative wave numbers. frequencies.
and periods are included due to the symmetric nature of a two-dimensional FFT. The frequency and period axes ussume

shallow water waves: see text for further explanation.)

period wave motions are propagating as shallow water
waves and not as forced waves as suggested from theory.
This apparent discrepancy arises from a complex interaction
between the relatively short. steep. locally generated waves
and the shallow bathymetry of this region. The theoretical
formulation employed in this study is based upon the as-
sumption that the character of the SAR-sensed modulated
sea surface is a function of AK of the wind wave compo-
nents, and that AK < K. Hence, for limited fetch situations
such as the conditions of this study. the two wind wave
components separated by AK do not explicitly satisfy the
mathematical constraint of AK << K,. This produces a
modulated long-period wave which is not completely ‘phase
locked’ with the short wave components and. in fact,
appears to propagate as a shallow water wave.

The close agreement between the long-period celerity
derived above and that predicted for a shallow water wave
prompted the inclusion of frequency and period axes on the
various plots in Figures 6 and 7. Recall that the SAR only
provides a spatial measure of waves, therefore. the only
‘true” axes in Figures 6 and 7 is that for wave number. The
frequency and period axes are both based on the shallow
water wave assumption for a given wave number. They are
not derived from any physical measurements.

To document further the existence and character of the

SAR-sensed long-period wave motions. onc-dimensional
scans of the raw radar backscatter were obtained. One
spatial series, consisting of 512 digital values sampled at 3 m.
was obtained from each of the two regions where the two-
dimensional FFT analysis was performed. Areca A was
centered 2650 m offshore and arca B was centered at S800 m
offshore. The total series of radar backscatter as well as their
associated band pass filtered (177-1180 m. arca A and 249-
1660 m, area B) long-period components are presented n
Figure 8. Once again. long-period oscillations of the radar
backscatter intensity are clearly visible. with maximum
radar return occurring in phase with peaks of the long-period
oscillations (i.e., groups of large wind waves). These SAR-
sensed. long-period oscillations represent approximately a
1.5-dB change in radar backscatter intensity from crest to
trough. The dynamic range of the total. unfiltered radar
backscatter intensity is approximately 5.2 dB. Hence the
energy associated with these radar-sensed fong-pernod oscil-
lations is approximately a factor of 2.3 less than the energy
of the radar backscatter associated with the wind wiave
components of the sea surface structure.

SUMMARY

It appears that a direct correlation exists between the
amplitude of these long-period wave motions, as sensed in

c-8
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Fig. 8. Filtered and unfiltered radar transects for both near and
offshore study sites.

situ, and the long-period component of the radar backscat-
ter. From the sea truth measurements. the riatio of short-
period wave to long-period wave mean amplitude 1s S.4.
Similarly, for the radar-sensed long-period oscillation this
ratio is approximately 6.0, Kasischke [1980] has reported a
linear relationship between SEASAT SAR modulation depth
terest-to-trough intensity) and wave height.

Investigation of the information contained in the backscat-
ter of microwave energy from the sea surface can provide
detailed and nearly synoptic coverage of relatively large
portions of the ocean surface. To illustrate this unique
capability, a three-dimensional representation of a portion of
a SAR-sensed sea surface is presented in Figure 9. which
depicts the long-period undulations present in study area B.
This plot was produced from the SAR digital data by
extracting six isorange lines of S pixels each. averaging these
S pixels. in effect, to smooth in the range direction. These
lines were then band pass filtered for wavelengths between
249 and 1660 m (15-200 s). and this filtered output was used
as input to a perspective view-plotting program.

It is clear from this plot that fong-period waves are present

Fig 9. Perspective plot of offshore ares B showing filtered fong.

penod components

in this area. However, care should be exercised in interpret-
ing what information this plot contains. This is merely a
convenient graphical technique that shows the long-period
components, not a detailed analysis technique.

This paper has demonstrated that a synoptic remote
sensing device such as SAR has the ability to successfully
image low-amplitude, long-period signals (surf beats). The
analysis techniques utilized to extract this information from
the SAR data. include (1) a manual photographic interpreta-
tion, (2) one- and two-dimensional spectral analyses employ -
ing FFT techniques, and (3) extraction of band-pass filtered
long-period components from radar backscatter plots. It
should be mentioned when utilizing SAR data such as
presented in this paper that the spectral estimates presented
are wave number. directional spectra of the radar return
intensity. The data do not represent wave height information
in a direct sense. SAR intensities (i.e.. crest-to-trough modu-
lation) have been successfully correlated to wave height. but
the exact mathematica! modulation transfer function e,
SAR gravity wave imaging mechanism) is not totally undet-
stood at the present time.
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Wind Wave Directions Determined From Synthetic Aperture
Radar Imagery and From a Tower in Lake Michigan

DAvVID J. SCHWAB,'! ROBERT A. SHUCHMAN,? AND PauL C. L1U'

Directional wave spectra calculated from digitized synthetic aperture radar (SAR) images of waves on
Lake Michigan are compared to a wave directional spectrum determined from measurements taken at a
tower and to a one-dimensional spectrum determined from a Waverider buoy. The comparison is within
one frequency band for peak energy frequency and within 20° for direction, but the SAR image intensity
spectrum does not have the same shape as a wave height spectrum. Wave refraction directions observed
in the SAR spectra are within 10° of classical wave refraction calculations.

INTRODUCTION

Directional wave spectra have been measured by a variety
of techniques and instruments since the pioneering work of
Barber (1954, 1963}, Cote et al. [1960}, and Longuer-Higgins et
al. {1963]. Early measurements were made with pitch and roll
buoys or wave staff arrays. More recently, remote sensing
techniques have been used. The principles behind in situ and
remote sensing techniques are so different that the two meth-
ods have rarely been carefully compared. This paper intends
to meet that need.

Synthetic aperture radar (SAR) has been used to image
ocean waves over large areas from both conventional aircraft
[Elachi, 1976, Shuchman and Zelenka, 1978. Shemdin et al.,
1978] and from satellites (Gonzalez et al., 1979). Image resolu-
tion does not depend on antenna aperture size or altitude, as
with real aperture radar, or external illumination, as with pho-
tography. SAR images have then been used to determine
wave direction and wavelength. Although the imaging mecha-
nism has not been explained completely, the forward face and
rear face of sufficiently large waves exhibit different scattering
characteristics at SAR wavelengths and can be distinguished
in SAR imagery.

The Environmental Research Institute of Michigan (ERIM)
has been acquiring and processing SAR data from aircraft for
several years [Cindrich et al., 1977]. In October 1977 ERIM
acquired SAR data on a flight across Lake Michigan between
Muskegon, Michigan, and Milwaukee, Wisconsin. At this
time the Great Lakes Environmental Research Laboratory
(GLERL) was operating a solar-powered research tower 1.8 km
off Muskegon capable of measuring and recording wind, tem-
perature, and directional wave information [ScAwab et al.,
1980]. A sample of the SAR imagery showing the location of
the GLERL tower is presented in Figure 1. In addition, a Wa-
verider buoy was deployed 12 km offshore of Muskegon. The
purpose of this paper is to compare SAR wave directional
measurements to in situ wave directional spectra at the
GLERL reserach tower and one-dimensional spectra at the
Waverider buoy and to examine the variability of the direc-
tional wave spectrum across the lake. In so doing, we hope to
show that the combination of in situ and remotely sensed

' National Oceanic and Atmospheric Administration. Great Lakes
Environmental Research Laboratory. Ann Arbor, Michigan.

? Radar and Optics Division, Environmental Research Institute of
Michigan. Ann Arbor, Michigan.

Copyright © 1981 by the American Geophysical Union.

wave information is a powerful tool in gaining a better under-
standing of wave processes.

DATA

On October 6, 1977, at approximately 1130 h EST ERIM's
C46 aircraft carrying the X-L band dual polarization imaging
radar [Rawson et al., 1975] flew west over Muskegon across
Lake Michigan to Milwaukee along a latitude of 43°10'N and
then from Milwaukee back to Muskegon. The ground track
corresponds to the tails of the numbered arrows in Figure 2.
The ERIM SAR system records four channels of radar return.
but we will focus our autention here on the X band horizontal-
transmit horizontal-receive channel, as these data provided
the clearest wave images. L band SAR has been used to image
ocean waves from aircraft and the Seasat satellite, but in the
present case the wave images from the L band system were
not clear enough to warrant further processing. The aircraft
flew at 3500 m and operated the radar with an average angle
of depression from the horizontal of 30°. yielding a swath
width of 5.6 km. The cross-track or range resolution of SAR is
{imited by radar frequency and is about 2 m for the X band.
The along-track or azimuth resolution is obtained from the
synthetic aperture technique described by Brown and Porcello
[1968] during subsequent processing on the ERIM optical
processor. For the X band. the azimuthal resolution is about
2.5 m.

At the same time as the ERIM flight. GLERL was oper-
ating a solar powered research tower 1.8 km offshore of Mus-
kegon in 15 m of water [Schwab er al., 1980]. The location s
shown in Figure | and corresponds to the arrow labeled | in
Figure 2. The tower operated from July 19. 1977, to October
{1, 1977, Sensors on the tower measured wind speed at two
levels, wind direction, air and water temperature, and direc-
tional wave information from an array of four Zwarts water
level gages [Zwarts, 1974]. Data were transmitted to a shore-
based recording station at half-second intervals for 30 min out
of each hour. The water level gages were deployed at the ver-
tices and center of an equilateral triangle with 3 m sides. The
wave gage at the eastern vertex failed on September 2. 1977,
so that at the time of the ERIM flight only three gages were
operating. The three-gage array can unambiguously deter-
mine wave direction for wavelengths greater than about 6 m.

In addition. a Waverider buoy continuously recording wave
fluctuations was deployed by GLERL 12 km offshore of Mus-
kegon in 75 m of water. Its location corresponds to the arrow
labeled 3 in Figure 2. No directional information is available

|
|
|
{3
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Fig. 1. Synthetic aperture radar imagery of wind waves in Lake Michigan on October 6. 1977, offshore of Muskegon,
Michigan.

i e from the buoy. but the vne-dimensional wave spectrum can
- _

%J be determined from the recorded water level fluctuations

;

Mi THODS

Twelve sections of SAR mmages were digitized with an ap-
% proxmate resolution of 3 m (L.5-m pixels). Four sections were
from the westbound flight and eight from the eastbound. as in-
dicated 1in Table 1. The sections are numbered cast to west.
with sections 8 and 9 overlapping. (See Figure 23 The range
( Q\ coordinate of each section was corrected 1n a computer pro-

/53.‘( trar Nume \‘ gram for slant-to-ground range radar geometry |Feldhamp.
" (< AL L WRMeReanr 197¥]. Then 768-m square subsections. with a resolution of 3
Milwaukee
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| Fig. 22 Wind and wave observations on October 6, 1977, 1200 .
| 1300 h EST Wind speed and direction are from Coast Guard and

Frooqaes 4o

National Weather Service stations. Wavelength and direction are
from directional spectra of the digttized sections of syathetic aperture g 3 Wind wave spectriom determined from Wavender buos data
radar imagery indicated in Tables | and 2 on Odober 61977 1200 K EST

D-2




SCHWAB ET Al

m centered on the coordinates shown in Table 1. were ex-
tracted from the digitized sections. Section | corresponded to
the location of the GLERL tower and section 3 to the location
of the Wavender buoy. In section |, one subsection east of the
tower (1a) and one subsection west of the tower (lc) were
taken in addition to one centered on the tower (1b) to exam-
ine refraction effects.

The 1.5-m pixel digitized SAR images were converted to 3
m resolution by 4 pixel averaging to increase coherence in the
image. The average value of each azimuthal line was sub-
tracted from the line to remove the trend of intensity faliofl
with increasing range distance. Two-dimensional fast Fourner
transforms were performed on each 256 X 256 cell subsection
to yield raw directional wave number spectra each with a
Nyquist wave number of 1.04 m '. The raw spectra were
smoothed by replacing each value with the average of the sur-
rounding 5 X 5 cell. The approximate number of degrees of
freedom for the resulung spectrum is 142 [Kinsman, 1965, p.
464]. The 99% confidence limits are then *1.5 dB {Jenkins and
Wats, 1968).

To calculate a directional wave spectrum at the GLERL re-
search tower, wave slopes were determined for 10 min of data
as the slopes of the plane passing through the measured loca-
tions of the water surface at the three operating gages. Wave
height was taken as the average of the measurements of the
three gages. Since wave measurements were at i-s intervals,
the Nyquist frequency for tower spectra was | Hz. The first
five Fourier coefficients of the angular distribution of energy
in 20 frequency bands between 0 and | Hz were calculated
from the wave height and wave slope records by the method
described in Longuet-Higgins et al. [1963]. The calculated
wave directional spectrum has approximately 120 degrees of
freedom with 99% confidence limits of 1.5 dB.

It 1s important to remember that the energy spectrum de-
rived from SAR imagery is an image intensity spectrum and
not a wave height spectrum. The relationship between SAR
image intensity and wave height is stll being investigated
[Jain, 1977, Shuchman et al., 1979]. The directional spectrum
determined from wave staff data, although it may not have the
directional resolving power of the SAR spectrum, is a true
wave height spectrum.

RESULTS

The wave number and direction corresponding to the peak
energy point in each of the 14 SAR spectra are presented in

TABLE | Location of SAR Directional Spectra
Distance  Average
From Mus-  Water
Flight Sub-  kegon Shore, Depth, Time. h,
Section Leg section km m EST
la 1.01 8
1 E 1b 1.78 15 1238
lc 2.55 I8
2 E 7.08 5 1233
3 [ 3 1232 66 1232
4 E 4 26.10 110 1230
S E S 3987 103 1227
6 E 6 53.65 96 1224
7 E 7 6743 83 1221
R E R 81.21 75 1218
9 w 9 81.21 IA] 1146
10 A\% 10 94.98 82 1149
1 w 1 108.76 96 1152
12 w 12 11845 78 1154

. BRIEF REPORT
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TABLE 2 Peak bnergy Wave Number and Disection trom SAR
Direcuional Spectra

+

Wave number. m [hrection. True
Subsection Uncorrected  Corrected Cneorrected Corrected

Ta 0130 0141 R RITR
Ib 0133 0142 32 "
le 0.120 G127 32 1
2 0.147 [IRR REN 316
3 G117 (G123 ERR 2K
4 0123 2y 344 1y
N i a i 3504 345
6 0123 3126 4% 43
7 0O 40 UREE] 3449 43
¥ 0150 02 354 349
9 0133 0136 N [
10 0,137 0 140 il 16
11 0.423 0126 n 14
12 0.294 1) 296 < Y

Table 2. The SAR process distorts the apparent wavelength ot
waves moving in the azimuthal direction and distorts the ap-
parent direction of waves with a velocity component 1n the
range direction. A detailed description of these effects and the
appropriate corrections can be found in Shuchman et al.
[1977]. Corrected values of wave number and direction based
on the perceived values are also shown in Table 2. Wave-
lengths range from 21 m at secuon 12 1o 53 m at sechion *
There is a 180° ambiguity in wave direction measured by
SAR. which was resolved by assuming the waves were coming
from the same quadrant as the wind

A graphical illustration of the results shown in Table 2 s
presented in Figure 2. along with wind speed and direction
observations from Coast Guard and Nauonal Weather Serv-
ice stations around the lake. Wavelengths 1n Figure 2 corre-
spond to corrected wave numbers in Table 2. and directions
correspond to corrected directions. Wave directions deter-
mined from SAR imagery are consistent with observed wind
directions. Waves and wind are north-northeast on the west-
ern side of the lake and north-northwest on the castern side
However, the wave direction {or section 8 on the eastbound
leg of the flight is 26° different from the wave direction deter-
mined for the same location (section 9) on the westbound leg.
Note, however. that section & was imaged 32 min later than
section 9.

