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I. INTRODUCTION AND BACKGROUND

An experimental pushbroom scan sensor, called the Multispectral Resource
Sampler (MRS) is being developed by NASA for possible earth orbiting spacecraft
flight in the mid-1980's. This sensor will provide new and unique earth survey
research capabilities beyond those possible with current sensor systems, It
was the purpose of this workshop to gather together representatives of the re-
mote sensing research community to make them aware of the capabilities of the
MRS concept, to elicit their response about the uti]ity of such a system as a
research tool in the various disciplines, and to encourage suggestions for the
improvement of the MRS design. This document contains a summary of the present-
ations and the recommendations of each panel.

The MRS Workshop was held on May 31 and June 1, 1979 at Colorado State
University (C.S.U.) in Fort Collins, Colorado. The workshop was opened by Dr.
Maxwell of C.S.U., who welcomed the participants. The morning presentations on
May 31 were devoted to familiarizing the participants with the MRS system, its
history, the technology involved and present system design. DOr. Calabrese, the
first speaker, reviewed the history of the MRS in the context of the development
of Landsat sensors. (Section 3.1.) Dr. Schnetzler then described the MRS
System as 1t is preseritly conceived (Section 3.2). Much of the material covered

by Dr. Schnetzler appears in the paper, "Multispectral Resource Sampler: An

experimental satellite sensor for the mid-198C's" by Schnetzler and Thompson
in the proceedings of the SPIE Technical Symposium, May, 1979. This paper is
included for reference in Appendix A.
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A summary of the solid state, multiple linear array technology involved
in the MRS was provided by Mr. Thompson. {Zection 3.3.) A paper covering much
of the same mateial, "Remote Sensing Using Solid State Array Technology," pub-
1ished in Photogrammetric Engineering & Remote Sensing Vol. 45, No, 1., is pre-
sented in Appendix B, The morning session was closed with a description of the
engineering considerations involved in the design of the MRS by Mr. Meyer,
(Section 3.4.)

The afternoon session of May 31 was devoted to presentations by researchers
from several disciplines, describiny some of the possibilities and implications
of the MRS sensor for research. These presentations are briefly summarized in
Sections 3.5-3.11. As far as possible the presentation materials are included
with the sumizries.

The next day the workshep participants were divided into separate
panels, according to discipline, to discuss the MRS. At the conclusion of dis-
cussions the panel chairmen presented a summary of the panels deliberation. The
panel reports are presented in Part II of this report.

The participants of the workshop are 1isted in enclosure 1.1. The com-
plete agenda of the workshop is shown in enclosure 1.2. '

1-2
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ENCLOSURE 1.1

MULTISPECTRAL RESQURCE SAMPLER WORKSHOP
May 31 - June 1, 1979

LIST OF ATTENDEES:

Michael Abrams
Jet Propulsion Lab
Pasadena, California 91103

Stanley R. Addess
Goddard Space Flight Center
Greenbelt, Maryland 20771

Robert C. Aldrich

USDA Forest Service

817 Pitkin Street

Fort Collins, Colorado 80524

John C. Antenucci
407 Capital Plaza Tower
Frankfort, Kentucky 40601

G. R, Backer

St. Regis Paper Company

Box 18020

Jacksonville, Florida 32229

Marvin E. Bauer

LARS/Purdue University

1220 Potter Drive

West Lafayette, Indiana 47906

Robert Black
University of Connecticut
Storrs, Connecticut 06268

David E. Bowker
Langley Research Center - MS 272
Hampton, Virginia 23185

Eugene J, Brach

Engineering Research Service Section
Engineering and Statistical Research
Engineering Building, C.E. Farm
Ottawa, Ontario, K1A 0C6 Canada

~ 1-3

Michael A. Calabrese

NASA Headquarters, Code ERL-2
600 Independence Avenue
Washington, D.C. 20546

~ Michele Chevrel

Scientific Attache for Space Affairs
French Scientific Mission

2011 Eye Street, N.W.

Washington, D.C.

Jerrold Christenson

Environmental Systems Research Institute

380 New York Street
Redlands, California 92393

Jan Cipra
Colorado State University
Fort Collins, Colorado 80523

William Collins

Columbia University

828 Mudd Boulevard

New York, New York 10027

Bob Dana
USDA Forest Service
Fort Collins, Colorado 80526

Donald W. Deering :
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

David L. Dietrich
500 West Prospect, Apt. 32-J
Fort Collins, Colorado 80526

‘Richard Eilefsen

Department of Geography
San Jose State University
San Jose, California 95192
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ENCLOSURE 1.1 (CONT'D)

John E. Estes

Code ERL-2, NASA Headquarters
600 Independence Avenue
Washington, D,C. 20546

Lawrence 7. Fisher
2615 Madrid Lane, #1
Madison, Wisconsin 53713

Leonard Gaydos
U.S. Geological Survey
Moffett Field, Californfa 94035

David Geld

Department of Geology and Geophy.
310 Deike Building

Pennsylvania State University
University Park, Pennsylvania 16802

Robert H. Haas

Range Science Department
Texas A & M University
College Station, Texas 77843

Normen M. Hatcher
NASA/Johnson Space Center
Mail Code SF5

Houston, Texas 77059

J. L. Hatfield

Land, Air and Water Resources
University of California
Davis, California 95616

Claire M. Hay

University of California
260 Space Sciences Lab
Berkeley, California 94720

Richard 0. Hayes

204 Spruce Hall v
Colorado State University
Fort Collins, Colorado 80523

Robert C. Heller
University of Idaho
604 East Third Street
Moscow, Idaho 83843

1-4

Jack Rill !
Division of Engineering Research !
Louisiana State University ,
Baton Rouge, Louisiana 70803

Roger M. Hoffer

Department of Forestry and
Natural Resources

Purdue University o

West Lafayette, Indiana 4 906

Graham R. Hunt :
U.S. Geological Survey :
M.S. 964, Denver Federal Center H
Denver, Colorado 80401

Armond T, Joyce

Earth Rewources Laboratory, NASA
1010 Gause Boulevard

S1idell, Louisiana 70458

Edward Kanemasu

Kansas State Unfversity
765 College Heights Circle
Manhattan, Kansas 66502

Richard Kiang

Sigma Data Corporation

2880 Broadway

New York City, New York 100Z5

Carl L. Kober

Department of Earth Resources
Colorado State University
Fort Collins, Colorado 80523

David A. Landgrebe

Laboratory for Applications of
Remote Sensing

1220 Potter Drive

West Lafayette, Indiana 47906

Donald W. Levandowski
Department of Geosciences
Purdue University

GEOS Building

West Lafayette, Indiana 47907
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ENCLOSURE 1,1 (CONT*D)

Robert B. MacDonald
NASA/Johnson Space Center
Mail Stop SA

Houston, Texas 77058

William Marlatt

Department of Earth Resources
Colorado State University
Fort Collins, Colorado 80523

Eugene Maxwell

Earth Resources Department
Colorado State University
Fort Collins, Colorado 80523

Kenneth 7. Meehan

Code 923

NASA/Goddard Space F1ight Center
Greenbelt, Maryland 20771

W. H. Meyer
fASA/Goddard Space F1ight Center
Greenbelt, Maryland 20771

Lee Miller
1530 Wolf Run
College Station, Texas 77840

Carl J. Mitchell

Center for Disease Control
Foothi11ls Campus

Colorado State University
Fort Collins, Colorado 80523

Donald G. Moore

Remote Sensing Institute
South Dakota State University
Brookings, South Dakota 57007

R. Jay Murray

Environmental Remote Sensing
Applications Laboratory

Oregon State University

Corvallis, Oregon 97331

Archibald B. Park
General Electric Company
606 Shore Acres Road
Arnold, Maryland 21012

Gary Peterson

Peinsylvania State University

119 Tyson Building

University Park, Pennsylvania 16802

William Philpot

College of Marine Studies
University of Delaware
Newark, Delaware 19711

John Polhemus
Martin Marietta Corporation
Denver, Colorado

Floyd F. Sabins

Chevron 011 Field Research Company
P.0. Box 446

La Habra, California 90631

Charles Schnetzler

NASA/Goddard Space Flight Center
Code 923

Greenbelt, Maryland 20910

Paul M. Seevers

Conservation and Survey Division
113 Nebraska Hall

University of Nebraska

Lincoln, Nebraska 68588

LeRoy F. Silva

Purdue University

1220 Potter Drive ,
West Lafayette, Indiana 47905

Dave Simonett
University of California
Santa Barbara, California 93106

Morris Skinner
Colorado State University
Fort Collins, Colorado 80523

Philip N. Slater
8415 East Speedway
Tucson, Arizona 85710
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David C. Smith

Itek Corp

10 McGuire Road

Lexington, Massachusetts 02173

James A, Smith

Department of Forestry & Wood Science
Colorado State University

Fort Collins, Colorado 80523

Leo Steg

General Electric Company

P.0. Box 8555

Philadelphia, Pennsylvania 19101

Andrew A, Sterk

General Electric Company

P.0. Box 8555

Philadelphia, Pennsylvania 141

Paul Tessar

National Conference of State
Legislatures

1405 Curtis, #2300

Denvar, Colorado 80202

Les1ie L, Thompson

NASA/Goddard Space F1ight Center
Code 941

Greenbelt, Maryland 20771

Robert E. Turner

Space Applications, Inc.
15 Research Drive

P.0. Box 7329

Ann Arbor, Michigan 48107

Steven G. Ungar

NASA/Goddard Institute for Space
Studies

2880 Broadway

New York, New York 10025

T. H. Vonderhaar

Department of Atmospheric Science
Colorado State University

Fort Collins, Colorado 80523
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Rotert Walraven

Department of Applied Science
University of California
Davis, California 95616

Robin Wulch

Ma1l Stop 240-7

NASA Ames Research Center
Moffett Field, California 94035

Darrel Williams

Code 923

NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771 .

Wayne 0, Willis

USDA-SEA-AR

P.0. Box E

Fort Collins, Colorado 80522
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ENCLOSURE 1.2
MRS WORKSHOP AGENDA

MAY 31, 9 a.m.
OPENING REMARKS Gene Maxwell, Colorado State U,
INTRODUCTION Mike Calabrese, NASA Headguarters

THE MULTISPECTRAL RESOURCE SAMPLER (MRS)SENSOR -
Charles Schnetzler, NASA/GSFC

. COFFEE BREAK
MULTISPECTRAL LINEAR ARPAY (Pushbroom Scan) TECHNOLOGY
BACKGROUND

Les Thompson, NASA/GSFC
SENSOR ENGINEERING CONSIDERATIONS

Bi11 Meyer, NASA/GSFC
GENERAL DISCUSSION

LUNCH

BIDIRECTIONAL REFLECTANCE STUDIES, AND THE POTENTIAL OF MRS
Jim Smith, CSU
ATMOSPHERIC CORRECTION TECHNIQUES AND THE POTENTIAL OF THE MRS
Bob Turner, Science Applications, Inc,
SPECTRAL FEATURES IN THE 0.4-1.0 um REGION
GEOLOGY - Graham Hunt, USGS
VEGETATION Steve Ungar, NASA/GISS

COFFEE BREAK

SPATIAL RESOLUTION REQUIREMENTS FOR EARTH RESOURCES APPLICATIONS
Lee Miller, Texas A&M
POTENTIAL INFORMATION CONTENT OF POLARIZATION MEASUREMENTS
Boh Walraven, U. of California, Davis
TEMPORAL RESOLUTION REQUIREMENTS FOR EARTH RESOURCES APPLICATIONS
Arch Park, GE
INSTRUCTIONS FOR WORKSHOP SESSIONS
Charles Schnetzler, NASA/GSFC

e iR,




ORIGINAL
ENCLOSURE 1.2 (CONT'D) OF POOR 5325.7'3

JUNE 1, 8:30 a.m,

BREAK INTO DISCIPLINE PANELS FOR DETAILED DISCUSSION OF MRS
(8:30 to 2:00 p.m., with break for lunch)

PLENARY SESSION - REPORT BY PANEL CHAIRMEN, WITH DISCUSSION

ADJOURN - Approximately 3:30 p.m.

IR e
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IT. PANEL REPORTS

2.0 INTRODUCTION

During the second day at the workshop, the workshop participants were
divided by discipline into eight discipline panels. These panels were each
charged with the task of reviewing the utility of the MRS as a research tool
for their particular discipline and to recommend modifications to the sensor
design which would improve the research capabilities of the MRS. The panels

(engineering excepted) were given a set of discussion topics as 2 guide for the

‘panel discussions. The topics are listed in Table 2.1.

The panel repsrts are presented below as submitted by the panel chair-
men. The discipline groups were:

(] Agriculture

0 Atmospheric Studies

e  Engineering

] Forestry

® Geology

° Hydrology/Oceanography
e land Use

° Rangeland/Soils.

2-1
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DISCUSSION TOPICS

To enhance its research capability for your discipline, what changes
would you recommend in the MRS design?

e.g. Spectral Filters (including Polarizatfon)
Spatial Resolution
Radiometric sensitivity (Quantization level)
Swath Width
Modes
Pointing angles and speeds.

(Keep in mind the Technology/Engineering constraints discussed
yesterday, )

What areas of new research in your discipline cannot be performed with

current satellite sensors or the proposed Thematic Mapper? Which of
these might be addressable with the MRS as currently configured or with
feasible modifications?

What Pre-F1ight research requires special stress {over next 3 to § years)
to:

a. Set sensor design and operation

b. .Insure optimum utilization during flight

(Be as specific as possible regarding objective, approach and
necessary resources)

e.g. Bidirectional Modeling
Atmospheric correction tech. development
On-board data compression methods
Polarization modejing.

What are the benefits of flying the MRS with the Thematic Mapper?
What are the impacts of flying the MRS without the Thematic Mapper?

Considering a potential data rate change to a 30 megabit per second,
would you:

2-2
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-= want i5 m resolution over a 30 km swath in all 4 bands; or,
-- would you use this added data rate in some other manner?

6. What type of data products should be prodiced for experimenter/users;
and assuming several significant experiments in your discipline, how many
scenes would be required per month?

E . ¥
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AGRICULTURAL PANEL

E.T. Kanemasu, Chairman; Marvin Bauer, Eugene Brach, Jerry Hatfield,

Claire Hay, Dave Landgrebe, Bob MacDonald, Arch Park, Dave Simonett, Steve

Ungar, Jan Cipra

Question 1

To enhance its research capability for your discipline what changes

would you recommend in the MRS design?

1.1

1.2

1.3

1.1.1

1.1.1

1.1.2

1.1.3

Spectral issues

Propose filter change for looking at the GISS red shift
(Collins, W. 1978. Photog. Engr. and Rem. Sens. 44:
43-55)--(730-750nm) to (740-760nm).

Propose changing (670-690nm) to (665-685nm) or (660-680nm)
to avoid the sharp rise in reflectance near 700nm.

Because there are 1imited data on the use of polarizers for
assessing vegetation type and condition, the panel cannot
define the specific polarization filters; however some
members of the panel expressed a degree of pessimism about
the additional information gained from polarization
especially for classification.

Panel emphasizes the need to systematically obtain infor-
mation on spectral wavelengths and bandwidths before
alternative recommendations be made.

Operating Modes

1.2.1
1.2.2

1.2.3

Recommend 30 MBS,
Desire 30 km swath width.

Selection of 10 bit precision would be based on the impact
of atmospheric and other noise on znalysis results.

Spatial issues

1.3.1

15m is acceptable.

24
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Question 2 ;
What areas of research can be addressed by (a) both TM and MRS — (b)
with MRS alone?

(a) 2.1 It was the consensus of the panel that MRS should be
viewed as an adjunct to TM and not as a competitor or g
replacement. T
2.2  Subsample TM with MRS with greater radiometric and '

spatial resolution in the areas of crop discrimination
and crop condition.

2.3 Classification and crop assessment experiments where
TM and MRS are used in concert to assess the effects »
of increasing spatial, spectral, and temporal resolu- S
tion and correcting for atmospheric effects.

2.4 Monitor and detect low biomass.
2.5 Relate MSS data utilization to TM and MRS.

(b) 2.6 Bidirectional and stereo experiments such as effects of
sun and viewing angles on biomass and leaf area assess-
ment and effects of soil reflectance and plant shadows
on scene reflectance.

2.7 Assess crop condition with high temporal, spectral, anc
spatial resolution.

2.8 Assess crop discrimination with greater radiometric and
spatial resolution.

2.9 Assess reflectance effects of dew on vegetal surface.
Question 3
What -pre-flight research requires special emphasts?

3.1 Panel emphasizes the need for adequate funds for background research
and analysis of data.

3.2 The panel encourages research on other technologies (e.g., lead é %
sulfide, etc.) to make available other spectral regions (mid IR
and thermal) as soon as possible.

2-5
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Parel recommends a measurement program with a prototype instrument.
Recognizing the high cost associated with a complete aircraft
program, a low budget aircraft program would be acceptable.

3.3.1 Bidirectional reflectance research to assess crop condi-
tion and discrimination. Some members of the panel
emphasized the complex interactions among sun elevation,
azimuth angle, view angle, row direction, canopy geometry and
wavelength,

3.3.2 Polarization measurements on both the atmosphere and
vegetal surfaces.

3,3.3 Data acquisition frequency as a function of crop
phenology.

Ground measurement progran
3.4.1 Do 3.3.1 to 3.3.3 with careful selection of platforms.
3.4,2 Experiments should include crop growth and yield models,

3.4.3 Experiments should include agrometeorological observa-
tions and expertise,

Question 4
What are the benefits of MRS flying with Landsat D-TM?

Assess the effect of increased radiometric, spatial, and temporal
resolution in the 0.4 and 1.0um range in crop discrimination
and crop condition experiments,

Use MRS to subsample.
Possible use of MRS to correct for atmospheric effects.
Some experiments may utilize longer wavelength data from TM.

What are the impacts of flying without TM?

The panel raised questions in terms of

1) Changing orbit - time of data acquisition
2) Data rate limitations

3) Spectral band selection

4) Dual MRS system for stereo.
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Question 5
What type of data products should be produced?

Timeliness of data - there will be experiments which will require
the delivery of data within a few days (3) to a week. For others
the requirement could be as long as two weeks or more,

Experimenter's control - the investigators need the capability to
impact the acquisition of data within 2-3 orbits,

Data processing research - the data are sufficiently more complex
than existing data so that we need research in new techniques

of handling and processing. On-board compression techniques need
to be 1nvest1gatgd if limitations in data handling exist,

Data format - there needs to be the capability to produce raw
data but at the same time there needs to be a product that has a
common projection (U.T.M.) with minimal radiometric impact such
that multitemporal registration becomes possible for most of the
investigators. Moreover, the data must be able to be nested
hierarchically with TM and MSS.

Header information - need information, i.e., calibration, geometric
distortion, etc., on the header of the CCT which permits the investj-
gator to apply all the necessary corrections.

Question 6

Assuming several significant experiments in your discipline, how

many scenes per month would be taken?

Panel could not provide exact numbers but would suggest that Skylab

experiments may give reasonable estimates.

. N ) ’
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2.2 ATMOSPHERIC MEASUREMENTS AND POLARIZATION PANEL

P.N. Slater (Chairman); R.W. Dana, R, Kiang, R.E. Turner, and R. Walraven,
panel members.

Atmospheric measurements are proposed for determining corrections of
spectral’ signatures for atmospheric effects and for monitoring atmospheric pollution,

Polarization studies are proposed (1) to improve scene contrast by §ubtraction
of atmospheric haze, (2) to discriminate, by differences in their polarizing

characteristics, features having very similar spectral signatures, and (3)
to identify stress in vegetation by the way it changes the polarizing properties
of the vegetation.

The following is a 1ist of the questions discussed in the panel meeting
and the resulting answers:

1) What changes would you recommend to the MRS design?

