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PREFACE
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Winokur.
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A. Shuchman and Mr. Eric S. Kasischke. Mr. Richard W. Larson
directed the SAR calibration efforts. ODr. Philip L. Jackson and Mr,
James C. Clinthorne performed the preliminary engineering analysis
of the SAR data. Dr. David R. Lyzenga assisted in the development
of the SAR data analysis plan, and prepared the section on SAR image
modeling.
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SAR DATA COLLECTION AND PROCESSING SUMMARY
‘ 1984 SARSEX EXPERIMENT

1
INTRODUCTION

This report presents a summary and preliminary engineering as-
sessment of the aircraft synthetic aperture radar (SAR) imagery col-
lected during the 1984 SAR Internal Wave Signature Experiment
(SARSEX). This experiment was conducted between 27 August and 7
September 1984 at a test site located approximately 100 km south of
Long Island, New York (see Figure 1). The overall objective of this
experiment was to generate a data base which can be used to further
investigate SAR imaging of ocean surface patterns, in this case,
patterns associated with internal waves which are generated at the
edge of the Continental Shelf.

During SARSEX, the ERIM/CCRS CV-580 X- and L-band SAR System was
. flown over the test area while a variety of ship- and buoy-based
oceanographic measurements were being collected by the R/V Cape and
USNS Bartlett. For a more detailed description of the SARSEX exper-
iment plan, the reader is referred to Gasparovic, et al. (1984).

During the 12-day SARSEX experiment, ten data collection mis-
sions were flown by the CV-580 SAR System. A total of 88 passes of
SAR data were collected, 65 of internal wave surface patterns and 23
over the calibrated corner reflector array.

This data description report contains six chapters, including
this introduction. Chapter 2 presents an executive summary which
outlines the contents of this report. Chapter 3 describes the
CV-580 SAR System. Chapter 4 presents a description of the SAR data
set collected during SARSEX, and presents representative examples of
the SAR imagery. Chapter 5 presents a preliminary engineering
assessment of the SAR imagery. Finally, Chapter 6 presents recom-
mendations for further processing and analysis of the SAR data set

collected during SARSEX. )
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2
EXECUTIVE SUMMARY

The SAR Internal Wave Signature Experiment (SARSEX) is an ocean-
ographic experiment sponsored by the Office of Naval Research (ONR)
! to investigate synthetic aperture radar (SAR) imaging of internal
wave surface patterns. The objectives of this experiment are to:

1. Investigate the basic hydrodynamic and electromagnetic mech-
{ anisms responsible for imaging of internal wave surface pat-
’ terns by SAR,

2. Test theories and models for quantitative predictions of
internal wave signatures from oceanic and radar parameters,
and

ro———T———

3. Quantify the range of internal wave-induced current modula-
tions that are observable in SAR images.

h
! - A preliminary analysis of the SARSEX data set indicates that these
objectives are achievable (Apel, et al., 1985).

This report summarizes the data collection and processing activ-
ities conducted to date by scientists and engineers at the
Environmental Research Institute of Michigan (ERIM). These activ-
ities include:

1. Planning for and coordination of ten SAR data collection
missions during the August/September 1984 SARSEX study,

2. Deployment of a calibrated corner reflector array at
Grumman's Peconic River Airport,

3. Optical processing of all optically-recorded SAR data,

4. Digital processing of selected scenes of digitally-recorded
SAR data,
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5. Performing an engineering evaluation of the optically and
digitally processed SAR imagery and SAR calibration signals,
and

6. Performing a preliminary analysis on the SAR imagery col-
lected during SARSEX.

It also discusses in detail the data processing, and analysis activ-
ities which will be conducted at ERIM on the SARSEX data set.

The ERIM/CCRS CV-580 SAR System was used for the SARSEX exper-
iment. A total of 88 passes of X- and L-band SAR imagery were col-
lected during ten missions, 65 over the SARSEX test site and 23 over
the calibrated corner reflector array. Table 1 summarizes these SAR
data collection flights. The SAR was configured to transmit and
receive the same polarization (VV or HH), to optically record two
channels of data with a swath width of 10.8 km (slant range) and
digitally record two channels of data with a swath width of 6.1 km
(slant range).

The SAR system and aircraft flight parameters for each mission
are summarized in this report. Figures with the ground locations of
all SAR passes are presented. The types and sizes of the calibrated
corner reflectors which were deployed at the Grumman Peconic River
Airport are presented, as are their locations.

A1l optically-recorded data have been processed into image films.
Copies of this imagery are archived at ERIM, the Applied Physics
Laboratory (APL) and the Defence Research Establishment-Pacific
(DREP). A selected subset of data digitally recorded on high density
digital tape (HDDT) have been transcribed to computer compatible
tape (CCT). Both ERIM and APL are presently proces.ing these data
into imagery. Representative examples of this imagery are presented
in this report.

MR NN AR N NN SR N R N N W A RN SN PR AN O S A 28

ﬂ,\. w b4y W Ry

P N .

s

o

AN




ponng Sha dey A N ARty Ea N o

Em" RADAR DIVISION

TABLE 1
SUMMARY OF SAR DATA COLLECTED DURING SARSEX

Time Internal Calibration
Mission Date (EDT) Wave Passes Passes
SARSEX-1 8-28-84 10:35-12:23 6 0
SARSE X-2 8-28-84 16:45-17:25 0 3
SARSEX-3 8-30-84 14:05-17:11 7 2
SARSEX-4 8-31-84 16:29-19:54 9 2
SARSEX-5 9-03-84 13:27-17:07 9 3
SARSEX-6 9-04-84 14:54-18:33 7 4
- SARSEX-7 9-05-84 13:19-17:32 9 3
i SARSE X-8 9-06-84 8:47-12:12 8 2
i SARSEX-9 9-06-84 14:35-16:42 6 0
- SARSEX-10 9-07-84 10:26-12:53 4 4
. Total 65 23
!
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A preliminary engineering assessment of the SAR data set has been
completed. This assessment indicates that the SAR data collected
are of high quality, with few SAR system malfunctions occuring during
the ten missions. Image quality measurements (system impulse
response resolution and sidelobe level, background noise, signal-to-
noise ratio, clutter-to-noise ratio, and image contrast) were equal
to or better than similar measurements made on SAR data collected
during previous oceanographic experiments. The analysis of the in-
tensities of the SAR signal histories from surface internal wave
patterns imaged during SARSEX-4 indicate that the intensities from
both X- and L-band were within the linear response region of the SAR
system,

Some initial analyses have been performed on the SAR data col-
lected on 31 August 1984 during SARSEX-4, Passes 5 and 8. The L-band
data from Passes 5 and 8 have been calibrated, while the X-band data
from Pass 5 has been calibrated. Comparisons of the scans along both
the Bartlett's and C(Cape's tracks resulted in the following
observations:

1. The L-band internal wave signature has a definite increase
and decrease relative to the background, while the X-band
signature is characterized by an increase only,

2. The magnitude of the L-band signature is greater than the
X-band signature,

3. The peaks of the X- and L-band signatures do not always occur
in the same position, and

4. The L-band signature is greater for the range-traveling in-
ternal wave (Pass 5) than it is for the azimuth-traveling
case (Pass 8).

Hydrodynamic inputs were obtained from the Applied Physics
Laboratory and inputted into a hydrodynamic/electromagnetic
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interaction model. The modeled results compared quite favorably to
the observed L-band imagery, but did not compare well with the X-band
imagery.

Recommendations for future SAR data processing and analysis
activities are presented. SAR image processing priorities are iden-
tified to meet the SARSEX analysis goals. SAR calibration is dis-
cussed, and examples of calibrated backscatter scans of internal wave
signatures are presented.

Proposed analysis activities will focus on ERIM's SAR ocean
imaging model. These activities will include further theoretical
development and validation of the model and comparison of model out-
puts to SAR imagery collected during SARSEX.

The further theoretical development of this model will focus on
non-Bragg or quasi-specular scattering from the ocean surface. This
phenomena was observed on imagery collected during SARSEX-8. Efforts
will also be made to further validate the "background noise" compo-
nent of the theoretical model, through analysis of the wind and sur-
face gravity wave data collected during SARSEX. SAR data will also
be compared to surface CW radar data, video camera data and airborne
laser scatterometer data in an effort to further understand microwave
backscattering from the ocean surface.

The overall model will then be exercised and the results compared
to calibrated SAR image intensity scans. These empirical comparisons
will be used to study the relationship between:

1. SAR surface internal wave signatures and surface strain rate,

2. SAR surface internal wave signatures and wind speed and
direction,

3. SAR surface internal wave signatures and surface gravity
waves,

4, SAR surface internal wave signatures and SAR incidence
angles,
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5

. SAR surface internal wave signatures and SAR azimuth angles,

y and
‘5 6. SAR surface internal wave signatures and radar frequency.

» In the above six analyses, hydrodynamic inputs for ERIM's SAR imaging
2 model will be provided by other team investigators.

It is anticipated that the activities outlined above will occur
- over a two-year period. Through the analysis of the SARSEX data, it

is expected that a greater understanding of the SAR imaging mecha-

nisms responsible for detection of ocean surface patterns will
a evolve.
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CV-580 SAR SYSTEM DESCRIPTION

From 1978 through 1984, ERIM operated a multifrequency and mul-
tipolarization SAR in conjunction with CCRS. This SAR system was
maintained through a leasing agreement between ERIM and CCRS and is
called the CV-580 SAR System. This facility was used extensively
over the past six years in a variety of oceanographic and terrestrial
research programs. The leasing agreement between ERIM expired at the
end of CY84. At this time, the CvV-580 SAR System is not available
for U.S. Government sponsored research programs. Efforts are under-
way to transfer this system into a U.S.-owned aircraft (Shuchman, et
al., 1984).

The CV-580 SAR System was essentially an X-band radar to which
an L-band and a C-band capability was added. Because of this con-
figuration, the X-band channels were always available, and, in ad-
dition, one could operate either the L-band or the C-band channels
simultaneously with the X-band channel. For each frequency band,
two orthogonal polarizations were available. The radar could trans-
mit either horizontal or vertical polarization and receive both the
parallel- and perpendicular-polarized returns. The radar antenna
{ could be pointed so as to image on either side of the aircraft.
Table 2 summarizes the relevant radar parameters for this system.

Figure 2 presents a functional diagram of the CV-580 SAR System.
The major components of the SAR are its antennas, the transmitters
and receivers, the calibration signal generator, the optical film
» recorders, the digital tape recorder and the X-band real-time
processor.

Figure 3 presents a more detailed diagram of the reference oscil-
lators, transmitters and receivers of the SAR system. This diagram
shows how the L-band and C-band wavelengths are returned to X-band.
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5.7 cm SAR
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Figure 2. Schematic Diagram of CV-580 X/C/L SAR System
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Figure 3. Schematic Diagram of CV-580 SAR Receiver/Transmitter
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Figure 4 presents a diagram of the calibration signal generator
(CSG) system, which is used as a monitoring and reference source for
the periodic verification of the SAR's system transfer function.
The calibration signal generator produces synthetic target signals
which are added into the radar receiver (Walker and Larson, 1981;
Larson, et al., 1981; 1982; 1985). The form of the synthetic target
corresponds to a given range, and the intensity is controlled by an
accurately calibrated R.F. attenuator. At specific times during the
jmaging flight, the calibration signals are inserted into the re-
ceiver at the antenna connection, so that the radar receiver detects
them as a radar return. Using a sequence of such signals with dif-
ferent intensities, along with the processed signals from the corner
reflectors, a calibration curve can be produced of output signal
power versus radar cross section (oo). When combined with measure-
ments of precision corner reflectors, CSG measurements can be used
to achieve absolute calibration of the SAR (see Walker and Larson,
1981; or Larson, et al., 1985). The synthetic targets from the CSG
can be recorded both optically and digitally, but only at X- and
L-band.

v

Figure 5 presents an optically processed L-band image of the
calibration signals. Table 3 summarizes the signal power and equiv-
alent radar cross sections for these calibration signals.