Wind at the GLERL tower was 288" and 6.5 m/s at [0 m
and 5.7 m/s at 5 m. Air temperature was SX¥'C and water
temperature 7.1°C. indicating a shightly unstable atmospheri
boundary layer over the lake. Significant wave height was 099
m. The one-dimensional wind wave spectrum (Figure 3) cal-
culated from Waverider buoy data near section 3 showed an
energy peak at 0.179 Hz and a significant wave height of 1.03
m.

The directional frequency spectrum obtained trom the
GLERL research tower data and the directional wave number
spectrum obtained from ERIM SAR imagery are compared in
Figure 4. The frequency spectrum shows an energ)y peak at
0.211 Hz and 300°. As indicated in Table 2. the wave number
spectrum has a peak at 0.142 m ' and 3177 Because of the
180° directional ambiguity in analyzing images of waves, the
wave number spectrum is symmetric about the origin. The
wave number spectrum in Figure 4 1s uncorrected for wave
motion effects discussed above, but as shown in Table 2. these
cotrections are small. There 1« still a large amount of energy at
7ero wave number owing to imperfect removal of the intensity
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ta) Directional frequency spectrum of wave height determined from wave research tower measurements. and

(b) directional wave number spectrum of 1mage intensity determined from synthetic aperture radar image. Contour levels
of the logarithm of spectral density are shown in 5-dB increments relative to the maximu:n density.

falloff in the range direction. There is also an increase in en-
ergy at all wave numbers as the direction approaches the
range direction (north-south). The energy lobes in the wave
number spectrum are more elongated in the north-south di-
rection than those in the frequency spectrum and show less di-
rectional spreading. The reasons for these differences will be
discussed in the next section.

DISCUSSION

The peak energy wave number calculated from SAR data
at subsection 1b corresponds to a wave frequency of 0.196 Hz.
This is within the frequency band of peak energy calculated
from the wave gages, 0.185-0.238 Hz. Empirical formulas for
the peak energy frequency of fetch limited equilibrium
spectra with a fetch of 125 km (appropriate for the wind direc-
tion measured at the tower) and 10-m wind speed of 6.5 m/s
give 0.178 Hz according to Hasselmann et al. {1973] and 0.198
Hz according to Liu 11971]. Measurements from SAR and
from tower wave gages are both consistent with these esti-
mates of peak energy frequency. At section 3, the average
peak energy wave number determined from the three SAR
spectra is 0.124 m'. The corresponding wave frequency of
0.175 Hz also agrees very well with the peak energy frequency
of 0.179 Hz deterinined from the Waverider spectrum (Figure
3). From these comparisons it is apparent that the frequency
of peak energy waves determined from SAR imagery is con-
sistent with both types of in situ measurements.

The discrepancy in peak energy wave direction between
SAR and tower systems, 317° versus 300°, is within accept-
able directional resolution limits for both the three-gage tower
system and the SAR system. The directional spreading of en-
ergy in the tower spectrum in Figure 4, which conforms in
general to previously published directional wave spectra [e.g..
Mitsuyasu et al., 1975), differs somewhat from the spreading in
the SAR spectrum. In this case the directional resolution of
the SAR system is probably better than a three-gage array.
and therefore the SAR spectrum shows less directional
spreading. In the SAR spectrum the energy lobes correspond-
ing to waves are elongated in the north-south direction and not
spread azimuthally as in the tower spectrum. We believe that
this feature is due to range traveling artifacts introduced into
the SAR image by multiple-velocity range traveling scatterers.
The artifacts appear in the SAR image as bright. east-west
(azimuthal) streaks 6-60 m long and rather randomly distrib-
uted in space. The effect of this type of noise on a directional
spectrum calculated from a digitized image is to introduce en-
ergy at all wavelengths and at directions near the range direc-
tion., north-south in this case. We speculate that each artifact
is due to radar return from a whitecap that appears to the ra-
dar as a scatterer with a range of .erocities. In the SAR imag-
ing process. a scatterer with a component of velocity in the
range direction is displaced on the image in the azimuthal di-
rection by an amount proportional to its range component of
velocity [Raney, 1971]. If the scatterer appears to have a vari-

1a

Distance oftshore (km)

293 255 216 178 139 10 073
| —— . | 4 +— —
19 18 17 14 8 4
Depth (m)
328° 327° 327° 3267 325° 312 295°

Calculated wave direction

Fig. 5.

Contour plots of SAR spectra in 3-dB increments relative to the maximum density for subsections la, Ib, and

1c, showing effects of wave refraction. The radial lines o1 each spectrum correspond to wave directions calculated for the

depths at the edges of cach subsection.
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ety of velocities, its image will be displaced various propor-
tional amounts and will appear as a streak in the azimuthal
direction. This is 2 com.non feature of SAR images of the
breaker zone. The recorded wind speed of 6.5 m/s in an un-
stable atmosphere is approximately the critical speed for initi-
ation of whitecapping in the Great Lakes according to Mon-
ahan [1969]. It appears that the whitecaps are responsible for
the resulting range traveling image artifacts and resultant con-
tamination of the wave number spectrum.

If we take 328° true as the mean direction of waves incident
on the Muskegon shore (the average direction of section 3)
and 0.21) Hz (as measured at the tower) as the wave fre-
quency, wave refraction can be observed in the SAR direc-
tional spectra. Contour plots (given in 3 dB levels) of the di-
rectional spectra for subsection fa, ib, and Ic are shown in
Figure 5. Also drawn on the figure are classical refraction di-
rections calculated for depths corresponding to the edges of
each subsection. (Kinsman [1965] gives a typical example of
refraction calculations on pages 156-167.) For example, the
two lines drawn on the contour plot of subsection la represent
angles of 295° and 325°, the wave directions predicted by
classical methods assuming depths of 4 and 14 m, respectively.
The entire wave spectrum should be corrected for refraction
for a proper comparison, but the spectra in Figure $ are so
peaked that the single component refraction calculations are a
good approximation.

Figure 5 indicates that the SAR spectra are sensitive 1o re-
fraction effects. Also given on the figure is the wave refraction
angle assuming the average depth of each of the subsections.
When these directions are compared to the Table 2 resuits, the
SAR data have a tendency to show more refraction than was
predicted. but the tendency is in the right direction, and 10°
can still be considered good agreement.

The SAR wave number spectra shown in Figures 3 and 5
are typical of all 14 SAR spectra. Spectra from the middle of
the lake (sections 5-9) have wave energy lobes of somewhat
greater magnitude relative 10 the background noise and show
more of the features that appear in the tower wave frequency
spectrum. such as a steep forward face and more directional
energy spread. The SAR spectrum is of course a wave number
spectrum of radar return intensity and is not expected to have
the same appearance as the directional frequency spectrum
determined from wave heights. Even if the wave number spec-
trum is converted to a frequency spectrum or vice versa, it is
clear that the SAR spectra examined here cannot be easily
transformed to or interpreted as wave height spectra. How-
ever, the peak energy wave number and direction determined
from SAR spectra agree very well with in situ measurements,
and the synoptic availability of even these parameters is pro-
hibitively expensive by ground-based measurements.

CONCLUSIONS

Directional spectra calculated from synthetic aperture radar
(SAR) data of Lake Michigan have been compared to an in
situ directional spectrum from the GLERL research tower
and to a one-dimensional spectrum from a Waverider buoy.
The comparisons were favorable, indicating SAR's ability to
image accurately wind-generated water waves. In addition to
data collected over the tower and Waverider buoy, data were
continually collected across Lake Michigan in both directions.
These data represent a synoptic view of wind waves across the
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entire width of Lake Michigan and should prove very useful
to those modeling waves on the Great Lakes.

The major caveat about using directional spectra from SAR
data is that the SAR vpectral estimates are proportional to ra-
dar return intensity and not wave energy. The data do not
represent wave height information. at least not in a recogniz-
able form. The modulation transfer function (i.e.. SAR grav-
ity wave imaging mechanism) is not 1o1ally understood at the
present time. The determination of the transfer function, as
well as determination of wave height, using SAR data will be
a major scientific advance, for at that time SAR gravity wave
data can be used to obtain power density estimates of the sea
surface. Until this is accomplished, SAR wave directional
measurements must be accompanied by either in situ (wave
staff or Waveriderj or remotely sensed (laser altimeter) mea-
surements to give an estimate of wave height.
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Estimates of Ocean Wavelength and Direction From X- and
L-Band Synthetic Aperture Radar Data Collected During
the Marineland Experiment

ROBERT A. SHUCHMAN, JAMES D. LYDEN, ann DAVID R. LYZENGA

Abstract—Simultaneously obtained X- and L-band synthetic aper-
ture radar (SAR) data collected during the Marineland Experiment
were spectrally analyzed by fast Fourier transform (FFT) technigues
to estimate ocean wavelength and direction. An eight-sided flight
pattern was flown over the same ocean area in order to study the
sensitivity of the spectral estimate on radar look direction. These
spectral estimates were compared with in sirv wave measurements
made by a pitch-and-rofl buoy. The comparison revealed that the
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tract NO00O14-76-C-1048 and NOAA/NFESS Grant 04-6-158-44078.
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Institute of Michigan (ERIM), Ann Arbor, MI 48107,

X-band SAR detected all gravity waves independent of radar look
direction. while the /.-band SAR detected all range-traveling grasvity
waves but failed to detect waves in three of four cases in which the
waves were traveling within 25 of the azimuth direction. The analysis
also indicates that azimuth-traveling waves appear longer and more
range-traveling in the SAR imagery than observed by 1 vin instru-
mentation. It is postulated that degraded azimuth resolution due to
scatterer motion is responsible for these observations.

I INTRODUCTION

PREVIOUS study | 1] of the Marineland synthetic aperture
radar (SAR) data set showed close agreement between SAR-
derived wave spectra and in site measurements made by 4
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pitch-and-roll buoy which operated coincidently with the SAR
overflights. This previous study utilized only a single pass of X-
band data collected on Dec. 14, 1975, This particular pass
imaged waves traveling in the range direction (towards the
radar line-of'sight), which is the most favorable imaging geo-
metry for the SAR {2], [3]. The present study considers data
collected at both X- ar . ..-band for eight different look direc-
tions relative to the wave propagation direction.

As discussed in the companion paper of this issue [3], the
SAR imaging mechanism for ocean waves is highly dependent
on radar look direction. Tilt and hydrodynamic modulation
are the dominant mechanisms for SAR imaging range-traveling
waves (2}, [3]. while azimuth-traveling waves are believed to
be imaged primarily because of velocity bunching [4]. How-
ever, controversy still exists regarding the effects of moving
ocean wave scatterers on the SAR image tormation process.
The Marineland simultaneous X- and £ -band data set provides
needed information on the SAR imaging mechanism for ocean
waves, as well as a direct indication of the ability of SAR to
accurately image ocean gravity waves as a function of radar
wavelength and look direction.

Past studies utilizing the Marineland data set have con-
centrated on the conditions under which ocean waves are
imaged rather than the accuracy of the spectral estimates [1] -
{31. [S]. This paper presents a comparison of the SAR-derived
wave spectral estimates with in situ measurements (pitch-and-
roll buoy data) using the entire SAR X- and L-band data set
collected from an eight-sided flight pattern flown on Dec. 14,
1975.

[I.DATA SET

The SAR data used in this study were collected by the En-
vironmental Research institute of Michigan (ERIM) four-
channel system which was flown in a C-46 aircraft during the
Marineland Experiment. For a complete description of this
SAR. the reader is referrred to [6] . It consists of a dual-wave-
length and dual-polarization SAR that simultaneously images
at X-band (3.2.cm wavelength) and L-band (23.5-cm wave-
length). Recently a C-band (5.3-cm wavelength) capability has
been added to this system. The data presented in this paper
were obtained from the horizontal-transmit/horizontal-receive
channel (HH) of both X- and L-band receivers. Presented in
Table | are radar system and imaging geometry parameters for
the Marineland flights.

The data used in this study were collected on Dec. 14,
1975, using an eightsided flight pattern shown in Fig. 1. This
muftisided flight pattern allowed SAR and surface-measured
wave estimates to he compared as a function of wave orienta-
tion with respect to radar look direction. During the flight, a
wave train identified as swell with an 8-s dominant period and
1.5-to 1.8-m significant wave height (#, ;) was propagating
due west (270 degrees true). The winds on this day were 10
m/s offshore and 3 m/s nearshore, both trom due east (90 de-
grees true).

1. ANALYSIS

Simultaneously obtained X- and L-band SAR ocean wave
data collected during passes 1-8 (see Fig. 1) were spectrally
analyzed using fast Fourier transform (FFT) techniques and
the results compared to in situ measurements. The SAR signal

170°1

-

WIND CONDITIONS WAVE (ONLITION
————— ———
Im/s 1.5-7 dwom |
From 9C° Tryue 8 s Periog
Toward 270° True
Fig. 1. ERIM flight patterns flown over Murineland test site on beo. 14,

1975. The aircraft heading with respect to true north is given m
parentheses next to the pass number. The surtace wind and wave
conditions during the data collection flight are also shown

TABLE L
RADAR SYSTEM AND IMAGING GEOMFTRY PARAMETERS
USED DURING THE MARINELAND FXPEHRIMENT

Ponare
frog pee I
w3VEer ot R
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Cqeeie Ang'e -

‘ntenratcan Tompe

histories for the above data were optically processed into
image film using the ERIM precision optical processor (POP)
as described in [7]. These image films were then Jdigitized
using a pixel size corresponding to 3 m in slant range and an-
muth. The digitization was pertormed on the LRIM hybuid
image processing facility (HIPF) described in |%] . Digital spec-
tral estimates were produced for passes 1-8. both Y- and /.-
band data following the method described in |9] These
spectral estimates each have approximately 144 degrees o
freedom [9].

Presented in Figs. 2 and 3 are two-dimensional contom
plots of the FFT's produced in passes 1-8 Y- and L-band. re.
spectively. Lach contour on these plots represents a 3 dB (30
percent) decrease in spectral intensity from the previous con.
tour. The SAR-derived dominant wave s represented by the
center of the highest contour (3 dB) on these plots. For cach
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Fig. 2. Contour plots of the two-dimensional F T'sproduced from digitized X-band (HH) imagery from Dec. 14,1978
passes 1 through 8. The aircraft flight direction was to the right for each of the transtorms The axes for cach plotare

consistent with those shown for pass 1

of the contour plots presented, the horizontal axis represents
the along-track or azimuth direction, while the vertical dimen-
sion represents the SAR range component. Note from Fig. 3
that on three of the /.-band contour plots (passes 1.4, and §).
there is no clearly defined top contour (e.g., pass 8). In these
cases, the SAR failed to image the gravity wave field. These re-

E-3

sults will be discussed in detail in the following paragraphs I
should be emphasized that the spectral estimates presented
here are simply the directional wavenumber spectr. of the
radar return intensity . Although several possible methods hase
been proposed [10]-[12]. there is still no reliabte techmque
to obtain estimates of wave height using SAR data.
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Fig. 3. Contour plots of the two-dimensional 1T produced from digitized £.-hand (HH) imagery from Dec. 1414978
passes 1 through 8. The aircraft flight dircction was to the right tor cach of the transtorms The aves tor each plot are

consistent with those shown for pass 1.