Spectral and polarizing filters. Generally satisfactory but need
further study, particularly to find if the 360-400 nm filter can

be replaced by a 400-420 nm filter. This would substantially simplify
the optical design. The question was raised of tailoring the detector
response and optics to match the bands. For example, with the 400-420 nm
filter moved to array #1, all filters for that array would be in the

blue which would allow for optimizing the antireflection coating of

the detectors in that array and also optimizing the focus of that array.

Spatial resolution. 15 m at nadir is about as coarse as we can work
with. This corresponds to a pixel about 140m x 38m at +60° to the
nadir. For best results, we need to point at a uniform, near-lambertian
area several pixels in size. A 10m pixel size at nadir would be
preferred.

Radiometric sensitivity. Adequate for atmospheric measurements but
10 bit quantization is highly desirable for polarization work where
the difference between two polarized images will be determined. A
programmable gain amplifier working in steps of 1x, 2x, 4x, and 8x is
also desirable for both polarized ind non-polarized measurements.

Swath width. More than adequate for both atmospheric and polarization
work.
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Modes. 15m/15km is acceptable but 10m/7km is preferred.

—————

Pointing angles. +60° fore and aft, although only one side of nadir
may be adequate. ‘;ﬂo° across track, but +8° most important to monitor
TM scene. Pointing speeds need further discussion pending results of
question posed, (Note, the proposed operation of the system for both

the atmospheric and polarization studies is briefly as follows: The
map coordinates of predetermined sites would be used as input to

point the system. An intrack scan covering 19.15° (or 2x pointing
accuracy) would be made around each pointing angle to ensure that
each site of interest was recorded.)

What are the pros and cons of flying with the TM?

We see the MRS as augmenting the TM capability by providing across
scene atmospheric correction data. Therefore, if the MTS is not on
the same space craft it should be in close orbital proximity to

the TM, say within 5 minutes of time and within +20km of the TM
nadir. The TM scene will be useful in Tocating the small images
sampled by the MRS at various pointing angles.

What research cannot be performed with the MSS and TM?

The MSS and TM cannot be used for the atmospheric and polarization
studies described here.

What pre-flight research is required?

In order to exploit the unique capabilities of the MRS in an optimal
manner, a number of critical areas need to be addressed in pre-flight
research. We believe that the potential of the system for new research
in atmospheric physics and polarization phenomena can only be realized
by a continuing program involving modeling, and ground and aircraft
measurements for the five years prior to flight. The level of effort -

should, at a minimum, be 6 man years per year or about $450K per year. The
following are some of the various research areas that should be sddressed:

Modeling work needs to be conducted for atmospheric and polarization
studies to determine filter passband positions and bandwidths, angular
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sampling intervals, number of quantization levels and desirability

of gain control Effects of atmospheric inhomogeneities, BRDF effects,
crosstalk introduced by atmospheric scattering, etc., need to be
investigated,

Simulation studies need to be continued for atmospheric correction
work to determine the desirable accuracy of measurements and the
improvement in cross scene and temporal classification accuracy.
Specifically for polarization work, there is a need to continue

the tower experiments (of Walraven) in conjunction with crop stress
measurements. Need to study desirability of a fifth polarization
wheel.

A specification needs to be generated, on the basis of lab tests,
for the acceptable upper level of sensor induced polarization.

21
How would you use a 30 MbS  capability?

For atmospheric work we would increase the number of spectral bands.
For polarization work, we would increase the quantization to 10 bit,
extra bands would probably not be required.

What type of data products are desirable?

CCT data and quick look MRS sub scenes (3 x 30km or 3 x 15km) in
color to facilitate site identification. TM scenes of same area.

How many scenes will be taken per month?

The frequency per site for atmospheric studies should be on days 0, 7,
9, 16, 23, 25...1.e., about 7 per month per site. We anticipate 20
sites from the discipline areas of agriculture, soils, geology, land
resources, hydrology, forestry and pollution. The total is about 150
sites per month. For polarization stuidies, about 7 sites should be
monitored about 15 times a month each, over a time interval of 3
months. After this three month intensive study period the frequency
and number of sites would be reduced.

2-10
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ENGINEERING PANEL
Members: Stan Addess; Mike Calabrese, Bill Meyer,

Chairman; Dave Smith; Leo Steg; Les Thompson

Objective: To examine the implications of potential MRS design

thanges and additions to the baseline.

1)

2)

3)

4)

6)

If 10 meter IFOV is desired, it is felt that there are no technical
barriers that would preclude its déhomp1i§ﬁﬁahf‘(but not within the
baseline constraints).

Equally within the technical capability are swath width increases
limited by the data bandwidth permitted by the system.

The entire ground processing activity required to hand1e'MRS data
is unique and different from that previously experienced with
mechanical scanners. Therefore, it is recommended that early
investigation of processing techniques such as retification,
temporal registration, atmospheric correction and geometric
corrections including resampling be invited.

B

Recommend that dispersion techniq&es utilizing 2-dimensional
detector arrays be investigated as an alternative to the spectral
sampling method proposed. This alternative offers flexibility in
the choice of number, width and location of the spectral bands.

Recommend that the instrument design be pursued to allow the inclu-

" sion of bands out to 2.5um in the event that appropriate detector

systems technology becomes available.

Since the MRS will be taking multispectral data at high look angles,
a study investigating the classifiability of this multispectral

data is recommended. Data from the corn blight watch study could be
used since multispectral data at high look angles is avajlable in
this data set. In addition, spectral data at a variety of look
angles is available in the LACIE field measurements data base.

The panel endorses the baseline calibration scheme that provides for
calibration through the telescope and detector system.
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FORESTRY PANEL
Panel members: Robert Aldrich, G.R. Barker, Norman M. Hatcher, Robert

Heller, Roger M. Hoffer, Jim Smith, Darrel Williams, and Lee Miller,
Chairman.

-

Issue I: Recommendations For Changes To Hardware Characteristics

1.1

PrN—

X

Spectral Range, Filters and Polarjzation

1.1.1 Spectral Range. A1l panel members concurred that a longer
spectral range would offer exciting potential applications.
The majority also took the stance that a good deal of unex-
ploited potential remains to be examined in the spectral
range .4 to 1.0um with the variety of flexible options and
improvements proposed for the MRS device. The narrow range
is therefore endorsed as a limi% if such a Timit cleariy
ensures an earlier launch by at least two years.

This discipline panel wishes to emphasize strongly
that we accept this limit on the satellite device but
recommend to all disciplines that any further pre-
launch applications ressarch be expanded to include
all the longer wavelength range up to at least 2.5
or 3.0um.

1.1.2 Filter Range and Wavelength Position. The spectral bands
required by the general class of forestry experiments antic-
ipated are:

.54 to .56um (the green peak)

.59 to .61um (yellow/orange stress)
.67 to .69um (chlorophyll absorption)
.78 to .80um (solar IR plateau)

This represents the addition of the .59 to .6lum band to our
suite of requirements. It can be supported that this band is
sensitive to subtle stress conditions induced in the tree canopy
by disease and other pathological conditions, moisture stress,
etc. We also recommend.that careful consideration be made in
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the array positions of two additional bands on other filter
wheels as we have secondary interests in using these bands in

combination with a specific subset of our basic four., These
are the red shift band and the green vegetation/soil cross-

over band, These intervals should be positioned so as to
interchange with ejther our green or yellow/orange bands so
that ejther may be used in conjunction with the remaining
biomass assessment bands.

The exact width and wavelength position of these bands are
not firm and we recommend that additional careful research
effort is required to resolve these delicate, fine tuning
considerations. Some of the panel expressed an opinion that
one or more of our required spectral intervals could even be
widened somewhat such as the .59 to ,6lum band. Again, this
is an issue which should be resolved based upon further re-
examination of existing data and further research efforts.

Polarization. The value of multispectral imagery of polari-
zation in forestry applications is simply not known to this
panel. Intuition tells us that it may be a source of potentiai,
useful variability which should not be overlooked or omitted.
Lack of specific background relative to our discipline prompts
us to suggest that all the polarizing filters be placed on a

5th filter wheel so that all bands on ti device can be polar-
ized or unpolarized. We recognize that using polarization
filters on the narrow 20nm spectral bands may reduce the

energy to the detector below that required for a sujtable

S/N value. We would be willing to review the impact of broad-
ening our spectral bandpass to compensate for this added attenua-
tion. This suggestion for a review of the possibility of a

5th filter wheel also results from the observation that 1/4

of the wavelength positions in the proposed MRS design are
currently occupied by polarized broadbands. Thus, one-fourth
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1.3
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of the instruments capability is devoted to observations of
characteristics for which we have only very sketchy knowledge
relative to their use in connection with vegetative cover,

Spatial Resolution

This panel sees no particular value in reducing the resolution from
15m to 10m as it would still not resolve any significant portion of
our basic scene elements — trees. However, we all recommend that
further research be undertaken to quantify the impact of reduced
resolution below 15m. A qualitative study of resolution requirements
for several hundred forestry applications conducted by the U.S. Forest
Service will be issued in a few months which states that a majority
of these applications require resolution less than 10m. However, the
panel chairmaﬁ wishes to go on recoid as unilaterally supporting the
request for increased spatial resolution as expressed by the Land

Use Panel. '

Radiometric Sensitivity

The proposed 8 bit radiometric resolution was considered adequate by
all members.

Swath Width

Generally speaking forestry t 'gets are of large spatial extent (taken

as single units); however, we conclude that since MRS is to be a research
device that we can accept the 15 km swath width. A reduction of the
swath width below 15 km would not be acceptable fnr several reasons,
including low probability of targeting, sizes of our targets, ete.
However, as scientists we also strongly recommend that the swath width
not be allowed to increase above 30 km to ensure that the post-taunch
capability of the davice r-'~in available for addressing the many vital
research issues for which it was designed.

Mode Selections

Considerable discussion and disagreement occurred relative to the
value of the mode selections and their priority. Our final majority
recommenddtion is that the priority of adding these modes be:

2-14
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1) Considered very important
2

3):>0f lesser value
4)

1.6 Pointing Angles and Speeds

1.6.1

1.6.2

East/West Pointing. The consensus of opinion was tha% the recom-
mended maximum pointing angle was adequate. It is more than
required for those forestry experiments anticipated which

require repeated 1ooks (frequency of coverage) and high prob-
ability of a clear sky, single.date acquisition in our most
critical time frame of two weeks to a month caused insect
outbreaks and spring and fall transitions.

North/South Pointing. Again, the recommended north/south
pointing angles were felt to be more than adequate for the
majority of the forestry experiments envisioned. A strong
individual case was made to retain 55° as the upper 1imit

to enable more complex experiments dealing with the bidirec-
tional characteristics of forest cover relative to their

value in contributing heretofore unavailable characteristics

of the forest canopy. A1l members felt that the MRS engineering
design team should reexamine the slower of the pointing rates
and carefully review its impact on the ability of the device to
survive a broad variety of experimenter's needs in the conti-
nental United States. ‘

Issue II: Increasing The Data Rate From 15 To 30 MBS

The entire panel was in agreement that the additional 15 MBS should be
spent.in increasing the swath width from 15 km to 30 km and in abandoning the

mode selection.

We are opposed to expending it in retaining the modes by adjusting

them to provide an optional 60 km swath. The panel chairman also notes that-
since two identical antennas may be used for the 30 MBS rate that a new kind of

mode selection may be considered,
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A 15 MBS system to bring down 15 km of data or switch tu
A 30 MBS system to bring down 30 km of data.

Thus, a ground station limited to 15 MBS could read out the device
whereas moving to a single higher rate transmission would preclude this
opportunity.

Issue IIl: Additional Research Allowed By MRS Beyond The TM

The forestry panel wishes to go on recordrwith clear request that the
number of approved funded research experiments be increased substantially :
above 30. With 30 experiments funded only 2 or 3 would be devoted to a particular
discipline whereas any scientist recognizes that experimental redundancy (e.g.,
related experimental attacks in different competing groups) is the essence of
the symbiotic nature of the research process. With that clear statement of
our reéquirements 1n connection with this research device we offer the following ;
examples of experiments which would be enabled by MRS relative to the TM:

FOREST STRESS DETECTION enabled only by the higher spatial
resolution, particular wavelength intervals and narrvower
bandwidths, and sufficiently high probability of data
acquisition in critical 2 or 3 week annual periods.

INDIRECT SENSING OF FOREST STAND CONDITIONS including
biomass, morphology, and physionomic attributes enabled

! by the polarization, steep off-axis pointing, and bidirec-
tional effects.

i PLANTATION SEEDLING SURVIVAL AND DEVELOPMENT enabled by

y higher pointing angles for observing the projection of the
; smaller, sparse tree cover, bidirectional effects, narrower
) bands, and spatial resolution.

NORMALIZATION OF TERRAIN INDUCED RADIANCE EFFECTS enabled
by simultaneous stereo/multispectral coverage.

MULTISTAGE, MULTITEMPORAL SAMPLING FOR FOREST INVENTQORY enabled
by increased spatial and temporal resolution and careful spatial
multidate registration,
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MEASURING CHANGES IN WILDLIFE HABITAT enabled by higher
spatial and spectral resolution,

MONITORING CHANGES IN FOREST STANDS enabled by higher
spatial, spectral and temporal resolution,

MULTIRESOURCE MONITORING QF FQOREST/RANGE/WILDLIFE HABITAT/
WATERSHED CONDITION/ETC. enabled by higher spatial, spectral
and temporal resolution,

We conclude this quick 1ist by indicating that it is a hurried set
of examples which could be easily added to on further review by us and others
practicing remote sensing in our profession.

Issue IV: Data Prajects Required

Without specific experimental designs and objectives in mind, this
panel was not interested in devoting time to guessing at the data product flow
rate, especially in that it appears to be much less than the design canabilities
of existing systems required for the related operational satellite sensors. We
propose that the emphasis here be placed upon digital products for the prime
data source with quick look imagevy in black and white and color for site
identification, etc, Several applications would banefit from one or two day
delivery of the photo products where on-site dynamic conditions can be pinpointed
by defining the exact field sites covered immediately after image acquisition.

A1 members agreed that as much of the common processing should be
achieved at one common location and that such a location (or several locations)
also function as a support facility to which the individual experimenter
Journays for more specific processing. However, we would sti11 wish to retain
the option of stripping off the digital data to tape to take to our specific
institutions for in-dapth treatment,

Issue V: Same Satellite Vehicle As TM Or Not

Qur general conclusion was that many types of experiments could be
conducted 1 MRS was not on the TM vehicley however, an additional class of
experiments would be enabled by obtaining horesighted data from MRS and ™,
We saw no particular handicaps from being onboard the same vehicle as the ™.

17
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Issue VI: Recommgnded Pre-F1ight Research

The following is our offering of possible pre-flight research efforts,

Insufficient time was available to indicate their relative importance.

6.1

6.2

6.3

6.4

6.5

6.6

Polarization

Determine if there are any polarizution effects introduced
by the linearity of the detecto- scan.

Determine feasibility of adding fifth polarization wheel.

Assess what we can expect in forestry from polarization
measurements.

Sampling

Design ;amp11ng strategies which will optimize MRS capabili-
ties in its forestry applications.

Spatial Characteristics
Measure the value of the increased spatial resolution,

Carefully evaluate the spatial registration that can be
achieved with the off-axis pointing.

Spectral Characteristics

Accurately determine bandwidth and locations particularly
for the yellow/orange "stress band".

Bidirectional Characteristics
Conduct bidirectional studies of stand structure.
Queuing

Develop queuing algorithm to determine how many experiments
and experimenters can be serviced in the U,S, with the
design capabilities of this device.

Develop computer queuing algorithm to determine who gets
what in a multimode satellite with continous conflicts
between a variety of experimental requirements.
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2,5  GEOLOGY PANEL

Members: O0.P. Gold, Chairman; M. Abrams, W. Collins, G. Hunt,
D. Levandowski, K. Meehan, F. Sabins, R. Black (part-time).

The core of the geology committee consisted of seven persons. Rubert
Black, a geologist, shared his time between the geology panel and the hydrol-
0gy/oceanography group.

Abstract

The geology panel began on a somewhat negative note because che
limited spectral range and the short wavelength capability of the detector
had Tittle to offer in geological applications investigating bedrock compo- :
sition and structural characteristics. In addition, one member voiced concern §
that the untried system would be launched without adequate ground simulation i
and aircraft overflight testing of the concepts. Another member, with previous
experience on panels such as these, expressed concern that we were being asked
to "give blessing" to a system already frozen in concept and design.

| The conceptual design and constraints of the MRS were acceptable, except
for the 1limited number of simultaneously imaging bands (4), which severely
restricted the discrimination from spectral curves of certain materials (rocks
and soils) and stress conditions in vegetation. This panel strongly recommends
designing at least two addition channels into the system and we would like to
go on record with a plea for detectors capable of imaging in the longer (IR)
wavelengths. The concerns of the panel were that more work was needed on
selection of the bands, bandwidths and filter wavelength and their positioning
on the discs. Some of the necessary background data are currently available

in raw form, but that additional experiments were needed to help in the
selection and testing of the filter combinatidns,'wavelength, bandwidths, etc.

The group wavmed to the subject as additional geologic applications
became apparent, and the meeting ended on a positive note (at least enthusiastic

B if not a fully-shared optimism). In summary, we stress the need for adequate
i funds for research in the optimum filter, wavelength and panel widths and pre-
i launch testing of the concept, and we make an earnest plea for an enaineering

review into increasing the number of detectors to six (6).
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Specific Questions

1. Possible Design Changes

We see the current specifications as a practical compromise of multi-
disciplinary needs, with a relatively limited application to conventional
geological problems, but with scope for innovative tasks. There are likely
to be modifications to filters, filter positions, bandwidth and wavelength,
etc., as work in these areas progresses (pre-flight research on these is
crucial to the ultimate success of this mission), A 15m resolution, 8 bit
data, 30 km to 15 km swath width, and the pointing angles are acceptable.

The most useful design change would be to six (6) simultaneous channels, and
would also iean a modification of the mode. We also urge NASA to examine
the ‘possible inclusion of a detector array in the 1.6 and 2-2.5um region..

2. Improved Data Rate (15 M bits =+ 30 M bits/sec)

We recommend using this additional capacity to:
a) Add at least 2 additional channels;

b) Fly a narrower swath width, i.e., 15 km with all-
detectors operating,

3. Research Advantage

We see the narrow wave band capability, the high signal to noise
ratio, and the pointability as the main attributes of the MRS system. The
major advantage of this multichannel, narrow wave band system to geologists
would be for: :

a) Biogeochemical and geobotanical applications (mainly in
the .59 to .61, and .73 to .78 um range*). However, at
least 6 channels would be necessary to adequately cate-
gorize. the discriminating parts of the spectral curves
of stressed vegetation.

* Wavelength and bandwidth are estimates to be revised after future research.
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b) Lithologic mapping for specific iron oxides and hydroxides
in rocks (particularly alteration halos around certain
ore deposits) and soils (0.40 to 0.42, and 0.84 to
0.9 um)*, The success of discriminating specific
spectral signatures 1ies in increasing the number of
channels and -decreasing the bandwidth.

c) The pointing ability would give an improved temporal
coverage so necessary for studying rates, e.g., the
effects of natural disasters (earthquakes, landslides,
volcanoes, floods and hurricanes), and other dynamic
earth processes (coastal erosion and deposition, delta
formation and "galloping" glaciers).

d) The pointing abitity would enable one to study land forms,
physiography and morphotectronics from images in a
stereo model.

e) Derivation of unknown spectral information linked to
polarization effects.

4, Pre-F1ight Research

The panel stressed the need for adequate funding for pre-launch
research and testing. They recommend that programs be initiated to:

a) Perform library research and basic experiments to estab-
1ish optimum bands and bandwidths;

b) Erect an aircraft flight program to test effectiveness of
the bands selected and the ecuipment over test areas, and
to ensure that calibration problems are solved;

¢) Improve performance in data compression and onboard data
processing.

5. Benefit of Flying with Thematic Mapper

The panel concludes that a mated flight with the thematic mapper is
desirable Because:

*Wavelength and bandwidth are estimates to be revised after future research.
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TM imagery could be used for locating the MRS targets
for small targets off NADIR.