The three SARs which comprised the CV-580 SAR System are similar
in that they all use the synthetic aperture technique to produce
imagery with fine cross-range resolution. These SARs used pulse
compression to achieve fine resolution in the range dimension. Each
recording channel was adjusted to produce imagery of a selected swath
parallel to the flight direction. The width of the imaged swath was
determined by the range increment of signals displayed on the re-
cording system. The displacement of the recorded swath from the
flight line was adjustable by the radar operator. The CV-580 SAR
System is extensively described by Rawson, et al. (1975) and CCRS
(1983).
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Figure 5. Image of L-band Calibration Signals
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TABLE 3

INTERNAL CALIBRATION SIGNAL POWER AND EQUIVALENT RADAR
CROSS SECTIONS AT A RANGE OF 10 KM

Cal. Signal

Cal. Signal Power

Equivalent Cross Section

Number in dB Relative to 1 mW 10 km in dB Relative to 1 m°
1-6" -95 15
7 -65 a5
8 -70 40
9 -75 35
10 -80 30
n -85 25
12 -90 20
13 -95 15
14 ~100 10
15 105 5
16 -10 0
17 -115 -5
18 120 -10
19 125 -15
20 130 -20
21 135 -25
22 -95 15

*Cal signals 1-6 have the same power and are injected at a
Signals 7-22 are at the same range.

variable range.
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The SAR phase histories were recorded onboard the aircraft both
optically on 70 mm film and digitally on high density digital tape
(HDDT). The optical recording system recorded four data channels,
while the digital system was restricted to recording only two of the
four data channels during data collection. In addition to the
optical and digital recorders, a real-time digital SAR processor on-
board the CV-580 generated X-~band imagery. The real-time imagery
was not intended to be of high quality, but provided "quick-look"
data necessary for system performance evaluation and planning pur-
poses during data collection missions. It was also used to select
digital data of interest for subsequent processing and analysis.
Table 4 presents the various data recording options available on the
system. Figure 6 schematically illustrates the various SAR data re-
cording and processing options.
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4
DATA DESCRIPTION

This chapter presents a summary of all SAR data collection mis-
sions conducted during SARSEX, a description of all processing of
the SAR data performed to date, and a discussion of the calibrated
reflectors deployed during SARSEX. The following sections present
descriptions of the various SAR missions, &s well as diagrams of the
locations of the SAR passes and representative SAR imagery.

4.1 SAR DATA

Twelve data collection missions were flown during which SAR
imagery were collected. These missions are summarized in Table 1.
During SARSEX, the CV-580 SAR system collected X- and L-band data.
S It was configured in its two-frequency, narrow-swath mode when it
5 collected imagery over the calibrated corner reflector array and was
_ configured in its two-frequency, wide-swath mode when it collected
& data over the internal wave test site. The wide-swath mode was used
E in order to have a better chance of imaging the USNS Bartlett and
ﬁ R/V Cape during the experiment.

In its two-frequency, narrow swath mode, the SAR collects four
channels of imagery, each with a slant range swath width of 5.4 km
to 6.1 km, depending on how the data are recorded. The polarization
of the transmitted microwave radiation was primarily horizontal (H),
with some vertical (V) being transmitted during SARSEX-10. Both hor-
izontal and vertical polarizations were received, resulting in four
channels of SAR data (XHH’ XHV' LHH’ LHv or xvv, XVH’
Lyv? LVH). Two of these channels (XHH' LHH or va, va)
were recorded digitally, After every pass, calibration signals were
recorded optically and digitally.

In its two-frequency, two-channel mode, the SAR collects two
channels of imagery, each with a swath width of 10.8 km in slant

21
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range. During SARSEX, horizontally-polarized microwave energy was
- both transmitted and received with the SAR in this mode (XHH’
. Lyy)- Only the first 6.1 km (slant range) of the 10.8 km are
N recorded digitally.

A1l SAR data optically recorded during SARSEX have been survey-
optically-processed at ERIM. Original output negatives of all
5 imagery are archived at ERIM, the Applied Physics Laboratory (APL)
- and the Defense Research Establishment-Pacific (DREP). A select set
of SAR data digitally recorded on high density digital tape have
. been transcribed to computer compatible tape and digitally processed
into imagery. Representative optically- and digitally-processed
imagery will be presented in this report.

Table 5 contains a summary of the preliminary engineering assess-
ment of the SAR data collected during SARSEX. An in-depth discussion
of this assessment is presented in Chapter 5. Shown in Table 5 are
™ the mission, pass number, location of the pass, the image quality of

. the optically processed imagery, and the quality of the calibration
} data for that pass. The image and calibration data quality ratings
are intended to provide a general guide as to the suitability of the
data for further analysis. A three-star (***) rating implies the
data are of the highest quality, and suitable for further analysis.
. A two-star (**) rating implies there are some potential problems with
0 the data, but that they still may be suitable for further analysis.
= A one star (*) or no star rating implies the data are of low quality,

_ and probably not suitable for further analysis. Note that the rat-
- ings listed in Table 5 were based primarily upon the analysis of
- optically-processed imagery. Comparisons between a limited set of
optically- and digitally-processed imagery indicates that the digi-
tally recorded data may be of higher quality than the optically
processed data. Therefore, the ratings in Table 5 should be used as
a general guide only. Chapter 5 contains an in-depth discusssion on
how these ratings were obtained.

! (el
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TABLE § N
SUMMARY OF SARSEX-SAR DATA QUALITY

Optical Image Calibration Data

+ Quality Key

*** High Quality, no problem with data
**  Medium Quality, some potential problems with data
* Low Quality, definite problems with data.

23

Quality Quality
Mission Pass Area X-Band L-Band X-Band L-Band
SARSEX-1 1 IW hk frkk *k *k
2 W *kk *kk *k k%
3 IW *kk dkk
4 IV *kk Fhk k% *k
5 IW * *k * *
6 IW * *k * *
SARSE X-2 1 CA *kk
2 CA *hkk *kk hkk *hk
3 CA * *kk
SARSEX-3 1 CA kkk *kk *kk *kk
2 CA *hk *hk *k *dk
3 W Rk *hk *hk *kk
4 IW *hk Hkk hkk *kk
5 IW *kk *kk xkk *kk
6 IW * Kk *kk *kk *kk
7 IW Kk kkk *kk kik
- 8 IW *kk *kk *hkk ok
- 9 W *hk *kek *hk wokk
. SARSE X-4 1 IW k& kkk ek kkk
. 2 IW *kk *kk *kk *hk
; 3 IW *k *kk *kk *hk
. 4 IW *k *kk kkk *hk
*". 5 IW *k *kk hokk *kk
-, 6 IW *kk *kk *hk Tk
7 IW *k *ikk *kk *kk
8 IW *kk *xk *kk kkk
9 IW xkk *kk hdk Shk
10 Aborted
11 CA *dk *kk *kk *kk
12 CA *kk *kk *kk kkk
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TABLE 5

SUMMARY OF SARSEX-SAR DATA QUALITY (Continued)

Optical Image Calibration Data

Quality Quality
Mission Pass Area X-Band L-Band X-Band  L-Band
SARSEX-5 1 CA *kk *kk *ok *k
2 CA *kk *kk *k *k
3 CA *% *kk *k ok
4 IW Hokk *kk *k Kok
5 IW Fokk *kk *k *k
6 Iw *kk *kk *k *
7 IW *kik kK Kk *k
8 IW Kk *kk *k *%
9 IW *k Fodk *ok *k
]0 IN *kk kkk *k *k
11 IW *kk Fekk *h *k
12 IW *kk kK ok Kk
SARSE X-6 1 CA fokk dekk Fkk Kk
2 CA ki ki *ddk *kk
3 CA K dk *kk *k *ok
4 CA *kv *kk kkk *kk
5 IW *kk *kk *kk *kk
6 IW Fkk Fkk *kk kK
7 Iw *kk *kk kX %k
8 IW *kx *kk *kk Fokk
9 IW kK *kk *kk *kk
]0 Iw *kk *kk kkk kkk
11 1w *kk *kk *kk *hk
SARSEX-7 | CA *kk *hk *kk *kk
2 CA ok *kk *k *k
3 CA *kk kX Yede g *kk
4 IW *hk kK Kk ok
5 IW *k Fkk *kk *kk
6 IW *kk *kk & Kk
7 Iw ki Ak *k *kk
8 IW *hk *kk *% *dk
9 IW *kk kK
10 IW hkk *kk **k *kk
11 IW *kk *kk *hk *kk
12 IW *kk Akk *hk *kdk
+ Quality Key
*** High Quality, no problem with data
** Medium Quality, some potential problems with data
*x

Low Quality, definite problems with data.
24
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TABLE 5

SUMMARY OF SARSEX-SAR DATA QUALITY (Concluded)

Optical Image

Calibration Data

Quality ~Quality
Mission Pass Area X-Band L-Band X-Band L-Band
SARSEX_B ] CA ki * k¥ *% ki
2 CA *kk dk*k *k *kk
3 IN *kk *kk *k *kk
4 Iu *hk b s 2.4 *k kK
5 Iw k¥ *kk *k *kk
6 IN *kk kK *% *kk
7 IH *kk ki *k *kk
8 IN *kk dkk *k *k*k
9 Iw *kk *kk ki *kk
]0 Iu *kk *kk *% kdk
SARSE X-9 ] IW *kk Rkk *% *kk
2 IH *kk dkk %k *kk
3 Iu *kk *hk *%k ki
4 IH *kk kkk *k *kk
5 Iw *hk *kk ok *k
6 I“ b 2 2. b 2 2.4 *k dedk ok
SARSEX-10 1 CA dkk *kk *k *kk
2 CA L 2 2 *kk *% *k ik
3 CA ik ki % ki
4 CA 2.2 ] k% * %k ik
5 W *kk Rk *k kkk
6 IH *ki k4 2 ¢ &k *kk
7 IW *ik *kk *% Kk
8 IW *kk kK ok Ak &
+

*kk

Quality Key
High Quality, no problem with data

Medium Quality, some potential problems with data
Low Quality, definite problems with data.
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In the remainder of this section, we will discuss the SAR data
collected during SARSEX. For each SAR mission, a table summarizing
the aircraft and SAR parameters, and diagrams of the locations of
the SAR passes are presented. Also presented are representative
examples of the SAR images of the internal wave surface patterns.
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4.1.1 SARSEX-1 (28 August 1984 - 10:25 to 12:25 EDT)

The purpose of this mission was to perform a test of the com-
munication and flight procedures for the SAR data collection portion
of the SARSEX experiment. The CV-580 was flown along the same flight
line over the SARSEX area for six passes. The antenna look direction
was switched between passes so that the SAR was viewing the same
general area during each pass.

The aircraft and SAR system parameters for SARSEX-1 are Sum-
marized in Table 6. The flight lines are presented in Figure 7.-
Also presented in Figure 7 are the positions of the four moored buoys
deployed by NORDA which contained an array of acoustic current
meters. The SAR passes were configured to image over the internal
wave packet which was being measured by the RV-Cape and USNS Bartlett
at that time, which was not necessarily the packet nearest the moored
buoys.