The coincident surface wave measurements used for com-
parison with the SAR data were obtained by a surface pitch-
and-roll buoy operating in the test area during the SAR data
collection flights. This buoy operated in approximately 10-m
water depth. A series of nine consecutive 34.min records were
pro-essed During the S h of measurement, no significant

changes in the wave properties were tound. hence the duta
were combined in one calculation. bEstimates at groups o! ad.
jacent frequencies were averaged to produce a spectium with
more than 500 degrees of freedom 1]

Table I is a comparnison of the dominant SAR-denved and
surface-measured wave spectral estimates tor the Manneland
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TABLE 11
SUMMARY OF SURFACE MEASURED AND SAR-DERIVED
WAVE ESTIMATES
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heading for both X- and L-band data simultaneously collected on
Dee. 14, 1975, The wave propagation direction relative to the air-
cratt heading is also presented.

data. The SAR-derived estimates were obtained from the plots
in Figs. 2 and 3 and have been corrected for motion of tne
waves while being imaged following the method described in
[1]. The surtace-measured values came from the pitch-and-roll
buoy. Since the buoy measures in the temporal or frequency
domain. the estimated peak frequency of 0.125 Hz (8
period) was converted to a wavelength using the linear disper-
sion relation. The depth values used in the dispersion calcula-
tion were chosen to be at the center of the SAR subimage used
to produce the 2-D Fourier transtorm.

bxamination of Table H reveals that the L -band channel de-
tected waves in only five of the eight passes. The absence of
waves in passes 1, 4. and ¥ of the /-band data appears to repre-
sent a limitation in the capability of SAR to detect these
gravity waves. In contrast, the X-hand channel detected waves
in every pass. The rms errors for the dominant wavelength and
directional estimates are also larger at £-band than at X-band,
.3 to 7.9 m for wavelength. and 16.3" 1o 9.8° for direction.

To address the question of the dependence or the quality of
wiave estimates on the radar viewing angle. the SAR-derived
waveleng'h and direction estimates summarized in Table |
were plotted against aircraft heading in Figs. 4 and 5, respec-
tively. The sharpness ot the SAR-derived wavelength and direc-
tion estimate can be characterized by the width of the 3 JdB
contour level of the two-dimensional FET < shown in Figs 2
and 3 The width ot the 3 dB contour in the direction ot

AJRCRAT T HEALING (dejreer (rue

Fig. 5. SAR-derived wave direction estimates plotted against wircratt
flight direction for both X- and L-band data simultancously collected
on Dec. 14, 1975 The wave propagation direction relative to wmit-
craft heading is also presented.

wave propagation provides an estimate of the wavelength van-
ability, while the width of the contour orthogonal to wave
propagation provides an estimate o the directional vanability.
These contour widths are indicated on Fig. 4 and 5. FFig. 4 in-
dicates that the SAR-derived wavelength estimates at X-band
both increase and are more variable as the waves become az-
muth-traveling. Similarly, Fig. S indicates an increase in the
variability of the SAR.derived directional estimates at X-band
as the waves become more azimuth-traveling. An alternative
method of plotting the accuracy of the SAR-derived direc-
tional estimates is shown in Fig. 6. Here the angle of the SAR-
derived spectral estimate off range is shown plotted against
the angle off range predicted by surface measurements. This
plot shows an interesting resuit: the SAR-imaged waves show a
definite bias in direction toward range, particularly as the
waves become more azimuth-traveling. Thus the graph suggests
that waves would be imaged as propagating more n the range
direction than is actually the case.

A possible explanation of the observation presented in big
6 is the degradation of the azimuth resolution due to scatterer
monions. This is caused by the orbital velocity of the dominant
gravity waves and s discussed in detail in [4]. Recall that the
SAR image mtensity s the convolution of the effective inten-
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Fig. 6. SAR-derived wave angle off range plotted against the wave an-
gle oft range predicted by surface measurements,

sity distribution gg(a, r), with the system impulse response
function /(a, r), where @ and r are the azimuth and range coor-
dinates, respectively. The impulse response function can be
modeled by a Gaussian tunction. The Fourier transform or
spectrum of a SAR-imaged wave field is the product of the
Fourier transforms of ¢ and / or

§(ku-kr)'_'I.(ku-kr)ao(ka'kr) (])

where the &, und k, are the azimuth and runge wavenumbers,
respectively. Thus the spectrum of gq is weighted by a Gaus-
stann function whose width is inversely proportional to the
azimuth resolution. This is shown schematically in Fig. 7. As
the azimuth resolution (impulse response) widens, its Fourier
transform becomes narrower and the resultant spectrum is
more distorted. The result of this is to make the SAR-derived
waves appear longer and more range-traveling than they actu-
ally are. This degraded resofution may be the reason that
waves were not imaged at L-band for three of the azimuth-
traveling cases, although they were imaged at X-band. This
effect also decreases the contrast of waves traveling in the
azimuth direction.

The degradation in azimuth resolution can be caused by
either gross scatterer motions (azimuth velocities or range ac-
celerations), or by a range of scatterer velocities within each
resolution element, which is equivalent to the coherence
time effect discussed in [13]|. The effects of gross scatterer
motions are proportional to integration time, and, therefore are
larger at L-band than at X-band, as illustrated in Fig. 8 for the
acceleration effect. These effects are at least partially reduci-
ble by changing the processor focus settings, and, as expected,
a greater sensitivity to these fucus adjustments js found at L-
band than at X-band [3].

The degradation in azimuth resofution due to a given coher-
ence time is proportional to radar wavelength and is not reduc-
ible by changing the processor focus. Thus if the coherence
time is substantially the same at /.-band and X-band. a greater
loss of resolution is expected at L-band . This may be the rea-
son for the failure of the /-band system to image waves for
those azimuth-traveling cases when waves were visible on the
X-bhand images. The assumption that the coherence ume is the
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Fig. 7. Schematic diagram showing the effect of degraded wzimuth
resolution on SAR-derived spectry,
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Fig. 8. SAR azimuth resolution as o function of radar waseleneth and
target acceleration,

same at L-band and X-band may not be correct, however
More measurements of the coherence time are needed to test
this hypothesis. In addition to these SAR effects. 1t 1s also
possible that the inherent modulation of the radar cross sec-
tivi is greater at X-band than at [-band due to hydrodvnamic
considerations or electromagnetic scattering eftects

IV. CONCLUSIONS
The comparison of SAR-derived and i situ measured wave
data from the Marineland Lxperunent indicates several results
The X-band data was able to image ocean waves in cach of the
8 passes flown over the test site with a vanety of headmgs The

1.-band data on the other hand, failed to image waves 1in 3 ot
the 4 passes in which nearly azimuth-traveling waves occurred
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The accuracy of the SAR-derived wave estimates when com-
pared to in situ measurements appears to be better at X- than
at L-band for the limited cases in this data set.

The SAR-derived wavelength and directional estimates ap-
pear to change as a function of radar look direction with re-
spect to wave propagation direction. As waves become more
azimuth-traveling, SAR estimates of their wavelength increase
and become more variable. This appears to hold for both X-
band and the limited number of L-band cases. Also, it was
observed that as waves become more azimuth-traveling their
directions become more variable and are imaged as propagating
more in the range direction than indicated by surface measure-
ments. Again these observations appear independent of radar
wavelength. One possible explanation for the above observa-
tions is the degraded azimuth resolution caused by surface
scatterer motion. When transformed, this degraded resolution
would cause wave spectral estimates to be longer and more
range-traveling than the true surface waves. This degraded azi-
muth resolution is also a possible reason why waves were not
imaged in 3 of the 4 nearly azimuth-traveling L-band passes.

The environmental conditions encountered during the
Marineland Experiment corresponded to low wind speeds, low
wave heights, and relatively short wavelengths. Additionally,
the waves are being influenced by the relatively shallow water.
Thus shoaling of the waves could contribute to the degraded
L-band wave data. Theresults presented in this study are con-
sidered valid only for such conditions. It should also be noted
that only the dominant wave estimates from the SAR and pitch-
and-roll buoy were compared.
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Synthetic Aperture Radar Imaging of Ocean Waves During
the Marineland Experiment

ROBERT A. SHUCHMAN

Abstruct—\- and [-band simultaneously obtained synthetic aper-
ture radar (SAR) data of ocean grasvity waves collected during the
Marineland Experiment were analyzed using wasve contrast measure-
ments. The Marineland data collected in 1975 represents a unique
historical data set for testing still-evolving theoretical models of the
SAR ocean wave imaging process. The wave contrast measurements
referred to are direct measurements of the backscatter variation be-
tween wave crests and troughs. ‘These modulation depth measure-
ments. which are indicators of wave detectability, were made as a
function of: a) the settings used in processing the SAR signal histories
to partially account for wave motion; b) wave propagation direction
with respect to radar look direction for both X- and / -band SAR data;
¢) SAR resolution; and d) number of coherent looks. The contrast
measurements indicated that ocean waves imaged by a SAR are most
discernible when X-band frequency is used (as compared (o { -band),
and when the ocean waves are traveling in the range direction. Ocean
waves can be detected by both \- and /.-band SAR, provided that the
radar surface resolution is smal! compared to the ocean wavelength
fat least 1/4 of the ocean wavelength is indicated by this work).
Finally, wave detection with /.-band SAR can be improved by adjust-
ing the focal distance and rotation of the cylindrical telescope in the
SAR optical processor to account for wave motion. The latter adjust-
ments are found to be proportional to a value that is near the wave
phase velocity.

1. INTRODUCTION

HIS PAPER discusses a specialized torm of side-looking

airborne radar (SLAR) called synthetic aperture radar
(SAR). SAR is an bmaging radar which utilizes the Doppler
history (change ot phase) associated with the motion of the
aircratt. recording both the phase and the amplitude of the
backscattered energy. thus improving the along-track or asi-
muth resolution |1].]2].

The principle in tnaging any surface with radar is that the
backscatter of microwave energy techo) sensed by the radar
recewver contains information on the roughness characteristics
(shape. dimension. and onentation) of the reflecung areu.
Factors that influence the echo received trom ocean waves
include the motion of the scattering surfaces. the so-called
“speckle™ effect. system resolution. and integration tuve. as
well as contributions attributable 1o wind. waves. surface
currents, and surface tension. The effect of orientation of
ocean waves 10 the radar line-of-sight must also be considered.
When attempting to understand the SAR ocean wave imaging

Munusenpt recewed May 3, 19860 revised T ebroary 9, 1983, The
ERIM contribution of this waork was pertormied under ONR Contract
NOOOT4-76 L 1048 and NOAA/NESS Grant 04.6-15844078. The JPL
cantribution ot this work was performed under NASA Contract 7-100
and ONR Contract NOOBOA-T76-MPA0OO29.

R A Shuchmuan s wath the Radar Dwision, T nviromental Research
Institute ot Michigan (ERIM). Ann Arbor, ML 48107,

O. K Shemdin s with the fet Propulsion Laboratory (JPL), Cah-
torma Institute of Technology . Pasadena, CA 91103,

an OMAR H. SHEMDIN

mechanism, one must consider tactors pertamning 1o wave
urbital veloaty . Bragg scatterer veloaty. und long gravity
(o1 resolvable) wave phase velocity 3]

This paper presents a series of backscatter measurements ol
SAR unaged pravity waves. Analysis of these measurements
indicates that the ability of SAR to image gravity waves 1
dependent upon: a) wave motion: bj radar fook direction with
respect to ocean wave propagation direction:and ¢) resolution
and noncoherent averaging. The backscatter measurements per-
formed in this study measure the contrast ratios between wiuse
crests and troughs as observed on the SAR imugery . and arc
reterred to as wave modulation depth scans.

A summary is first presented of . .dar concepts pertinent to
understanding SAR operation as it images an oceuan surface
This is followed by a description of the wave modulation
scan measurements. The results of these scans are then pre-
sented and discussed.

II. RADAR CONCEPTS

Several models [4]-[10]) have been postulated that attempt
to explain wave image formation with SAR. The final output
of a SAR system is ususally in the form of & two-dimensional
intensity display of relative black and white shades. The
fundamental backscatter mechanism is believed to be Bragg
scattering when the incidence angle is greater than 20° [11]
That is. transmitted radar energy with wavenumber k inter-
acts in a resonant or constructive interference fashion with
ocean surface waves of wavenumber k. such that

k, = 2ksing h

where k.. = 2n/L and k = 2a/X are the wavenumbers. /, and
X are the wavelengths of the surface waves m the range durec-
tion and that of the radar. respectively. and 8 is the modence
angle.

For the Environmental Research Institute of Michigan
(ERIM) X- and L-band aircraft system discussed in this paper
which operated with a nominal incidence angle () o1 437, the
use of (1) leads to a Bragg wavelength of approxmmately 2 ¢m
for X-band (A = 3.2 am)and 17 em for L-band (A = 23 S ¢m)
In contrast. the Seasat L-bund system with an incidence angle
of 20°, has approximately a 34.cm wavelenpth Bragy wase
These waves represent the capillary and short gravity wave
portion of the vcean wave spectrum.

In general. the mechamsms that contribute to wave pat-
terms observed on SAR imagery are: a) ult modulation.
b) hydrodynamic modulatior  and ¢y velocity  bunching
effects. Shadowing effects n..  glso play an important role
at large incidence angles.

03649059 '83/0400-0083801 .00 O 1983 11-LI
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Tilt modulation refers to periodic variation in the local
incidence angle caused by the long gravity waves. As the inci-
dence angle changes. it modulates the radar cross section of
the surtace that backscatters the microwave energy.

Hydrodynamic modulation as reported in [3]. [12] reters
to the change in short wave amplitude which is partially due
to the straining the the small ocean Bragg waves due to diver-
gence of the surface orbital velocity tield of the long gravity
waves. The modulation in wind stress induced by the long
waves is another contributor to such hydrodynamic moduls-
tion.

The velocity bunching effect refers to a periodic azimuth
target displacement on the imagery. This displacement is
described at length in [13].

Tilt and hydrodynamic modulation are maximum for
range-traveling waves and minimum for azimuth-traveling
waves. The velocity bunching effect is maximum for waves
traveling in the azimuth direction [5].

Other effects of wave motions in SAR imagery may in-
clude: a) image displacement. smearing. and loss of focus
in the azimuth direction: and b) loss of focus in the range
direction [14]. Some of these effects can be removed during
processing of the SAR signal histories by making appropriate
adjustments to the processor [15]. The effects which cannot
be removed during processing may reduce the detectability
of gravity waves. and can also influence the wave spectral
estimates obtained from SAR wave data.

Loss of focus in the range direction is due to a rotation ot
the phase history of the target (i.e.. migration through range
cells). This loss of focus is proportional to the range velocity
and the integration time, and can be corrected by a rotation
of the cylindrical lenses in the optical processor. assuming
the range velocity is constant during the integration time.