The MRS would complement the TM by giving greater resolu-
tion and “"special effect" coverage of any anomalous
objects or effects identified on the TM imagery.

The TM image may be able to provide a base line geometry
for geometric correction of dissected "oblique" MRS
pixels.

Provide at least two different scales of data from the
same area.

The panel recommends that an altimeter be added to the spacecraft
for use in geometric corrections and in snowpack measurements.

6. Data Products

As a research tool the panel does not see the necessity of a wide
range of paper products. They would like to have the data available

quickly in:

a)

Raw digital form (CCT tape) with leaders on calibration,
geometry, ephemeral information, etc., and a limited range
of "quick" turnabout prints.

A timely data turnaround of about two weeks on a routine
basis -- faster for specific experiments or dynamic events.

Easy access of data for other users.

Provision during operation for "targets of opportunity" by
the scientific community.

A running compilation of data available and what has been done
with it. Scenes should be annotated with necessary flight, or-
bital, etc., parameters and include somg“;omment on the quality.

-

The special "stereo" targets should be processed to
produce good quality prints. '
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'2.6 HYDROLOGY/OCEANOGRAPHY /COASTAL ZONE PANEL

Panel Members: Jack Hill, Chairman; Dave Bowker, Bill Philpot, Larry

Fisher, Robert Black.

1. To enhance research in hydrology/oceanography, what changes are
recommended in the MRS?

a)

LY

Spectral filters:

1)

Expand blue - change 400-420nm to 430-450nm (for
chlorophyll and bathemetry).

MOCS (Langley) data indicates that for chlorophyl]
detection:

o 475nm represents maximum absorption (this
channel is not presently represented in the
propnsed MRS channels and no MRS channels
are near this region).

e 537nm represents crossover (this channel is
also not represented in the MRS selection,
but the proposed 540-560nm channel could be
changed to 530-550nm).

o 678nm represents maximum absorption (this
channel is represented in the MRS selection).

2) Possibly expand IR from 930-950nm to 800-950 (1000) nm

4)

or add a new filter (for better land/water boundaries
and surface H,0 information).

580-620nm would optimize the detection and monitoring
of acid dumps, but these dumps can be observed in the
proposed red and green channels.

780-820nm would optimize the detection and monitoring
of sewage dumps; the MRS channel from 780-800nm may
be sufficient.
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Stereo work at this resolution 15m is not of henefit to
ocean physics (i.e., wave height, direction),

Polarizing filters on a fifth wheel should be considered,
may want to polarize TMl and 2 instead of TM3 and 4, as
well as V and H in the blue, While it is not clear whether
the following channels were vertically or horizontally
nolarized, the literature indicates that for oil detection
and monitoring:

e 360-400nm is a good visible range channel, but it
also presents atmospheric interferences (this is a
proposed MRS channel).

e 410-430nm is satisfactory (a MRS channel presently
exists-~-400-420nm), but if it is changed to 430-450nm
thare may be some overlap, but not positively.

e 555-570am represents a minimum response (a channel in
this region is not necessarily e critical need).

¢ 760-780nm represents a maximum response; there is not
a proposed MRS channel in this region, but between
TM4 and 360-400nm oil may be sufficiently detected. °

Pointing angles - MRS must be registered to the TM image - will
need wider angles to study slicks, oil, internal waves, etc.

Must be overlayed on standardized grid ~— a must for temporal
studies.

Improve radiometric sensitivity by increasing the detector
integration time. The spatial resolution could be reduced

to as much as 60m and still be useful for many water investi-
gations (i.e., lakes, estuaries, open ocean).

15m is acceptable in most cases, 60m or more is sufficent
in open ocean,

Two-day coverage is satisfactory, but not so good for tidal
patterns, pollution, dynamic processes, etc.
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2, Is it of benefit to have 30km swath width with 15m resolution in
all four bands or would it be better to use the increased power in some other
manner?

o Keep with the 15 megabit machine, with 4 proposed modes,
this stops some data handling problems during analyses
stages.

3. What areas of new research in your discipline cannot be performed
with current sensors or the TM? Which of these might be addressable with
the MRS as currently configured cr with feasible modifications?

Greatest benefit is high repetitijon rate for transient events?

--Wetland/mudflat mapping
--Rivers can now be monitored
--Urban hydrology (runoff and impervious areas)
--Frontal systems
-=-Hydrologic modification
--Bathemetry
-=TM - snow mapping over large regions
MRS - snow mapping in small basins
--Ice movement
a. Fractures in ice
b. Spring thaw and ship routing, iceberg formation
--Inland water body inventories and eutrophication studies
--Regulatory possibilities -- 200 mile 1imit, hazardous material
spills, dump sites
--Disaster events.
4, What pre-flight research requires special stress (over next 3 to
5 years)?

a) Water quality study using an aircraft-mounted scanner to test
the utility of the chosen filters. These studies should also
vary bandwidths and center wavelengths, all of these studies
should be conducted over standard study sites.

2-25



b)

c)

d)

h)

i)

j)

k)

ORIGINAL PAGE I8
_ OF POOR QuALITY

Polarization and angular studies, especially in blue,
possibly on existing breadboard system,

More complete survey of oceanographic 1iterature and
research/user community.

Incorporate data obtained for a) and b) into standard
format for use by rest of remote sensing research community.

Test feasibility and organization of real-time capabilities;
dynamic and catastrophic events,

Atmospheric correction developments and polarization
modeling.

Test a similar system on shuttle at first opportunity to
see similar data, over any areas.

Number of researchers should be more than 30 — possibly 50
and there should be a secondary hierarchy of universities and
agencies that could coordinate and process some of these

data. No one should be shut off from acquiring data, everyone
should be able to acquire satellite data. For any given
targef, all possible researchers should be notified so that
they too have the opportunity to acquire their particular
surface truth. The experimenter's only priority is his sur-
face truth, never the satellite data.

Look at longer along track integration times — possibly
incorporate selectable clock time changes into satellite —
could be easy task.

Look at same target over numerous angles through the full
plus to full minus 55 degrees.

Research costs must exceed hardware costs, both during pre-
and post-flight periods.

What is the impact of flying without the Thematic Mapper?

Actually need TM:

a)

A must for shelf and open ocean work. TM would be better than
MRS in these areas,
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b) Use TM for large area referencing and study and MRS for
sampling (spills, fronts, etc.).
c¢) If MRS flies by itself, still need a large scale imager
(even if.one band) — MRS type system should be considered
on next AOCS (Advanced Ocean Color Scanner) or next 0CS
(these have wide views of ocean areas).
6. What type of data products should be produced for the experimenters?

Assuming several significant experiments in your discipline, how many scenes

"will be taken/month/year?

Two levels of processing:

a)

b)

Simple calibration, digitiiéd (CCT), useable standard format
(Landsat) and quickiook (real-real-time) product (print) —
no enhancement, georeferencing, atmospheric corrections.
Calibrated, georeferenced, atmospherically corrected, CCT
with appropriate header data, correction software to user

groups, and a document of exactly what has been done to
these data from reception to the time the user receives it.

Grossly estimated number of scenes:
--Glaciers and river and fake ice flows: 30/year per area

--1 time-state inventory (with update every several years)
+200/state

--Regional Planning (Urban Studies) 15/year per state
1500/ year

--Estuaries (tidally dominated) ,

need to monitor, high/low tide, max. ebb and flow

tides, and shoreline/estuary changes (6 every month, 72/year)
--Entire tidal cycle (every other day; 1 estuary) 180/year
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--Marshes (wetland mapping, vegetation mapping, tidal
heights, submerged aquatics) (season, 5 per/season) 20/year

--0ceanography
Regulatory (200 mile 1imit, pollution)
(every 2 days) 180/year
--Crises (fish kills, fioods, redtides, oilspills and
damage assessment of storms) and prediction of crises
(earthquakes, volcanoes, etc.) 100/ year

--Fisheries (upwelling, etc.) (1 test site) 10-15/year

--Water quality (algae biooms, lakes, coastal zone,
open ocean) 100/ year

--Land/Water - Cause/Effect Studies {208 poliution
oriented projects) 50/year

In actuality, just keep taking the pictures until we get a
good one!
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2.7 LAND RESOURCES PANEL

Panel Members: John Estes, Chairman; Jerrold Christenson, Robin
Welch, Leonard Gaydos, Ammond T. Joyce, John C. Antenucci, Richard Ellefsen,
Carol Riordan, Charles Waithall.

Section I Recommendations

Section II  Background

Section IIT MRS Design Changes

Section 1V Needs for Increased Data Rate
Section V Areas of Research

Section VI Pre-flight Investigation

Section VII  Benefits of Joint MRS and TM Mission
Section VIII Experimenter Data Products '

1. Summary Of Significant Land Resources Panel Recommendations

The following significant recommendations of the Land Resources Panel
are drawn from the text contained in the body of the report. For more detail
regarding the background to specific recommendations the reader is referred
to the body of the Panel's report,

] The Panel feels that the optimum resolution for Land Resources
investigations employing an MRS type {nstrument is on the order
of 3-5 meters. This high resolution would permit investicators/
users -to address a number of level two and three land use/land
cover mapping tasks beyond the correct capabilities of lower
resolution satellite systems. In addition a number of impor-
tant vegetation and rural urban change phenomena may be more
adequately studied employing this higher resolution data.

The panel feels most strongly that NASA should research the
issue of optimal resolution more fully.

° Considering the system modus of operation presented to the
Panel for comment and recognizing the difficulties inherent
in the above recommendation, the Panel strongly recommends
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the following as an acceptable alternative: 15 m resolution/ -

30 kilometer swath for all 4 bhands of MRS data. This option
requires the use of the 30 meyabit data rate option.

The Panel supports the inclusion of the Thematic Mapper bands
in the MRS filter arrays.

We recommend the addition of one band in the blue (.440-.460)
portion of the EM spectrum and the shifting of the .490-.510
band to .480-.500 to more adequately discriminate urban
targets. We also would like to see a band in the .590-.610
range for vegetation analysis.

The Panel feels the case for polarized data requires more

‘research. We support the recommendation for the addition of

a filter wheel solely for the purpose of providing polarized
data (the "5th" wheel). If thic is not deemed practical from
an engineering standpoint, we recommend that no more than
three filter positions be allocated to the production

of polarized data.

The Panel strongly recommends that a good deal of research
be directed in the near term towad determining the ontimum

spectral bands for the detection of Land Resources Parameters.

The Panel feels that for many applications/experiments

6 or 7 bit data might be sufficient, The Panel feels that
the need for 8 bit data should be investigated for Land
Resources.

The Panel feels that the MRS swath width should be no more
than 30 km. That a single mode (15m/30km/30 megabit) or at
most 2 modes should be operated and that currently proposed
pointing capabilities are adequate for Land Resources
Investigations.

The Panel feels most strongly that information sufficient
for geometric correction to a number of coordinate grid
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systems be included in the header of the computer compatible
tapes of MRS data and that hard copy products be corrected
and annotated with appropriate tick marks.

The Panel strongly recommends that the MRS fly with the
Thematic Mapper. This will allow Land Resources Researchers
to investigate a number of critical issues related to spatial
resolutions and registration of multispectral, multitemporal,
variable format data.

Finally, the Panel recommends most strongly that the pre- and
post-launch experiment program to be conducted testing the
full potential of the MRS system be given adequate financial
support by NASA. The Panel feels that on the order of 15%

of the total systems cost should be put into research on
applications of the system and that this money be protected.
from use to cover cost over-runs in other areas of the program.
This community cannot stress enough the need to adequately
support investigations.

IT. Background

Within the context of this study Land Resources considered to cover
those major research applications areas currently being discussed in NASA's
developing Remote Sensing Land Resources Research Plan. These research/appli-
cations areas include:

The production of accurate Land Use/Land Cover classification
map type products with accompanying statistics from remotely
sensed and collateral data;

The ability to input these data into geographic or georeferenced
information systems and have them effectively interact with
other socio-economic and bio-physical information;

The ability to employ remotely sensed and ancillarydata to
detect changes in major land use/land cover parameters in
an accurate and efficient manner; and
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(] Employing remotely sensed and other data in modeling land
capability, suitability parameters and to employ these data
in a predictive fashion.

In addition to these major generic research areas, Land Resource Panel
members felt that it is iwportant to study environmental hazard and quality
parameters, e.g., flood mapping, earthquake or hurricane damage, effects of
strip mining, etc. . With these topic areas in mind and with the background
of the one day of MRS systems and environmental effects briefings, the Panel
set out to answer the following questions:

() To enhance its research capability for your discipline,
what changes would you recommend in the MRS design?

° What areas of research in your discipline cannot be per-
formed with current satellite sensors or the proposed
Thematic Mapper?

o Which of the above research tasks might be addressable
with the MRS as currently configured or with feasible
modifications?

° Considering a potential for a 30 megabit data rate would
you:

-~ Want 15m resolution over a 30km swath in all
4' bands; or

--  Would you use this power in some other manner?

(] What "Pre-Flight" research requires special stress (over
the next 3 to 5 years)?

. What are the benefits of flying the MRS with the Thematic
Mapper?

° What are the impacts of flying the MRS without the
Thematic Mapper?

(] What tvpe of data products should be produced for exper-
imenters/users; and
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9 Assuming several significant experiments in Land Resources,
how many scenes would be required per month?

To accomplish the task of discussing and answering the above in the

Timited time available (approximately 6 hours including lunch) each Panel

member was assigned the responsibility for taking notes on and framing the

" draft answer to one or more of the questions listed above.

I1I. MRS Design Changes

To enhance its research capability for your discipline, what changes
would you recommend in the MRS design, e.g., spectral filters (including polari-

- zation), spatial resolution, radicmetric sensitivity (quantization level) swath
width, modes pointing angles and speeds? '

Within the context of this question the Land Resources Panel held
lengthy discussions on two very important topic areas. The first was the
coﬁfigunation of the spectral filters and associated polarization. The second
area was spatial resolution. Discussion of other design parameters received
somewhat less attention within the time allotted to address these questions
as Panel members generally felt that the spectral and spatial parameters (temporal
or frequency of coverage being considered very satisfactory) should command
most of our attention.

“_%

Both areas were reviewed in the context of the "straw man" concept
with the following coanclusions:

a) That the Thematic Mapper bands 1, 2, 3, 4 in filter position
one should remain intact;

b) That filter positions two and three should remain unaltered;

c) That filter pos1tfons four and five be rearranged in location
and spectral region to read as follows:
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Array No.
1 2 3 4
F.P, 4 360-400 nm *480-500 930-950 *590-610
F.P. 5 wvTMg **TM4 **TM3 *440-460
Vert. Horz, Vert.

The Panel reviewed several suggested polarizing configurations. The
conclusions were to support an independent fifth polarizing filter wheel which ‘
can be rotated through a 360° phase shift. This approach would provide
maximum opportunity for spectral polarization while minimizing the problems
of space craft and target alignment. A second, Tess desirable configuration
would be the elimination of the polarizing element of TM 3 Vert. in F.P, 4,

A. No. 2'and TM 2 Horz. in F.P. 5, A. No. 3. Position 5, No. 1, 2, 3 would

have TM 4 Vert., TM 4 Horz., TM 3 Vert. respectively. In general it can

be said that the addition of the .440-,460 band and the shifting from .490-.510
to .480-.50G and changes in filter wheel positions are to provide better discrimi-
nation of interurban spectral signatures. These changes are based on our
analysis of the 1imited spectral literature on such topics and largely on the
work of Root and Miller, 1971, "Identification of Urban Watershed Units Using
Remote Multispectral Sensing," Completion Series Report No. 29, Colorado

State University, Fort Collins, Colorado (see pages 50 and 51).

The addition of filter 4 in array 4 the .590-.610 band was felt
desirable based Targely on the comment brought up during the meeting by Bob
Heller, a forester from Idaho State University, that this was an important
region for the detection of stress in vegetation. The location is such that
it picks up the "red shift" which has been found to accompany stress conditions
in certain types of vegetation.

* Changed.
** 1f required.
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Spatial resolution was identified as the single most important
characteristic in the MRS configuration for land resources applications. The
Panel has identified significant mapping needs that will require spatial resolu-
tion of 3-5 meters (see Section V). In 1ight of the importance of this point,

.the Panel feels that the concept of this ultrahigh resolution demands additional

study. Even a cursory examination of the 1imited number of significant research
topics which could be listed in the short time frame allotted for this discussion
will indicate the need to explore this topic further. The Panel feels strongly
that because of the nature of land resources requirements, particularly the

' need to accurately map categories of environmental information in regions of

high spatial frequency of change in categories, more research should be

directed here. This is particularly true when one realizes the need for "pure"
pixels and examines the degradation in effective instantaneous field of view
(EIFOV) resulting from the need to overlay accurate high resolution pixels from
more than one date to improve classification accuracies. Should funds for
reseaﬁch in this area not be avaiiable several Panel members expressed a willing-
néés to attend and a desire for a future meeting to specifically address

this important topic. Finally, it is important to remember that in the digital
domain high resolution data can be aggregated to lower resolution pixels with
Timi ted difficulty; however, the reverse is definitely not the case. Realizing,
however, both from an engineering and programmatic standpoint the difficulties
in achieving high resolution on the currently proposed MRS, the Panel considers
that an acceptable alternative to be 15m resolution, 30km swath width with

all four TM spectral bands. This option requires a 30 megabit data rate.

The Land Resources Panel feels strongly that significant land resources research
and application as seen from Section D of this text (an again admitted short
list due to time constraints) can be accompiished employing this configuration.
We strongly urge this configuration be the primary operational mode of the
proposed MRS sensor system.

With respect to the number of quantization levels the Panel feels
that 8 bit data are certainly sufficient for the majority of Land Resources

“applications at this time. We feel, however, that if the possibility for

improved resolution, in fact, does exist, an engineering study should be
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accomplished to determine if yoing from 8 to 7 or 6 bit data would significantly
atd this cause. The Panel feels thet spatial resolution to be of more value than
the larger number of quantization levels, The Panel does stress, however, that
no less than 6 bit and preferably 7 bit data be maintained at the minimum.

In terms of swath width the Panel stands ready to sacrifice swath
width for resolution also down to a minimum 10 km and preferably 15 km swath.
We feel that a 30 km swath is optimal and recommend that this be adopted. We
see no need at this time for larger swath data. Most urbanized areas of the
world will fit into a 30 km swath and indeed into a 15 km swath. This factor
facilitates both the urban and rural urban fringe areas of applications research
in the land resources area.” In addition with the use of appropriate test
sites and sampling designs the Panel feels that significant demonstrations of
applications capabilities could be made to the majority of land resource
research areas with either the 15 km or 30 km swath configurations.

As discussed above, the Land Resources Panel sees 1ittle need for
a number of modes of operations on MRS and most strongly recommends, if the
high resolution option is not available, that a single mode 15 m resolution
4 band 30 km swath width option in the “"straw man" document be the mode chosen.
The Panel also feels that the pointing capability discussed in the straw man
document is adequate for land resource investigations with the caveat that

.the speed of changing pointing angles be examined to determine its impact on

potential test site selection.
IV. Increased Data Rate

Considering the opportunity for a 30 megsbit data rate (as opposed to
15 megabit) would you: .

a) Like to see a 30km swath with 15m resolution in all four bands
b)  Would you use this power some other way?
The Land Resources Panel strongly supports a 30 megabit data rate for

the MRS. This data rate effects the options for greater resolution and swath
widths that the Land Resources Panel recommends, namely a 3-5 meter re;olution
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with a swath widtn of no less than 10 km. Given a 30 megabit data rate the
Panel has also recommended additional research on the potential for reducing
from 8 to 6 or 7 bits the data quantization for each sensor to support
increased resolution while maintaining swath width. Should the production of
higher resolution data be impractical owing to engineering or programmatic
considerations the Panel strongly urges the use of the 30 megabit data rate
to provide data as described in option A above, i.e., a 30 km swath with 15 m
resolution in all 4 spectral bands.