During the earlier passes of SARSEX-1, the quality of the opti-'
cally-processed X- and L-band imagery was excellent. Imagery from
the last two passes was of fair to poor quality due to an apparent
radar malfunction. No calibration signals were recorded after Passes
3 or 6 and the calibration signals after Pass 5 were incomplete.
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4.1.2 SARSEX-2 (28 August 1984 - 16:45 to 17:25 EDT)

The purpose of this mission was to collect multiple-incidence
angle SAR imagery over the SARSEX test site. Due to conflicts with
other vessels within the operational area, the SAR data collection
had to be cancelled. Instead, three passes were made over the cali-
bration array.

The aircraft and SAR system parameters for SARSEX-2 are sum-
marized in Table 7. The flight lines are presented in Figure 8.
Overall, the optically-processed imagery from SARSEX-2 was of excel-
lent quality. Several radar malfunctions occurred. No L-band data
were recorded during Pass 1 and the X-band data from Pass 3 exhibited
severe defocusing due to uncompensated motion of the aircraft.
Calibration signals were recorded optically only after Pass 2.
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4,1.3 SARSEX-3 (30 August 1984 - 14:05 to 17:11 EDT)

The purpose of this mission was to collect multiple-incidence
angle SAR imagery over the SARSEX test site. Two passes of imagery
were collected over the calibration array and seven passes over the
SARSEX test site.

The aircraft and SAR system parameters for SARSEX-3 are sum-
marized in Table 8. The flight lines are presented in Figures 9 and
10.

The quality of the optically-processed imagery is good to excel-
lent for both X- and L-bands, and the quality of the calibration data
also appears to be high and of acceptable quality.
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4.1.4 SARSEX-4 (31 August 1984 — 16:29 to 19:54 EDT)

The purpose of this mission was to collect multiple-incidence
angle and multiple-azimuth angle SAR data over the SARSEX test area.
Two passes of imagery were collected over the calibration array and
nine passes were collected over the SARSEX test site. One pass was
aborted because of an equipment malfunction.

The aircraft and SAR system parameters are summarized in Table 9.
The flight lines are presented in Figures 11 and 12.

The quality of the optically-processed imagery is excellent for
L-band and good for X-band. The quality of the calibration data
appears to be high. Figure 13 presents X- and L-band imagery gener-
ated from digitally processed data collected during Pass 5, which
illustrate the strong internal wave surface patterns which were
imaged on this data. The ship in this image is the USNS Bartlett.
This imagery will be further discussed in Chapter 6.

Figure 14 presents digitally-processed X- and L-band imagery
collected during Pass 8. During this pass, the aircraft direction
was nearly perpendicular to its direction during Pass 5. This re-
sulted in imaging the internal-wave packet when the waves were headed
in the same direction as the SAR, i.e., azimuth travelling waves.
The internal wave surface patterns are much less distinct on the
Pass 8 imagery than they are on the Pass 5 imagery, illustrating the
dependence on radar look direction (also referred to as the azimuth
angle).
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4.1.5 SARSEX~-5 (3 September 1984 - 13:27 to 17:07 EDT)

The purpose of this mission was to collect multiple-incidence
angle and multiple-azimuth angle SAR data of surface internal wave
patterns present in the SARSEX test area. Three passes of imagery
were collected over the calibration array and nine passes were col-
lected over the SARSEX area.

The aircraft and SAR system parameters are summarized in
Table 10. The flight lines are presented in Figures 15 and 16.

The quality of the optically processed SAR imagery was good to
excellent. The optically-recorded calibration signals appear to be
saturated and somewhat unfocused. An in-depth analysis of these
signals is now being pursued to determine whether or not they are
suitable for calibration purposes.
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4.1.6 SARSEX-6 (4 September 1984 - 14:54 to 18:33 EDT)

The purpose of this mission was to collect multiple-incidence
angle SAR data of surface internal wave patterns present in the
SARSEX test area. Four passes of imagery were collected over the
calibration array and seven passes over the SARSEX area.

The aircraft and SAR system parameters are summarized in
Table 11, The flight lines are presented in Figures 17 and 18.

The quality of the L-band optically processed imagery was excel-
lent and the quality of the X-band imagery good to excellent. The
quality of the calibration signals appears to be adequate to cali-
brate the imagery.
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4.1.7 SARSEX-7 (5 September 1984 - 13:19 to 17:32 EDT)

The purpose of this mission was to collect multiple-incidence
angle and multiple-azimuth angle SAR data of internal wave surface
patterns present in the SARSEX test area. Three passes of imagery
were collected over the calibration array and nine passes over the
SARSEX area.

The aircraft and SAR system parameters for SARSEX-7 are sum-
marized in Table 12. The flight lines are presented in Figures 19
and 20.

The quality of optically-processed imagery was excellent for both
X- and L-bands., The L-band optical recorder suffered an intermittent
failure during Passes 8 and 9. The latter half of Pass 8 and none
of Pass 9 were recorded optically. The optically-recorded X-band
calibration signals were extremely saturated during this mission.
Further analysis is required to determine if the digitally-recorded
data are suitable for calibration purposes. The L-band calibration
signals appear to be suitable for calibration purposes. An operator
error resulted in no digital data being recorded for Passes 4
through 6.

Figure 21 presents optically-processed X- and L-band imagery from
Pass 7. Note that the SAR imaged internal wave surface patterns are
more subtle in this example than those observed during SARSEX-4.
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4.1.8 SARSEX-8 (6 September 1984 - 8:47 to 12:12 EDT)

The purpose of this mission was to collect multiple-azimuth angle
and variable altitude SAR imagery of internal wave surface patterns
present in the SARSEX test area. Two passes of SAR imagery were
collected over the calibration array and eight passes over the SARSEX
area.

The aircraft and SAR system parameters for the SARSEX-8 mission
are summarized in Table 13. The flight lines are presented in
Figures 22 and 23.

The quality of the optically-processed imagery collected from
this mission was excellent for both X- and L-bands. Again, the
optically-recorded X-band calibration signals were extremely sat-
urated during this mission. Further analysis is required to deter-
mine if the digitally-recorded signals are suitable for calibration
purposes. The L-band calibration signals appear to be suitable for
calibration purposes.

Figure 24 presents optically-processed X-band imagery collected
during Passes 4, 7, 8. Figure 25 presents X- and L-band digitally-
processed imagery from Pass 8. The L-band image has been normalized
to reduce the range fall-off due to the R4 power loss and the
antenna pattern.
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Pass 4, 22,000 ft

Pass 8, 5,000 ft
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Pass 7, 3,000 ft
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Figure 24. Optically-Processed L-band Imagery Collected During
SARSEX-8, Passes 4, 7 and 8
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4.1.9 SARSEX-9 (6 September 1984 - 14:35 to 16:42 EDT)

The purpose of this mission was to collect multiple-incidence
angle SAR data of internal wave surface patterns present in the
SARSEX area. Six passes of imagery were collected over the SARSEX
area.

ae &« ll‘

- The aircraft and SAR system parameters for the SARSEX-9 mission
- are presented in Table 14. The flight lines are presented in
Figure 26.

The quality of the optically-processed imagery was excellent for

f both X- and L-bands. Again, the X-band calibration signals recorded

- optically during this mission were saturated. The L-band calibration
signals appear to be suitable for calibration purposes.

. Figure 27 presents X- and L|-band imagery generated from
o digitally-processed SAR data collected during SARSEX-9, Pass 2.

o s
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4.1.10 SARSEX-10 (7 September 1984 - 10:26 to 12:53 EDT)

The purpose of this mission was to collect calibration data and
SAR imagery of surface internal wave patterns coincident with the
DREP laser scatterometer. Four passes of imagery were collected over
the calibration array and four passes over the SARSEX area.

The aircraft and SAR system parameters for the SARSEX-10 mission
are summarized in Table 15. The flight lines are summarized in
Figures 28 and 29.

The quality of the optically-processed imagery was excellent for
both X- and L-bands. Again, the optically-recorded X-band calibra-
tion signals recorded optically during this mission were saturated.
Further analyses is needed to determine the suitability of the X-band
calibration signals for calibration of the SAR data. The L-band
calibration signals appear to be suitable for calibration purposes.
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4,2 SAR CALIBRATION DATA

The data acquired during SARSEX to assist in the calibration of
the SAR imagery are discussed in this section. These data include
images of a calibrated corner reflector array and images of inter-
nally generated calibration signals.

The calibrated corner reflector array was located at the Grumman
Peconic River Airport. This array was successfully imaged a total
of 22 times during SARSEX in order to provide a calibrated reference
for the SAR imagery. Table 16 lists the types and sizes of corner
reflectors which were deployed in the array. The positions of these
reflectors are presented in Figures 30 to 32.

Four different types of reflectors were used in the calibration
array (see Figure 33):

a. Aluminum trihedral - square and triangular precision trihe-
dral reflectors of known radar cross section.

b. Styrafoam trihedral - square trihedral reflectors constructed
of aluminum coated styrofoam used for large L-band reflectors
and for antenna pattern corrections.

c. Luneberg lens - a specialized spherical reflector used pri-
marily to calibrate X-band SAR data (see Walker and Larson,
1981).

d. Active Radar Calibrator (ARC) - an active transponder used
to calibrate airborne and spaceburne SAR data (see Brunfeldt
and Ulaby, 1984).

Figure 34 presents X- and L-band imagery of the corner reflector
array generated from digitally recorded data collected durirj SARSEX-
10, Pass 1 (7 September 1984). The individual corner reflectors can
clearly be seen on this imagery.
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TABLE 16
SUMMARY OF CORNER REFLECTORS DEPLOYED AT PECONIC RIVER
AIRPORT DURING AUGUST/SEPTEMBER 1984

Radar Cross Section

t © Mumber of  Reflector Ref Jector TX-BandL-and
: Designation Reflectors Type (cm) (m™) (m~)
: A 1 AR1 — - 1538
! B 3 SQS 119 73828 1429
: C 1 AR? — — 631
: D 2 TRA 119 8200 159
f 3 3 TRA 116 7406 143
k F 2 TRA 91 2805 54
] G 1 TRA 88 2453 48
H 2 TRA 68 874 17
% I 3 TRA 61 566 N
J 1 TRA 52 300 6
K 1 LLS - 262 —
L 2 TRA 45 168 3
M 3 LLS — 104 -
N 1 TRA 39 95
0 1 SQA 22 89
P 2 TRA 38 85 1.5
Q 2 LLS — 32 -
R 3 TRA 29 30 -
S 1 SQA 17 30 —
T 1 TRA 23 N -
u 2 TRA "2 10 -
v 20 SQS 61 5097 99

v - -

*AR] Single Polarization Active Radar Calibrator
ARZ2 - Dual Polarization Active Radar Calibrator
LLS - Luneberg Lens

SQA - Square Aluminum Precision Corner Reflector
SQS - Square Styrofoam Corner Reflector (Aluminum Coated)
TRA - Triangular Aluminum Precision Corner Reflector
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Figure 30.