Loss of focus in the azimuth direction can be caused by
a constant velocity in the azimuth direction or a changing
velocity (ie.. an acceleration) in the range direction. These
effects can be corrected by a change in the azimuth focus set-
ting of the processor, assuming that the azimuth velocity and
radial acceleration are constant. Since they are both inversely
proportional to the platform velocity. these effects are ex-
pected to be important for the X- and L-band ERIM SAR
aircraft system that operated during Marineland with a typical
plattorm velocity of only 78 mys.

The intent of this paper is to provide experimental evidence
which can be used us a basis for evaluating the concepts
discussed above, and also to provide an empirical basis for
achieving optimal detection of ocean waves with SAR.

11). RADAR SYSTEM AND FLIGHT PATTERNS

The experimental observations presented here were ob-
tained from analysis of data collected by the ERIM dual-
frequency and dual-polarization SAR system. The ERIM
X-band and L-band system. which is presently jointly owned

by ERIM and the Canada Centre for Remote Sensing (CCRS),

1s described in detail by [16]. It consists uf a dual-wavelength
and dual-polarization SAR that simultaneously images at X-
band (3.2 ¢m) and L-band (23.3 cm). Recently, a C-band
(5.3 ¢m) wavelength capability has been added to this system.
The Marineland data presented in this paper were obtained

F-2
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from the horicontal-transmt honzontal-recerve channel (HHy
of both Y- and L-band recenvers

The along-tiack o azimuth resolution ot the ERIM svsten:
is obtuined from the syntlete apeiture rechnigues given by
{1} and the crosstrach or range resolution om conpression
of the frequency modulated pulse. Dunmg theht the 1eda
signals are recorded in then trequency -dispersed tonn and aie
later optically compressed mou ground-based processor Thie
fatter has been extensively desenibed in [17).

Typically in a SAR. the phase history of 4 scattenng pout
in the scene 1s recorded on photograplinc filne as an anamor-
phic (astigmatic) Fresnel sone plate. The parameters ot the
cone plate are set in the gzimuth direction by the Doppler
frequencies produced by the relative motion between the
sensor and the point scatterer. und in the range direction by
the structure of the transmtted pulses. The film mnage 15 o
collection of superimposed zone plates representing the ool
lection of point scatterers i the scene. This tilm s used by
coherent optical processor to focus the anamorphic zone
plates into points. which, when coherently combmed and
detected (imuged). recreate the microwase scatter ol e
scerne.

Fig. 1 is a schematic ot a typical SAR optical processon
Shown on the tigure are the sphencul and oy hndncal tele:
scupes used to control muage tocus.

The SAR oceun wave data set used i this study was col-
lected at Marineland. FL. durnmg mid-December 1975 Tl
historical data base is unique becuuse of the quahty ot this
high resolution SAR data and the surtace nuth data ool
lected. The Marineland Lxperiment was conducted 1o ob-
tain SAR oceun wave data in support ot the Seasat [-band
SAR {18]. Wave height und direction ot fong wuves and slope
intensity of capillary and short gravity wuves were meuasured
by an array of in situ instruments. includmg o capillary sensos
mounted on a wave follower. pitch-and-roll buoy . und punred
orthogonal current meters.

The SAR system wus flown over the Marnnelund test
area vsing the flight pattern shown in Frgo 2 This enabled
the authors to study the sensitnvity ot the SAR 1o wae
orientation with respect to radar look divection

The data used in this study were collected on Deo 17
1975, The surfuce environmental conditions on this duy con
sisted of g wave train wdentified as swell with an & donumant
period and 1.5 to L.&-m significant wave height (Hy )
propagating toward 275 degrees tiue. The winds were §-7
my;s trom due east (90" true).

IVODATA ANALYSIS AND RESULTS

A series of backscatter measuremients were pertonmed
on the data collected on Dec. 15, 1975 The buchseatien
measurements are referred to as wave modulation depth scans
The wave moduiation depth scans measure the vanation in
nnage intensity associated with backscatter from difterent
points along the protiles of long waves. These measurements
were obtained by scaning in the direction of wave propags-
tion with an aperture corresponding to 436 m along the wae
crest and 2.18 m in the propagation direction. This aperture
provided sutficient signal-to-noise ratio tor the mmdidugl
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spherical telescope controls the runge focus while the ¢y hndnal
telescope s responsible tor azimuth tocus.

Schematic diagram ot o typical SAR optical processor. The

17051

Shoryitne

WIND CONCITIONS

WAVE CONDI TIONS
-———— -~

§-7 m/g “5“'8"‘”\/3
0y
from 90° True B sec Period
Toward 275° Trye

Fig. 2. FRIM flight patterns flown over Marineland test site on Dec 15,
1975, Both land and water are imaged on passes 3, 4, and 6. The air-
craft heading with respect to true north is given in parentheses next
to the pass number. The surface wind and wave conditions during
the data collection tlight are also shown.

scans to insure repeatable measurements. Additionally, it was
experimentally determined that the optical probe could be
misaligned as much as +7° with respect to the wave propaga-
tion direction without adversely affecting the modulation
measurement. These modulation depth measurements. which
are indicators of wave detectability, were made as a function
of. a) azimuth focus and telerotation adjustments for both
azimuth- and range-traveling waves: b) wave direction with
respect to radar look direction; ¢) SAR resolution; and d)
number of coherent looks (amount of noncoherent integra-
tion).

Fig. 3 1s ap example ot a wave modulation depth scan of
the type produced by using the Marineland signal film and
placing a recording photomultiplier in the output plane of
the optical processor. By placing a recording photomultiplier
in place of the SAR image film. a wave modulation results
where the waves themselves mrdulate the scan. The position
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Fig. 3. Typical wave modulation depth scan for L-band duta colle wed

on Dec. 15,1975,

and orientation of the modulation depth measurement was
held constant for each individual azimuth and range focus
test, thus the scans were made using the same portion ot the
signal film and only the focus was varied for each scun. Ay
evident on Fig. 3, an overall change in mean backscatter with
radar range occurs across the scan. Wave patterns in the imuage
are superimposed on this mean variation. Therefore. Jetrend.
ing of the backscatter signal obtained in the modulation
scans is necessary to accurately specify the modulation depth
This is accomplished by two procedures. For a maximum A
(see Fig. 3) followed by a minimum B, followed by a maxi-
mum C, the following equation can be used.

, B-A-C
My =——"— (2)
B+a+C

For a minimum B, followed by a maximum C. followed by 4
minimum D, the following equation can be used.

_B+D-—2C
TB+D+2C

i

d (3)
Finally, to obtain a single modulation depth measurement
for a given wave, we average My and M,

M, +M,"
Mgy =4 (4)
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Fig. 4. L-band (HH) SAR wave data optically processed (o) Assuming
a stationary target. (b Accounting for wave moton,

By using many different focusing adjustments. numerous
wave modulation scans similar to Fig. 3 were produced for a
given area of wave imagery. The 25 to 30 modulation depths
produced for each of the different focus setting scans were
then analyzed with respect to their variances using techniques
outlined in [19] to test if focusing adjustments increased
contrast in wave imagery (contrast being defined as the highest
average modulation depth). In addition to modulation depths
made as a function of focus adjustment. modulation depths
were also made as functions of radar look direction. resolu-
tion, and amount of mixed integration.

A. Wave Detectability Versus SAR Processing Scttings

Azimuth- and range-traveling wave enhancement tests
were performed on the SAR data collected during the Marine-
land Experiment. As reported in (19]. a higher modufation
(crest-to-trough) depth resulted when the SAR imaged gravity
waves were processed assuming a motion that is in the near
proximity of the phase velocity of the dominant gravity waves.

As discussed earlier. the velocity and acceleration compo-
nents of wave motion modify the r..lar backscatter so that
conventional data processing results in defocused and dis-
placed images. If the defocusing effect is caused by the azi-
muth velocity component. then this effect can be compen-
sated in part by changing the azimuth focus control in the
processor in proportion to the azimuth velocity or radial
acceleration component. A sample of an [-band wave image
processed assuming stationary and moving surfaces is shown
in Fig. 4. The waves are more clearly discernible in the image
corrected for wave motion. In this case. the corrected image
was processed to account for an azimuthal target velocity of
approximately 12 m/s. The wave phase velocity was approxi-
mately 12.5 m/s. It should be noted that the waves in Fig. 4
are traveling at almost 60° from the azimuth direction. Thus
the wave pattern is effectively moving almost twice as fast in
the azimuth direction as in the wave propagation direction.
and the correction applied would correspond to half of this

effective translation velocity. The focus adjustiment tor orhy
tal accelerations is also of the same order of mugnitude [3)
S0 it s not possible to determine which is the dominunt ettect
based upon this observation alone.

Figs. 5 and 6 show wave enhancement tests performed un
azimuth- and range-traveling waves for £- and X-band SAR
data. respectively. Dec. 15th Marineland data from puss |
(see Fig. 2) at six different locations (six values averaged)
and from pass 2 at one location were used in this aziunuth
focusing test. The waves in pass 1 are traveling m a dnection
ranging from 20° to 60° from the szimuth direction und
should be sensitive to azimuth focusing enhancements. The
waves in pass 2 travel in nearly the range direction and should
be relatively insensitive to azimuthal focusing enhancements.

Six shifits of the cylindrical telescope were used on the [.-
band data in the processor. as indicated in Fig. 5. Four tocus
shifts corresponding to five azimuth target velocities were
used on the X-band data (see Fig. 6). The 0.0-mm tocus shitt
indicated on the figures retlects a stationary target setting
while the () and (+) values indicate movement of the ovhine
drical telescope toward and away from the signal plane ot
the optical processor. with respect to the 0.0-mm focus set-
ting. A 3- X 3-m resolution setting was used 1 processing the
signal film in the optical processor. The 3- X 3.m resolution
determines the depth of focus of the measurement and 1
indicated on the graphs. Note the depth ot focus is larger o
the X-band. thus a larger range of velocities can be represented
with one focus setting in the X-band processor. Also indicated
on the figures are the phase velocities for the waves present
in pass 1. These velocities were calculated assummg deep
water waves. The orbital velocity (an order ot magnitude lowes
than the phase ..ocity) is adequately represented by the 00
mm or stationary focus, since the azimuthal focus shint 1o,
orbital velocity is nearly zero and within the depth tocus o
both the X-and L-band processors [20]

Fig. 5 typifies the results obtuined using asimuth tecus
shift corrections to retocus L-band SAR wave mmagery As
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o wave propagation directions (@) with respect to azimuth. For
example, » = 0° for azimuth-traveling waves.

observed on the graph for azimuth-traveling waves imaged by
an L-band SAR. a greater wave contrast (modulation depth)
occurs when the SAR data is adjusted for a target velocity
that lies in the proximity of the phase velocity of the domi-
nant gravity wave. Note the range-traveling wave (pass 2)
data is insensitive to the azimuthal focus settings. The X-band
data in Fig. 6 does not appear to be motion sensitive. This
is most likely due to the large depth of focus and short inte-
gration times for the X-band [20]. [21]. The analysis of the
focusing experiments for the X-band data indicated there was
no appreciable change in modulation depth for X-band unless
extreme focus shifts of *15 mm were reached. Thus for X-
band data, it appears that azimuth-traveling waves are rela-
tively insensitive to wave motion effects. and it takes shifts
of many depths of focus (215 mmj} to defocus ocean wave
imagery. The modulation depths for pass 2 showed no de-
pendence on focus shifts. indicating that range-traveling waves
imaged with an X-band SAR are relatively insensitive to all
a7'muth velocity effects resulting from gravity waves. Note in
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comparing the modulation depths in Figs. § und o that rang:
taveling waves imaged at X-band have signiticantly by
modulation depths when compared 1o the runge-tiaochng
1 -bund daty.

A series of measurements shntlar to those miade 1o un
muth-traveling waves were made tur range-traveling wates
Radial (range) velocity effects can also cause blurimyg m the
resulting SAR imagery. Similar to azimuthal motion. range-
velocity effects can be partially corrected for in the optical
processor. The adjustment requires rotation of the cyhindii-
cal lenses of the optical processor (hereafter referred to us
telerotation). The correction is necessary because the moton
in range causes an apparent tilt to the SAR signal histones
[14].[13].

The L-band data from passes 2 and o (see Fig. 2)weie used
in this experiment. Both passes have essentially range-tiuvehny
waves in them with the aircratt headmg varying 1807 between
the two passes. In pass 6. the waves are traveling towurd the
radar (the radar look direction is upwave), and 1n pass 2.
the radar was looking nearly downwave,

Imaging waves moving away from the gircraft to downwave
radar look direction) requires a negative telerotation. while
imaging waves moving toward the aircraft (an upwine radar
look direction) requires a positive telerotation. If two sets ot
waves are imaged. with the only difference being opposite
Jook directions (i.e.. 180° apart). the telerotation magnitude
needed 1o correct for image distortion due to radial veloaty
should be the same for each. one bewng a negative correchion
(downwave) and the other being a positive adjustment (up-
wave).

To study this radial velocity phenomenon. wave-tiequency
scans of pass 2 with seven telerotations from 2.0 to +1 0 de-
grees. and of pass 6 with seven telerotations from 10 1w
+2.0 degrees weire made on the optical processor. The 1.0
degree setting for pass 2 corresponds to approximately the
phase velocity of the waves. For pass 6. 4+1.0 degrees vorre-
sponds to the phase velocity correction. The correction for
wave orbital velocity for both passes 2 and 6 is best represented
by the 0° setting.

Results of the radial velocity scans are graphically shownn
Fig. 7. The graph indicates that rotation of the ¢yhindncat
optics of the SAR processor is effective in improving wae
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Fig. 8. The same ocean wave area imaged simuftaneousdy with X- and
L-bund. These data were processed to 3- ¥ 3-m resolution.

image contrast for range-traveling waves in the Marineland L-
band radar data. This velocity correction corresponds closely
to the phase velocity of the waves and cannot. to vur know-
ledge. be explained by any alternative hypothesis.

The improvement in wave contrast by rotation of the pro-
cessor cylindrical telescope was achieved without offsetting
the azimuth frequency bandpass. The moving waves seem to
be able to produce rotated signal histories without the ex-
pected azimuth Doppler spectrum shift. One possible explana-
tion for this observation is that the azimuth Doppler spectrum
is influenced by the actual scatterer motions. which are re-
lated 10 the orbital velocity, while the phase history rotation
is due to the change in the brightest scatterers. which is re-
lated to the phase velocity [15].

B. Wave Detectability Versus Radar Look Direction

The eight-sided flight pattern at Marmneland was used to
quantify the dependency of radar look direction on wave
detectability. Fig. 8 shows an identical ocean area simultane-
ously imaged with X- and L-band SAR on Dec. 15. 1975.
Shown on the figure are three cases consisting of the radar
looking cross-wave (upper figures), down-wave (middle). and
up-wave (lower figures). Qualitative evaluation of the figure
indicates that range-traveling waves are more discernible than
azimuth-traveling waves.

Wave modulation depth scans for the eight-sided pattern

R

LN DER TR

L tVITE

IPWAVE LTI

Fie. 9. Graph of modulaton depth versus wave angle of! azimutt tor
both Y- and L-band pusses | thru 8.

from Dec. 15 were examined to better guantify the wune
detectability as a function of look angle. For the L-band data.
three distinct focus settings were used to generate wave scans
at the optimum tocus setting for a given pass: thus a total of
four separate scans were produced for each pass (three L -bund
and one X-band). For the L-band data. the scan producing
the highest average modulation depth was assumed 1o be the
one in focus: the other two were discarded.