V. Areas Of Research Which Cannot Be Performed With Current Satellite
Sensors or Proposed Thematic Mapper

Although possibilities for new experiments are dependent on advances
in all three forms of resolution--spectral, temporal and spatial--the primary

-concern of the Land Resources Panel was what could be done with improved spatial

resolution. Agreement on this led to a further question of what could be
achieved with yet higher spatial resolution than the 15 meters proposed in
the "straw man" MRS documents, something on the order of 3 to 5 meters.
Accordingly, the following list of possible experiments is grouped into the
two classes: 1) those experiments in which 15 meter resolution is acceptable
and is, indeed, a quantum improvement over Landsat or the proposed TM data;
and 2) those experiments which would require even higher resolution, probably
in the 3 to 5 m range.

The locale for land resources studies comprises both urban and rural
areas but the former receives the greatur emphasis in part owing to the inherent
smaller size of surface features and in part because of the largely rural focus
of other discipline panels, agriculture, forestry, range and the need for urban

studies in today's world.

A quick and by no means complete listing of possible land resources
experiments which could be conducted with 15 meter data (and not as well with
TM 30 m data) aret - ‘

A. Typing areas within the urbanized boundary (the contiguously

2-37




ORIGINAL PAGE IS
OF POOR QUALITY

built-up city) and identifying and quantifying urban
features at the periphery:

1) Change detection and urban growth monitoring:

2) ldentification, analysis and measurement of .
all types of open spaces (parks, ag. land, land
in transition, etc.);

3) The spatial arrangements of buildings--distance
apart, size, etc.;

4) ldentification of vacant land within the
urbanized area which could be developed (especially
important today with the need to "in-fi11"
rather than sprawl);

N
~—

Monitoring expansion of urban periphery as
input to improving urban growth models.

B. Beyond urbanized area boundaries:

1) Improving relationship with ancillary data in

"
geo-based information systems; ‘

Ny
~—

Monitoring of land conversions such as strip
mining; and

3) Detection of the presence of small urban outliers.

Again an admittedly incomplete 1ist of possible land resources experi-
ments which require resolution higher than 15 meters are:

A. Within the urbanized area: -

1) Considering that the data are spectral and as such are
providing information on the physical characteristics
of objects, the possibility is open for relating this
physical information to physical problems (morpho-
logical characteristics rather than inferred functional)
such as:

a) Determination of the types and amounts of imper-
vious surfaces for interaction in water; quality
studies (e.g., "208" studies);
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b) . Determining orientation of buildings to evaluate
possibilities for passive solar radiation;

¢) To determine the stages of conversion of agri-
cultural land to urban ("stress") indicators as
response to urban pressures at the city's periphery;

d) To perform demographic studies such as school
population forecasts, tax-base;

e) To evaluate several aspects of measuring land
use quality, e.g., housing, vacant land;

f) To make five evaluations of vacant land for
development purposes;

g) Converting what are now (Landsat and TM) Tinear
features and making real features out of them -
that is transportation features such as streets;

h) Experiment with land use features as they.interact

with U.S. Census Block Housing data.

S 1

; YTy
s

In intarfacing ancillary data with the higher resolution information the
move to resolutions higher than 15 meters should facilitate the use of block level
rather than tract level census data. It should also improve our ability to detect
changes at a more discrete level of aggregation.

B. Experiment in areas lying beyond the urbanized boundary

1) Mapping at more desirable levels than is now possible (either
Level II or III). Examples are:

a) Pastural/rangeland distinction;
b) Woodland/orchard distinction; and
c) Cropland/pasure distinction.

In brief again, for some other possible experiments it is not possible
to evaluate whether more cr less than 15 m resolution is required. Examples
are:
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1) General improvement of classification of urban features
through use of texture and contextual data;

2) Improvement in relating all land use/land cover data
with ancillary information in geographic-based information
systems;

3) Damage assessment — flood, earthquakes, etc.

Again the Panel recognizes that the above 1istings are by no means
complete and represent the best judgment of the panel at this time. We strengly
recommend that an experiment be conducted to document the case for optimum
resclutions for achieving accurate classification of land resources information.

VI. Pre-Flight Investigations

The Panel recommends that pre-flight investigations be injtiated
in the following areas:

* 1) Polarization Applications

a) Separate filter wheel permitting polarization with any
filter pack. (Rotatable polarizing); and

b) What advantages can be gained in land resource analysis
by use of polarization?

2) Higher Resolution
a) Justification for higher resolution than 15 m; and,

b) Trade-offs in collecting high resolution data from
aircraft versus spacecraft?

3) On-board data compression

a) Advantiges and Timitations of on-board data compression
from a land resources classification accuracy perspective;
and,

b) Can data be compressed in areas of essential homogeneous
1and resources classes and what is the impact of this
compression on marping and statistical accuracies?
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Pointing angie speeds

a) What loss in data can be expected during time pointing
angles are being changed?

Modeling

[

aj Investigate 4 areas listed on "straw man" questionniare,
i.e., bidirectional modeling; atmospheric correction
technique development; onboard data compression methods;
and, polarization modeling .

b) Spatial resolution for various levels of regional, local,
and textural questions?

Temporal domain and temporal resolution
a) Change detection;'

b) Land resource analysis;

¢) Land use calendar,

Quantization levels

a) Advantages and limitations of 256, 128 and 64 levels?
Reqistration

a) MRS and TM at NADIR;

b) MRS and TM off-axis;

c) 2 cell size;

d) Multidate;

e) Hisforic MSS?

Spectral bands

a) Optimum bands from MRS list;

b) Optimum arrangement from MRS list;

c) Polarization filters removed and replaced by ratatable
polarizing wheel that will cover all filter groups or more;

d) Changes in filter spectral characteristics;
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e) Advantages and limitations of narrow bands (20nm)
for land resources.

The Panel feels these are all important topics which demand research.
Although time cunstraints precluded rigorous prioritization we recommend studies
be initiated on these topics as soon as practical.

VII. MRS/TM Relationship

What are the benefits of flying MRS with TM and what are the impacts
of MRS without TM?

By flying the MRS with the TM we have a tremendous opportunity for
examining the actual effects of higher spatial resolution, holding spectral
resolution and atmosphere constant, We can use this ability to examine the
effects of differing spatial resoluticns in varying environments and compile
recommendations for optimal operational spatial reso®utions for examining
various land resources problems in areas of differing landscape complexity.
We can do similar studies of the effects of varying the spectral resolutions.

We will be able to register MRS with TM data mugk better than if they
were not flown together. By having MRS flown with the T™™ we can evaluate off-
angle MRS effects using TM as a base. This will be quite important in looking
at signature extension possibilities.

Without the MRS and TM flying together we would miss these opportunities
and have a major problem of registering MRS with TM data. We see no reason
not to fly both together but many reasons for flying them both on the same
satellite; therefore, it is the strong recommendation of the Land Resources
Panel that the MRS and the TM both be flown on the same platform.

VIII. Data Products

The Land Resources Panel feels that in the area of data products the
following types of processed MRS data should be made routinely available tn
experimenters/users by NASA or some other appropriate organization:

--  Computer compatible tapes (CCT) and high density digital
tapes (HDDT) which have been radiometrically corrected and
contain information on image geometry sufficient to facili-
tate geometric correction to, at a minimum; universal
transverse mercator (UTM), space oblique mercator (SOMJ,
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state plane coordinate (SPC) and langitude-latitude coordinate
grid systems (LL).

9" x 9" 70mn and 16mm panchromatic and color combined positive
transparencies and:prints as well as negative image products
with appro,.riate annotations similar to those on current
Landsat images of individual MRS band acquired of a given
scene, These data should be both radiometrically corrected
and forinatted to one of the coordinate grid systems listed
above (UTH, SOM, SPC, LL) and annotated with appropriate tick
marks as requested by the experimenter/user,

Although difficult to project, the Panel feels that it is reasonable

to assume that domestic land resources experiments will require a minimum of
30G scenes per month (60 areas x 5 scenes per month). We feel that a large
number of foreign investigators in the land resources area will request data.
Again, though difficult to project, we feel foreign demand would be on the
order of 300 scenes per month, ‘

Recommend another meeting to lay out research design.
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2.8 RANGE/SOILS PANEL

Panel Members: Gary Peterson, Chairman; Jan Cipra, Don Deering, Bob
Haas, Cliff Harlan, Gene Maxwell, Don Moore, R.J. Murray, Paul Seevers.

I. Changes in MRS Design

Spatial Resolution -- No great improvement going from 15 meters to
10 meters. Even at 15 meters often get mixed pixels. If use computer analysis,
raybe 15 meters is optimal because of increased computer costs at greater
resolution.

Spectral filters -- In general, the proposed spectral filters are
.adequate. We should Took at narrow spectral bands on the orange-red region
to determine if this region is useful for plant stress investigations.

710-730 nm band should be studied to determine if it should be replaced
by some other band. Polarization is a very'gopd experiment - it may be helpful
in species identification.

Polarized band around 420-470 nm could be useful for senescent
veggtation/bare soil determinations.

Polarization may also be uzaful in soil roughness studies.
Have to be careful as there is some polarization in the optics.

Stereo data -- should be extremely useful data for landform analysis
and for determining drainage patterns.

Much of range production is related to soils, especially depth of soils.

Inferences about soil depth may be possible from slope determinatijons.

Swath width -- 15 or 30 km swath widths are adequate. More flexibility
in filters or resolution is more important than increased swath width.

Satellite must be stable to allow repeat coverage over study sites.

There should be a lTocator system on the satellite to allow the investi-
gator to accurately locate pixels, or just study sites, on the ground. This
is especially important for off-nadir look angles. ~Maybe reflector devices
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could be used to help locate pixels. To know.what on the ground gives a
certain reflectance, we need to know our location within 1/2 pixel. Pixels .
need to be located if (1) we need to know radiance from a specific area; (2)

an experiment is trying to assess the benefits of 15 m resolution; (3) attempts
are made to register data when viewed from off-nadir.

Modes -- Mode 1 would appear to be the most.acceptahie.
Radiometric sensitivity -- Eight or ten bit,

Pointing angles and speeds -- adequate as designed. Pointing
capability will help by pointing in an anti-solar direction to reduce shadow
effects. Observation of landforms under different illuminations should be

useful in landform analysis.

II. How Would You Use Increased Data Rate?

Addition of more spectral bands more important than increasing -
swath width.

Maybe part of the data stream could be used for locational information.

111, Areas of Research Addressable With MRS

Narrow band passes may allow for better identification of soil - vege-
tation delineations (natural soil groupings). This would include the intro-
duction of the stereo model use as a subsampling system for multi-stage
sampling.

Improved spatial resolution --

1) May be bossib1e to map vegetated range sites

2) Map brush density

3) Map wildlife habitat

4) ldentify critical areas, such as ercsion hazard areas

5) May get improvement in biomass estimates.

improved spectral resolution --

1) Improved green biomass estimates

2) ldentify some plant communities

3) Plant stress detection.
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Multi-temporal --

1) Important in monitoring changes in range condition, and
vegetation and soil trends.

Iv. Pre-Flight Research

Panel felt strongly that well supported pre-flight research was essential
to the success of MRS, The Panel also felt strongly that adequate funds be made
available for research on the MRS data. '

The following pre-flight investigations were discussed: ;
1) Refine spectral bands ‘

2) Effects of changing view angle on detection of green biomass,
dry biomass, soils and soil/vegetation mixtures

3) Determination of amount of cover by Tooking at oblique and
nadir angles

4) Accuracy location and registration needs and methods of meeting
needs should be determined

5) Atmospheric correction technique development
6) Bidirectional modeling ‘
7)  Sampling strategy %

8) Temporal phenological/response characteristics study. Identification
of critical periods — number of looks needed/period. Determine
number of days within each critical time period for range
evaluation |

9) Correction of spectral data for slope — aspect, sensor
geometry, and shadow effects

10) Polarization studies
11) Use laser light source to study polarization effects

12)  Pre-launch study of data product needs, spatial and spectral
preprocessing, and data registration

13) Pre-launch study to select several common test sites for future
investigation.
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V. Benefits of Flying With the Thematic Mapper

1) Multistage sampling approach
2) Comparison with broad TM bands

3) Can make atmospheric corrections and apply them to Thematic
Mapper data

4) Availability of mid IR and thermal IR data that could be
combined with MRS data

5) Improved locational accuracy. This will allow the investigator
to more easily locate the MRS data.

VI. Impact of Flying Without the Themitic Mapper

MRS should be launched so that it follows closely behind the Thematic
Mapper.,. If a different orbit configukation is chosen, the time of overpass
should be changed to 10:30 - 11:00 a.m. There will be less sunangle effects,
more energy for the narrow bands and polarization, and it would be a better
time of day to obserye plant stress. '

The Panel would 1ike to see the MRS fly with the Thematic Mapper and
have the overpass time of the Thematic Mapper changed. '

vII. Data‘Products

There should be a difference in the way the visual products and digital
data products are processed and handled. ‘

Digital products -- system level corrections for all data.

Radiometrically and geometrically corrected data (radiometric calibrations
should be made after the MRS is in orbit). Raw data to allow investigators to
apply their own corrections.

Photographic products -- Quick ook data products should be provided.
Geometrically corrected products at a common scale.

Registration considerations -- Spectral bands shoyld be registered.
Spatially registered data at a single pixel size for all view angles should be
an option.
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Non-spatially altered data should be available.

Delivery time -- Quick look imagery should be available within 44 hours.
Other data products should be available no longer than one month from the
acquisition date.

Scenes/month -- Most investigators would want the capability of
collecting data on every :dverpass.

Quick look data could be used to retrospectively order corrected

data.
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III. SUMMARY OF PRESENTATIONS GIVEN ON MAY 31

3.0 INTRODUCTION

Summaries of the presentations given on the fifst day of. the workshop
are presented in this section. The material presented during this’ session
in the form of viewgraphs and siides are included for reference whenever
possible.

EDITORIAL NOTE:

The proceedings included in this report are from reconstructed notes
taken at the Fort Collins meeting and are not to be considered as the verbatim
remarks of the speakers. References to any section of this report should have
the prior approval of the individual speaker involved.
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3,1 HISTORY OF MRS

DR. MICHAEL CALABRESE

The MRS, as it is presented here, is a product of several years develop-
ment. The progression of the system concept from background studies into basic
technology and design, including changes and refinements resulting from the
review of an cutside technical group, is similar to the development stages of
the Thematic Mapper (TM) (Figure 3.1.1). The exploration into the idea of a
"pushbroom" sensor was begun in 1970 (Figure 3.1.2). The idea of making the
pushbroom sensor a pointable imager was added in 1973. In 1975, consideration
was given to applying the MLA technology to the MSS on Landsat. The design
of the MRS was carried out from 1977 to 1979. A technical working group was
formed in 1978 to review the sensor concept and design. The MRS as it is
presented here is a result of NASA's response to the recommendations of this
workirng group. '

It 1s worthwhile to consider the MRS in the context of the Landsat
sensor evolution (Figure 3.1.3). The TM extends the capability of Landsat by
the improvement in resolution, the adjustment in the visible bands and the
addition of two bands in the réflective IR and a third in the thermal IR.
Likewise, the MRS extends our capabilities by allowing additional improvement
in resolution, narrower selectable spectral bands, polarization and off-axis
pointing. Yet the MRS represents a very different style of data acquisition
compared to Landsat (Figure 3.1.3). Because of its narrow swath width, the
MRS is not appropriate for inventories of large regions but is intended for
sampling selected areas.

The MRS is the first formal utilization of the MLA technology. The
advantages of MLA technology are an improved signal to noise ratio, mechanical
stability and higher resolution capability (Figure 3.1.4). Given these
advantages, MLA technology may eventually be used to upgrade inventory instru-
ments, such as carried on Landsat. The MRS, however, is a research instrument.
(The MRS science objectives are 1isted in Figure 3.1,5.) The conceptual design
of the MRS reflects this research orientation; the MRS is extremely flexible
in terms of multiple applications. Although the design of the instrument has
undergone a long development, it is still in the planning stages. We need
input from the research community in order to make the instrument as useful as
possible; however, changes must be considered in the 1ight of the very real
constraints (money, technology, etc.).
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3.2 THE MRS SENSOR
O%. CHARLES SCHNETZLER o
(SEE APPENDIX A FOR A MORE COMPLETE DISCUSSION OF THE MRS)

In this morning's session of the workshop, we want to bring you up to
date on the MRS design, {ts capabilities and 1imitations. It should be kept
in mind that the goals of the MRS (Figure 3.2.1) are research goals: It is
a research tool not an operational device. The capabjlities of the MRS are
unique but research is needed on the possible applications before such a
system can become operational. This instrument will provide NASA with its
first engineering test of MLA technology.

The MRS 1s a pushbroom scan sensor, Pushbroom scanning is a term
which describes the technique of using the forward motion of a satellite
platform td sweep a 1inear array of detectors oriented perpendicular to the
ground track across a scene being imaged (Figure 3.2.2). Satellite motion
provides one direction of scan and electronic sampling of the detectors in °
the crosstrack dimension provides the orthogonal scan component to form an
image. The detector array is sampled at the appropriate rate to produce
continuous Tines.

This pushbroom scan, which is feasible because of the MLA technology,
makes possible improvements in performance which are not really possible with
the mechanical scan technology. The MRS, as a research {nstrument, utilizes
these improvements in performance (Figure 3.2.3). These include improvements
in spatial, spectral and temporal resolution along with a polarization capability
not yet available on a satellite system. Other science objectives of the MRS
are to test on-board data compressien techniques and to demonstrate the feasi-
bi1ity of multiple in-flight sensor parameter selectfon (e.g., filters, pointing
direction). The MRS has a rather narrow swath width; thus, the MRS is a sampiing
instrument rather than an inventorying instrument. Another science objective
of the MRS will be to explore the use of the sampling mode in conjunction with

the inventory mode.

The system which we are describing today has been under consideration
for some time {Figure 3.2.4), The present design is a result of interactions
of GSFC with the MRS Science Working Group (Figure 3.2.5). Figure 3.2.6 shows
the sensor characteristics. Several of these characteristics are limited in
some way by the constraint of designing the MRS to fit in the MSS slot conform-
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MRS Sensor Characteristics

Spectral Range: 0.36 um to 1.0 um

Spectral Bands: 4 arrays, each with 2000 detectors
5 selectable filters/array
Bandwidths > 20 nm
Polarization filters

Spatial Resolution: 15 meters max

Swath Width/Modes: 15 km at 15 m (4 bands)
at 15 m (2 bands)

at 15 m 24 bands, 50% sampling)

30 km at 30 m (4 bands)
Radiometric Sensitivity: Approximately 0.5% NEap (8 bit)
Data Rate: _ ’ 15 mega bits/sec.
Pointability: 2 axes

+ 409 across track
+ 559 along track

Speed of Pointing: 30%/sec across track
50/sec along track

Figure 3.2.6. MRS Sensor Characteristics
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ing to the MSS size, weight and data rate. One of these constraints may be re-
moved: the 15 megabit/second data rate may be increased to 30 megabits/second.
One of the topics you will be asked to consider is how the higher data rate can
be best used if it becomes available.

The improved temporal resolution available with the MRS is a direct
result of the pointing capability. 'F1gure 3.2.7 shows the pattern of coverags
assuming that the MRS is in the Landsat orbit with a 16-day return-time. The.
frequency of return coverage is shown for 3 different latitudes.

Figure 3.2,8 shows the current 1ist of filters planned for the MRS.
This 1ist was developed in conjunction with the MRS Science Working Group.
Each of the four arrays will have a filter wheel (vertical column), and each
filter wheel will contain five filters. Each wheel is indexed independently.
Thus, an experimenter can choose (in-flight) a filter from each column.