Peconic River Airport
Calibration Array
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Location of Calibrated Reflectors Located at Areas A and B
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’
Area A AreaB AreaC

Figure 34. Digitally-Processed X- and L-band SAR Imagery of the
Peconic River Airport Calibration Array
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An engineering evaluation of the calibration data is presented
in Chapter 5. In summary, the imagery collected over the calibration
array appears to be of high quality. Most of the calibration signals
are suitable for calibration purposes. The images of the calibration
signals collected during SARSEX-5 appears to be unfocused, and may
not be suitable for calibration purposes. The X-band calibration
signals from SARSEX-7 through SARSEX-10 appear to be saturated.
These signals may or may not be suitable for calibration purposes.
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5
PRELIMINARY ENGINEERING ASSESSMENTS

The engineering assessments performed on the SAR data collected
during SARSEX were divided into three parts: (1) assessment of the
optically-processed data; (2) assessment of the digitally-processed
data; and (3) assessment of the calibration data. An individual
section of this chapter is devoted to each one of these topic areas.

5.1 OPTICALLY-PROCESSED DATA

Although the primary emphasis of the analysis of SARSEX data will
be placed on the digitally-recorded and processed SAR data, the
optically-recorded data still fulfills several important functions.
First, the optically-processed imagery serves as an efficient means
to review the SAR coverage during a specific mission and to obtain
an idea of the types of internal wave surface patterns present during
that mission, This imagery also provides a means to monitor the SAR
system performance during a specific mission. By recognizing spe-
cific image characteristics, those passses which may have limitations
for further processing and analysis (because of a system malfunction)
can be identified.

Three distinct image characteristics were noted on the SAR
imagery from SARSEX which to some extent reduced the image quality.
These characteristics are: (1) modulation intensity variation, (2)
low image signal-to-noise; and (3) unfocused imagery. In addition,
on several occasions, the L-band optical recorder malfunctioned,
resulting in no optical data being recorded for several passes. For
examples of the above image characteristics, the reader is referred
to Kasischke, et al. (1983).

PREVIO
Us p
Is BLANKAGE
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Excessive aircraft motion caused by areas of high turbulence
during data collection sometimes creates a range-oriented banded pat-
tern within the imagery. These bands are referred to as modulation
intensity variations. This type of image characteristic 1is most
often found in X-band data.

The CV-580 X-band SAR employs a clutterlock system to insure that
the Doppler spectrum of the returned phase histories remains centered
during the data collection flight. The clutterlock system uses a
spectrum analyzer to track the phase of the return signal. When weak
signals are encountered, such as those from a water surface, the
clutterlock system does not function well and the Doppler spectrum
can wander, resulting in areas of unfocused imagery.

During SARSEX, higher than normal gain settings were utilized in
order to obtain stronger returns from the water surface. In some
cases, however, the gain settings were not high enough, creating
imagery with low signal-to-noise over water.

Each pass of optically-processed X- and L-band imagery from the
like-polarized channel (VV or HH) was evaluated. The degree to which
the above mentioned image characteristics were present in the imagery
was noted. The following rating criteria were used:

slight reduction in image quality,
moderate reduction in image quality, or
- severe reduction in image quality.

In addition to noting the types and severity of the characteris-
tics present in the imagery, the quality of each pass of imagery was
rated using the following categories:

7 Excellent imagery

6
5 Good imagery
4
80
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Fair Imagery

Poor Imagery
0 Data not recorded or of insufficient quality to be useful.

A rating of excellent implies that the data are of the highest
quality and require no additional precision processing. A rating of
good implies that there are slight or moderate image perturbations
present, which usually can be removed through precision processing
of the imagery. A rating of fair implies there is much usuble data
present, and that the moderate to severe image perturbations may be
removed through precision processing. A rating of poor implies that
the severe image perturbations generally cannot be removed through
precision processing.

It should be noted that the above ratings are based upon the
subjective opinions of several people and are intended to serve as
an indicator of the overall quality of the imagery collected during
SARSEX. Table 17 summarizes the ratings of the SAR imagery. Note
from Table 17 that it is possible to have a number of image pertur-
bations and still have high quality imagery. Care was taken when
reviewing each pass to base the rating on the quality of the imagery
over the target site.

From the ratings in Table 17, the following generalizations can
be made concerning the quality of the X-band optically-processed
imagery: 89 percent of the imagery has a quality rating of good or
better, and 98 percent of the imagery has a rating fair or better.
Therefore, with special processing of the imagery, it should be pos-
sible to use most of the X-band imagery for further analysis. The
L-band optically-processed imagery is of very high quality. With
the exception of two passes where no data were recorded, all the
imagery is of good quality or better and 92 percent is of excellent
quality. Therefore, little special processing of the L-band data will
have to be performed.
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TABLE 17
SUMMARY OF IMAGE CHARACTERISTICS AND
N IMAGE QUALITY RATINGS
N
’: Image
Ky Characteristics
M L U N
Radar Image I S F D
-, Mission Pass Frequency Area Quality v N I R
- . -
. SARSEX-1 1 X W 6 +
. L 7
- 2 X IW 5 +
: L 7
3 X W 6 +
L 7
’ 4 X W 5 *
. L 7
- 5 X Iw 2 -
-, L 3 -
- 6 X W 2 + -
2 L 3 -
» SARSEX-2 1 X CA 5 + +
L 0 -
. 2 X CA 6 + +
N L 7 .
. 3 X CA 2 - -
: . o
- SARSEX-3 1 X CA 6 +
K L 7
-~ 2 X CA 7 +
L 7
v 3 X Iw 6 +
& L 7
4 X IW 6 +
¢ L 6 +
M 5 X W 5 +
!I L 7
6 X IW 6 +
L 7
. 7 X W 6 *
-, L 7
o 8 X Iw 6 +
. L 7
- 9 X W 6 +
. L 7
; Key
3 Image
N 7 - Excellent
- 6
" 5 - Good
. 4
R - 3 - Fair
2
] I - Poor
v
v Image Characteristics
ﬂ MIV - Modulated Intensity Variation
. LSN - Low Image Signal-to-Noise
& UFl - Unfocused Imagery
R MDR - No Data Recorded
+ ¢ Slight Reduction in Image Quality -
4 * : Moderate Reduction in Image Quality
X - ¢ Severe Reduction in Image Quality
"
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TABLE 17
SUMMARY OF IMAGE CHARACTERISTICS AND
IMAGE QUALITY RATINGS (CONTINUED)

Image
Characteristics
M L U N
Radar [mage I ) F D
Mission Pass Frequency Area Quality v N I R
SARSEX-4 ] X i 4 +
L 7
2 X iw 5 +
L 7
3 X W 4 + +
L 7
4 X W 4 + +
L 7
5 X W 4 + +
L 7
6 X W 5 +
L 7
7 X IW 4 + +
L 7
- X IW 5 *
. L 7
9 X W 5 + o+
- L 7
- 10 X CA Aborted
. L
11 X CA 7 +
L 7
R 12 X CA 5 + +
- L 7
- SARSEX-5 1 X CA 5 +
K L 7
2 X CA 6 +
L 7
. 3 X CA 4 *
A L 7
. 4 X IW 5 +
.t L 5 +
. 5 X IW 5 +
. L 7
- 6 X W 5 +
. L 7
i Key
- Image
O 7 -~ Excellent
L: 6
", 5 - Good
..' 4
. 3 - Fair
- 2
1 -~ Poor
. Image Characteristics
- MIV - Modulated Intensity Variation
Py LSN - Low [mage Signal-to-Noise
: UF1 - Unfocused Imagery
: NDR - No Data Recorded
4 . + : Slight Reduction in Image Quality
* : Moderate Reduction in [mage Quality
. ~ : Severe Reduction in Image Quality
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TABLE 17
SUMMARY OF IMAGE CHARACTERISTICS AND
IMAGE QUALITY RATINGS (CONTINUED)
Image
Characteristics
M L U N
Radar Image s F T
. Mission ~ Pass  Frequency Area  (Quality Vv N I R
SARSEX-5 7 X W s *
g 8 X 0 4 .o
L 7
9 X W 4 A
A L 7
. 10 X W 5 + *
. L 7
. 11 X IW 5 + *
- L 7
. 12 X W 5 + +
- L 7
- X CA 7 +
: SARSEX-6 1 X 7 N
i X CA 7 +
g 2 L 7
5 X CA 6 *
5 3 L 6
5 4 X CA 6 *
b L 7
# 5 X W 5 *
L 7 *
. X IW 5 *
- ¢ L 7 +
. 7 X W 5 *
. L 7
W X IW ) *
. 8 L 7
X W 6 *
9 ‘ 7
. 10 X IW 6 *
L 7
5 N X W 6 *
X L 7
; Key
Image
- 7 - Excellent
- 6
- 5 - Good
4
) 3 - Fair
2
} - Poor
Image Characteristics
. MIV - Modulated Intensity Variation
LSN - Low Image Signal-to-Noise
L UF1 - Unfocused Imagery
. NOR - No Data Recorded
" * : Slight Reduction in Image Quality
* : Moderate Reduction in Image Quality
~ ¢ Severe Reduction in Image Quality
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TABLE 17
SUMMARY OF IMAGE CHARACTERISTICS AND
IMAGE QUALITY RATINGS (CONTINUED)

Image
Characteristics
M L U N
Radar [mage I S F D
Mission Pass Frequency Area Quality \ N 1 R
SARSEX-7 1 X CA 7 +
L 7
2 X CA 7 +
L 7
3 X CA 7 +
L 7
4 X W 5 +
L 7
5 X IW 7 +
L 7
6 X IW 7 +
L 7
7 X IW 7 +
L 7
8 X W 7 +
L 7 -
9 X IW 7 +
L 0 -
10 X W 7 +
L 7
11 X IW 7 +
L 7
12 X IW 7 +
L 7
SARSEX-8 1 X CA 7 +
L 7
2 X CA 6 *
L 7
3 X IW 7 +
L 7
4 X W 7 +
L 7
5 X IW 7 +
L 7
6 X W 7 +
L 7
Key
[mage
7 - Excellent
6
5 - Good
4
3 - Fair
2
} - Poor

Image Characteristics

MIV - Modulated Intensity Variation
LSN - Low Image Signal-to-Noise

UFI - Unfocused Imagery

MDR - No Data Recorded

. + : Slight Reduction in Image Quality
* : Moderate Reduction in Image Quality
- : Severe Reduction in [mage Quality
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TABLE 17
SUMMARY OF IMAGE CHARACTERISTICS AND
IMAGE QUALITY RATINGS (CONCLUDED)

[mage
M L U N
Radar [mage I S F D
Mission Pass Frequency  Area Quality v N I R
SARSEX-8 7 X W 7 *
L 7
8 X W 7 +
L 7
9 X W 7 +
L 7
10 X IW 7 +
L 7
SARSEX-9 1 X IW 7 +
L 7
2 X W 7 +
L 7
3 X IW 7 +
L 7
4 X W 7 +
L 7
5 X W 7 +
L 7
6 X W 7 +
L 7
SARSEX-10 1 X CA 6 *
L 7
2 X CA 7 +
L 7
3 X CA 5 * +
L 7
4 X CA 6 *
L 7
5 X IW 7 +
L 7
6 X W 7 +
L 7
7 X W 7 +
L 7
3 X IwW 7 +
L 7
Key
Image
7 - Excellent
6
5 - Good
4
3 - Fair
2
1 - Poor

Image Characteristics

MIV - Modulated Intensity Variation
LSN - Low Image Signal-to-Noise

UF1 - Unfocused Imagery

NOR - No Data Recorded

+ : Slight Reduction in [mage Quality
* ; Moderate Reduction in Image Quality
- : Severe Reduction in Image Quality
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5.2 DIGITALLY-PROCESSED DATA

) . During SARSEX, two channels of SAR data were recorded digitally.
These data consisted of the first 6.1 km in slant range of the XHH
or Xyy and LHH or va channels from the (V-580 SAR system.
Only one major problem was encountered which affects the digitally-
recorded data: during SARSEX-7, an operator error apparently re-
sulted in no digital data being recorded during Passes 4 through 6.