Fig. 9 is a graph of modulation depth versus radar look
direction. For X-band. it is evident that azimuth-traveling
waves are significantly less detectable than range-travehng
waves. A similar drop in modulation depth for 60° is present
in the L-band data. but the decrease is less dramatic. Never-
theless. Fig. 9 indicates that waves are more detectable at X-
band compared to L-band at all radar look angles (see {12] 1.
It is useful to note that once the focusing adjustment is made
for L-band data. the waves become nearly equally detectable
regardless of look angle.

C. Wave Detectability as a Function of SAR Resolution and
Mixed Integration

A section of L-band (HH) data from pass 1 obtained in deep
water on Dec. 15 was used to test the effects of resolution cell
size on modulation depths. The SAR data were optically proc-
essed to resolutions of 3 X 3m:iSX 5mi625 X 8 m: 25 X dbmi
and 25 X 25 m in azimuth and range, respectively. Since the
resolution of' a SAR image is a function of the bandwidth used
in the optical processor, reducing the bandwidth achieves a pro-
portional reduction in resolution. Also, it is noted that a reduc-
tion in bandwidth is proportional to a reduction in synthetic
aperture length, the time necessary to image a given object. Thus
synthetic aperture length is important because of the moticn
of the ocean scatterers during imaging.

Fig. 10 shows the SAR wave imagery processed to the five
resolutions discussed above. By inspection of the figure. the
3- X 3-m resolution wave image appears most discernible from
the standpoint of wave detectability. Waves are also clearly
discernible in the 5- X 5- and 6.25- X 8-m resolution images.
No waves are visible in the 25. X 8. or 25- X 25-m resolution
images.

The effects of mixed integration techniques on the modula-
tion depth was also investigated. Mixed integration is an opu-
cal processing technique which allows, for a specific band-
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Fig. 10.  L-band (HH) SAR wave data from pass 1 optically processed
to tive ditterent resolutions.

width in the processor. a reduction in the speckle effect at the
cost of spatial resolution (see [22] for an in-depth discussion
of mixed integration theory). The question arises. given a
bandwidth in the optical processor, will the modulation depth
be affected by taking a single-look full-resolution scan as
compared to a multiple-look reduced-resolution scan. using
the equivalent bandwidth.

For this investigation. the pass and location of L-band
data used previously was reprocessed. Scans were made using
three separate resolutions: 3 X 3 m: 6.25 X 8 m;and 25 X
8 m in azimuth and range, respectively. The 25. X 8-m resolu-
tion scan was processed using four looks. while the other two
used only one look. The modulation depth was then calculated
in the standard manner.

The result of this investigation which utilized a one-way
analysis of variance indicated significant differences exist
between the 3- X 3-m resolution scan modulation depth and
those for both the 6.25- X 8- and 25- X 8-m resolution scans.
No significant differences were detected between modulation
depths from the 6.25- X 8- and the 25- X 8 m resolution scans
[19]. The lack of a noticeable difference between the 6.25- X
8-m resolution one-look scan and 25- X 8-m resolution four-
Jook scan suggests that wave detectability is not strongly
dependent on the use of one-look full resolution versus multi-
ple-looks reduced resolution processing. The noticeable dif-
ference between the 3- X 3-m resolution modulation depths
and the 6.25- X 8-m resolution modulation depths is pro-
duced by decreased resolution as noted earlier. Noting that
the waves being imaged are approximately 100 m long, it is
qualitatively suggested, based on these results, that waves can
only be detected if their wavelength exceeds four resolution
cells.

V. CONCLUSIONS

The environmental conditions encountered during the
Marineland experiment corresponded to low wind speeds,
low wave heights, and relatively short wavelengths. The re-
sults presented in this study are considered valid only for such
conditions.

The analysis of modulation depth as a function of wave
velocity indicates that maximum modulation depth occurs
when a motion ¢ »rrection is utilized corresponding to a veloc-

ity that 1s m the near proximity ot the phase veloaity ot the
dominant gravity wuave. This occurs for both azmuth- and
range-traveling waves. These results may be consistent with
erther the phase velocity [19]. [23] or the acceleration |3
explanations of this effect. L-band data 15 more sensitive to
wave motion associated with the dominant gravity wuaves
than X-band. In summary. the detectability of azimuth-
and range-traveling waves can be improved by adjusting the
tfocal distance and rotation of the cylindrical telescope i the
SAR processor. These wave detectability enhancement tech-
niques are inversely proportional to the SAR plattonm veloaty
thus this may - less important for SAR systems that utilize
fuster moving plattornmns.

The modulation depth results derived from the Marinelund
data indicated that optimum wave detectability is achieved
when X-band frequency is used and when the radar 15 essen-
tially looking in the range direction. It is of interest to note
that L-band range- and azimuth-traveling waves have about the
same modulation depth when the waves are visible provided
that focusing adjustments are made for azimuth-travehny
waves.

The greater modulation depths produced by the X-bund
SAR may be explained in part by considering SAR system
effects. X-band data has a larger depth of focus than L-band.
and. theretore. the azimuth-traveling waves are not appreciabhy
defocused as commonly occurs on L-band images of compary-
ble resolution. The X-band also incorporates a shorter sy nthe-
tic aperture length or integration time than L-band. By usimg
a shorter integration time. there are more limited mution
effects (azimuth velocities or range acceleration) which di-
rectly affect the azimuth or Doppler resolution. The integra-
tion time for the ERIM X. and L-band SAR system flown ut
Marineland was 0.34 and 2.47 s. respectively. Accelerations
due to wave motion during the integration time causes Jde-
gradation of azimuth resolution. The longer integration tme
required for L-band also makes it more sensitive to wave
acceleration compared to the X-band SAR.

The resolution tests performed on the L-band data indicates
that the 100-m waves could not be discerned when the rudur
surface resolution was coarser than 20 X 20 m. This observa-
tion is consistent with the low level of ocean wave detecial-
ity reported by the JPL L-band SAR system which alsu col-
lected data at Marineland. The resolution for the JPL L-
band SAR was 25 X 25 m. It is qualitativejy deduced that
ocean waves need to be at least four times longer than the
SAR resolution to be detected. The Marineland data set wus
not sufficient to define minimum wave heght and wind
speed levels for detecting waves.
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INTRODUCTION

Synthetic aperture radar (SAR) has been used to image ocean waves
over large areas from both conventional aircraft (Elachi, 1976;
Shemdin. et al., 1978) and from satellites (Gonzalez, et al., 1979).
Imaging is not restricted by platform size or altitude as with real
aperture radar, or by external illumination, as with photography. SAR
images have then been used to determine surface wave direction and
wavelength. Although the imaging mechanism has not been explained
completely, the forward face and rear face of sufficiently large waves
exhibit different scattering characteristics at SAR wavelengths and can
be distinguished in SAR imagery (Shuchman, et al., 1978).

The Environmental Research lInstitute of Michigan (ERIM) has
been acquiring and processing SAR data from aircraft for severat
years (Cindrich, et al., [977). In October 1978, ERIM acquired SAR
data on a flight along the coast of Lake ™%ichigan approximately half-
way between Pentwater and Ludington. Michigan (latitude 43750°'N).

At this time, the University of Michigan's Department of Atmos-
pheric and Oceanic Science was operating a series of resistance wave
gauges and ducted impeller current meters in the nearshore zone
(Meadows, 1979). This paper compares SAR wave directional spec-
tra measurements to in situ wave spectra obtained in the surf zone.
Additionally, the SAR Doppler history is exploited to obtain an esti-
mate of surface current magnitude and direction. This SAR derived
information is also compared to the in situ nearshore surface current
sea truth.

The following sections describe the in situ sea truth and the ERIM
SAR system. Methods of computing wave direction, wavelength, and
current information from the SAR are discussed. The comparisons
of the SAR derived informaiion with the sea truth are good; indicating
remotely sensed surf zone information is a useful tool to oceanographers
and coastal engineers. In addition, directions of wave travel, as ob-
tained from the SAR coastal imagery, are shown to be consistent with
classical wave refraction calculations.

DaTA COLLECTION

On {8 October, 1978 at approximately 16:35 EST, SAR data was
collected along the shoreline of Lake Michigan centered at latitude
43°50’N. The site for this field experiment was the eastern shore of
Lake Michigan, between the cities of Ludington and Pentwater,
Michigan. This thirteen-kilometer section of shoreline, extending
approximately north-south, is characterized by a multiple-barred
bathymetry with nearly straight and parallel contours. The SAR sys-
tem used to collect the data was the ERIM X- and L-band dual-polar-
ized imaging radar described by Rawson, et al. (1975). The ERIM SAR
system records four channels of radar return but we will focus our
attention here on the X-band horizontal-transmit-horizontal-receive
channel as this data provided the clearest wave images. The SAR was
flown at an altitude of 6100 m and operated with a center incident
angle from the vertical of 20°, yielding a swath width of 5.6 km. The
cross-track or range resolution of SAR is 'imited by radar frequency
bandwidth and is about 2 m for X-band. The along track or azimuth
resolution is obtained from the synthetic aperture technique described
by Brown and Porcello (1968). For the X-band, the azimuthal reso-
lution is about 2.5 m. A sample of the X-band imagery showing the
location of the coastal array (letter A) is shown in Figure 1. This
SAR data was processed on the ERIM processor described by
Kozma (1972).

At the same time as the ERIM flight, the University of Michigan,
Department of Atmospheric and Oceanic Science was operating its
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mobhile surf zone. wave and current sensing array (Meadows, 1979).
Monitoring of incident wave characteristics and longshore current
velocities was conducted through the growth of a significant storm
on Lake Michigan. A detailed discussion of the experimental design
is presented in Wood and Meadows (1975) and Meadows (1977)
Surface-piercing, step resistance wave probes and bi-directionai ducted
impeller flow meters were emploved to make simultuncous measure-
ments of wave and current conditions. These sensors veere ornented
on a line perpendicular to shore. extending from the beach through
the outer surf zone. Other coastal sensing equipment included a
directionally mounted motion picture camera and Lagrangian drifters.
Unfortunately. increasing wind and wave action on 17 and 18 October.
destroyed much of the array, however, sufficient sensors survived to
make this comparative study possible. A representative portion of the
18 minute record from the outer surf zone resistance wave gauge is
shown in Figure 2.

METHODS

The SAR data shown in Figure | was digitized using the ERIM
hybrid image digitizer {Ausherman, et al. 1975). The data was digitized
with an approximate resolution of 6 meters (3 m pixels). The range
coordinates of the digitized data were analytically corrected for slant-
to-range geometry (Feldkamp. 1978). Four 1.5 x 1.5 km subsections
(see Figure 3) with 6 meter resolution were extracted from the digi-
tized data. The four sections are labeled A-D where A is closest to
shore.

The 3.0 m pixel digitized SAR images were converted to 6 m resolu-
tion by 4 pixel averaging in order to increase coherence in the image.
The average value of cach azimuthal line was subtracted from the
line to remove the trend of intensity falloff with increasing range dis-
tance. Two-dimensional fast Fourier transforms were performed on
each 256 x 256 cell subsection to yield raw directional wave number
spectra with a Nyquist wave number of 0.52 m ‘. The raw spectra
were smoothed by replacing each value with the average of the sur-
rounding S x § cell. The approximate number of degrees of freedom
for the resulting spectrum is 142 (Kinsman. 1965). Tke 99 % confidence
limits are then = [.5 dB (Jenkins and Watts, 1968).

The longshore current magnitude and directional information was
extracted from the SAR data by exploitation of the SAR Doppler his-
tory (Shuchman, et al.. 1979). This technique takes advantage of the
fact that the SAR instrument responds primarily to backscatter from

N U
Rodar Look
Direction
FiGUuRe §. X-Band (HH) SAR data used in study. (The letter A indi-
cates approximate location of surf 7one array. Image represents 3 x 1.
meter resolution.)
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FIGURE 2. Representative Section of 18 minute time history of water
level elevation data from nearshore resistance wave gauge

capillary waves, which, in conventional SAR processing, are assumed
stationary with respect to other time scales of the radar system. How-
ever, these scatterers are not stationary; they move with a characteris-
tic phase velocity as well as with a velocity due to the presence of cur-
rents and longer gravity waves. The radial (line of sight) component
of this resultant velocity produces a Doppler shift in the temporal
frequency of the return signal, which translates to a spatial frequency
shift recorded on SAR signal film.

The Doppler frequency shift (Af,) for a moving target relative to a
stationary target in a SAR system is

2V,

Af, = N [8)]

where V., = radial component of target velocity, and
A = transmitted radar wavelength.
This temporal frequency shift will produce an azimuth spatial fre-

quency shift of

. _ AP ’
=gt @)

on the SAR signal film, where P — azimuth packing factor, and
Vac = aircraft velocity.

Equations 2 and 3 can be combined to relate radial target velocity
to Doppler spectrum shift:

_ AFAV,e
Ve = S5 . (3
13 e
/ Lake Ludington
\ Michigan] \ 5" -7
45m
\ om
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Site 43°50'
r W0 e
!
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N ent-
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86°30°'N

FiGURE 3. General study area showing nearshore bathymetry and lo-
cations of fast Fourier transforms performed on SAR data
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Typical values for ;, V., and P for the imaging of the Lake
Michigan data are 0.032 m, 109 m.s, and 15,000 respectively. Ths
relationship can be used to measure the average radial velocity com-
ponent of an ocean-wave scattering field relative to a fixed-land
scattering field. A shift in the azimuth spatial frequency spectrum be-
tween fixed-land and moving-ocean surfaces yields an estimate for
Af’. Variations in spectrum location due 1o antenna pointing may be
eliminated by choosing imagery having land and ocean imaged near
simultaneously. An assumption was made that the antenna pointing
angle did not change between the fand and water measurements. If,
however, the antenna angle did change, a slightly mgher radial velocity
would be calculated.

To calculate the wave spectrum at the instrumented surf zone site,
the total 18-minute analog record shown in Figure 2 was digitized at
0.25 s intervals and analyzed using conventional one-dimensional fast
Fourier transform techniques. The directional information was ob-
tained by utilizing data from the directionally-mounted camera and the
surveyed positions of the array stations. The current information was
obtained by again using the directionally-mounted camera but this
time photographing the Lagrangian drifters since. by the time of the
aerial overflight, the fust current meter station had been destroyed.

RESULTS

Figure 4 consists of contour plots of energy densitv for two
test areas (A &Djextracted from the digitized SAR data. Six contour
levels are given in 3 dB increments. The data is normalized to the
highest value found within the transform. The average depth for each
of 1.5 x 1.5 km? areas are indicated on Figure 4. Note the large
amount of low frequency energy on the contours even though the
data was extensively corrected to reduce the DC bias. The reason for
thesc low frequency components will be discussed later. These contour
plots have not been corrected for distortions caused by wave motion.
The SAR process distorts the apparent wavelength of waves moving
in the azimuthal direction and distorts the apparent direction of waves
with a velocity component in the range direction. A detailed description
of these effects and the appropriate corrections can be found in Raney
and Lowry ({977) and Shuchman, et al. (1979a). The contour data
presented was motion corrected and those results will be presented in
table form. There is a 180" ambiguity in wave direction measured
by SAR which was resolved by assuming the waves were coming from
the west and therefore propagating towards the shore.