The MRS will also have four selectable operating modes as shown in
Figure 3.2.9. These four modes all conform to the 15 megabit/sec. data rate
1imit. Fail-safe mechanisms are also planned such that, should anything g¢o
wrong with the filter selection, the default selection would be the T™M bards;
if anything goes wrong with the pointing, the MRS would default to a nadir view.
The selectable variables are 1isted in Figure 3.2.10.

Figure 3.2.11 compares some of the physical characteristics of the MRS
and the TM.

The experimental program for the MRS (Figure 3.2.12) should inciude
experiments from all disciplines. Some of these experiments would be directly
funded by NASA while others might be funded by outside sources. Other "unofficial"
experiments would be accepted as scheduling permits. During any unscheduled time
MRS could be obtaining nadir, 15 m resplution data to be archived with TM data.
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3.3 MLA TECHNOLOGY
, MR, LESLIE THOMPSON
(SEE APPENDIX B FOR ADDITIONAL INFORMATION)

MLA technology will allow a significant improvement in sensoi perfor-
mince for remote sensing. This new generation of sensor operates on a principle
different from the electromechanical scanners, The differences will be described
here in some detail, To set the stage for this discussion consider the orbital
situation (Figure 3.3.1). This situation is the same for all imaging techniques.
In all cases an area on the earth, within the field of view of the sensor, is

imaged at the satellite.
There are basically three ways to obtain the image.

in Figure 3.3.2.
Framing mode - imaging all the points simultaneously. This is the
technique used for the Landsat Return Beam Vidicon (RBV).

These are 11lustrated

Point detector - imaging one point at a time. This requires me-
chanical motfon in the optics. There are three variations on this
technique: the 14near, unidirectional scan used on the Landsat MSS,
the linear, bidirectional scan which will be used on the TM, and
the conical scan used on the Skylab scanner,

. Pushbroom scan mode - imaging all of the points on one line
simultaneously. This, of course, is the mode which will be used

on the MRS.

We will first consider the mechanical scan technique, illustrated in

The scan 1s accomplished by moving a scanning mirror to sequentially
A single detector views a particular
This

Figure 3.3.3.
image areas in the cross track direction.
resolution element for about 15 ps for the MSS and about 10 us for the TM.

short dweil time 1imits the sensitivity of the instrument.

The analog signal from the detector is amplified and prepared for digital
On the TM this is accomplished by the complex amplifier chain i1lus-

There are 96 individual signal amplifiers like this on
The TM is a product

Compared to the

conversion.

trated in Figure 3.3.4.
the TM -~ one for each of the 16 detectors used in each band.

of an evolutionary growth in the mechanical scan technology.
MSS it will provide improved spatial resolution (30 m IFOV), additional and nar-
vower spectral bands (seven), and increased instrument sensitivity (256 gray
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MECHANICAL SCANNER
ILLUSTRATION

X
2
SCANNING M e
MIRROR — v

DETECTOR
/ LENS ARRAY
ACROSS-TRACK /
PREVIOUS DIRECTION OF
SWATHS MECHANICAL SCAN

DIRECTION OF
SATELLITE
ORBITAL MOTION

Figure 3.3.3 Mechanical Scanner IHustrat'ionv
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levels), yet these improvements represent a limitation. Figure 3.3.5 shows the
merit function for electro-mechanical scanners. Electro-mechanical scanners have
reached a plateau in development. Any further improvements in performance will
be increasingly costly for only small increments in performance ability.

Mu]t1spectral sensors using the MLA technology are not so limited. As
Figure 3.3.5 shows, a scanner equivalent to the MSS using MLA technology has a
far higher merit function than the MSS. Furthermore, there is potential for
significant improvement in performance in the forseeable future when using solid
state iinear arrays and operating in a "pushbroom” mode.

In the pushbroom mode, 1ilustrated in Figure 3.3.6, a linear array of
detectors image an across track swath. The satellite motion provides one dimen-
sion of scah and electronic sampling of the detectors provides the other. This
scan method has several advantages and disadvantages. These are 1isted in -
Figure 3.3.7. The most obvious advantage is the elimination of any complex
mechanical scan mechanisms. Perhaps even more important is the improved radio-
metric sensitivity; each detector covers only one resolution element in the along
track direction which allows for a much longer integration time (2 to 10 ms)
thin would be possitle with the MSS or TM. The improvement in the signal to noise
ratio is quite significant and permits smaller aperture optics to be used with a
consequent reduction in size and weight of the instrument.

Another advantage of the MLA's is that the detector positions can be
precisely known, allowing better geometric accuracy. Finally, offset pointing
becomes relatively easy.

There are also some difficulties with the MLA technology. The major
problem is that there are now a large number of detectors all requiring separate
calibration.

How can these long arrays which have thousands of elements be manufactured?
If discrete amplifier components were required for each detector as in the MSS,
the problem would be enormous. However, solid state integrated circuit tech-
nolcgy , rovides the answer. Hundreds to over a thousand detectors can be
manufactured or 2 single monolithic chip of silicon along with low noise
ampiifiers and multiplexing circuits.
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Linear array devices have been under consideration by NASA since 1972
(Figure 3.3.8). In 1976 Westinghouse developed a detector array technology
which demonstrated performance adequate for a 10-meter resolution multispectral
imaging radiometer. An array assembled under the Westinghouse program used 18
silicon chips (each with 96 detectors) providing a total of 1728 detectors.
Detector position within a chip can be precision controlled to 0.05 of a resolu-
tion element size with a cumulative error over the length of the array 0.5 of a
resolution element. Figure 3.3.9 shows four examples of radiometrically corrected
imagery from 576-element detector array. The detector-to-detector variations
have been removed by computer processing using a calibration table that was
measured and recorded for each detector. '

One of the design criteria for the MRS was that it have 0.5% sensitivity
in a1l four spectral bands for a variety of scene conditions; 0.5% sensitivity
is defined as the change in target reflectance (Ap = 0.005) equal to the RMS
noise of the sensor system. This is the noise equivalent reflectance, NEAp.
Figure 3.3.10 shows the predicted performance of the MRS for the green band
(.45u - .52u) for a wide range of solar zenith angles (SZA). For each set of
test conditions the predicted NEAp is easily below the required 0.5% level.
Predicted values for the TM are provided for comparison.

The Tow noise and high sensitivity characteristics are possible hecause
of the availability of silicon solid state arrays. The silicon arrays to be
used for the MRS are sensitive from .36 to 1.0 p. At present there are no
detectors adequate for the thermal infrared region. One major objective for the
future is to develop a pushbroom scan array for the 10-12 u spectral region. The
major difficulty with thermal detectors is the need to cool the detectors. The
photoconductive HgCdTe detectors must be cooled to 100° K and the power require-
ments for this cooling are excessive for existing designs. In order to minimize
power loss due to cooling it will be necessary to minimize the number of leads
into and out of the cold focal plane. Figure 3.3.11 shows the general approach
using HgCdTe detectors.

An aircraft, thermal IR, pushbroom scanner is being built as shown in
Figure 3.3.12. This system uses a 90-element HgCdTe array and is sensitive in
the 10-12 u range. The simplicity of design ot this system assures a high reli-
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RADIOMETRICALLY CORRECTED IMAGERY USING A
576 ELEMENT DETECTOR ARRAY
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ability, The calibration of the system is more difficult, of course, and an
afrcraft is not as stable a platform as a spacecraft, but the utility of the )
pushbroom design for thermal IR remote sensing can be demanstrated from aircraft
tests,

There are other solid state detectors which could be used to extend
the spectral range of pushbroom devices. The temperature of operation and
wavelength band of useful response for several of these detectors is shown in
Figure 3.3.13.

Figure 3.3.14 shows the technology developments required for arrays for
the different spectral regions. For the visible region, intrinsic silicon is
the obvious choice both because of {ts room temperature operation and because
of the maturity of the silicon technology. Outside.of the visible region there
are several candidate detectors. In the short wavelength IR lead sulfide (PbS)
is the detector most 1ikely to be developed in the near term largely because of
its relatively high operating temperature (200° K). For the long wave (thgrma1)
IR, initial development of the HgCdTe detectors is already underway. Lead-tin-
telluride is the only other detector which has a reasonable operating temperature.
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3.4 SENSCR ENGINEERING CONSIDERATIONS
MR, WILLIAM MEYER

I. OVERVIEW

a. Experiment Objectives - see Section 3.2 (Figure 3.2.3)
b. General Mission Description - sce Section 3.2

II. SYSTEM REQUIREMENTS - Figure 3.4.1

a. Configuration - the MRS {s being designed to fit into the
space alloted to the MSS on a Landsat D type mission. This
places size, shape and weight constraints on the design.

b. Orbit - the MRS (on a Landsat D type mission will fly in a
sun synchronous orbit at an altitude of 705 km (440mi) with
a 9:30 a.m. equator crossing time.

c. Spatial Coverage - see Figure 3.2.9.

d. Registration - the detectors are to be aligned to a precision
of +0.1 of a pixel with a cumulative error over the length of
the array of less than +0.5 of a pixel.

e. Square Wave Response - 500 m at 1.00 MTF sq. to 15 m at
0.30 MTF sq. (MTF = Modulation Transfer Function).

f. Alignment - the instrument will be aligned to a precision of
+0.1°,

g. Boresight Pointing - :40° in the cross-track direction
- t55° in the along-track direction.

h. Spectral Coverage - there will be four arrays each of which
is sensitive in the .35 to 1.0 range. Each of the four
arrays will have five separate spectral filters which will
be selectabie by command while in orbit.

i{. Radiometric Requirements - the MRS design is for 0.5% sensitivity
(0.005 NEap) for a variety of spectral bands and a variety of
scene conditions.
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ITI. BASELINE SUBSYSTEMS
a. gtics

1. Telescope Objective - all reflective optics; 70 cm foca!l
length; 20 cm diameter

2. Spectral Filters - see Figure 3.2.8. on Page 3-17,
b. Focal Plane Assembly (Figure 3.4.2)

1.  Detectors - four discrete linear arrays of 2000
detectors/array

2. Signal processing - Figure 3.4.2 shows the general
scheme of the basic signal processing.

¢c. Structures & Mechanisms

1. Structure - Volume 64 cm x 74 cm x 156 cm
- Weight 70 kg.

2. Pointing/Slewing Mechanisms
- cross-track pointing of +40°
slew rate of 30°/sec.
- along track pointing of :55°
slew rate 5°/sec.

3. Optical Filter Mechanisms - four filter wheels, cne
for each array. Each filter wheel will contain five
filters, and each wheel will be indexed independently,

d. Electronics (Figure 3.4.3)
1. High data rate electronics
2. Telemetry & Command - 15 Megabits/sec. via RIU.

3. Power Supply & Conditioning - power requirements include
unregulated, multiple regulated & Tow noise/high
regulated power supplies for a total of 85 watts,

e. Test & Calibration Equipment (Figure 3.4.4)

1. Electronic and Recording

2. Optical Simulation

i Instrument Ground Control
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BLOCK DIAGRAM —-FOCAL PLANE ASSY

FOR MRS
~——a=5¢ C RADIATOR
3 POINT pa 1
MECHANICAL 2000 .
MOUNT AND | ELEMENTS | |
OPTICAL ALIGN. . L7111 ]
pree—O
>‘—o
2000 '
POWER — ELEMENTS
FROM - X i '
MRS xj> -
't N
P O
CLOCK S D1
CLOCK BUFFERS | {2000 _
AND TIMING EEE‘VL.—N{SW
FROM MRS :
Pietps
g >———o
eere——— P -0
Do >_l—o
00
L.EL.EMENTS_}
DETECTOR — -
MOUNTS — e~
Pedes
>——o0
OFF-CHIP ANALOG AMPS.—:

Figure 3.4.2. Block Diagram-Focal Plane Assy for MRS
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f. Thermal Requirements Definition

1. Focal Pizne Assembly will be maintained at 5%C with
a tolerance of +0.59C.

2. The bulk of the instrument will be maintained at
20°C with a tolerance of +5°C.

IV, TEST AND CALIBRATION PHILOSOPHY
a. System Level Tests
b.  Subsystem Level Tests
c. Environmental Tests
d. Cal*hration
1. SGround Calibration

2, On-Board Calibration.
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3.5 BIDIRECTIONAL REFLECTANCE STUDIES & THE POTENTIAL OF MRS

DR. JAMES SMITH
I. Definitions

Bidirectional reflectance refers to a very specific type of measure-
ment of reflectance. The bidirectional rzflectance p is related to the
measurement of reflected natural light by the equation given in Figure 3.5.1.
In this equation, the first term on the right hand side is the radiance re-
ceived at the sensor due to the solar irradiance reflected by the target into
the sensor. This term is dependent upon the solar zenith angle as well as
the directional reflectance characteristics of the target. The second term
on the right hand side is the radiance received at the sensor due to the
target reflectance of skylight. As it is written here, there are no aprio}
assumptions about i angular distribution of skylight or about the directional
reflectance characteristics of the target. Atmospheric effects are not ac-
counted for in this equation which refers to measurements made at ground
level. If the solar irradiance, E(Qo), and skylight radfiance distribution
E(E') are known, measured or approximated y1th reasonablé accuracy, then
measurements of the reflected radiance, L(k), will yield information about the
target which is contained in p.

There are more than just a few other concepts and terms connected
with reflectance, several of which are 1isted in Figure 3.5.2. This diversity
leads to some confusion about the exact meaning of bidirectional reflectance
and how it is measured, "The truth" is the equation of Figure 3.5.1. There
are a few who have seen the mysterious 1ight in the castle keep (Figure 3.5.3)
and who are guardians of "the truth." There are also those outside the
castle keep who are working with half-truths and incomplete information.

There are even a few gypsies outside castle walls selling their own curious
wares.

A1l this is simply to emphasize that not only are there many dif-
ferent data collection methods but there are varying degrees of understanding
of these methods and their meanings. One must be cautious when reading the
literature or using another's data.

|
f
3-47 g



e e TR T
E)

ORIGINAL PAGE IS
OF POOR QUALITY

cl mc_d Lo+u\um

d_mcd uns

o ettt ] SR

‘1°G°€ UN9ld

\NUSG‘—‘Q\U_%@L

22WO! PV A

272Uo 1P

Y

GRS IEE IO
|

. poe -
o e e o
1
o
t
A
W
£
-— ﬁ
— ,,
a4
J
4
-—
5
< i
1 :
— — ™
—
e o e ailE T




e ideatad
i e

ORIGINAL PAGE I8
OF POOR QUALITY

"REFLECTANCE GANG"

BI-DIRECTIGNAL

BI-CONICAL

BI-HEMISPHERICAL
HEMISPHERICAL-DIRECTIONAL & V.V,
HEMISPHERICAL-CONICAL & V.V,
REFLECTANCE FACTORS VS DISTRIBUTION
FIELD VS LABORATORY | |
APPARENT DIRECTIONAL REFLECTANCE
EQUIVALENT LAMBERTIAN REFLECTANCE

FIGURE 3.5.2. REFLECTANCE GANG
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11. Status of Measurements

There 1s a wide variety of data sources available for both field
and laboratory measurements. They vary widely in quality and in target
type.. For the field measurements an outstanding source is Kriebel whose pub-
1ished work is limited but excellent (Figure 3.5.4). The Lacie program has
generated a large collection of field measurements which also contain useful
ancillary data. "Typical" values of reflectance signatures are also avail-
able for a wide variety of materials from ERIM., Besides these there are many
miscellaneous references mostly from the late 60's and 70's. For many of
these some ‘interpretation may be required before the data will be useful. As
an example of the data available, two sets of curves from Kriebel (Kriebel,
K.T., 1978 Measured Spectral Bidirectional Reflection Properties for
Four Vegetated Surfaces. Applied Optics 17(2): 253-259) are included
in Figures 3.5.5 and 3.5.6; these curves show the angular variation
in reflectance of pasture land and coniferous forest respectively at
several solar zenith angles.

Figure 3.5.7 is a summary of information on surface reflectance
(field) measurements. There {s a large data base for crops. For other tar-
gets‘there are only limited observations. One must be cautious in using these
measurements since the assumptions and types of measurements will vary from
source to source,

1. Status of Theory

There are a variety of remote sensing models for vegetation reflec-
tance (Figure 3.5.8). Suit's (1972) model is perhaps the most widely used,
A more recent and very impressive model is that of Bunnik (1977). There
are more models than those 1isted in Figure 3.5.8. Most of the models are
intended for crops and grasses with 1imited applications to forests (Figure
3.5.9), Given the "appropriate" inputs, all perform reasonably well. The
“appropriate” inputs, however, may not be available or may not be practical
to nicasure., There is a need to extend the modelling to more difficult
situations.
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FIELD MEASUREMENTS

KRIEBEL - CLIMITED, BUT EXCELLENT)

LACIE (LARS ARCHIVE - EXHAUSTIVE
(CROPS) GOOD ANCILLARY DATA
MOSTLY VERTICAL VIEW)

TARGET SIGNATURES (ERIM/JSC - 600D
SOURCE OF "TYPICAL" VALUES

FOR WIDE VARIETY O0F MATERIALS)

MISC*

ABOUT 70 REFERENCES, MOSTLY
LATE 60'S - 70°'S,

E.G. COULSON SALOMONSON,
(WHITE SANDS?)

- INTERPRETATION REQUIRED

FIGURE 3.5.4. FIELD MEASUREMENTS
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SUMMARY (SURFACE ONLY)

GOOD DATA ON CROPS
LIMITED OBSERVATIONS OTHERWISE
MEASUREMENTS MAY BE DANGEROUS

FOR ZENITH SUN/VIEW ANGLES LESS
THAN 30 DEGREES, LAMBERTIAN
ASSUMPTION "“REASONABLE"

PATHOLOGICAL STATES

VARIABLE IRRADIANCE C(SPATIAL,

ANGULAR)

MIXTURES

TOPOGRAPHY OFTEN INDUCES LARGE
EFFECTIVE SOURCE/VIEW ANGLES

FIGURE 3.5.7. SUMMARY (SURFACE ONLY)
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REMOTE SENSING MODELS

(1970) ALLEN AND RICHARDSON
(1970) IDSO AND DEWIT
(1972) SUITS ‘
(1972 SMITH AND OLIVER
(1976) EGBERT AND ULABY
(1977) BUNNIK

OTH'ERS

FIGURE 3,5.8. REMOTE SENSING MODELS
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SUMMARY (MODELS)

APPLIED MOSTLY TO CROPS, GRASSES
LImITED APPLICATION TO FORESTS

GIVEN “APPROPRIATE* INPUTS ALL PER-
FORM REASONABLY WELL

600D FOR DESIGN STUDIES AND GEDANKEN
EXPERIMENTS

LITTLE WORK DONE ON THE INVERSE OR
iNDIRECT SENSING PROBLEM C(E G
FOREST AND BIOMETEORUOULOGISTS-

NORMAN)

NEED TO EXTEND TO MORE DIFFICULT
MODELING SITUATIONS

FIGURE 3.5.9. SUMMARY (MODELS)
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1v. MRS Implications

Some data is available which suggests that multiple viewing angles
are useful for distinguishing among crops. For instance, there are data
available for crops in Kansas for solar zenith angles between 30° and 70° and
for viewing angles from 0° to 40°, (Figure 3.5.10) The objectives of using
multiple viewing angles would be to (1) aid in scene normalization, for
example, usiny the differences in atmospheric path length to improve the
atmospheric correction and (2) improve the discrimination among targets
using their directional reflectance characteristics (Figure 3.5.11).