In order to assess the quality of the digitally-recorded SAR data
set from SARSEX, a set of measurements were made on two digitally
. processed SAR scenes collected over the calibrated corner reflector
array. These measurements include (for both X- and L-band) impulse
response resolution and sidelobe Tlevel, system background noise,
signal-to-noise ratio, clutter-to-noise ratio, and image contrast.
. The scenes selected for analysis were from SARSEX-4, Pass 12 and
- SARSEX-10, Pass 1.

. In the remaining portions of this section, we will first define
- the image quality measurements, then present the actual measurements,
and finally discuss their significance.

[ S P i)

5.2.1 SYSTEM IMPULSE RESPONSE (IPR)

SAR system impulse response (IPR) is defined as the output sig-
nal, including sidelobes, arising from a unit impulse input. A point
reflector, such as a corner reflector, approximates a unit impulse
in a SAR system. An intensity scan of the image of a corner reflec-
tor thus provides system impulse response. Typically, IPR scans are
made in both the range and azimuth dimensions. These scans can be
used to measure system resolution and sidelobe levels. The IPR value
corresponding to resolution is the width of the mainlobe taken at a
level 3 dB below the mainlobe peak. This width defines the Rayleigh
resolution of the system. IPR measurements are given in terms of
mainlobe width and level of the first sidelobe.
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A total of 20 IPR scans were made on the X-band digitally proc-
essed imagery and 19 IPR scans on the L-band digitally processed
imagery. Figure 35 presents typical IPR scans from an X-band corner
reflector imagery and Figure 36 presents typical L-band IPR scans.
Marked on these scans are the -3 dB resolution and the level of the
first sidelobe. Table 18 summarizes the measurements made on the 39
IPR scans.

The IPR scan measurements are comparable to or better than sim-
ilar measurements made on data collected during the Georgia Strait
Experiment (see Kasischke, et al., 1983). Comparison of the X-band
measurements reveals a relative consistency between the two different
days. However, the {-band measurements appear better on 7 September
than they did on 31 August.

5.2.2 SYSTEM BACKGROUND NOISE

System background noise is measured as the average image inten-
sity of an area where no radar return is received. Such areas
include shadows, regions of specular reflection such as airport run-
ways and undisturbed water, and the region around calibration sig-
nals. The measured system noises for the two data sets are presented
in Table 19. The system background noise levels are comparable to
previous measurements.

5.2.3 SIGNAL-TO-NOISE RATIO

Signal-to-noise ratio (SNR) is defined as the ratio of the max-
imum level found on the image to the background noise, expressed in
dB. The SNR values listed in Table 19 are consistent with those
obtained from SAR data collected during the Georgia Strait
Experiment.
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System Background Noise
Intensity

Signal-to-Noise Ratio
Clutter-to-Noise Ratio

Image Contrast

o '\.-.. TN ‘V:"".'-" AN

TABLE 19

ON SARSEX SAR DATA

SARSEX-4, Pass 12
(31 August 1984)

X-Band

4142
46.6 dB
12.6 dB
20.4 dB

L-Band

691
38.4 dB
7.7 dB
10.9 dB

.............................................

SUMMARY OF IMAGE QUALITY MEASUREMENTS MADE

SARSEX-10, Pass 1
(7 September 1984)
X-Band L.-Band

6918 1516
46.8 dB 45.0 dB
11.6 dB 9.7 dB
18.8 dB 12.8 dB

.............
............
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5.2.4 CLUTTER-TO-NOISE RATIO

Clutter is defined as the average background return over a spec-
ified distributed target area. A clutter-to-noise ratio (CNR) is
obtained by measuring the image intensity over low and high intensity
distributed targets such as agricultural fields, averaging them, and
dividing by the system noise value. Again, the CNR values obtained

‘ during SARSEX and listed in Table 19 are consistent with those ob-
q tained from SAR data collected during the Georgia Strait Experiment.

5.2.5 IMAGE CONTRAST

Image contrast is defined as the spatial change expressed in dB
corresponding to a step-function change in a scene from bright return
to no return. For example, the change from a highly reflecting lake
edge to the still, non-reflecting water can be used as an indication
of contrast. (Note: this definition is for purposes of these engi-
neering evaluations. Other definitions are also valid.) Samples of
the image contrast scans are presented in Figure 37. The values are
listed in Table 19. The values between the two dates are consistent.

5.2.6 DISCUSSION

The image quality measurements made on the SAR data from
SARSEX-4, Pass 12 and SARSEX-10, Pass 1 indicate the SAR was per-
forming well during the SARSEX data collection. Comparison of these
measurements to those made on APL-processed imagery, along with com-
parison of the calibration procedures, should provide a valid means
to combine the imagery from both systems in the SARSEX analyses dis-
cussed in the next chapter.

5.3 CALIBRATION DATA

The optically-recorded and processed images of the calibrated
corner reflector array and the internal calibration signals (see

93
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Image Intensity (dB Relative to Max.)

3 1 " i | —d
T 1 v | !
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Ground Distance (m)
X-BAND
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o
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Figure 37. Image Contrast Scans Generated From Digitally-Processed X-
and L-band SAR Data

94

T e, e S W A T AT Y,
-, .'.:'.\"‘-".b" e ‘-'_\_‘... e

------
v




ERIM RADAR DIVISION

Section 3.2) were reviewed and assessed for utility to calibrate the
SAR imagery. Table 20 presents information on this assessment,
Listed in Table 20 are the SARSEX mission number, the pass, the in-
cidence angle of the corner reflector array, the quality of the cal-
ibration array imagery (see Section 4.1 for a discussion of these
ratings, and the quality of the calibration signal images), and the
quality of the calibration signal images.

The key to the calibration signal images rating is as follows:
a two-star (**) rating indicates the images are suitable for calibra-
tion purposes; a one-star (*) rating indicates there is some question
as to the suitability of these data, and further assessment is
needed; and a no-star rating indicates the images are not suitable
for calibration purposes.

Several problems with the optically-recorded calibration signal
images were noted: (1) no images were optically recorded after sev-
eral passes; (2) both the X- and L-band calibration signal images
were unfocused during SARSEX-5, and (3) the X-band calibration signal
images appear to be saturated for SARSEX-6 through SARSEX-10.

It was not clear whether these latter two problems preclude the
use of the signals for calibration purposes. To address this ques-
tion, further analyses are being performed on the calibration sig-
nals recorded digitally. Data sets selected for analysis include
the calibration signals after SARSEX-4, Pass 12; SARSEX-5, Pass 2
and SARSEX-8; Pass 4.
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TABLE 20
SUMMARY OF CALIBRATION DATA QUALITY
Calibration
Array Image
Incidence _lealitx+
Mission Pass Angle X L
SARSE X~1 1
2
3
4
5
6
SARSEX-2 1 38° 5 0
2 42 6 7
3 28 2 7
SAKSEX-3 1 39° 6 7
2 39 7 7
3
4
5
6
7
8
9
SARSEX-4 ]
2
3
4
5
6
7
8
9
10
1 38° 7 7
12 56 5 7

*See Section 5.1,
+ey

**Data suitable for calibration purposes.

Calibration
Signal
., ++
Quality
X Lt
*k %k
*x* *k
*k *%k
* *
*k *%
*% *x
* %k
** *k
* % * %k
* %k *%
**k *%x
*%k *k
% **x
*% *%k
sk %4
*k *%
* & *k
*k *%k
* %k Yk
*k *k
* % *k
*k **
*x * %k
Aborted
*xk *%k
*k %

*Data may be suitable for calibration purposes, more

analysis required.

No Star - Data not suitable for calibration purposes.
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*+See Section 5.1.
++Key

**pata suitable for calibration purposes.

analysis required.
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*Data may be suitable for calibration purposes, more

No Star - Data not suiable for calibration purposes.
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TABLE 20
SUMMARY OF CALIBRATION DATA QUALITY
(Continued)
Calibration Calibration
Array Image
: .t =
Incidence __Quality Quality
Mission Pass Angle X L X L
SARSEX-5 1 43° 5 7 * *
2 41° 6 7 * *
3 40° 4 7 * *
4 * *
5 * *
6 * *
7 * *
8 * *
9 * *
]O * *
‘n * *
]2 * *
SARSE X-6 1 42° 7 7 *ok Kok
2 41° 7 7 ** %
3 37° 6 6
4 48° 6 7 ** o
5 6 7 *k *k
6 6 7 *k *k
7 6 7 **k *dk
8 6 7 *k Kk
9 6 7 *k K%k
10 6 7 *k ok
1 6 7 *o *
SARSEX-7 1 40° 7 7 * %
2 44° 7 7
3 42° 7 7 *k ok
4 *k




gl o e e
PR AR

Mission

..........

RADAR DIVISION

TABLE 20
SUMMARY OF CALIBRATION DATA QUALITY
(Continued)

Calibration Calibration
Array Image Signal

Incidence Quah‘ty+ _Qua]ity++
—Angle X L X L

*%
*k
*k
*k
*k
*k
*k
*k

-
[+1]
[74]
w

*
*

SARSEX-7

* % % % * ¥ *

—— ) —
N =0 W~ U,

° *k

*%
*k
*%k
*%
*%
*k
*k
*%
*k

SARSEX-8 47

45

S~
~N O~

* % % % % A F ¥ * %

——
OCWOONOVIEWN ~

* %
*k
%k
*%k

SARSEX-9

* % % % ¥

AP W —

*k

*See Section 5.1.
++ ey
**Data suitable for calibration purposes.

*Data may be suitable for calibration purposes, more
analysis required.

No Star - Data not suiable for calibration purposes.
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TABLE 20
SUMMARY OF CALIBRATION DATA QUALITY
(Concluded)
Calibration Calibration
Array Image Signal
Incidence guality+ gualitx++
Mission Pass Angle X L X L
SARSEX-10 ] 63° 6 7
2 59 7 7 * *k
3 * *k
4 54° 6 7 * il
5 * *k
6 * dk
7 * *k
8 * *k
*See Section 5.1,
+Hy ey
**pata suitable for calibration purposes.
*Data may be suitable for calibration purposes, more
analysis required.
No Star - Data not suiable for calibration purposes.
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6
PROPOSED DATA PROCESSING AND ANALYSIS ACTIVITIES

The overall analysis plan for SARSEX is presented in Apel, et al.
(1985). The purpose of this chapter is to present in more detail
K. those activities which will be carried out by scientists and engi-
g neers at ERIM. It is anticipated that these activities will be con-
ducted over a two-year period.

>0 8 8 A

There are four major processing and analysis activities:

1. Engineering Evaluation - Overall, the SAR data collected
during SARSEX represents a high quality set of SAR imagery.
There were few system malfunctions, but the impact of these
have to be assessed and evaluated prior to proceeding with
in-depth analyses of the impacted SAR data. Prior to final
selection of the passes to use to meet the program objec-
tives, an engineering analysis of the candidate data sets
will be performed.

BRI AR

X ..

. 51,

In addition, under this activity, a comparison of image qual-
ity parameters made on ERIM-processed data (see Section 5.2)
will be made with those made on APL-processed imagery. These
measurements are necessary to insure that the imagery from
each processor can be validly compared.