Close inspection of the contour plots indicates dominant wave-
lengths of 43, 48, and 55 meters have been resolved by the spectral
analysis. Although, spectral energy was resolved at wavelengths as
short as 26 m, only the dominant wavelengths have been utilized in
the analysis. The general direction of wave travel in the nearshore
region is approximately 30 T. Note that wave refraction can be ob-
served when comparing the direction obtained in area D with the
shallow water area, A.

Figure 5 is a scan of Doppler history for stationary land and the
surf zone. Both scans used a ) x 1 km* aperture. The surf zone scan was
centered approximately 650 meters offshore. Note on Figure S how
the coastal zone (water) scan is displaced to the left of the stationary
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Area D (Depth=3! m)

FiGure 4. Contour plots of fast Fourier transforms (FFT's) of SAR
X-Band Lake Michigan wave data
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FIGURE 5. Plot of Doppler displacement caused by radial velocity
component of longshore current averaged over 1 km® area

(land) target. This indicates a radial motion away from the radar. Re-
call from Figure 1 that the radar was traveling with a heading of
270 T, thus, the longshore current sensed by the radar was in the
northward direction. The A" frequency which is used in Equation 3
is indicated on the figurc. This Af” is corrected for a bias caused by the
laser illumination in the SAR optical processor. A A’ of 0.55 Ip ‘mm
was detected, which indicates a current velocity of approximately
0.5 m/sec.

A summary of the incident surf zone conditions during the SAR
overflight is presented in Table 1. They were obtained by statistical
analysis of the 18-minute continuous sea surface elevation record.
A representative portion of this surface piercing wave staff record is
presented in Figure 2. A one-dimensional spectrum of this wave height
data, incident at the outer surf zone, is shown in Figure 6. The domi-
nant frequencies resolved by the spectral analysis are indicated on
the figure. In addition, the calculated wave periods and deep water
wavelengths are also shown on the figure for each of the major spec-
tral peaks. These correspond to deep water wavelengths of 13, 26,
36, 44 and 54 m, respectively. This analysis indicates the presence of
a multi-component incident gravity wave group with dominant periods
in the range of 3-6 s. Significant long-period wave components have
also been identified with the wave group. The periods of these low fre-
quency components are 17, 40 and a less significant peak at 59 seconds,
respectively and appear to resemble surfbeats (Munk, 1949; Tucker,
1950). These results are consistent with measurements of near.hore
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Table |
Incident Surf Zone Conditions at the Time of the SAR Overflight
Significiint Wave Height 0.95 (m)
5.9,5.3,4.8.4.0,2.9(s)
54,44.36.25,13(m)

Dominant Wave Periods

Deep Water Wavelength

Incident Wave Direction 57 -+ 5¢
Longshore Current Velocity 0.26 (m's)
Longshore Current Direction North (360 T)
Wind Speed 7.5-10m’s
Wind Direction 230°T

multi-component wave trains reported by Meadows and Wood (19801,

Incident wave direction and longshore current velocity were deter-
mined by a frame-by-frame analysis of synchronous motion picture
sequence from the shore based directionally-mounted camera. The
mean wave angle of attack to the beach was determined tobe 57 = 5
(T) and the mean longshore current velocity midway across the actis
surf zone was 0.26 m sec flowing toward the north.

CoMPARISON BETWEEN THE SAR AND SURF ZONE MEASURFMENTS

Table 2 provides a comparison between the SAR derived surf zone
conditions and the sca truth provided by the surf zone array. The
values presented in Table 1 represent surf zone conditions actually
measured at the shoreward edge of test area A. The wave directions
and wavelengths were then corrected for depth effects using classical
lincar wave theory. The depths used for the corrections are abva ind:-
cated on the table. The SAR derived results presented in Table 2 are
also corrected for the previously discussed motion distortions. The
excellent agreement between SAR observations and the surf zone
sea truth shown in the table indicates the following:

1. The dominant surface gravity wave wavelengths and direction
are obtainable from the SAR.

2. Thesc observations are in cxcellent agreement with sea truth.
even within the active surf zone.

3. Wave refraction can be observed with SAR and favorably com-
pares to the calculated refraction using classical linear wave
theory.

The SAR derived radial current velocity measurement of 0.5 m <cc
was higher than reported in Table 1 (0.26 m sec). However. recall
that the current measurement derived from the SAR was not taken
in the surf zone but was centered 650 m from the shore  Meadows

Table 2. Comparison Between the SAR Derived Surf Zone
Condition and the In Situ Sca Truth

SAR Derived Sca Truth*

E %
g 2 s & g g
g =z  £% 5 3 5
w3 S5 B85 EZo E- 3 g -
n [} 3 = - ~ -
Bt Z52 83 338 sc  z2 g
a8 41.72
A 900 105 43 3§83 437 342
538
B 220 14 s§ a3 437 30-2
55 55.3
C 4600 27 253 487 -2
48
55 §5.3
D 6900 i 48 253 457 28 -2

* Actual measurements made at surf zone, values for test arcas a-d are
depth corrected.
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(1977 and 1979), reports that under certain conditions, an increase in
longshore current velocity as one moves from the surf zone into
deeper water may be expected. As presented earlier, the SAR Doppler
measurement is a radial velocity and is denoted by a line of sight.
Thus, only rather coarse directional information is obtainable; in this
case, a current velocity away from the radar look direction (north-
ward flowing current). Two orthogonal flight headings and resulting
current measurements could greatly enhance the directional sensing
capability.

DiscussioN

The SAR spectrum data presented in Figure 4 are wave number
spectrum of the radar intensity and as such are not expected to have
the same appearance as the one-dimensional spectrum from the resis-
tance wave gauge (Figure 6) which was determined from wave height
and period data. Even if the wave number spectrum is converted to a
frequency spectrum or vice-versa, it is clear that the SAR spectra
examined here cannot be easily transformed to, or interpreted as, wave
height spectra. However, the wave number and direction of the peak
energy, determined from SAR spectra, agree very well with in situ
measurements. Synoptic availability of even these parameters is cur-
rently unobtainable by conventional ground-based measurements. This
addition represents a significant advance in large scale wave data
acquisition.

Both of the SAR derived wav- spectra presented in Figure 4
exhibit significant low frequency components. These components
were observed even after the digital SAR data was extensively
smoothed and the intensity falloff in the range direction was digitally
corrected. The low frequency (near zero wave number) components
could in fact be real components of the sea surface and will be
further evaluated in a follow-on study.

SUMMARY

Synthetic aperture radar (SAR) surface gravity wave data of the
coastal zone of a portion of Lake Michigan has been compared to
in situ surf zone wavelength, period. direction, and surface current
information. The comparisons were favorable, indicating SAR’s utility
as a tool to remotely sense coastal zone conditions. This could in
turn enable oceanographers to synoptically study the entire coastline
of large water bodies. This data could then prove useful in mapping
not only surface wave climates and currents, but also provide a
mechanism for rapid and large scale assessment of changes in coastal
conditions.

Specifically, this study has shown:

1. SAR derived wavelengths and directions are in good agreement
with sea truth,

2. SAR spectra taken in various water depths do correlate with
predicted wave refraction,

3. Longshore current direction and relative magnitude as obtain-
able from SAR Doppler history are in reatonable agreement
with sea truth, and

4. Low-frequency components observed on SAR spectra seem to
correlate with low frequency “surf beat” found in sea truth
spectral estimates.

It should be mentioned when utilizing SAR data such as presented
in this paper, that the SAR spectral estimates presented are wave
aumber-directional spectra of the radar return intensity. The data does
not represent wave height information, at least not in a recognizable
form. The modulation transfer function (i.e., SAR gravity wave
imaging mechanism) is not totally understood at the prgsent time. The
determination of the transfer function as well as determination of wave
height using SAR data will be a major scientific advance. At that
time, it would then be possible to use SAR gravity wave data to
obtain power density estimates of the sea surface.
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Analysis of MARSEN X Band SAR Ocean Wave Data

SHUCHMAN,' W. RoseNTHAL. J. D. LYpen.' D. R. Lyzenca.! E. S, Kasiscnke !

H. GUNTHER.,” aND H. LiNNE’

Analyss of X band SAR imagery collected during the MARSEN experiment indicates that the APD-
10 SAR system imaged both range- and azimuth-traveling gravity waves. However. only the near-edge
portion of the APD- 10 imagery provided refiuble spectral wave estimates. Numerous motion artifacts.
which munifest themselves as azimuth-oriented streaks, are visible on the data and are beheved to be
caused by breaking waves. Because of the large platform velocity, the APD-10 SAR data e relativels
nsensitive lo wave enhancement adjustmients performed during the processing of SAR signad
histories. A modulation transter tuncion to relate SAR-derived spectra to i situ measurements has
been developed. The transter tunction is smaller and falls oft more rapidly with wave number tor
azimuth-traveling waves than for range-traveling waves This iy a consequence of the smaller inherent
modulation for azimuth-traveling waves and the degraded resolution in the azimuth duection as o
result of motion effects and agrees. at least qualitatively . with theoretical predictions.

1. INTRODUCTION

The Maritime Remote Sensing Experiment (MARSEN)
was held in the southern part of the North Sea during August
and September of 1979, with the primary goal of further

developing remote sensing techniques for the retrieval of

oceanographic information. The data collected during this
experiment included both remotely sensed and in situ mea-
surements. Among the remote sensing instruments used at
MARSEN were synthetic aperture radars (SAR's). Both X
band (3.2 cm) and L band (25 ¢m) SAR data were collected.
In this paper we analyze only the data taken with the X band
SAR.

The purpose of the SAR participation during MARSEN
was to better understand the SAR imaging mechanism for
ocean waves. This paper presents an analysis of the data
collected by APD-10 SAR systems mounted in RF-4 aircraft
operated by the United States Air Force of Europe
(USAFE). The analysis consisted of (1} examining the
effects of scatterer motion on both the wave imagery and the
resulting spectra, (2) studying the etfect of aircraft heading
on the SAR-derived spectral estimates. and (3) performing a
comparison between the SAR-derived and surface-measured
spectral estimates. including the development of a modula-
tion transfer function (MTF) 1o relate the two measure-
ments.

Previous experiments with aircrait SARs have shown that
it is possible to detect the dominant wavelength and direc-
tion of a surface wave field [Shemdin et al.. 1978 Gonzale:
et al., 1979: McLeish et al.. 1980; Pawha et al.. 1980}, The
shape of in situ and SAR-derived surface wave spectra.
fhowever. show large differences. It is theretore worthwhile
to took for a functional relationship between in situ and SAR
spectra and to determine the dependence of that relationship
on the relevant environmental parameters. This paper pre-
sents first results of such investigations. It does not derive
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them from theoretical assumptions about the mapping mech-
anism but uses available sea truth to estabiish quantitatine
empirical relationships with the SAR image

In this paper we present first o desenption of the MAR-
SEN test site und APD-10 system. This s followed by @
discussion of the effects of ocean scatterer motton on the
resultant SAR images. Next. spectrul comparisons between
the SAR and in situ measurements are presented. Finally.
the development of a modulation transfer function v dis-
cussed.

2 Data DEscriprton

The APD-10 is a high-resolution. airborne, side-laoking
reconnaissance SAR operating at X band 13.2 ¢cmy. The APD-
10 is the radar portion of the UPD-4 system. which mcludes
a ground-based SAR processor. The APD-10 SAR data were
recorded on 24-cm film in four subswaths. Each subswathas
nominally 4.6 km in width, with aun additional 046 km
overlap between adjacent channels. The nominal operating
parameters for the APD-10 at MARSEN uare histed in the
following table.

APD-10 Radar Parameters for MARSEN Flighi~

Wivelength Do m
Freguency Y4 GHy
Polarization HH thorzontal transot hor-

Pulse width

FM rate

Average pover

Swath width

Nominal processed resolution

Platform altitude
Near-edge slant range
Far-edge slant range
Near-edge madence angle
Far-edge incidence angfe
Platform velocity

sonta) recened
09 s
10S M, us
W
I8 S hm
mosfant ranpe
Tmoazimuth
A hkm
46 hm
232 hkm
a3
K2
Moms

Synthetic aperture radar is a coherent imaging device thit
uses the motion of a4 moderately broad physical antenna
beam 1o syathesize a very narrow beam. thus providing fine
azimuthal Galong-track) resolation [ Harecr 19700 Brown and
Porcello, 1969]. Fine range  (cross-tracky resolution s
achieved by transmutting cither very short pulses or longet

9787
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Fig 1 Bxample of opticalty processed APD 0 macery collecred on Sepremper 28 1979 b the consthine of Svh

coded pulses that are compressed by matched filtermg tech-
nigues mto cquivalent short puises

The APD-10 svstem s a topical SAR inthe sense that the
amplitude and phase histors imtormation of the retnined
hackscatter is recorded onto photographic ilm (sienad fifm
aboard the aireraft These recorded duta are utihzed
processing the SAR signad Himoto image tlme by uaing
standard optical processing techmques [Kosma cral 1972
and digitizing the SAR iage data by usime the FRINM Hy bed
Image Processing Facihty [Ausficrman o al 1975

Typically . the RE-4 arcratt on which the APD 10 was
mounted flew a nussion (or liner consesting of o bour o e
sided box or star pattern over the test site. Tis was done 1o
determine the sensitiviiy of the SAR ook direction tor
detecting gravity wanes. Fach mdividual change of aireraft
direction is referred 1o as a pass of data wathm o hine The
IR S-km swath of data consists of toun subswaths . desienated

ACBOCoand D the neanr-edee subswath beme oo the e
Cdge bemg subsswath D Davg the MARSEN cypenmmen:
the APD O imaged over anadence angles tanging tnon
approvimately 40010 8O Frome Toginves an ovample of the
APD-10 data collected oft the island of Syt

SAR magery collected dinmg seven sepatate missions
over o test sites were processed at ERIM D These test sires
were twomstrumented towers i the Geeman Bieht i the
North Sea. One tower (Nordsec was Jocated approvimuaels
RO K west of the German isband of Syl the other towet
ENoordwih was siated approvamately 10 ko west of the
Dutch coust. A Chant showing the gencral 1est sile e i~
shownon Frzure 2 Presentedm Table 1are the environmen
tal conditions dunng the seven S AR date collection thebis
Note ftom the table that daning the expeament the waves
tanged in penod om S8 e N0 and i siemhoant s
heeht trom 10w 12 m The tanee of winds present yand
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Fig. 2. Chart of the southern portion of the North Sei. showing the location ot the Nordsee and Noordwih ro warch
towers
1 from 3.5 to 10.3 m's. Data collected at the Nordsee research removed during processing may reduce the doet bty of

tower during lines 7. 10, and 12 are presented in this paper.
The environmental data came from ships and buoyvs oper-
: ating near the Nordsee tower. Located at the tomer was &
i wave gauge combined with an electromagnetic current meter
tmounted 4 m below the surface) so that the surface eleva-
| tion and the orbital velocity would be measured at the same
time. These data time series were collected by S, Stolte from
the “Forschungsanstalt fur Wasserschall and Geophysik der
Bundeswehr,” who made them available to us, These time
series were then used to caleulate the varnance spectrum of
the surface waves together with the mean direction for a
variety of frequencies. This in situ data was extensively
compared to the SAR-derived spectral estimates.