One possibility is suggested by the graphs in Figures 3.5.12 and
3.5.13. Figure 3.5.12 shows that crops differing in‘canopy.geometry exhibit
the same mean leaf projection at 57° and hence ehould exhibit similar direc-
tional reflectance properties at this angle. In fact, a "cross-over" point
is shown at this angle in both., Figures 3.5.12 and 3.5.13. Differences in
measured reflectance at this angle should arise primarily from crop leaf-area
or biomass. This is further verified by the graphs in Figure 3.5.184 which
shows that the maximum divergence between two canopies differing on1y'1n
leaf-area in feature selection using the best two wavelengths (out of a
possible 7) occurs for observation angles near 550,

We do not really know how much will be gained by having multiple
observation angles, nor is it clear exactly where the improvements will come.
We are still in the workshop (Figure 3.5.15) and there is much work to be
done before we will be certain about how this tool should be used.:
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MRS IMPLICATIONS
E.G6. KANSAS
SOLAR ZENITH
ANGLES 30-70
VIEWING ANGLE 0-40
FIGURE 3.5.10, MRS IMPLICATIONS
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OBJECTIVES:

SCENE NORMALIZATION

INCREASED DISCRIMINATION

FIGURE 3,5.11. OBJECTIVES
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1.0
} ' + Westarn “heatqrass
A o Rlue frama
\ a Planonhile
< N .t b Plasionhila
o . C ¢ Extramonhile
d Snherical

e Frectonhile
. £ corical

-

MEAN PROJECTION - g(8,).
a

0 Semmmmm— - . .

0 30 b

) 90
ZENITH VIEW ANGLE ONTGINAL pacz o
Qu.

FIGURE 3.5.12. MEAN PROJECTION OF A LEAF ELEMENT FOR EACH
16URE OF THE CANOPY TYPES SHOWN IN FIGURE 4.
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.10
- = = PLANOPHILE

.8 w— PLAGINPHILE

: s m'es EXTREMOPHILE
6 =.m.= SPHERICAL

. seveee ERECTOPHILE

Y, v v v = £ v

5 15 25 35 45 55 65
ZENITH VIEW ANGLE (DEGREES)

FIGURE 3.5.13. PREDICTED APPARENT DIRECTIONAL REFLECTANCE
FOR THE CANOPY TYPES SHOWN IN FIGURE 4,
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CHANGES IN FEATURE SELECTION

TIME 9:00

R L A L o L Jk

65° 88° 48° 33° 25° 18° s°
arnes 0229 a4 a9 26

SCAN ANGLE IN DEGREES
(BEST TWO WAVELENGTH CHANNELS)

Variation in maximum divergence with scan angle and
best *wo wav’  r'ngths out of seven. Results are
given for 12..J (solar zenith angle 22.3 degrees)
and 9:00/(solar zenith angle 44.5 degrees) computer

simulations.

FIGURE 3.5.14. CHANGES IN FEATURE SELECTION

3-63

-‘M




FIGURE 3.5.,15, WORKSHOP
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3.6 ATMOSFHERIC CORRECTION ALGORITHMS FOR THE REMOTE SENSING OF THE
EARTH'S SURFACE

DR. ROBERT TURNER

There are three physical processes by which the atmosphere will affect
remote sensing measurements at the earth's surface (Figure 3.6.1): scattering,
absorption and thermal emission. Radiation may be attenuated due to scattering
and absorption by the atmosphere (transmittance loss), leading to a reduction
of the measured signal. Scatfering by gasses and particulates in the atmosphere
will account for part of the remote spectral measurements (path or sky radiance)
in the wavelength range from ~0.34 um to 3.0 um. Finally, thermal emission by
gasses and particulates in the atmosphere will contribute to the remote measure-
ments (path or sky radiance) in the 3.0 um to 15 um wavelength region. Figure .
3,6.2 11lustrates these effects.

In the following discussion we will cover some of the more important

* concepts involved in the atmospheric effect on remotely sensed data, Figure

3.6.3 lists the most important quantities used in the discussion along with
the symbols used. Also listed (in Figure 3.6.4) are the fundamental parameters
which contribute to the atmospheric effect on radiation,

The MRS has several advantages for atmospheric investigations that have
been available on previous satellite systems (Figure 3.6.5).

(1) The spectral range extends into the UV {0.36um); the atmospheric
scattering is stronger in the UV/blue region of the spectrum.

(2) The spatial resolution is better (15m). This allows for
smaller targets,

(3) It will be possible to make multiple-angle views of selected
targets., '

This last capability is illustrated in Figure 3.6.6. Viewing through different
atmospheric path lengths will ajd in making atmospheric corvections.

The basic remote sensing equation is given in Figure 3.6.7. The radi-
ance at the sensor, L. consists of radiation at the target, Lo' which has been
transmitted through the atmosphere, T, plus the path radiance, Lp. The radi-
ance at the target is due to the reflectance by the target of solar radiance,
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PHYSICAL PROCESSES IN REMOTE SENSING ANALYSIS'

* ATTENUATION OF RADIATION BY SCATTERING AND ABSORPTION
(TRANSMITTANCE LGSS)

« MULTIPLE SCATTERING BY GASES AND PARTICULATES (PATH
RADIANCE, SKY RADIANCE); IMPORTANT FOR ~ 0.34/4M -
3.0/4M

- THERMAL EMISSION BY GASES AND PARTICULATES (PATH
RADIANCE, SKY RADIANCE); IMPORTANT FOR ~ 3.0 pm -
15um

Figure 3.6,1. Physical Processes in Remote Sensing Analysis
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IMPORTANT QUANTITIES FOR REMOTE SENSING

A ~ WAVELENGTH OF RADIATION
8, v SOLAR ZENITH ANGLE
%, ~ SOLAR AZIMUTH ANGLE

6 ~ NADIR VIEW ANGLE

7 ~ AZIMUTH VIEW ANGLE
Ty v OPTICAL THICKNESS
Lo ~ SINGLE-SCATTERING ALBEDO

(M, 90 ,¢') ~ SINGLE-SCATTERING PHASE FUNCTION
PR 8 BI-DIRECTIONAL SURFACE REFLECTANCE

p Q) ~ SURFACE ALBEDO

Eg(d) ~ EXTRATERRESTRIAL SOLAR IRRADIANCE
E,O) ~ SOLAR IRRADIANCE AT TARGET

E; ) ~ TOTAL OR GLOBAL IRRADIANCE AT TARGET
Lo\ ~ PATH RADIANCE

Ly (M) ~ DIFFUSE TRRADIANCE AT TARGET

Figure 3.6.3. Important Quantities for Remote Sensing
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FUNDAMENTAL PARAMETERS

P~ ATMOSPHERIC PRESSURE AT TARGET
T(z) ~ ATMOSPHERIC TEMPERATURE PROFILE
Doz ™ OZONE DENSITY VERTICAL PROFILE
P, ~ ABSOLUTE HUMIDITY
§ ~ RELATIVE HUMIDITY
W(r) ~ AEROSOL SIZE DISTRIBUTION
mm (\) ~ AEROSOL IWDEX OF REFRACTION
W(z) ~ AEROSOL NUMBER DENSITY
U  ~ WIND SPEED
¢~ CLOUD COVER
A~ SOLAR AUREOLE

Figure 3.6.4. Fundamental Parameters
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REMOTE SENSING EQUATION

l..(’r,;t,q’)= LO(TO,;Q)?)T(T,/A) + LP(TM‘;‘P)'

L(T,p,9) ~ RADIANCE AT SENSOR
L(TgH,#) ~ RADIANCE AT TARGET
T(c,s) -~ TRANSMITTANCE ALONG PATH

L, (99 ~ PATH RADIANCE

Figure 3.6.7. Remote Sensing Equation
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Ls' and the diffuse sky radiance, LD. The remote sensing geometry is shown in

Figure 3.6.8,

The transmittance factor, T, is dependent on the wavelength, the
atmospheric path length and the atmospheric optical thickness (Figure 3.6.9).
The atmospheric optical thickness is a measure of the extinction of light
of a particular wavelength when passing vertically through the atmosphere.

It is defined by the equation in Figure 3.6,10 as an integral of the volume
extinction coefficient, K. The volume extinction coefficient includes both
scattering and absorption effects; it may be broken down into two components:
a Rayleigh coefficient, KR’ and an aerosol coefficient, KA (Figure 3.6.11).

Figure 3,6.12 i1lustrates the radiation components in a scattering,
absorbing atmosphere. The earth's surface is illuminated by direct solar
radfation, Lsun’ singly-scattered solar radiation, Lsss’ and muitiply-scattered
solar radiation, Lpgg. Part of this incident radiation is reflected in the
direction of the sensor, L, but {s attenuated along the path radiance due to
scattering of 1ight into the path by the atmosphere: Singly-scattered path

radiance, Lssp, and multiply scattered path radiance, Lmsp-

The amount of sky radiance incident on the earth's surface as well
as its angular distribution varies tremendously with atmospheric conditions.
This is i1lustrated in Figure 3.6.13, which shows the sky radiance for both
a Rayleigh (clear) atmosphere and for a hazy atmosphere. The reflected radiation,
shown in Figure 3.6.13 as total radiance, also varies in intensity and distri-
bution as the atmospheric characteristics vary. Figures 3.6.14 and 3.6.15
are alternate graphic views of this same phenomenon. The top graph on Figure
3.6.15 shows the dependence of path radiance on visual range and scan angle. The
increase in brightness toward the horizon is called 1imb brightening. The
path radiance can be minimized by making observations away from the sun and away
from the horizon,

The total radiance at the sonsor is compared to the path radiance for
various reflectances and optical thicknesses in Figure 3.6.16., An optical
thickness of T, = 0.1 corresponds to an extremely clear atmosphere while for
T, * 10.0, the atmosphere is optically infinitely deep. It should be clear
from these graphs that the path radiance is both an important and highly
variable component of the total radiance at the sensor.
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‘ DEPENDENCE OF SKY RADIANCE
ot ON VISUAL RANGE AND SCAN ANGLE. Solar
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surface albedo for green vegetation.

Figure 3.6.14. Dependence of Sky Radiance on Visual Rande and Scan Angle
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Figure 3.6.15.
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Before introducing any atmospheric correction algorithms, let us
again consider the target radiance. In Figure 3.6.17 the surface element P
{s illuminated from the direction % % by direct solar radiance Ls as well
as by the diffuse sky radiance LD. The target radiance L0 of this surface
element will depend upon the radiance distribution of the incident 1ight as
well as the directional reflectance characteristics of the target. The
target radiance is calculated by the firs% equation in Figure 3.6.18, where
the first term is the radiance due to the reflectance of solar radiation and the
second term is the target radiance due to refiection caused by the diffuse
component. In this equation Eo is the solar irradiance, By = COS 8, is
the solar zenith angle, Ty is the atmospheric optical thickness and p is the
directional reflectance of the target. One may also define the intrinsic
radiance of a target, which is the radiance to the reflectance by the target
of a well coliimated incident beam of 1ight (Figure 3.6.18).

The target radiance is the quantity of interest. The radiance measured
at the satellite must be corrected for path radiance and signal attenuation.
The atmospheric correction algorithm for target radiance is given in Figure
3.6.19. As before T is the atmospheric transmittance. The atmospheric
correction for instrinsic radiance differs from that for target radiance and
fs presented in Figure 3.6.20. Here Eg (ro) is the total or global irradiance
at the earth's surface. '

Most of the quantities needed for the atmospheric correction can
be measured either directly or indirectly with varying degrees of difficulty.
Often, however, the measurements are unavailable and these quantities must be
calculated (Figure 3.6.21). Figure 3.6.22 illustrates the systems needed for
the measurement of the atmospheric radiometri¢ quantities. The optical thick-
ness of the atmosphere may be determined by two methods:

(1) The diffuse target method, which uses two measurements of
different diffuse targets from the spacecraft (Figure 3.6.23).
If observations of two such targets have been made for several
observation angles a graph such as that presented in Figure
3.6.24 may be drawn. The slope of the line is equal to the
atmospheric optical depth.
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Figure 3.6.17. Radiation
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TARGET RADIANCE
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INTRINSIC RADIANCE

L. (p9) = poEo pLAY, Fo, %)

Figure 3.6.18. Target Radiance; Intrinsic Radiance
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ATMOSPHERIC CORRECTION ALGORITHM FOR SURFACE RADIANCE

L,(t,x9=F (., p0e)Lioue

- (E;O (’tb ;/‘) 90)

L(o,}+,%) ~ MEASURED BY SPACECRAFT SENSOR

-

1
T(o,4)

F (o, 10 =

~  MEASURED BY SURFACE INSTRUMENTS

_ Lu(m,u,9
o yP) = E ’
G %ok ) T (o, p)

~~  CALCULATED BY RADIATIVE-TRANSFER MODELS

Figure 3.6.19. Atmospheric Correction Algorithm for Surface Radiance
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ATMOSPHERIC CORRECTION ALGORITHM FOR INTRINSIC RADIANCE

L. (p,9) = F(to,pm0) Lz, 1.9
- G(7, k%)

L(Ty. . 9) ~ MEASURED BY SPACECRAFT SENSOR

‘ — Mo Eo
Flem®) = Ty Teon

~  MEASURED BY SURFACE INSTRUMENTS

Gt e = Fln,pe L, (op,e

~  CALCULATED BY RADIATIVE-TRANSFER MADELS

Figure 3.6.20. Atmospheric Correction Algorithm for Intrinsic Radiance
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DETERMINATION OF
REMOTE SENSING QUANTITIES (SPACE)
L(O,4,%) - MEASURED

Lg(Tp.M.%) - MEASURED; CALCULATED
T(0,p) - MEASURED INDIRECTLY; 1.E.,

)= (E)F
TO)I’(’ = _——
0= (2]

Eq - SOLAR IRRADIANCE AT TARGET

Eg - EXTRATERRESTRIAL SOLAR
IRRADIANCE

L, (O,p,9) - MEASURED (DIFFICULT); CALCULATED
L, (Tg.=#,%) ~ MEASURED; CALCULATED

“ioyre 3.6.21.  Determination of Remote Sensing Quantities (Space)
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{2) variation of parameters method, shown in Figure 3.6.25.
The atmospheric correction is shown graphically in Figure
3,6.26.

There are many models which can be used to find the atmospheric
weeectiyn,  Many of these depend on metecrological parameters. The rela-
tienship between these meteorological parameters and the radiometric parameters
<re shown in Figure 3,6.27,

The MRS will allow us to investigate several problems associated with
ihe atmospheric correction (Figure 3.6.28):

° Determine errors in the assumption of atmospheric homogeneity

[} Determine the sensitivity of spacecraft radiance to variation
in atmospheric parameters

o txamine the effects of non-diffuse targets.
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RELATIVE HUMIDITY
ABSOLUTE HUMIDITY
PRESSURE
TEMPERATURE
WIND SPEED
VISUAL RANGE
GEQCRAPHY

[

AEROSOL SIZE DISTRIBUTION

AEROSOL REFRACTIVE INDEX

. AEROSOL NUMBER DENSITY
BACKGROUND ALBEDO
"OPTICAL THICKNESS

SINGLE-SCATTERING ALBEDO .
SINGLE-SCATTERING PHASE FUNCTION

Y

. TRANSMITTANCE
PATH RADIANCE
SKY RADIANCE

IRRADIANCE

CONNECTION BETWEEN METEOROLOGICAL
PARAMETERS AND RADIOMETRIC PARAMETERS

Figure 3.6.27. Connection Between Meteorological Parameters and Radiometric
Parameters
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3.7 SPECTRAL SIGNATURES I[N THE 0.4 TO 1.lum REGION
GRAHAM R. HUNT

In remote sensing situations, information concerning the composition
and nature of the Earth's surface js contained in the electromagnetic radiation
reflected or emitted from the surface. The information is present in the form
of intensity variations as a fupction of wavelength.

This presentation concerns the basic physical causes of these intensity
variations for geological materials, especially in the 0.4 to 1l.lum range.

Figure 3.7.1 shows the EM spectrum from 0.25 to 30um. The regions
available for remote sensing are limited by the available atmospheric windows.
Out to about 3 um available energy is reflected, and from 3 um to longer wave-
lengths, it is emitted. : )

For solids, compositionally diagnostic information i5 available because
of the absorption or emission of specific amounts of energy which correspond
to changes between the discrete, limited number of energy states in which a
material can exist. For solids, these are discrete electronic or vibrational
energy levels or electronic energy bands.

In the mid-infrared, the vibrational processes correspond to the funda-
mental stretching and bending modes, and relate directly to bulk composition.

in the near IR they correspond to overtones and combinatiens of these fundamentails.

In the visible, the features are due to electronic processes. In considering the
0.4 to 1.1 um range, one is considering the spectral distribution of reflected
skylight and sunlight, with any compositional informational due to variations

in the electronic states of the materijal. .

Information derived from reflected radiation pertains to the surface
phenomena, because the incident radiation only penetrates from a few angstroms
to a couple of millimeters. It is, therefore, primarily the materials' surface
characteristics thepﬁgffect the intensity of reflected radiation.

The‘imﬁéﬁﬁanf“éeological question is how the properties of this surface
skin reIgte'ﬁB the geology of the underlying structure.
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The appearance and form of a reflection spectrum are governed by two
types of effects, external and internal, shown in Figure 3.7.2. We will be
concerned here primarily with internal effects.

In the 0.4 to 1.1 um range, only a few oxides and sulphides:absorb
strongly enough to be considered significant., Few geologic materials, such
as silicates, carbonates, sulphates and halides, etc,, also absorb in this range
unless they contain transition or rare earth element ions, either constitutionally
or as impurities. The information available is a direct consequence of electronic
processes, of which three are particularly important., They will be discussed
separately.

Figure 3.7.3 lists these processes, which are so different that each |
requires a different theory to explain the process, These processes will be :
considered separately. 'From a practical standpoint, the most important thing :
about these diffeient electronic processes is the intensity with which they ;
occur,

3.7.1 Charge Transfer

The absorption of energy causes an electron to be transferred between
adjacent ions, usually oxygen and a metal ion. The band produced is extremely
intense, 10% to 10° times stronger thap crystal field bands. Typically these
bands occur in the far U.V. But for Fe3+-0, it occurs in the near U.V. and is
so intense its tail extends into the visible. How far it extends depends on
the Fe3+-0 concentration. It is this band which dominates the spectra of geo-
logic materials, accounting for the yellow, beige, tan, brown and red color
of most rocks and soils. There are other charge transfer bands, such as
Fe3+-Fe2+ in augite, but they are weak by comparison, generally because of low
mineralogic concentrations. :

Figure 3.7.4 shows charge transfer features in goethite (Fe3+-0), augite
(Fe3+-Fe2+), and carnotite (U-0). Areas corresponding to location and halfwidth
of the bands produced are indicated, and these areas will be transferred to the
summary diagram.
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1.EXTERNAL EFFECTS

a)NATURE OF THE SURFACE

smooth, rough, particulate

B)PHYSICAL ENVIRONMENT

topography, pressure, temperature .

2. INTERNAL EFFECTS

a) COMPOSITION

chemistry, number and kinds of atoms
geometry=--structure
single or multiple components

Figure 3.7.2 External and Internal Effects
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ELECTRONIC PROCESSES

1. CHARGE _TRANSFER
Molecular Orbital Theory

Extremely Intense

2,CRYSTAL FIELD TRAMSTTIONS
Crystal Field Theory

Forbidden, Very weak
3.TRANSITIONS TO CONDUCTION BAND

Electron Band Theory
Intense

Figure 3.7.3 Electronic Processes
T
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3.7.2 Crystal Field Transition (CFT) Bands ‘Lﬁr'

These crystal field bands are caused by transitions between energy levels
of an ion which have been perturbed--split and displaced--by interaction with the
crystal field in which it is located. The same jon located in different fields
will yield different spectra, providing indirect information about the crystal
structure. lons that produce bands in the visible and NIR are the transition
elements (d electrons) and rare earth elements (f electrons). The most commonly
occurring ion in geologic materials is Fe3+, but its CFT bands, being forbidden,
are weak, and the shorter wavelength ones are typically swamped by the intense
charge transfer band, There are some Fe3+ containing minerals that show the
CFT bands due to a process called intensity stealing.