LA B

2. Data Processing - Two separate tasks will be pursued under
this activity: (a) transcription of raw SAR signal histories
from high density digial tapes to computer compatible tapes,

.S and (b) processing of the raw signal histories into SAR

images using ERIM's digital strip map processor (Jackson, et

al., 1984),

WL .ttt

3. Extraction of Radar Backscatter Measurements -~ Under this
activity, radar backscatter signatures of surface internal
wave patterns and from the ocean surface "background noise"

U D aF SR
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will be extracted from the digital SAR image scenes. These
backscatter measurements will be calibrated in an absolute
or relative sense, depending upon the application. These
calibration procedures are discussed in greater detail below.

4. Generation of Simulated SAR Images - A major objective of
SARSEX is to further evaluate and validate hydrodynamic/
electromagnetic models which predict how a SAR will image
the ocean surface. The tasks included in this activity are
further development of theoretical SAR imaging models and
comparison of simulated SAR imagery from these models to
actual SAR imagery collected during SARSEX. The tasks asso-
ciated with this activity will be discussed in greater
detail below.

Table 21 (after Apel, et al., 1985) summarizes the analysis
activities which are to be carried out on the SARSEX data set.
Table 22 presents a summary of the analysis tasks which will be pur-
sued using the SARSEX data set and which imagery will be used to
address each task. In the following sections, we will discuss in
more detail those activities which will be pursued at ERIM during
the analysis of the SARSEX data set.

6.1 EXTRACTION OF SAR INTERNAL WAVE SURFACE SIGNATURES

Once the digitally recorded SAR signal histories have been tran-
scribed to CCTs and processed into image format, a careful set of
steps will be performed in order to geometrically correct the imagery
as well as calibrate the data in an absolute or relative sense,.

6.1.1 GEOMETRIC CORRECTION OF SAR DATA

Because of their sidelooking geometry, SARs produce imagery in
the slant range plane. The across-track position of an object in a
SAR image is determined by its slant range, the straight 1line
distance of the object from the SAR platform. Ground range, the

102
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distance of the object from the ground track of the vehicle, is the
representation desired by most image interpreters and analysts.

at0® s e

NP

Figure 38 illustrates the relationship between slant range and
ground range. In actuality, the earth's surface is curved, but from
aircraft altitudes, the curvature is small enough to be ignored.
However, from spacecraft altitudes, the earth's curvature must be
accounted for.

In this section, we will discuss the relationship between slant
- and ground range on a flat, horizontal earth. The relationship be-
tween slant and ground range is non-linear, but simple. The trigo-
- nometric relationship for flat earth is

Rg = RS sin @ , (1)

where o is the incidence angle, RS refers to slant range, and Rg
- refers to ground range. The slant range distance between two points
b is always smaller than the ground range distance and is highly de-
pendent upon the angle at which the terrain is viewed. The relation-
ship between the change in slant range to the change in ground range
is

ARg = ARslsin e . (2)

The relationship between aAR_ and ARS determines the scale of
the image. Because this relationship differs at near range compared
to far range, the range scale of the slant range image is not con-
stant. This type of distortion is at its maximum when looking at
the nadir of the vehicle, where the incidence angle is 0°. Near the
i nadir, a comparatively small change in slant range will produce a
3 large change in ground range. As the incidence angle is increased,
a smaller and smaller change will occur in ground range for every
change in slant range. At the limit when the incidence angle is 90°
(the radar beam is grazing the ground and parallel to the ground),
there is no distortion, because the change in slant range is

Py
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Figure 38. Slant Range Versus Ground Range Perspective in an Imaging
Radar System
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identical to the change in ground range. Because of this continuous
change in range scale across the image, only one range exists where
the slant range scale equals the along-track scale. At nearer range,
the map scale will be smaller, and at a farther range the map scale
will be larger in the slant range presentation of the image.

The slant-to-ground range distortion can be removed by digitally
resampling the data in the range direction. To do this, the slant-
ground range relationship can be rewritten as

R = VRS- he, (3)

for the flat earth or low-altitude case, where h is the platform
altitude,

Because the range and azimuth scales are not the same after the
slant-to-ground range conversion has been applied, the range dimen-
sion is usually resampled to match the azimuth line spacing. Two
types of resampling techniques are commonly used, depending upon the
type of scene, the required accuracy, and the acceptable cost for
the correction. The simplest and least expensive resampling tech-
nique is the nearest-neighbor method. In this method, a grid is set
up having equal intervals of ground range, ARg, beginning at the
nearest range sample, Rgo' That is, the ground range at grid point
n is

Rgn = Rgo + nARg. (4)

The ground range spacing ARg is usually chosen to equal the dis-
tance between samples in the along-track direction, so that the image
will have unity aspect ratio when displayed on a device which has
pixel elements of equal size in both dimensions.

The resampling is then carried out by considering each value of

Rgn in turn, and computing the corresponding ground range from

Eq. (4). The input range sample nearest to this computed ground

108
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range is then copied into the output data set. The maximum error in
the location of any pixel using this method is one half of the ground
range distance between pixels. Usually, this is an acceptable error,
particularly if the scene reflectivity distribution is relatively
smooth,

Another method of resampling interpolates between samples to find
the data value at the required location. The same steps as described
above are carried out except that instead of choosing the input range
sample nearest to the computed slant range for the output pixel under
consideration, an interpolation formula is used which involves the
data values at several 1locations surrounding this pixel. Several
different interpolation formulas have been used, most of them varia-
tions or approximations of a sinc (i.e., [sin x]/x) function
(Shuchman, et al., 1977). This procedure results in a theoretically
more exact reconstruction of the image but is more difficult to
implement and requires more computer time for its operation.

Slant-to-ground correction of digital SAR imagery using Eq. (3)
requires determination the slant range (RS) to each pixel in a
scene as well as the altitude (h) of the aircraft when the SAR data
were collected. However, there are several subtle factors involved
in determining RS and h. Two factors which affect the calculation
of RS are the range location of each point in the imaged scene
(Pi) and the range delay in microseconds (Rd) to the beginning
of the scene. Using these two factors, RS can be calculated as

where 150 is the one-way distance (in meters) a beam of light travels
in one microsecond and 1.5 is the width (in meters) of the pixel.

P, is given within the SAR scene and Rd is usually obtained

from the log sheet from a specific mission. However, this nominal

Rd may require several modifications, depending upon the SAR
wavelength.
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Based upon discussions with SAR system engineers from both ERIM
and CCRS, it appears the actual range delay is 0.2 usec less than
the recorded value. The 0.2 usec value is based upon actual mea-
surements made on the SAR system.

Another factor which affects the X-band range delay has to
do with the way in which the X- and L-band pulses are transmitted.
The transmitter on the ERIM/CCRS SAR System operates such that the
L-band pulse ends approximately 0.2 usec prior to the center of the
X-band pulse (see Figure 39). Since the image of the target which
reflected the pulse is formed at the center of the pulse, a given
point on an X-band image will theoretically appear 1.1 usec, or 165
m, later than the same point appears on the L-band image. This
theoretical difference was calculated using a pulse width of 2.7
usec at X-band and 1.8 usec at L-band. The actual difference may
vary, depending upon how the SARs were adjusted on any given day.

To investigate the difference between X- and L-band, the SAR
phase histories and processed images of a calibrated reflector were
examined. This analysis showed that the range positions coincide
when the phase histories of the SAR images were compared, but that
the locations of the corner reflectors in X-band were 0.94 usec later
in the image than the positions at L-band. Therefore, when no point
targets or nadir and visible in the SAR image, it is recommended that
the range delay used for X-band imagery be 1.0 uysec longer than the
range delay used for L-band. If nadir or a point target is visible
in the SAR images, then the distance, and hence range delay, between
the X- and L-band images can readily be calculated by comparing the
range positions of a target on the two images.

The recorded altitude (h) of the CV-580 aircraft was determined
by reading an altimeter which calculates altitude by measuring the
difference in barometric pressure between the aircraft and a point
on the ground, usually the airport where the airplane takes off and

110

.....

..................
...................
R Y




[R'M RADAR DIVISION

t (usec) (.)

e
-

‘—l_lysec-.-

X-BAND PULSE

hatt—— 1.8 L sec ——»1
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Figure 39. Relative Positions and Lengths of X- and L-band
Transmitted Pulses
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lands. Naturally occuring variations in atmospheric pressure can

result in variations in the actual altitude of the aircraft. Studies
have shown that these altitude variations are often as high as 50 m
(Lyden, 1983; Kasischke, et al., 1983), which can lead to errors in
ground range when calculated using Eq. (3).

To avoid this altitude ambiguity, during the SARSEX experiment
the range delay was adjusted so that the nadir return (i.e., the
specular reflection from the earth's surface directly below the SAR)
was visible on the SAR images. Figure 40 illustrates this nadir
return for an L-band image (SARSEX-4, Pass 5), which was collected
using a range delay (Rd) of 45 usec at a recorded altitude (h) of
6706 m,

The theoretical range delay to this nadir (Rdn) is

h
Rdn = 150 + 0.9 ysec (6)
or 45.61 ysec, since the image of the nadir is formed 0.9 psec (one-
half a pulse width) after it is detected. From the SAR image, we
can calculate the actual range delay (Rdn.) to the nadir as

RSH
Rgn: = 4.8 + 125 (7)

where 44,8 is the actual range delay to the near edge of the image
(45 - 0.2 usec) and RSn is the slant range width of the null region
(111 m). For the SAR image in Figure 40,

R n = 45 .61 ysec, and

d

R, , = 45.54 usec.

dn

Therefore, during this pass, the SAR was actually the range
equivalent of 0.07 uysec (10 m) lower than the recorded altitude.
The correct altitude to use when calculating ground ranges or cali-
brating the data from SARSEX-4, Pass 5 is 6696 m,
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Figure 40. Digitally-Processed X-band Image Illustrating Image Null
(Rsn) and Image Nadir
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6.1.2 CALIBRATION OF SAR DATA

» Calibration of SAR data is a relatively straight-forward concept
to understand in a theoretical sense, although the implementation of
a total calibration algorithm requires a careful, routinized proce-
dure in order to keep track of all the factors which can affect each
step in the algorithm. In this section, we will discuss the funda-
mentals of SAR image calibration. For a more in-~depth discussion of
calibration, the reader is referred to Walker and Larson (1981),
Larson, et al. (1982, 1985) and Larson and Maffett (1985). In our
discussion, we will use data from SARSEX 4, Pass 5 to illustrate the
basic concepts behind SAR image calibration.

e e s 4 &

The goal of the calibration algorithm is to relate the measured
intensity, PI’ from a processed SAR image to radar cross-section
(s). Assuming the SAR is operating within its linear region, this
relationship can be expressed as
o PTGZ(O)XZHSU
; Ppe——37 *P (8)
. (4#)°R
where PT is the transmitted power,

G(e) is the antenna gain as a function of the incidence angle,
o,

» is the radar wavelength,

H. is the radar system transfer function or radar system

s
gain,

. R is the slant-range distance to the target, and

' Pn is the system noise.

, Using SAR imagery of calibrated reflectors of known radar cross-

. section (o) and internal calibration signals, the basic calibration

approach used at ERIM is as follows:
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1. Inspect the candidate SAR imagery for artifacts and satura-
tion to determine its potential for calibration,

2. Digitally process the SAR data set,

3. Calculate He and Pn for the scene to be calibrated using
the calibration signals for that scene and the calibration
reflector scene, and

4, Calculate o for the image scene using PI from that scene
and the specific parameters for that scene (e.g., a new
PT’ G(e) and R).