3. EFFECTS OF SCATTERER MOTIONS

Synthetic aperture radars are sensitive to velocity compo-
nents present in the imaged scene [Raney. 1971]. Effects of
wave motions present in SAR imagery may include ¢ 1) image
displacement. smearing and loss of focus in the azimuth
direction. and (2) loss of focus in the range direction. Some
of these effects can be removed during processing of the
SAR signal histories by making appropriate adjustments to
the processor [ Sueclman. 1981). The effects that cannot be

gravity waves and can also influence the w
estimates from the SAR. as discussed i sectn

Loss of focus in the range direction s due to nof
the phase history of the target e, migratton th range
cellsh This Joss of tocus is proportionad to the range veloan
and the integration time and can be corrected by a rotation of
the Jenses i the optical processor. assuming the range
velocity of the target is constant during the integration time.

Loss of focus in the azimuth direction can be caused by o
constant velocity in the aztmuth directon or o changing
velocity (1e.. an acceleration) in the range direction. fhese
effects can be corrected by a change in the wzimuth focus
setting of the processor. assuming that the azimuth selociny
and radial acceleration are constant. Since they are hoth
mversely proportional to the plutform velocity | these eftects
are expected to be less important for the APD-10 thun tor
lower-speed aircraft SAR systems.

The effects of tmage displacement and smearing are not
correctable during processing. An image displicementin the
azimuth direction occurs as a result of the range velocty of
the target. Since the range velocities of the scatterers on the
acean surface vary with position, the resulting ditferential
displacement (velocity bunching) can cause the wave image

spectrad

“Direchion waves are propagating towards
Hrection wind i~ coming from

FABLE 1. Summary of Environmental Conditions During MARSEN APD-10 Duta Collection Fhghts

Wave Parameters Wind Conditions

Propagation Dired

Penod. Frequency. Direction”, Heght, Speed. ton® .

Lane Duate Arca . Hs true m m s true
6 September 28 Noordwijk 8.0 0125 150 1.0 13 LRyl
? September 28 Nordsee 7.8 [INRE 138 1.2 02 2N
R September 28 Noordwijk 4.7 02N 130 1.0 1R 200
0 September 28 Nordsee 7.8 0.1 133 1.2 T8 2o
1 September 27 Noordwijk 5.8 0.182 150 1.0 R2 290
12 September 27 Nordsee 7.1 0.141 m 1.0 103 290
13 September 27 Noordwitkh S.s [IREN 150 1.0 X2 i1}
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Fig. 3. Azimuth resolution i~ o function of radar runge for the
APD-10 system, assuming two sadues of the coherence time (1)

to be either enhanced or degraded. depending on the viewing
geometry and the SAR system parameters [Alpers o al.,
1981]. This effect is probably not extremely important for the
APD-10 data collected at MARSEN because of the refatively
large incidence angles and the high velocity of the platform.

When a given resolution cell contains scatterers moving at
different range velocities. each scatterer is displaced in
azimuth by a different amount. resulting in a smearing or loss
of resolution in the azimuth direction. This effect is particu-
larly important in breaking seas and is iflustrated by the
streaked image features appearing prominently in the MAR-

- Arrrafe Flhignt Direction

3

SEN SAR imagery . These observed streaks will be din-
cussed 1 detat] Later i this section. This foss of resolution s
not recoverable dunng processing and appears to be the
primary himiting factor in the ability of the APD-10 (0 image
vcean waves at MARSEN.

The effect of a range of velocities AV, within o resolution
cellis equivalent to the coherence ume effect discussed by
Raney (19801, with a coherence tme €71 given by

A
T - th
264,
X bund coherence times on the order of 100 710 10« have
been meusured for condibons similar 1o those encountered at
MARSEN {Deloor and Hoogeboon . 1982 The effective
azimuthal resolution s given by

. Ay AR
o TSI o
28 V-
where A i the radur wavelength. 8 s the antenna beam-
width, R s the runge. and Vs the plattorm velocits . The
resolution is plotied versus range for the APD-10 syatem tor
both =~ 10 “sund 7 - 10 "< in Figure 3. Note that for « -
107 5. the resolution becomes equal to the waselength of
the dominant waves at MARSEN g.e.. 90 mi at shout the
middle of swath B, Thus azimuth-traneling waves of this
Jength would not be imaged in swath B under these condi-
tions. Range-traveling waves are not influenced by this Toss
of uzimuth resolution und are theretore imaged at larger
ranges. This effect v in fuct observed in the APD-10 imag-
ery. as shown in Figure 4.

A, Processor Adjustmoents

Previous studies using aircraft SAR dita have shown that
the visibility or detectability of gravity waves is ofien
sensitive to motion compensation adjustments made during
the processing of SAR signad histories [Sheeciimien. 1951
Kusischke and Shuchman, 19810 An aspect of this study

Sub-Swath B (b)

Sub-Swatr A {n

Fig. 4. Examples of APD-10 wave imagery from line 7. subswaths A and B for azimmuth-travehing tab, and range-
traveling waves (h.
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was o determine o SAR data collected By the APD 1o
system are also sensitive to these motion compensation
adyustments.

Iwo SAR processor adiustments were evaluated by using
the MARSEN APD-10 data set 1o determine o the SAR wine
imagery could be improved. These processor adjustments
mnclude (0 an azimuth focus sht to correct for azimath
veloctties and runge accelerations and (2 a telerottion
adjustment to correct tor runge walk. These two processing
adjustments were varied during the optical processing so as
to determune the sensitivity of SAR data collected by the
APD-10 sy stem to focas adjustment techniques. These focus
adjustments are inversely proportional to the seloants of the
SAR pLittorm. Since the RE-4 has a high platform seloaity
t 210 m ) the adjustments. it necessary L are probably guite
smadl and the etfect on SAR imagery guite subtle.

Azimuth tocus shifts were used on SAR dati for wines
travehing perpendicular o the radar line of sight. and range
telerotation adjustments were used tor waves trivehing pare-
altel o the radar ine of sight. For mtermediate cases
combination aztmuth tocus skt and range telerotation wd-
ustment was osed. For calculiation of the azimuth tocus
shitts, the runge walk corrections. and the combination
azimuth and range corrections, a tumily of velociies was
used that ranged tfrom i stationary target 1o twice the phase
veloaity of the gravity waves present. The direction of wane
propagation was not assumed. thus positine and negitive
veloaity corrections were tested. This resulted nnine velog-
1y values bemng used for each of the enhancement tests. In
allsatotal of seven passes of imagery from three tines were
evaluated,

Lo measure wave visibthiv . g crest-to-trough contrast
measurement called a peak-to-background ratio (PBRY s
used. A PBR s obtiined by measuring the peak intensaty of
the two-dimenstonal Fourter transtorm of the SAR wane
mage and dividing that peak by the fowest intensiny at the
same wave number [Kavisc the and Shuchman, 19811,

Five separate PBR measarements were obtaimed for cach
telerotation. tocus shitt, or combination setung. By running
a statistical analysis of varance test [Shotic. 1959) on the
PBR'~ trom o set of focus adjustments, o deternunation w g
made iy to whether the adjustments resulted i agmiticant)y
higher PBR'S. hence improved wave sisibility on the SAR
IMagery .
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Fig. S Wave peak-to-background ratio as o tunction of azimuth
focus shifts for hne 7. pass 4 data,
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Frgure S represents o graph ol the PBR versas aane
focus setting tor hne . pass 3 datas Fagure 6 s o s
graph. which shows the relationship of PBR w0 range tocas
adistment. The data utihzed i this example s trom ime -~
pass 20 The results of the azimuth tocus shiat and ranee
telerotation adjustments indicated the APD 1O Y band S AR
imagery was relatnely isensitine tooazimuth tocns shitis
and somewhat senvitive o range telerotation adiustments
This result s due 1o the high plattorm selocny o the 13
atrerad 2 m o In most cases the aistnibinon of the ning
velocity settimgs versus PBR ron cach of the thiee tapes of
enhancement) gave an mdicabion o~ to which dinecthion the
waves were trinvehing hecause the corve was shewed i that
direction.

B, Azinuah Streakinge

Fhe APD-10 SAR data collected over both <halicw and
deep water shows numerous bught streahs i the ong-track
or azimuth direction, These streaks become fonger and more
apparent as the range orimadence angle indieases. as ~shown
i Figure Toand trequently obliterate the swan e miages m the
further subswaths. They are apparentiy refated to the sea
spike” phenomenon noted i consentionad tadiar observe-
tons of the ovean at Large madence angles [Lone, 1974,
Lewiv and Olin, 1980), These features appear mote promi-
nenthy at tar runge because the Bragg scattening hackeround
talls rapidly with increasing incidence angle while the return
from the streahs remanns nearly constant. An analy sis of this
phenomenon s presented in the compamon paper [/ oonea
and Shuchman, 1983 and the imphications ot this streakhimg
for the wave imaging process are described a0 this section
and section 4B,

The effects of these features on the SAR image specttum s
to add a background component that has o spectial shape
deternuned by the length, or resolution, of the sticaks 1t the
streaking s not <o osevere as o campietely obhiterate the
wave mmage. this bachground component van be remosed by
the methods discussed in the tollowinge secuon However.
when the streak lengths become comparable to the azimuth
component of the wivelength, the wave information s
effectively ost, This streaking, dong with the loss of aae
muth resolution of the wave component atselt, hinuts the
range of mcidence angles over which wave imageny can be
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obtwined. as discussed in section 43, below . Fhe relationship
hetween the characteristics of the streaks and the SAR
modulation transfer function for ocean waves s curreth
under s estigation,

In addition to thoir negative impact on the wave imagimg
process. these features auy be usctul indicators of the sea
state. A comparison of the freguency or number densits of
the streaks with an it measurements of wave breaking
floneuecr-Hhicems and Smith 1983 s under wany and wall be
reported in the near tuture.

4 SAR VS IN SO SPEC TR COMPARISONS

Fhis section of the paper compares the SAR-derinved
spectral estimates withan situ oceanographic measurements
Fhe surface-based spectria were obliuned by processing data
collected by a wave gauge and current meter wiich were
operating during the SAR overflights ot the Nordsee Tower
Recall that the SAR-derived spectri are in wave number
space. while the surtface-based spectra are givenan freguen:
¢v. Prior to making any comparisons between the two, one

estimiate has 1o be comverted to the other s domuan | os this
study the surface-measured specttal estimuates wete convert
cd o wave number space assuming o dispersion relationstoap

of the form

' tanh Ad Y
N

appropriate tor mtermediate water depths where 7 s the
wane frequency, voas the aceeleration of grasity o ais the

2o and s the water

wavelength, 4 s the wave number
depth tassumed to be 30 o

The SAR data used in thes study were collected dunine
hines . 100 and 120 These SAR signal fims were opticaliy
processed nto pmage Blm by using the BRIV Preasion
Optical Processor (POPY These mmage tilms were diminized
with am samples by the FRIM Hyvbnd Image Procesang
Facilny (HIPHY, by Awshicoman o oal 19T
Digital spectiat estimates are produced trom S12
(83 - LS ke subsets of these digital ditas Priot to spectia

descrthed
P2 piaed

H-6
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TABLE 2. SAR Versus Sea Truth Compansons

. Surtuce Observed
Aircraft Meusured*® SAR Derped Differences
Heading, L T
fane  Pass “true f.Hz A.m . true Ao m H. true Ao m Mo uue
N Syit 297 0.133 K6 138 &6 [RX) 0 2
| 283 2 (R3] < h 4
2 056 &l 1 26 26
3 191 Rh 131 0 4
4 17 L13 130 0 <
A 102 1oy 147 . N
10 | 2¥3 (0.133 86 [RR Y9 14% 12 1<
2 0s6 9| 129 -8 4
3 194 103 129 <17 4
4 327 109 1<2 <23 S
s 102 130 182 34 1
12 Syt 297 .11 78 77 78 82 3 h
I W3 7s # : H
2 0se6 75 7R 3 -
3 191 &Y 6} -1) 16
Mean Tk 41

Standard Deviation 166

*The surfuce-measured wavelengths were derived assuming a water depth of 30 m.

generation. these subsets undergo corrections for slant runge
distortion and to remove long-period variations of intensity
in both range and azimuth. The data is also smoothed by
using a 4 x 4 pixel weighted filter. which reduces the
coherent speckle found in the imagery and also reduces the
number of samples by a fuctor of 2 in cach dimension. Two-
dimensional fast Fourier transforms (FFT s) were performed
on each 256 x 256 cell subsection to vield raw directional
wave number spectra with a Nyquist wave number of (.52
m ' The raw spectra were smoothed by replacing cach
value with the average of the surrounding § x S cell. The
approximate number of degrees of freedom for the resulting
spectrum is 142 {Kinsman, 1965}, and the 9977 confidence
limits are 2 1.5 dB [Jenkins and Watts, 1968).

The surfuce measurements used for comparison with the
SAR were obtained at the Nordsee tower. coincident with
the SAR flights. These measurements were made by a wave
gauge coupled with an electromagnetic current meter so that
simultancous measurement of surface elevation and orbital
velocity could be made with a sampling rate of 2 Hz, From
these time series we were able to calculate the vartance
spectrum of the surface waves as well as the mean direction
for 128 intervals equally spaced from 0 to 1 Hz, following the
method of Forristall ¢t al. [1978). Ten of these spectra were
averaged 1o increase the degrees of freedom to about 30,

Presented in Table 2 is a comparison of the dominant
SAR-derived (subswath A) and surface-measured spectral
estimates for lines 7. 10, and 12, Line 12 was flown on
September 27 from 0840 to 0917 GMT. The surface wind
speed during this flight was approximately 10 m/s. from a
direction of 290°. The surface-measured wave spectrum had
a peak frequency of 0.141 Hz propagating at 77°. which
corresponded to a fully developed wind-generated sea. Be-
cause of the recent passage of a storm, the dificrence
between surface wind and wave directions during the flight
was 33° which results in a change of wave direction with
frequency so that the higher frequencies become more
aligned with the wind {Hasselmeann ¢t al.. V980 Gunther et
al.. 1981]. Lines 10 and 7 were flown on September 28 from
0938 to 1035 and 1121 to 1222 GM . respectively. The

H-7

surface conditions during lines [0 and ™ were very similar,
with surface wind speeds and directions of 7.3 and 7.2 m
and 270° and 280°. respectively. The surtace was e condinons
were also almost wdentical. with cach having 4 peak frequen-
cy of 0.133 Hz and directions of 133 and 135 for lines 10 and
7. respectively. This wave frequency s well beneath the
Picrson-Moskowitz frequency for the prevaling wind speed.
Upon examination of the surface-measured spectrum and
the wind conditions prior to the flights. 1t was concluded that
these conditions represent the typical situation of 4 wave
spectrum after a recent decreuse of the focul wind speed.