Figure 3.7.5 shows six spectra of a sample of rhodochrosite in which
the bands are due to crystal field transitions in Mn2+. Rhodochrosite was
chosen as an illustration because the Mn2* fon is isoelectronic with the ferric
jon, so the arrangement of its bands are the same as for Fe3+ but their loca-
tions are different. The spectra are for the same sample of rhodochrosite
prepared in six different ways--from less than 5 p-sized particles to a
polished plate. The effect of particle size is to increase the overall
reflection as the particle size decreases, but to decrease the contrast of
the bands. However, no matter what the condition of the material, the location
and relative intensities of the bands remain constant. These spectra show
some of the sharpest, best resolved features observed in mineral spectra.

Figure 3.7.6 shows the effect of decreasing the spectral resolution--how
using insufficient resolution results in the loss of detail and eventual loss
of bands altogether.

Figure 3.7.7 shows the crystal field bands found in minerals containing
(from the top) nickel, cupric, farric, maganic, chromic, and lanthanum ions,
and these bands will be observed in essentially this form in the spectra of
any mineral containing these ijons.

Figure 3.7.8 illustrates how a'crysta1 field spectrum for a particular
fon may vary depéﬁdihg on the crystal field in which it is located. In the
minerals shown, all the bands are due to the presence of ferrous ions (Fe**)
located in different crystal fields, which are listed at the side in Fiqure 3.7.9,

-
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3.7.3  Transitions to the Conduction Band:

In some materials, there are energy bandS'rather than discrete energy
levels. In these materials the conduction band is separated from the valence
bands by an energy gap. The spectra of such materials are characterized by a
region of complete transmission followed by a region of complete absorption with
a very sharp absorption edge. This type of spectrum occurs most frequently for
geological materials in sulfides, as illustrated in Figure 3.7.9,

The information discussed and shown in the previous figures is collected
into a summary difagram (Figure 3.7.10) which collects together all the available
information for minerals.

The most important thing to remember about these data is that the
spectrum of a given material of a given particle size does not change. The
data given so far refer to pure minerals. When minerals are mixed together
to form rocks, the spectrum of the rock is a cbmposite of the individual
mineral spectra of which it is composed. For reflection spectra, a simple
mixing law cannot be used because the contribution each constituent makes is
a function of its accessibility to the interacting radiation;

Figure 3.7.11 shows the spectra of three minerals that dominate the
spectra of hydrothermally altered rocks. The important features to notice
in these spectra are the sharp band near 0.42um in jarosite, the broad crystal
field band in hematite near 0.85um, and the two CFT bands near 0.65 and 0.93um

in geothite.

Figure 3.7,12 shows the spectra of hydrothermally alteréd rocks that
contain between 2 and 15% jarosite. In all of them, the 0.42 feature is c]gar]y

evident.

Figure 3.7.13 shows spectra of rocks which contain hematite as a
major component, or in greater concentrations than goethite if it is present.
In these spectra, the minimum is to shorter wavelengths than 0.9um. |

~Figure 3.7.14 shows spectra of rocks which contain goethite (or
jarosite) as a major compcaznt, or in higher concentrations than ﬁematite,
if it is present. In these cases, the minimum of the CFT band is to longer
wavelengths than 0.9um, and in all of them the 0.65um feature is clearly evident
as a shoulder, .
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In Figure 3.7.15 generalizations are made about rock spectra, summariz-
ing essentially what is available in a remote sensing situation.
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ROCK SPECTRAL GENERALIZATIONS

1. UNALTERED ROCKS

a)FELSIC: Highest reflectivity,featureless.

b)LNTERMEDIATE Lower refleccivity, eacurelesl.

¢)MAFIC:lowest reflectivity,CFT Fe<¥ 1.0um.

d)ULTRAMAFIC:higher reflectivity than mafic,

Intense CFT Fe?t near 1. Oum,

e)SEDIMENTARY} ,Transparent, sEow CFT

METAMORPHIC) eg.Marbles=Mn .Quartnites=0r3+

2.ALTERED ROCKS
Spectra dominated by Fedtoxides & oxyhydroxides.
Color largely a £unc§*on of Fe*concentration.
a)Charge~transfer Fe" *-0 dominates shoct A.
B)CFT of Fedt near 0.65 and 0.9um.
c)Sharp Fe3tCFT near 0.42um, intensity stealing.,

3. SULPHIDES
Sharp absourption edge, characteristic of metal.

Figure 3.7.15
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3.8 SPECTRAL FEATURES IN THE 0.4 TO 1.0 NM REGION FOR
VEGETATION ANALYSIS
DR, STEPHEN UNGAR

The major feature of the spectral reflectance of vegetation are quite
similar for most species. Figure 3.8.1 illustrates these features:

. Chlorophyll absorption in the 0.5 um to 0.7 um range
(] Strong reflection in the infrared
0 Absorption by water in the leaf at 1.4 um and 1.9 um.

The water absorption bands can be useful for vegetation analysis, particularly
if reflectance measurements are made at the earth's surface. However, in
most atrcraft measurements, and certainly in satellite observations, atmos-
pheric water vapor will also absorb'light at these wavelengths seriously
interfering with this measurement. The effect of atmospheric water vapor
absorption can be seen in Figure 3.8.2 which shows the solar energy curve at
sea level along with the solar energy curve outside the atmosphere. The
other atmospheric absorption bands apparent in Figure 3.8.2 (see also Figure
3.8.3) do not have as great an impact on the vegetation reflectance curves,

Figures 3.8.4 and 3.8.5 show severa’ reflectance curves for tlean,
tilled soil and for winter wheat respectively, These data were collected in
Finney County, Kansas, on 21 May, 1975 with the Fast Scanning Spectrometer (FSS)
The strong variation in w&flectance occurring in both sets of curves at approx-

_imately 1.9 um is not primarily due to differences in leaf water content.

These varfations are introduced by the low signal to noise ratio in this band

due to strong atmospheric water vapor absorption. Reflectance is calculated

from FSS measurements by ratioing observations to readings obtained over a
standard reflectance plate, Thus, in the 1.9 um band we are calculating a

ratio of two very small numbers (because of low incident radiation) and variations
of one or two instrument counts will produce large changes in calculated re-
flactanca, This effect can also be seen in the 1.4 um water absorption band
although there, the effect is somewhat reduced. Thus, we may not lose very

much information for vegetation analysis by restricting observations to wave-
lengths below 1.1 um which is the 1imit of detection for the MRS sensor.
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Figure 3.7.6 shows the reflectance curves for winter wheat in the
0.4 to 1.0 um spectral region. These curves are fairly typical for reflect-
ance from vegetation. Apparent in these curves is the absorption through the
visible region and the strong reflectance in the infrared. There is a slight
peak at approximately 0.55 um (green) which divides the absorption region.
This peak~accqunts for the green appearance of healthy vegetation. (The peak
at 0.7 um is an artifact of the scanner and 1s due to the change in filters.)
The same reflectance characteristics are seen in reflectance curves for other
species (Figure 3.8.7).

The most obvious feature of these curves is the step-function-like
shift when moving from the strong absorption region in the visible to the high
reflectance region in the infrared. We might call this the zzro'th order
approximation (Figure 3.8.8). Most vegetation indicators are based entirely
on this approximation and use of ratio of infrared to red reflectance as a
measure of vegetative cover. ' ‘

Some indicators do take into account the local maximum of reflectance
in the green, by using a ratio of green to red reflectance. Inclusion of
the green peak in appreximating vegetation reflectance could be called the
first order approximation (Figure 3.8.9).

Most of the vegetative indices (Figure 3.8.10) defined by research in
the field simply measure (in some normalized~seﬁse) the magnitude of the
change between the visible region and infrared plateau as portrayed in zero'th
order approximation (Figure 3.8.8).

One feature which has not been fully exploited in the past is the
position of this change between absorbing and reflecting wavelengths. There can
be a significant shift in the pusition of this transition depending upon- the
condition and/or the development stage of the vegetation. As an illustration,
compare the reflected radiance curves for booted wheat (heads not emerged yef)
and headed wheat (heads full emerged) in Figures 3.8.11 and 3.8.12 respectively.
In the booted wheat spectrum, there is a peak in radiance whith}oc;urs just shy
of the 02 absorption band and is about equal to the maximum radiance at approxi-

mately 785 nm. In the headed wheat speCtrdm the position of the high slope
region has shifted towards the red; the peak in radiance has also been shifted

slightly to the red and the peak is noticeably lower than the maximum radiance
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at 785 nm. This effect may also be exploited to distiniguish betweem species
by taking advantage of differences in crop state. As illustrated in Figure
3.8.13 which compares the reflection spectrum of headed wheat with that of
alfalfa.

It would appear that a ratio of the reflected radiance at the
reflectance maximum near 785 nm to that at the high slope region near 745 nm
might be a usefu! parameter for vegetation analysis. Data collected over -
Kansas fields by William Collins using an airborne photospectrometer tends
to confirm this. Figure 3.8.14 shows that, using the ratio of two bands with
10 nm bandwidths centered about 785 nm and 745 nm, irrigated wheat is distinct
firom alfalfa and both are distinguishable from corn, grain sorghum and
non-vegetated soil. In this test, non-irrigated wheat fields resembled the
alfalfa fields.

Increasing the bandwidth to 20 nm, the bandwidth which will be
available on the MRS, does not seem to greatly harm the characterjzation of
wheat compared to emergent corn and alfalfa. Figure 3.8.15 is a presentation
of ratios of 20 nm bandwidth data collected with the FSS in Kansas. Again,
the non-irrigated wheat fields are the most problematic. Unfortunately not
many control (vegetated, but not wheat) fields were overflown by the FSS and
herice these results are not conclusive on their own. However, since the
Collins and FSS overflights occurred on the same day, it is possible to anti-
cipate FSS derived measurements by comparing ratios calculated from both
instruments over fields which were flown in common. Such a comparison is
shown in Figure 3.8.16. The two ratios are very highly correlated suggesting
that there will be 1ittle loss of information if 20 nm bandwidths are used.

Collins' ratio compares favorably with other measures of growth stage.
One such measure (in the 0.4 to 1.0 um spectral region)“has been suggested
by Park (Multispectral Temporal Analysis, General Electric IR&D Project Report,
1979) who used a ratio of simulated TM bands as vegetation index (Figure
3.8.17). Figures 3.8.18 and 3.8.19 show Collins' ratio and Park's ratio re-
spectively versus growth stage of wheat. Both ratios appear to be closely
related to the growth stage. ’
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COLLINS RATIO
(780-790nm)/(740-750nm)

cS

¢
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OF POOR QUALITY

FSS VS COLLINS RATIO
FINNEY CQ,KS S721/73

ré= SES

L ! 8 !

NTe)

kAT 12 113 114

FSS RATIO
(780-800nm)/(74C-760nm)

FIGURE 3.8.16
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COLLINS® RATIOS
GISS SPECTROMETER (.74 = .75 um)/ (.78 - .79 um)

FSS SPECTROMETER (.74 - 76 um)/(,76 - ,80 um)

PARK RATIOS
TM BANDS 4:3 (.76 - .90 um)/ (.63 - ,69 um)
TM BANDS 4:5 (.76 - .90 uM) /(1,55 - 1,75 um)

TM BANDS 6:5 (2,08 - 2,35 um)/(1,55 - 1,75 um)

FIGURE 3.8.17 COLLINS' AND PARK'S RATIOS
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The general conclusion is that both the position of transition
from absorption to reflection and traditional measures of relative degree of
absorption are important (and to some degree independent) sources of information
relating to plant stage. The Collins' ratio is pigment sensitive and the
traditional indices are biomass and pigment sensitive.
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3.9 SPATIAL RESOLUTION CONSIDERATIONS
OR. LEE MILLER

One of the major concerns with satellite remote sensing is the spatial
resolution, Considering the continued interest in increasingly better spatial
resolution, it 1s surprising that very little research has been undertaken to
establish the resolution reqiirements for remote sensing applications. Most
of the stated requirements for spatial resolution seem to be estimates based
more on intuition than on experimental evidence. Some of these estimates are
prese: ted in Figures 3.9.1, 3.9.2, 3.9.3, and 3.9.4. These estimates actually
seem quite reasonavle in spite of the lack of research.

In Tooking at these tables one should keep in mind that, assuming a
circular target of diameter d, the IFOV of the sensor can be no larger than
n0.44 te insure that at least one pixel falls entirely within the target.

Figures 3.9.5 and 3.9.6 show classification accuracy as a function of
spatfal resolution for several types of classification problems. These figures
suggest that classification accuracy may not necessarily improve with increased
spatial resolution. These graphs were devised by considering classification
using spectral characteristics only. The improvement in classification which
might be possible if texture were considered was not taken into account.

Cheng et al. (1979) made a study of the size distribution of tree crown
diameters for several varieties of pine. The results are shown in Figure 3.9.7.
It is clear from this chart that the 15m resolution of the MRS will not be
sufficient to resolve these trees. In fact, individual trees will not be
resolved until the resclution approaches 5m. The term "resolving" is used
here in the sense that the resolution element is rcughly the same size or
smaller than tne individual target elements (trees).

In another study, Theis (1978) considered the value of orchard crops
when the size of the tree and the optimal planting space was taken into account.
Figure 3.9.8 shows the average sizes of mature tree crown diameters for several
orcharda crops. As with the study on pine trees, it seems that for most of
these crops, individual trees will not be resolved until the resolution is
considerably better than 15m, These results bear out the EIFQOV for forest
typing presented in Figure 3.9.1.

sy
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, ATTACHMENT B

GEOLOGY REQUIREMENTS

Table B-1 lists the important geologic applications and some of the data
attioutes needed for these applications. The figures that follow are keyed to
the number designation in Table B-1,
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Table C-1
Hydrology Requirements
EIFOV | Sequential | Estimated Frequency
Agoliastinns Coverage | Coverage Scale Determination Petlorm
1. Delineation of 40-60 Yes 1:100,000 | weekly, s/ic
land-water 1:10,000-
boundaries «“0 Yes 1:100,000 | as required AIC
2. Delineation of 10-50 Yes 1:100,000 | bi-weekly s/C
hydrologically 1:10,000-
related terrain 116 Yes 1:100,000 | as required A/IC
features
). Hydrodynamics, 10-30 Yes 1:100,000 | weekly, on s/IC
including Noods, command for
and estuanies cloud coverage
1:10,000-
1-10 Yes 1:100,000 | as required AIC
4. Water quality- 10-70 Yes 1:100,000 | weekly §/C
evaluation 1:10,000-
1/3 Yesr 1:100,000 | as required AC
S, Snow cover SO-80 Yes 1:250,000 | daily s/IC
and runoff Dauy in
10-50 Yes 1:100,000 | season AIC

‘Figure 3.9.3
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ATTACHMENT E

: MARINE AND OCEAN APPLICATIONS

Table E-1 presents the important applications in manne and ocean science.
The figures that follow are keyed to the number/letter designation indicated
for each application in Table E-1

Table E-1

Sensor Geometriol Needs for Manne and Ocean Applications

FIFOV tgied P
Coverape | Max Oblique | ©
Marine and Ocesn Applications® Mlosorson Grouad] ) | poraing Angie| COntvow
Uniess Otherwase Coverage
touvngy | emen | Gped | swo
Swathwidin)
v

(1) Cutrenty

(o) Coastal Current Mapping 0100 200km e ¢

(0) Coartal Current Measwiement 10 W0em nadv c

() Turbwny and Traneport 0100 00.m w0 c

() Global Mapping 1-10am W00km 00 o ¢
(2) Ses oo Suvedlame 0100 00 km e [
() Bolugial Processes

(a) Amesment 1-2km 400 xm N0 oo c

(0) Constal Pollution Detection 1050 004m “e C

«) Poll £ ol Imp 0100 N0 Km “we ¢

() Glubal Ecosystem Anddywn 1-1okm 00km WP oo c
(4) Conntal Gevlognal Processes

(@) Shuceline Mapping & Shoals 1050 00km nadw ¢

(b)) Wetlands Inventary Yo-s50 008m nadu C

() Buthymeuy & Buttom Topography S0-100 00xm v ¢

(4) Mean Hgh/Low Waier 0 40km nadu 4

*ldentiiying et and Jlphaby J are rel 10 by Figures Lol and €2

*10 20 degree angle sway from sadi o deswed 10 louk away from the wn ude of the wpacecralt

Figure 3.9.4
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Frequency Table

Tree Crown Diameters in Feoet

Is
|roouqultl-l'l'\".mE '

-
C.D. Species 1| Species 2 Speclies 3 Species 4 Species § Species 6
(feer)
1 0 0 0 0 1 0
2 0 0 0 0 0 1
) 0 0 0 0 0 0
4 0 0 0 0 1 0
5 0 o 0 0 7 0
6 0 0 0 0 16 0
7 1 1 0 0 27 0
8 3 0 0 0 29 3
9 8 1 0 0 42 9
10 13 2 0 0 71 20
11 42 5 2 0 76 38
12 88 18 5 0 - 92 91
13 150 55 10 0 90 153
14 229 69 18 0 64 181
15 256 96 14 0 85 213
16 292 113 27 0 68 2064
17 347 —-155 31 0 59 -267
18 343 118 30 2 55 197
19 374 118 39 6 43 162
20 -383 124 28 -1 47 118
21 301 120 - 40 7 31 93
22 316 81 40 5 23 53
23 2587 75 32 1 18 56
24 235 62 32 1 22 3?7
25 235 39 20 0 12 26
26 222 25 23 1 5 20
27 175 15 15 1 ? 7
28 173 12 10 0 3 3
29 150 6 8 0 1 3
30 119 4 4 0 2 2
n 103 3 1 0 1 0
P 74 1 p 0 0 2
33 62 1 3 0 0 0
34 55 2 5 0 0 0
35 37 0 0 0 0 0
36 37 0 0 0 0 1
37 28 0 0 0 0 0
38 14 0 0 0 0 0
39 17 0 0 0 0 0
40 7 0 0 0 0 1
41 S 0 0 0 0 0
42 4 0 0 0 0 0
43 1 0 0 0 0 0
44 1 0 0 0 0 0
45 0 0 0 0 0 0
46 1 0 0 0 0 0
47 0 0 0 0 0 0
48 0 0 0 0 0 0
49 0 0 0 0 0 0
50 4 0 0 0 0 0
.Species 1 -- Loblolly pine (Western Gulf Ferest Tree
Improvement P'roject--WGFTIP), ne5168.
Species 2 -- Shortleaf pine (WGFTIP), nel321
Species 3 -- Slash pine (WGFTIP), n=439
Specices 4 -- Longleaf pine (WGFTIP), ne2S
Species 5 -- Ponderosa pine (Arizona), n=996
Species 6 -- Slash pine (Georgia and Florida), n=2021

BY T.CHENG | M. MATHEWS, ¥+ R,

Figure 3.9.7
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Similar resolution (10m or less) appears to be necessary before single-
family houses become detectable (Figure 3.9.9, Walthall, 1979). In this study
only the total floor area of the dwellirgs was considered. The curve in
Figure 3.5.9 will shift to the left if twe story houses are accounted for.

A final example of spatial resolutior requirements is presented in
Figure 3.9.10, This figure is taken from a study by Malila et al., 1976, which
considers the problem of classifying crops. As pixel size increases, the prob-
ability that any given pixel will integrate reflectance characteristics for more
than one cover class also increases (i.e., mixed pixels). The larger the pixel
size, the more pixels that will cover more than one class. Figure 3.9.10 shows
the relationship of pixel size on the expected proportion of multiclass pixels
for various field sizes. It appears that a 15m resolution is probably adequate
for crop discrimination, at least for the Kansas sites considered.

In conclusion, there have been rather few studies performed of the sort
presented here - a remarkable fact considering the importance placed on spatial
resolution in remote sensing. As a result there is no solid basis for fixing
the resolution requirements fcr most applications. A serious effort should be
made to conduct research into this topic.