Figure 41 outlines the overall procedure used to calibrate SAR
imagery. The first two steps (inspection and processing of the SAR
data) appear to be straightforward, but in fact are crucial steps in
the analysis and calibration process. The importance of this step
cannot be overemphasized.

In selection of a SAR data set to address a specific analysis
topic (see Table 22), it is necessary to determine if the SAR sig-
natures are within the linear response region of the SAR system as
well as determine whether or not the calibration signals are adequate
for use in determining the SAR system gain. Once these two questions
have been addressed, the SAR data can be processed into imagery and
the calibration procedure begun.

Figure 42 presents image intensity scans through the internal
wave surface patterns present in Figure 13, The scan was made in
the range direction, with the ship present in the image being the
center location for the scan. The scan was started 48 elements
(72 m) beyond the ship locaation. The scan was generated by averag-
ing 100 lines in azimuth and performing a running average of every
19 elements in range. It is these intensity values which will be
used to illustrate the calibration process.
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Optically Processed
Imagery N

Data Inspection

SAR Phase Histories

: | Y

SAR Phase Histories

Process SAR Image
and
Calibration Signals

SAR Images

SAR Parameters

Calibrate Data

Antenna Gain

SAR Parameters

Radiometrically
Correct Data

Antenna Gain

0, Values

Figure 41. Outline of Major Steps in the SAR Image Calibration
Procedure
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: 140,000 7
120,000 4
: 100,000 - ,
2
g 80,000
g X-Band
) % 60,000
Y &
) 40,000
' 20,0004
o T T T ¥ T 1
0 500 1,000 1,500 2,000 2,500 3,000
Pixel Number
30,000
25,000 1
)
‘Z 20,000
§
g L-Band
; $ 15,000
3 &
10,000 1
5,000 -
0 T T Ll Ll v =
0 500 1,000 1,500 2,000 2500 3,000
; Pixel Number
) Figure 42, Uncalibrated SAR Image Intensity Scans Through Surface
Internal Wave Patterns From SARSEX-4, Pass 5 (Scans
X Are in Range Direction and Begin 48 Pixels Beyond
. USNS Bartlett)
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An examination of the intensities of the SAR signal histories
will indicate whether the SAR system is operating in the linear
region in the area of interest, i.e., whether the signals are satu-
rated or not. To do so requires comparing the signals from an area
of interest to a curve of the intensities from the calibration sig-
nals, some of which are saturated., The intensities of the SAR signal
histories are illustrated in Figure 43, which presents a curve gen-
erated from the internal calibration signals along with the location
of the intensities of the ship, background level and brightest in-
ternal wave value. For the SARSEX-4, Pass 5 data, it can be seen
that the data of interest are not saturated.

The second step in the calibration procedure is to calculate each
of the factors in Eq. (8). This step includes using the SAR imagery
of the set of calibrated reflectors discussed in Section 4.2. Once
the SAR images of the reflectors are processed, an intensity, PI’
is extracted for each corner reflector in the scene. This intensity
is calculated as

n m
- L i) (9)
i=1 j=1
where x1j is the amplitude of a pixel,

i is the line number, and

J is the element number.

It should be noted that the same number of elements (i) and lines
(j) should be used to calculate PI for each reflector. Figure 44
presents the PI vs. o curves generated for the calibration array
imaged during SARSEX-4, Pass 12.

From the data presented in Figure 44, we can calculate a regres-
sion line,

PI =a *+ b (10)
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[f we assume that the y-intercept, b, is equivalent to the system

noise Pn, then

a--1 "N (1)

We can now arrange Eq. (8) to calculate H¢ for the calibrated re-
flector array. Specifically
w oot Pe (ane an)
s ° PTGz(o)x2

Note that the system gain term, Hs’ now encompasses the linear
relationship between PI and ¢ for the calibration scene. Table 23
lists the various factors to calculate HS for the SARSEX-4, Pass

12 calibration array.

The next step in the calibration algorithm is to calculate the
system gain, Hs’ for the imaged scene. This is accomplished
through measurement of the calibration signals generated before or
after each pass of SAR imagery. These signals are measured in much
the same manner as the reflector images using Eq. (10). However,
instead of measuring a clutter factor, a system noise factor is cal-
culated and subtracted from the power value (see Lyzenga and
Shuchman, 1984). These power values are then plotted against the
input power used to generate the signal. A curve is generated using
both sets of calibration signals (for the calibration array and the
SAR image to be calibrated). The difference between the linear por-
tions of these curves (k) is the system gain difference between the
two passes. The calibration signal curves at X-band for the
SARSEX-4, Passes 5 and 12 are presented in Figure 45. The system
gain for the image scene, Hg calculated from Eq. (12), is thus
calculated by adding or subtracting k from Hs. For our example, k
equals 18.0 dB at L-band and 18.5 dB at X-band. These compare quite
favorably to the digital gain setting differences listed between

Passes 5 and 12 in Table 9 (19 dB at L-band at 18 dB at X-band).
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TABLE 23
SAR SYSTEM PARAMETERS USED TO CALIBRATE
SAR IMAGERY

a.) Parameters for Calculation of Hg for Calibration Reflectors
from SARSEX 4, Pass 12

Parameter X-Band L-Band
S
_17;_J1 76,504 5,248
A 0.032 m 0.24 m
R 9,666 m 9,516 m
o 62 (o) 48.6 dB 28.2 dB
- Py 1,741 W 5,650 W
ii H 1.0301 x 10" w™! 3.9974 x 10" w!

b.) Parameters for calculation of o values for SARSEX-4, Pass 5

P, 11,442 204
A 0.032 m 0.24 m
R 7,675 to 11,785 m 7,675 to 11,785 m
o 29° to 55° 29° to 55°
- o, (Peak) 62° 62°
é Gz(o) Variable Dependent on 3 and oI(Peak)
v Pr 1,700 W 5,452 W
’ H 7.2923 x 1020 w! 2.5222 x 10" W™
: h 6696 6696
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Figure 45. X- and L-band System Response Curves Generated From
Calibration Signals for SARSEX-4, Passes 5 and 12
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Finally, a radar cross section for any pimel in the image scene
can be calculated

DN )

‘l 'l .' 'l 'U 'l

(P, - P )(4r)3R?
o= L0 — (13)
PTG (e)a HS

where PT if the transmitted power and Pn is the system noise for
that scene, and R and G(e) are calculated specifically for that
pixel.

The two factors in Eqs. (8) and (13) which effect the intensity
(PI)’ and hence radar cross-section, of a given pixel are the
range to the target and the gain of the antenna [G(e)]. For a given
scene, all other variables are constant. For example, if the same
2 target is imaged at two different ranges, where R] < R2, the
- intensity of the target in the near range, PI]’ will be greater
- than the intensity, PIZ’ at the far range because from Eq. (8)

o P
N p%%-~ <1. (14)

=]
N;Ubl—a E~]

Figure 46 plots the values of PIZ/PII for increasing slant
range assuming a uniform scene.

. The X- and L-band antennas of the CV-580 SAR System each have a
unique pattern, with the peak gain [oI (peak) in Table 23] or
intensity occuring at the center of the antenna beam. The gain
: falls off as a function of the angular distance away from the center
- of the beam, and hence, a target's intensity will be lower if it is
located outside the beam's center.

AN

(]

During SARSEX-4, Pass 5, the antennas' beams were centered at an
incidence angle of 62°. Figure 46 also illustrates the expected

Sy

ratio of Pp,/P;,, where P, is the intensity of a target
located at the beam center. Note that the L-band antenna fall-off
is gradual, whereas the X-band fall-off is rapid.
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Figure 46. The Effects of the X- and L-Band Antenna Pattern and Range

Fal1-0ff on SAR Image Intensity
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Using Eq. (13), a radar cross-section can be calculated for any
pixel or area of the imaged scene. Figure 47 presents the calibrated
radar cross-section curves for the SARSEX-4, Pass 5 SAR imagery.

D puovgePurarerw  gu

6.1.3 INITIAL RESULTS

From Figure 47, the following observations can be made: the
L-band signatures appear to have a distinct, separate bright and dark

Ty vy

region, whereas the X-band signatures only have a bright region.
The magnitude of the L-band signatures appears to be slightly
stronger than those of the X-band signatures. Finally, there is a
dramatic range fall-off of approximately 20 dB fopr the X-band scan.
This fall-off may not be related to the scattering characteristic of
the ocean scattering characteristic of the ocean surface, but to an
incorrectly measured X-band antenna pattern. This pattern will be
more accurately measured using the calibrated corner reflector data
collected over the Peconic River Airport (see Section 4).

Additional scans were made on the Pass 5 imagery along the track
of the R/V Cape, which was traveling parallel to and in the same
direction as the USNS Bartlett at the time of the SAR overpass. The
Cape's track was displaced approximately 1000 m to the northeast of
the Bartlett's. Figure 48 presents the calibrated scans made through
the Cape's track. From these scans, we can see that the magnitude
of the L-band signature are much greater than the X-band signatures.
For Wave 3, the peak of the X-band signature appears to occur
slightly before the peak of the L-band signature. This is more
clearly illustrated in Figure 49, which plots the positions of the
X- and L-band scans for the Cape and Bartlett tracks. For the
Bartlett track, there is no apparent displacement. For the Cape
track, the X-band peak occurs approximately 25 m prior to the L-band
peak .
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Figure 47. Calibrated X- and L-band Radar Cross Sections Obtained
From SARSEX-4, Pass 5 Data (Same Location as in Figure 42)
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Figure 48. Calibrated X- and L-Band Radar Cross Sections Obtained

from SARSEX-4, Pass 5 Data (Along the Track of the R/U
Cape
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Figure 50 compares the L-band scan for the two different tracks.
A From these scans, we can see that the intensities for the Bartlett
track are greater than those for the Cape track. This figure shows
that there is a spatial, or an along-crest variation in the internal
wave signature. This illustrates the need to make a scan as close

Sal NN

as possible to the position of the surface and subsurface measure-
ments to which the SAR data are being compared.

Finally, Figure 51 presents a comparison of the L-band cross-
sections obtained during Pass 5 to those obtained during Pass 8.
Both cross-section scans were made through the Bartlett, with the
Pass 8 scan occuring at an incidence angle of 51°. These scans show
. that the L-band signature is greater for the range-travelling wave
, than it is for the azimuth-travelling wave. The signature for the
: azimuth scan appears to be broader or more spread out, which may
indicate some smearing to scatter motion.

p These empirical observations demonstrate the types of analyses
which can be made using the SARSEX data set.

6.2 MODELING OF SAR OBSERVED OCEAN SURFACE PATTERNS

A primary analysis activity using the SARSEX data is to further
develop and test SAR imaging models which predict radar backscatter
as a function of SAR system and environmental parameters. This
modeling effort can be thought of as two distinct, but inter-related
activities. The first of these activities is the further development
of the imaging models. New and more advanced theories on SAR imaging
of the ocean surface are constantly being developed. The SARSEX data
set can be used to further evaluate and quantify these theories.

o vy r gy v ¥,

Once these new theories have been validated, they can be inputted
- into the SAR imaging model.

The second modeling activity will consist of making empirical
comparisons between simulated SAR images generated from the models
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Figure 50. Comparison of Calibrated L-Band Cross Sections for Cape

and Bartlett Tracks for SARSEX-4, Pass 5
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to actual SAR imagery. These comparisons will allow an overall
evaluation of the SAR imaging models, rather than focus on a specific
portion of the model as the first activity does.