From Table 2 it appears that the APD-10 SAR operatng at
MARSEN was able to detect occan gravity waves with an
accuracy of 16.6 m in length and 16.8° in direction once the
mean biases were removed. Consistent with past studies the
SAR-derived waves were shightly tonger than the in siu
measurements. The queston of SAR-dernived spectral esn-
mate accuracy as a function of radar took dirccnon will he
discussed in more detail below,

A.  Wave Detectability vs. Radar Look Divection

As previously mentioned. multisided SAR thght patierns
were flown during MARSEN. An exumple of this pattern
shown in Figure 8 for line 7. This figure is o diagram of the

N
\
wind

Speed 7.2 m/s
Direction 280° (True}

o ’

Pertog 7 5 vec
Direction 1357 {Trye

)
Fig. 8 SAR collection geometts for hne 70 passes 1 5 Ao
shown are the surface environmental condihons during the data
colfecnion
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Pass | Pass 2

Pass 3

Fuz. 9. Opucally processed APD-10 gravity wave imagery from subswath A for line 7. passes 125

collection geometry for five passes from line 7. Figure 9
shows imagery for a section from cach of these five passes.
Figure 10 presents two-dimensional contour plots of the
FFT's produced tor each of the passes described in the
previous section. Each contour on these plots represents i 3-
dB (50/7) decrease in spectral inteasity {rom the previous
one. On the plots the azimuth direction is the horizontal axis.,

and the range direction is the vertical avis. The SAR-dernved
dominant wave i represented by the highest contour on
these plots.

Past studies in SAR imaging of ocean wanes hine shown
that range-traveling waves are more clearly imaged than
azimuth-traveling waves [Shemdin ¢r ol 1978). 1t should be
noted that the waves in these past studies consisted of swell,

Pass 1 Pass 2 Pass 3
~ o o~
@ T o
o [~ o
] 1 ;
1 | ‘
m | 1
7 ! 1
® 1 -
Qo Evo ! ??" Y %
s o ss | ro” !
B * | B ‘ %
4 ‘ -
i { -
~ ~ ~
wy w o
. - T Y T Ny T T T T L - r T Al A al
9 -0.52 0.0 0.52 ?-0.52 0.0 0.52 -0.52 c.2 Y
kazimuth kdl"muth kuvmu:»
Pass 4 Pass 5
~ ~
ot o
o ] s T
- l -4‘
-{ }
- * }
%o S \
2o 2o ;
X 4 £ ‘
1 !
J i
|
p ~ |
% L B— —
<.0.52 0.0 0.52 ?-0.52 0.0 0.52
azimuth azimuth

Fig 10, Two-dimensional contour plots of the fast Fourier transforms (FFT™S) prodaced from the digitized imagens
shown in Figure 9.
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Fig. 1. SAR-dertved winelength estimates (A3 versus wave
angle off range for hines 7. 10, and 12, Included vn the plot us dished
lines are the wavelength estimates based on vartace measurements
The error bars indicate the accuracy for the surface measurements
and a single pass of SAR data. These error bars were based on the
resolution of the spectra trom both instruments

not wind-generated waves as were present at MARSEN.
The accuracy of SAR-derived spectral estimates as a func-
tion of the radar look direction. however. has not been
rigorously studied. To address this guestion. the SAR-
derived spectral estimates summanzed in Table 2 were
plotted versus the relative look angle from purely runge-
traveling waves. based on surface measurements tor both
wavelength and direction. These plots are shown in Figures
11 and 12, respectively. Also shown on the figures are the
surface-measured waves for each line. Note that these plots

1ignore up or downwuve differences. By display ing the datan
this coordinate system. 1t was hoped that any systuimatic o1
periodic bias in the SAR-dernved spectral esumates caused
by changing look direction could be ascertined B vamingg-
tion of Figure 11 shows that the wavelength estimates trom
the SAR appear to be rundomly scattered as o tunction of
rudar look directton. With the excepnon of tour poimnts. the
wavelength estimates are all within 20 m o the surtace:
measured values. It s anteresting to note the vanabihty
between hines 7 and 100 which were flown with neatly
identical geometnes. This suggests that the vanabafity of the
SAR wavelength estimate at i given fook direction s on the
order of the variabifity of SAR-derived waselength estimates
as a function of look angle.

Examination of Figure 12 shows simlar results 1o bgure
11, that is. the variability between the SAR-derived wave
directions tor hines 7 and 101s on the order of the vartabiliny
of the directional esumates across the whole range ot angles
The line 12 estimates shown on Frgure 12 do not appear very
accurate. Three more range-trayehng passes show a mono-
tonie increase in directional difference to the surtace-mea-
sured values with increasing angle off range. but the an
muth-traveling pass s very close to the surface-measured
value.

Several points should be made wbout Freures Hand 12
We have assumed the wrcraft headings, as recorded in the
flight log. 1o be correct. Past expenence has shown this
assumption to he a possible source of erroriaf that s true in
this case. the results of Figure 12 wall change We have abso
assumed a constant water depth of 30 moaf not vahd. this
assumption would alter the surface-dertved cidues in Freure
{1 as a function of pass location (e, water depthy. Finalis .
we have based this analvsis on a limited set of passes with
somew hat random ook angles with respect 1o wave propaga-
tion direction. To adequately perform this sort of unalysis.
wave imagery should be available with 10 antervals trom
purely range-traveling to purely azimuth-traveling waves.

2
- -1 ® Line ?
.d od ® (e 10
K .5 & Line 12
b=
S
b o o e e o e e e e e e e o e e e e o o
e e e o o o e o ey s e e (@ Sy | - e o e i e oo
[ ») .y
2 o3 .t
e
; 84 .
o
p
S Y ¥ SO
2 83
s Syle
[ B}
2 T T T e 7 T
0 15 x» 45 60 5 90

wave Angie Gff Range

Fig. 12, SAR-derived directional estimates (M) versus wave angle off range for ines 710 and 12 Included on the
plot as dashed hines are the directional estimates based on surface measurements The erron bars indicate the directional
spread of the surface measurements und the average  3-dB contour width of the SAR-detived spectig
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By 130 Wine peakto-bachground ratio sersus radar ook
rection for ltine 7. passes 125 Reter 1o Figure 8 for the collection
geometry and Figare Y tor representative imagerny from cach poss

Ideally . this data would be gathered over o tull 360 This
type of data set would be usetul in evaluating and descloping
SAR wave imaging theones. Recent examination of Marine-
fand SAR data, where more data pomnts were availuble than
MARSEN. shows that azimuth-travehing waves are consis-
tently imaged as being longer than range-traveling waves
|Shachman ot al.. 1983,

The sensitsvity of wanve vistbiliny with respect to radar look
direction was evaluated by using the PBR method described
in section 3\ The PBR'S from the enhancement tests
consivently showed highest wave contrast resulung from
SAR images of range-traveling waves and lower vadues
resulting from azimuth wases. It has been previousty repaort-
ed [Telehi et al.. 1978) that SAR'S. particularly when operat-
ing at £, bund. will image range-traveling waves more clearfy
than azimuth waves. Using line 7 data, PBR measurements
were obtained from subswath A in the same general focation
around the Nordsee Tower for cach of the five passes.
Figure 13 shows a graph of the PBR value obtained versus
the orientation of the waves with respect to the radar look
direction (see Figure 8 for the collection geometryh. Note
that two curves are presented on the graph: one indicates
PBR versus the sea truth direction, while the other is PBR
versus the radar-denived value. A sero-degree value on the
graph indicates azimuth-traveling waves. Analysis of Frgare
13 indicates that (1) SAR images range-traveling waves more
clearly than azimuth-travehng waves, (2) SAR images waves
more clearly when they are moving toward the SAR than
when they are moving away from the SAR (el pass |
versus S or 2 versus Yoand (3 the APD-10 X band SAR
imaged gravity waves during line 7, regardless of radar fook
direction.

B. Wuave Detectability vs. Incidence Angle

The effect of varying incidence angle on the detection ol
gravity waves was also evaluated by using this APD-10 data
set. Recall that the APD-10 system collects an 1R.5-km
swith in four subswaths where the incidence angle varies
from 43 1o 82", Figure 13 shows contour plots of FETS
obtained from cach of the four subswaths for pass 3 from line
12, The corresponding imagery was previousty shown as
Figure 7. It is apparent that an azimuth-oriented artitact
becomes more pronounced as the incidence angle or range to
the ocean surface increases tice.. trom subswath A 1o
subswath D). In fact the spectr in swaths C and D are

completely dominated by this artifact. Over this siame e
val, the grasvity waves of interest become toss visible. and
the azimuth-orented streaks can lead to o pereenved tange-
trivehng wave. Thus, because of these streaks on the
MARSEN APD-10 tmagery and the relative fadimg ode
creased contrast of imaged gras ity wives with ranee. accn-
rate wanve estimates can only be extracted from subswath A

( Modulation Transter Function

As part of the MARSEN data anady s anattempt was
mide to estiabhish an expenmentad relationship between the
variance spectrum of the radar image S and the wave
height spectrum WA Lhis relaionship s most likelhy nontin-
caran the sonse that 1t s dependent on the total shape of
WAy instead of the value at one single A value. However. i
may be possible to descrrbe the spectral shape Py smuadl set
of characteristic properties (ot vample. the averaged fie-
quency. direction, and spectral widthy and use these as
parameters 1 the mathematical descoption of the mappimg
from Weky into Sed) or vice versa.

The spectrum of the SAR image includes both the desired
wave information as well as contributions caused by SAR
system nose. speckle effects. and imaged point scatterers
Thus, i order 1o provide o more meaningful companison
with in sity measured wanve height spectri, the SAR image
spectra were partially corrected by subtracting off the com-
ponents caused by speckle. svstem noise. and muaged point
scatterers. The sum of these three components was estimat-
ed by exanmuning the spectrum in the wuve number guadrants
not containing the dominant wave and by assuming symme-
try in the background spectrum with respect to the &, and 4
axes. That s, the corrected image spectrum is given by

Sthochy - LA Ay - LA k) (B}

where £,th, oA 1as the ttotaly measured spectrum, and [tk |
Ay is the background spectrum estimated from 7,0 A & vor
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Fig. 15, One-dimensional modufation transter function (' as o
function of wave number for a nearly azimuth-traveling and 4 nearls
range-traveling wave.

Ith,. ~k,). This corrected spectrum may be written in polar
form (i.e.. S(A. #) and then converted into a one-dimensional
spectrum

S(hy = & Sth. 6 dv 5

Jo
using the coordinate transformation
) S i L 61

and

6= tan 'k A (]
and this quantity was then compared with the in situ
measurcd wave height spectrum Wih) by calculating the
modulation transfer function.

The terms “modulation transfer function.” ‘mapping trans-
fer function.” and just “transfer function” are used somew hat
ambiguously in the radio-oceanographic literature o deaote
the relationship between the ocean wave information mea-
sured by a radar and the physical surface descriptions
usually measured by conventional in situ instruments,.

In the linear modulation theory developed by Keller und
Wright [1975] and Alpers and Hassehnann [1978). the radar
return for a monochromatic ocean wave is written as

miy
PPyl - T‘ cos (- &) (8}

or
P = Pyt - R costf - 19)

where m is the modulation transfer function defined by
Keller and Wright. R is the modulation transfer function
defined by Alpers and Hasselmann. V, is the mavmum
orbital velocity of the wave. € s the phase veloontsy . {1 the
angular frequency. and (o 18 the amplitude of the wave.
Thus, these two modulation transfer functions are related by

m -~ (R k) 1

where & s the wave number of the wave.
When the sca surface s described in terms of 4 wave

H-11

PR

height spectrum nstead of & monochromatic wave. the
modulation transfer function describes the relationship be-
tween the wave height spectrum and the signal spectrum
measured by a radar. According o Alpers or al. {1981 the
ratio of the SAR image spectrunt S(A,. & 110 the wasve height
spectrum WA, A1y equid to the square of the modulation
transfer function. i.¢..

Stho Ay

s h
Wk, A
where Roncludes a veloaity bunching component that s
assumed to be linear. However. i tus Monte Carlo modehng
work. W Afpers (personal communication, Y9821 appears to
use a different definition for the moedulation trunster tunction
and refers to the quantity R defined by (11 as 4 “speatral
mapping tunction.”

For the compansons presented in this paper the detini-
tons represented by (109 and (1) are combined to vield the
one-dimensiona) modulation transfer funcuon

1 St P

no- = AN

AW
where £ is the mean signal intensity . This function 1~ plotted
versus wave aumber in Figure 15 for two casesacluding o
nearly azimuth-traveling wave and a nearly range-trineling
case. Note that the modulation transfer funchion s smaller
and falls off more rapidiy with 4 for the azimuth-traneling
wave than for the range-tranvehing wave, This s direat
consequence of the lower inherent modulation tor azimuth-
traveling waves and the degraded resolution in the azimuth
direction as a result of motion effects. und 1t agrees. at least
qualitatively. with theoretical prediction.

S0 SunnvaRry

This analysis has indicated that the APD-10 SAR syvs1em
imaged the dominant gravits wave component present Jur-
ing the MARSEN cexperiment. afthough only the tirst. or
near-range. subswath of the APD-10 sy stem produces reh-
able wave estinntes. Dominant wavelength and directiona!
information was obtainable independent of the radar fook
direction. although range-traveling waves are more clearh
vistble on the imagery than azimuth-tray ehing wises. based
on the wave contrast criteria used in this study .

The MARSEN X band SAR data set. although limned.
offers a unigue opportunity to study the effect of rudar fook
direction on the detectability of wind-generated waves and
the accuracy of the SAR-derved was elength and direction
Past studies in SAR imaging of” occan wases, stch as
Marineland [Shemdim et al.. 1978] GOASEX [Goncale s ot
al . 1979] and JASIN {Vevecky er af.. 1YR2). have generally
shown that dominant range-tras eling swetl i more frequent -
Iy imaged than azimuth-tray eling swell and that the domipan
gravity wavelength and direction 1s more accurately esumat-
ed for range-traveling than azimuth-traveling waves. Ow
MARSEN X band analy<is has indicated that the accuracy ol
SAR-derived dominant wavelength and directional estimates
is tndependent of radar look direction. although range-
traveling waves have higher peak-to-background ratios than
azmuth-traveling waves, This s probably because A band
SAR data collected by a higher-yelovity aireralt was used ot
MARSEN than at previous expeniments. thus nunimizing
motion effects. However, the reades s cautioned 1o note
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differences an enviconmental conditions as well as SAR
system parameters used in these experiments.

The analysis has also indicated that the APD- O systemoas
relativelv insensitive to wive image enhancements per-
formed during the SAR processing. The enhancement ad-
justments. which are imversely proportional 1o the SAR
platform velocity. compensate for mouon of the ocean
waves during the SAR observation tme. Although SAR data
from the APD-10 system s insensitive to the wave mouon
correction algorithms. numerous motion artifacts are vistble
on the data. These artifacts. which appear as azimuth-
oriented st eaks on the imagery . are more pronounced in the
far subswaths. They appeur to be ciaused by velocity vana-
tions (or coherence ume) of the oveun scatterers. One
possible source for these image artifacts is breaking waves.

The extraction of information on the wave height spec-
trum from the SAR image has also been investigated. The
shape of the SAR-derived spectrum of the wave field i<
different from the shape of the wave spectrum obtained from
surface measurements. A trunsfer function to relate SAR-
derived spectra to in situ measurements has been developed.
The transfer function is smaller for azimuth-traveling waves
than for range-traveling waves, and it talls off more rapidiy
with wave number for the azimuth-traveling wave. This is a
consequence of the smaller inherent modulation for azimuth-
traveling waves and the degraded resolution in the azimuth
direction as a result of motion effects, and it agrees, at least
qualitatively. with theoretical predictions.
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