In this section, we will first briefly present the SAR imaging
model which will be used. This will be followed by a discussion of
the further theoretical development of this model which is planned
using the SARSEX data. Finally, we will discuss some initial
results from the model comparisons.

6.2.1 DESCRIPTION OF MODELS

The hydrodynamic and electromagnetic models which are currently
in use for predicting the SAR response to internal waves are based
almost exclusively on Bragg scattering. That is, the radar cross
section of the surface is assumed to be proportional to the surface
wave spectral density at the Bragg wavenumber

kb = 2ko sin o (15)

where ko is the radar wavenumber and o is the incidence angle
(valenzuela, 1978). Thus, the hydrodynamic problem is to compute
the spectral perturbations (i.e., the local changes in the spectral
density) at the Bragg wavenumber. These perturbations are considered
to be the result of interactions between the surface waves and in-
ternal wave-induced surface currents, and are modeled using conser-
vation of wave action principles, as described for example by Hughes
(1978).

The hydrodynamic and electromagnetic models mentioned in the
previous paragraph may be used to calculate the spatial variations
in the radar cross section of the surface due to a given (measured
or modeled) surface current field associated with a set of internal
waves. Under a restricted set of conditions (to be defined below),
the SAR image intensity may be assumed to be proportional to the
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. surface radar cross section. The hydrodynamic model output can then
b be interpreted directly as a SAR prediction, and compared with actual
. SAR image intensities.
\l
¥ Aside from SAR system considerations such as the effects of

system noise, linearity, antenna gain patterns, geometric factors,
and motion compensation or phase errors, there are at least two
factors which must be taken into account in comparing the predictions
of the first-order model described above with actual SAR images.
These are the effects of coherent speckle and the effects of surface
motions on the SAR imaging process.

, The numerical SAR simulation model developed and implemented at
s ERIM (Lyzenga, et al., 1984) accounts for both speckle and surface
motion effects. These motion effects include radial velocity,
azimuth smearing and variations due to surface gravity waves.

6.2.2 ADDITIONAL MODEL DEVELOPMENT

The hydrodynamic, electromagnetic, and SAR imaging models dis-
cussed in the previous section contain numerous approximations and
neglect effects which may be important in many cases. The degree to
which these models approximate reality will be determined by compar-
isons with the data collected during SARSEX. In anticipation of
some measure of disagreement, the following paragraphs summarize
some of the areas in which model improvements should be made.

6.2.2.1 Quasi-Specular Scattering

A growing body of evidence, including both laboratory measure-
ments (Kwoh and Lake, 1984) as well as field data (Lyzenga and
Shuchman, 1984), points toward the inadequacy of a pure Bragg scat-
tering model to describe the microwave scattering properties of the
ocean surface. Preliminary examination of SARSEX images, including
especially the data collected at low altitudes, suggests that this
data will furnish additional evidence for the importance of non-Bragg

A O
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scattering mechanisms. Principally, this evidence is in the form of
observations of highly localized, tlarge-amplitude returns which ap-
pear as bright streaks in the low-altitude SAR imagery. These fea-
tures appear to be associated with wave breaking (Lyzenga and
Shuchman, 1983) and also seem to be inconsistent with a purely Bragg
scattering mechanism.

The existence of non-Bragg scattering processes unfortunately
greatly complicates the hydrodynamic as well as electromagnetic
modeling effects. A demonstration of the importance of such pro-
cesses would imply, at minimum, the necessity of including all sur-
face wavelengths in the hydrodynamic calculations. At worst, it may
require a complete reformulation of the hydrodynamic models to in-
clude nonlinear and finite wave amplitude effects.

In the electromagnetic modeling area, Bragg scattering models
may need to be supplemented if not replaced by models incorporating
specular scattering or wedge scattering mechanisms. Ultimately, the
surface descriptions required to calculate the electromagnetic
scattering properties will determine the course and complexity of
the hydrodynamic modeling effects.

The inclusion of non-Bragg scattering in the SAR model will en-
tail chiefly a reformulation of the surface motion calculations.
Instead of incorporating only the orbital motions of the surface
waves, the higher velocities associated with specular facets or wedge
scattering elements may have to be accounted for. Methods of in-
cluding these effects will be investigated as part of the SARSEX
analysis activities.

Several investigations can be pursued with respect to non-Bragg
or quasi-specular scattering from the ocean surface using the SARSEX
data set. These investigations will be carried out using data col-
lected during SARSEX-8, which exhibits a significant degree of
azimuthal streaking (see Figures 24 and 25).
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Lyzenga and Shuchman (1983) have hypothesized that the cause of
the streaking is due to breaking waves. The degree of streaking on
the SAR image can be measured by an autocorrelation of the SAR image
spectrun, The following areas can be investigated using the SARSEX-8

AL

imagery:

1. Determine where the highest degree of streaking occurs rela-
tive to the internal wave field.

2. Through a comparison with the video images of the ocean sur-
face, determine the correlation between the density of break-
ing waves and the density of the streaking on the imagery.

3. Determine the variation in the amount of streaking as a func-
- tion of incidence angle, azimuth angle and altitude.

4, Compare X- and L-band imagery to determine the degree of
streaking in each, and whether or not the streaks in each
band occur at the same place.

5. Compare CW radar data to SAR data and correlate specular
spikes on the CW radar backscatter scans to the density of
the streaking on SAR images.

Through the above analyses, we will be able to better predict
the degree of non-Bragg or quasi-specular scattering which occurs
and make adjustments to the imaging model.

6.2.2.2 Background Noise

The detection of surface patterns on SAR imagery is dependent on
the oceanic phenomena itself and the ambient background noise. Fac-
tors which affect the background noise include surface tension
(which is a function of air/sea temperature and surface films), wind
and surface gravity waves. Although research has been done on the
effects of wind on SAR imagery (Lyden, et al., 1983) and surface
gravity wave imaging models exist (Shuchman and Lyzenga, 1985), these
models have not yet been completely tested and validated.
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In the background noise investigation, the effects of wind will
be further quantified using low and high wind cases from the SARSEX
data set. Wave buoy data from days where surface gravity waves were
present on SAR imagery will be obtained. This information will be
used as inputs into the SAR gravity wave model and the results com-
pared to the SAR imagery. The wind and wave portions of the SAR
imaging model will thus be further tested and validated.

6.2.3 INITIAL RESULTS

The hydrodynamic/electromagnetic interaction model was exercised
using the environmental conditions present during SARSEX-4, Pass 5.
The third wave of the observed internal wave packet (the first wave
being the one the furthest out in the range dimension) was modeled.

The environmental conditions were provided by the Applied Physics
Laboratory. During this pass, a westerly wind [towards 90° (T)] with
a velocity of 6 m/s was present. Figure 52 (after Apel, et al.,
1985) shows the predicted surface current and strain rates for
Wave 3.

Using these inputs, the hydrodynamic/electromagnetic interaction
model was exercised. Figure 53 shows the observed and predicted in-
ternal wave signatures at both X- and L-bands. Note at L-band, the
model accurately predicts the observed trough and peak in the in-
ternal wave signature, although the magnitude of the peak is somewhat
underestimated. As with past data sets, the X-band model does not
predict the observed signature at all.

The underpredictions at both X- and L-bands probably lie in the
fact that some other mechanisms are responsible for modulating the
Bragg scatterers or causing backscatter to the SAR. One possible
mechanism which has been suggested is a combined non-linear current/
long wave/Bragg wave interaction, Figure 54 illustrates the pre-
dicted magnitude of the spectral perturbation to a wave with a length
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Figure 53. Modeled Versus Ovserved SAR Intensity for Wave 3,

SARSEX-4, Pass 5
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of one meter due to interactions with the internal wave current. It
is possible that the longer wave is interacting with the shorter
Bragg waves in some non-linear manner, resulting in a stronger
signature.

Figure 55 illustrates the modeled L-band internal wave signature
intensity as a function of azimuth angle (where #90° is equivalent
to an azimuth travelling wave, and 0° is equivalent to a range
travelling wave). Theory predicts that range-travelling waves have
stronger signatures than azimuth-travelling waves, which agrees with
the observations.

Finally, a combined Bragg/wedge scattering model proposed by
Lyzenga, et al. (1983) predicts that the intensity of the sea surface
backscatter will decrease with increasing incidence angles. For the
incidence angles represented in the SARSEX-4, Pass 5 imagery (30° to
56°), the model predicted range fall-off is approximately 13 dB at
both X- and L-bands. The observed fall-off was 23 dB at X-band and
6 dB at L-band. This indicates one of three things: (1) the models
overpredict the range fall-off at L-band and underpredict at X-band,
(2) the antenna patterns have not been correctly measured, or (3) the
system noise inputted into the calibration algorithm was incorrect.
We believe the reason to be a combination of the two.

6.3 DATA ANALYSIS AND MODEL COMPARISONS

Analysis of the SARSEX data falls into two categories. The first
activity includes a purely empirical characterization of the observed
SAR internal wave signatures as a function of the SAR viewing geom-
etry (incidence angle and look direction), the SAR wavelength (X-band
versus L-band), and the surface conditions (strain rate, wind speed,
etc.). The second activity includes a comparison of the observed
SAR intensity modulations with model predictions based upon the
surface measurements.
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Figure 55. Model L-Band Intensity as a Function of Azimuth Angle
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SAR data were collected simultaneously at X-band and L-band using
a series of multi-sided flight patterns, as described elsewhere in
this report. The internal waves, for the most part, persisted long
enough to be observed with a variety of incidence angles and 1look
directions. Differences in the observed internal wave signatures
can therefore be related directly to the changes in the viewing
geometry, and the functional relationship between these can be
directly investigated. Comparisons with surface currents measured
by shipboard instrumentation can similarly be done, to establish a
minimum detectable strain rate for the conditions under which the
measurements were made.

Comparisons of measurements with model predictions can poten-
tially be made on these levels. First, measurements of internal
wave-induced surface currents can be used as inputs into hydrodynamic
(wave/current interaction) models, and the resulting spectral per-
turbation predictions compared with measurements of the surface wave

- spectra. Second, predicted or measured surface wave spectra can be
used as inputs into electromagnetic scattering models and the results
compared with shipboard radar backscatter measurements. Third, pre-
dicted or measured radar cross sections can be used as inputs into
the SAR model and the results compared with actual SAR images. First
priority will be given to the data sets for which all three levels
of comparison can be carried out.

In cases where some of the intermediate-level measurements are
not available, end-to-end predictions of the confined hydrodynamic/
electromagnetic/SAR imaging models can still be carried out. Second
priority will be given to such data sets, except possibly in some
cases of particular interest, which will be given first priority.

Required inputs to the SAR model include measurements of the
ambient wave spectra as well as the hydrodynamic/electromagnetic
predictions for the internal waves. OQOutputs of the SAR model will
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include simulated images, which will be quantitatively compared with

: actual SAR images. In some cases, the ambient wave field is directly
X observed in the images (outstanding examples include SARSEX-1 and
i SARSEX-6). In these cases, the properties of the observed wave

images will be compared in detail with the simulated images to verify
the part of the model. In other cases, the primary emphasis will be
on the internal wave signatures and the background signal statistics.

A special set of analysis will be carried out on the low-altitude
SAR passes (SARSEX-8) to investigate the bright streaks appearing on

N these images. It is anticipated that present models will not ade-
. quately predict these features, and that these observations will
. provide impetus and guidance for further model development. Included

"

in the analysis of this data will be a determination of the total
signal contributed by these features, the degree to which this signal
is modulated by the internal waves, and the motion or Doppler
characteristics of these signals to the SAR ocean imaging model.
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