3-149




IS
UALITY

ORIGINAL P,

F POOR Q

£°6°¢ aunbri
R g i SAUIW suI I

S¥Lr0Fl ZUx77 901«90] SesSL
W 009} 0021 000} &
1 | o
Qaa odmv 454 40014 .2.5.r $1 5
- =
A=l
SIASNOH X\WWYi-T 1n0a Nwzé
T AL A Ls0g
ASS %
T ——
%21l
000'39CT =N) €LC1 ———— %08 | __
000'qe2=N) LIC] —— % Y3
QbNm
_vlu.lv ;‘903
400y

CLSY  1yHiIyMm D &

3-145N




BY W.A. MALALA <t al 76
ERM \O%eo0 ~-6R-F -
}_ERIM ™

FORMERLY Wil LOW NUN LADONA TORE S 1ol UNIVE RuiTs OF MG o AN

57x79

; / 50% 500

|
7 i
o :
' i |
o3 |
& :
bae "4 30x30
(=] ./;/#;,f,
= ' B
S rot e
% 01|
3 |
:1 ' ' !
e -] it 10%10
O rff"
\.I ] 4
T suge
4 I
LR
| | |
Y > P/A
0.025 /
] | I ‘ N I‘ “4
0 1,00 4=y | - 4 | s 10
Sl ] e, by |
. 0.50-- 1 ’,"é”-"? , ri o 20
5 60' g G cr b g ekt Y ' ' Sy 2L &
I Bl | S ol i & il et il (R 8t B 4
. foees g LR EEER KRR RN RRERS & T K7
™ ‘ 0.10 7 ¥ | 4 o - ¥ a
Vi UO#" - -] - S ' penteil e -l
a Kausas | HEIRIIAY iAo 8%
| : Sites 1!! ll,:l -.ll 'C'in u‘s
bl l 5 e \ I PR R tag » -4l
- R ' . G LM i Sog‘:‘:’
\ ' S
il l | | | ' ’ l
'.'3 l‘)O: | ‘ ' - lv‘ -‘! -r60;“
~ { | | A RN | <
':A) I 1 f ' ; | ol l
e v. . : : l_-.'i oy v 2o

Notes: I'/A = lerimeter-to-area ratio of scene.

I' = Aspect ratio of rectangular fields
in simulated scene.

FIGUKE 8. EFFECTS OF PIXEL SIZE ON EXPECTED PROPORTIONiGweqy p
OF MULTICLASS PIXELS POOR AGEQ
Figure 3.9.10
3-151




OF POOR :m#

POTENTIALS OF POLARIZATION
DR. ROBERT WALRAVEN

3.10

The gist of this presentation fis contained in Dr, Walraven's paper
entitled "Polarization Imagery" (SPIE Vol. 112, Optical Polarimetry (1977)),
which is included here for reference.
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POLARIZATION IMAGERY !
»
Robert Walraven
Dept. of Land, Air and Water Resources n
University of California, Davis 95616 !
.i
Abstract i
The polarization of reflected radiation can provide useful information which could be
ised in remote sensing applicdations to help distinguish different natural surtaces with e
imilar spectral signatures. Yet the use of polarization has been almost completely
neglected in remote sonsin? applications partially because of the lack of understanding of i |
the information contained in the polarization field. In this paper, examples of the |

polarization of natural scenes will be presented and the information contained in the
polarization field will be discussed. The imagery presented was collected by taking sets
of four photographs of various natural scenes using a polarizing filter to detect the
polarization ,io 4. The pclarization field was analyzed by digitizing the photographs ani
processing the results at the Image Processing Laboratory on the Berkeley campus of the
University of California,.

Introduction

A beam of incoherent radiation reflected from a natural surface can be completely
described at a given wavelength by the Stokes vector

I
Q
U
v
where I, Q, U, and V are )hysical observables describing independent features of the
electric vector. The quantity I represents the intensity of the radiation and the S

quantities Q, U, and V are associated with the polarization of the radiation. Tradi-
tionally, in remote sensing experiments only I is detected while Q, U, and V are neglected.
However, there is useful physically independent information contained in the polarization
parameters, as we will show presently.

Detection of Polarization Parameters

A simple way to detact the Stokes parameters Q and U for a natural scene is to take
photographs of the scene with a standard polarizing filter in front of a camera. The
intensity seen by the camera is then

I'(6) = (T + Q cos286 + U sin2d)/2, (1)
where 1, Q, and U are the Stokes parameters before passing through the polarizer, and 6

is the angle cf the transmission axis of the polarizer with respect to the horizontal.
We took . sets of four photographs of natural scenes with & set to 0, 45, 90, and 135§

degrees.. The intensity recorded in each of the four photographs is, from Equatien (1),
I'(0) = (I +Q)/2, (2)
I'(45) = (I + U)/2, (2)
I'(90) = (I - Q)/2, (4)
and I'(138) = (I - U)/2. (s
ations (2)-(5) it follows that
1 = (I'(0) ¢ I'(u45) ¢ I'(90) + I'(135))/2, (6)
Q = I'(0) - I'(90), £Y
ind Uz I'(ns) = 1'(135), ()
when discussing polarication, it is easier to think in terms ol the magnitude, I, and
tie phase angle, 8 , of the polarization. Equation (1) can be rewritten in terms of P
ana o as
0
I'(0) = I (1 ¢ I' cou2(0-0 )/2, (9)
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POLARIZATION IMAGERY
It is easily shown that
P e (Q? ¢ 0¥y, (10)
and 6, * can~t(u/Q). (11)

The Stokes parameter V has been ignored. For natural scenes it is so small that it
cennot even. be measured by simple means,

Production of Imagery

Each photograph in a set of four was scanned and digitized as a 512 x 512 pixel image.
Tne digitization precision was 8 bits per pixel (1 part in 256). The digitized images
were not corrected for nonlinearities in the response of the film as a function of
intensity. £Equations (6), (7), (8), (10), and (ll) were used to calculate the intensity
and polarization in each pixel of the image. For simplicity, the quantity

POL = I(1-P) (12)

was calculated instead of P, The resulting digitized images of I, POL, and 0 _ were
displayed using a high-resolution camera system. The results for three diffefent naturai
scenes are shown in Figures (1)-(3), (4)=(6), and (7)-(9), respectively. (Note: The

streaks in Figure 2 were caused by an error in coating the final prints and are not a
feature of the actual image.)

Discussion

Major features such as buildings, trees, posts, sky, and roads are easily distin-
guishable in images of I, POL, and 8 _. Any one of these three parameters could be uced
to detect the gross features in a scé€ne., The images of POL and 6 _, however, are clearly

iifferent from the images of I. These differences can provide nef and useful information
about the features in the scene.

Scene 1

-l -

e b o 4

IR e

s _;.;?v P e
VI RRE
' -,:,.1

.

Figure 1. Scene 1, I. Figure 2. Scene 1, POL. Figure 3. Scene 1, 6

The major features in this scene are 1) a concrete building with many windows, 2) a
light pole with a sign on it, 3) low ground cover in the center of the scene, 4) mowed
grass in front of the building, S5) an asphalt road running through the middle of the

scene, and 6) an asphalt path with some water on it in the foreground. The windows of the

building, the asphalt road, and the puddle of water have large polarizations, and show
up clearly as dark areas in the POL image. (The windows in the lower middle part of the
building are different because they are reflecting light from ground features rather than
skylight.) The alternating horizontal bands in the window areas of the 8 _ image are the

result of poor signal-to-noise in these areas. The lawn in froat of the 3ui1ding contains

two types of grass. There is no indication of this fact in the I image, but it shows up

clearly in the 6_ image. Differences in the ground cover in the middle of the scene also
show up in the 6° image.
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Figure 4, Scene 2, I. Figure 5. Scene 2, POL. Figure 6. Scene 2, 6 .
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This scene was photographed in the same vicinity as scene 1, but looking in a different
direction, The same puddle of water shows in the foreground. The two light roofs in the
[ image appear to be quite different in the POL and 8 images. Again, the road and water
puddle show up clearly in the POL image and the 8 _ imdge shows some variations in the
ground cover which are not apparent in the I imagé.

Scene 3

I.

Figure 7.

Scene 3, Figure 8, Scene 3, POL. Figure 9, Scene 3, eo.

This scene shows a wheat field on the left and a dirt road on the right. There are
some buildings, trees, and a water tower on the horizon. Details of the buildings show
more clearly in the POL image than they do in the I image, but the water tower and a
stake in the middle of the scene seem to disappear in the POL image. The 8 _ image shows
a bright area along the edge of the field. This feature indicates wheat thit is more
stressed (because it is on the edge of the field) and more mature (because of heat radiated
from the dirt road).

COLOR IMAGERY

Polarization is a vector quantity, it has magnitude and direction. Color, also, can be
chought of as a vector quantity, it has hue (color) and saturation (depth of color). It
is rather straightforward, then, to create an image from the magnitude and phase angle of
the polarization such that there is a one-to-one correspondence between particular colors
ind particular states of polarization. Such a color image was created from POL and @
for scene 3. Figure 10 is a black-and-white picture of one of the three primary colofs
th up that image. Notice that the stressed area of the wheat field and the water
the horizon stand out strongly. The intensity I could also be added to a color
isplaying the polarization by using it to set the gray scale in the scene.
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POLARIZATION IMAGERY

Figure 10, Black-and-white
image of one of the primary
colors of a color image of
polarization,

Conclusions

There is physically independent information that is contained in the amplitude and
phase angle of the polarization in natural scenes that can be used in conjunction with
intensity information to better distinguish similar surfaces. The amplitude and phase
angle of the polarization are quite easily detectable by standard photographic methods,
and can be displayed by standard image processing techniques. False color images can
be created from the polarization information to emphasize particular features of interest

in the scene.

Acknowledgments

The author wishes to thank the personael at the Image Processing Laboratories on the
Davis and Berkeley campuses of the University of California for their patience and
assistance in helping to produce the images in this paper.

SPIE Vol. 112 Optical Polarimetry (1927) /

3-156

167




TEMPORAL RESOLUTION CONSIDERATIONS  ORIGINAL PAGE IS
DR. ARCHIBALD PARK OF POOR QUALITY

.1

The MRS will be capable of providing increased temporal coverage
because of its pointing capability. This increased coverage is extremely
important for applications where the target changes significantly over
relatively short periods of time. Agricultural crops are such a target. During
the growing season the reflectance and textural characteristics of agricultural
crops may change rapidly. This is illustrated in Figure 3.11.1 which shows the
crop caleidar for the MESA Test site. Crop characteristics change as the plant
grows both because of inherent changes in the color, size and shape of the
plant and because of increasing foliar canopy which covers the bare soil. More
drastic changes occur when the crops are harvested,

The calendar varies for different crops and different areas. For ex-
ample, the time interval between distinct growth stages of hybrid corn in
central lowa is about 14 days, suggesting that remote monitoring of this
corn crop would require periodic coverage with a return time of about 14 days
(Figure 3.11.2) This period may vary within a season or from year to year
depending on rainfall and temperature. Figure 3.11.3 shows the crop calendar
for corn in terms of growing degree days. Adding to this the fact that the
growing stage may vary by as much as 30 days over an entire state, the need
for frequent coverage becomes clear.

Temporal coverage is only important if we can determine the stage of
growth from the remote measurements. The stage of growth is itself a very
important piece of information but growtii zharacteristics are alsc important
in identifying and quantifying stress conditicns. To illustrate the capability
of observing growth stage characteristics by remote sensing, we will consider
data collected over four crops in 1977. The reflectance of these crops (in
the TM bands) for several dates throughout the growing season is presented
in Figure 3.11.4. The first column (4/21/77) is the reflectance of bare soil.
The second column (5/10/77) shows a distinct increase in the reflectance
corresponding to the emergence of plant material, but the increase in this
case is too much too soon (particularly in the IR) primarily due to atmospheric
path radiance. We have found that a simple, but effective method of correcting
for the atmospheric effect for our purposes is to normalize the readings to
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Table 1, Average Dates and Days from Emergence for the Different
Stages of Growth of Corn®

TCWRTH JIDENTIFYING CHARACTERISTICS
STAGE DATE DAYS® FOR FIELD USC
0 May 24 0 Plant emergence. Tip of coleoptile
of plant visible at soil zirface.
1 Jun 8 14 Collar of 4th leaf visible,
Z Jun 22 28 Collar of 8th leaf visible. Leaves

1 and 2 may be dead.

3 Jul 6 42 Cnllar of 12th leaf visible., Leaves
J anA4 4 may be dead.

4 Jul 20 56 Collar of 15th leaf visible., Tips
of many tassels visible. Leaves 5
and 6 may be decad.

5 Jul 30 66 75% of<“plants have silks visible.
Pollen shedding.

6 Aug 11 78 12 days after 75% silked. Kernels
in "blister"” stage.

7 Aug 23 90 24 days after 75% silked, Very late
*roasting ear" stage.

9 Sep 4 102 36 days after 75% silked. Early’
"dent" stage.

9 Sep 16 114 48 days after 75% silked. Full
"dent" stage.

10 Sep 28 126 60 days after 75% silked. Grain
. physiologically mature.

a)Average for adapted hybrids in central Iowa. Appropriate modifications
should be employed for other bybrids and other areas. Planting date
assumed to be May 15,

b) From emergence.

Figure 3.11.2
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Mean of Means - Bidirectional Reflectance Versus Time and

ORIGINAL PAGE I8

OF POOR QUALITY

Table

Wavelength Over Fie! ds of a Class. (Hand County)

) li‘ - duia 2 - i

;N&VELENGTH ME
| INTERVAL DATES OF MEASUREMENT
Winter
ﬁﬁeag 4/21/77 $/10/717 E[}/77 6/16/77 1/7/17 7/27/71
.45 - .52 3.61 5.85 3.18 2.79 6.49 6.58
.52 - .60 4.51 7.97 5.03 4.22 8.86 9.00
.63 - .69 6.15 10.18 6.67 5.69 12.66 12.75
.76 - .90 9.97 23.55 27.63 23.25 21.48 19.92
1.55 = 1.75 18.58 27.14 17: 3 15.2% 28.67 28.04
2.09 - 2,35 13.07 19.137 9.58 8.48 20,37 20,71
corn
.45 - .52 5.00 6.66 6.11 5.65 5.20 4.79
o2 = 1,60 6.32 8.80 7:.78 7.69 T35 6.63
.63 - .69 8.23 1131 10.49 9.73 9.50 P g
.76 - .90 12.87 23523 16.29 1340 24.08 21.27
1.95 = 1.7% 21.65 .92 29.46 29.41 28.52 25.23%
2.08 - 2.35 14.93 21.69 24.68 24.99 20,62 18.23
Sprin
WEeat - 1
.45 - .52 2:72 6.91 3.28 2:3) 4.33 $.12
.52 - .60 3.35 8.76 S.17 3.79 6.64 11,36
.63 - .69 4.68 11.33 6.73 4.90 10.05 16.29
.76 - .90 Tedl 18.62 27.73 26.63 23.69 23.05
1.5% - 1.78 16.42 31.72 19.41 13.59 21.31 3J1.01
2.08 - 2,35 11.86 26.10 10.53 6.20 13,03 21.87
Oats - 1
.45 - .52 - {1 ! 6.16 3.17 2+28 5.30 6.85
52 - .60 J.32 7.98 4.74 3.65 7.66 9.48
.63 - .69 4.60 10.28 6.35 4.83 11.36 13.58
.76 - .90 7.05 19.01 Sas 08 24.66 21,21 20,75
1.5%5 - 1,78 35.31 27.94 17.51 1834 24.78 28.42
2.08 - 2,35 10.94 21.83 10.18 5.92 17,36 20.84
Figure 3.11.4
3-161
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ORIGINAL PAGE IS
OF POOR QUALITY

B, —

the reflectance in the blue, i.e., to divide all the reflectance values by

!
the reflectance in the blue. Figure 3.11.5 shows the corrected values for the [ !
1977 data. These values are much more reasonable; the increased reflectance -
is only apparent in TM band 4 (.76 -.90u) for winter wheat and corn. 5|

Using these corrected values we have found a means of indicating the i
presence of bare soil. This is illustrated in Figures 3.11.6 through 3-11.14, -
(Figures 3.11.6 through 3.11.9 show the data presented in Figures 3.11.4 and *

3.11.5.) In each case three ratios are plotted- 4/3, 4/5, and 6/5. For visual
clarity, whenever these ratios are less than one the negative inverse of the
ratio i1s piotted. Whenever the ratio of band 4 to band 5 1s less than one, but
greater thar the ratio of band 6 to band 5, the target 1s bare sofl. In the

graphs this occurs when the line for 4/5 falls below the 1ine for 6/5 and both b
are negative.

3-162




Mean of Mwvans - Normalized (Hand County)

ORIGINAL PAGE IS
OF POOR QUALITY

DATES OF MEASUREMENT

INTLERVAL
Eggter
Wheat 4/21/177 5/10/77 6/1/77 6,/.6/77 1/1/77 7/27/71
48 - .52 1.00 1.00 1.00 1.00 1.00 1.00
.52 - .60 1.29% 1.36 1.58 ey 1,37 I 5
.63 - .69 1.70 1.74 2.10 2.04 1.95 1.94
.76 - .90 2.76 4.03 8.69 5.33 S35 3.03
1.55 - 1.75 $.15 4.64 5.45 5.48 4.42 4,2€
2.08 - 2.35 3.62 3.31 3.01 3.04 3.14 3.1%
corn
.45 - .52 1.00 1.00 1.00 1.00 1.00 1.00
52 - ,60 1.26 1.32 287 1.33 1.39 1.38
.63 - .69 1.65 1.70 1.72 8 1.83 1.83
.76 - .90 2.57 3.49 2.67 2:338 4.63 4.44
1.99 = 1.795 4.33 4,28 4.82 $.21 5.48 $.27
2.08 - 2.35 2.99 3.26 2.04 4.42 3.97 281
Sprin
WEeaE
A8 = .52 1.00 1.00 1.00 1,00 1.00 1.00
.52 - .60 1,23 ) LA 1.58 1.61 1.53 1.40
.63 - .69 o Y 4y 1.64 2.05 2.10 2:.33 2.0
.76 = .90 2,65 2.69 8.45 11.43 5.47 2.84
1.55 - 1.75 6.04 4.59 5.91 5.83 4,92 3.82
2,08 - 2.35 4.36 3.78 343 2.66 3.01 T .09
Qats
.45 - .52 1.00 1.00 1.00 1.00 1.00 1.00
.52 - .60 1.58 1.30 1.50 1.64 1.45 1.33
.63 - .69 2.19 1.67 2.00 2.18 2.14 1.98
.76 - .90 3.36 3.09 7:32 1332 4.00 3.03
1.55 - 1.7% 7.29 4.54 5.52 5.56 4.68 4.15
2.08 - 2.35 5.16 3.54 e E 2.67 3.28 3.04

Figure 3.11.5
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Figure 3, Temporal Spectral Profile for Normal lowa Corn, 1976
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ORIGINAL PAGE I®
Table 7 OF POOR QUALITY

CORRECTED MSS 7/4 and 5/4 VALUES.

5/20/76 6/25/76 1/04/76 7/22/76 8/09/76

FIELD - FALLOW MSS 4/4 1.00 1.00 1.00 1.00 1.00
MSS 5/4 1.01 .99 1.34 1.34 1.:28
MSS 7/4 .90 .95 5 a) 1.30 1.10
P 7/4 MAX .68 + 73 1.00 .94 .86
MSS 7/5 .89 .96 .99 .97 .86
P 7/5 MAX .90 .97 1.00 .98 .87
MSS 5/4-MSS 1/5 +.12 +.03 +.35 +.36 +.42
MSS 7/4-MSS 1/5 +.01 -.01 +.34 +.33 +.24
PIELD 679 Tye oo Tg 9 45 54 72 90
PLANTING ADJ MSS 5/4 .84 .61 .66 .79 1.06
DATE ADJ MSS 7/4 .80 2.00 3.17 2.13 1.33
r ADJ P 7/4 MAX .25 .62 1.00 .67 .42
1 = 5/14 MSS 7/5 .84 3.09 3.46 2.15 1.06
YIELD 18 P 7/5 MAX .24 .89 1.00 .62 N
FIELD 478 Tyeeons Te 15 51 59 77 95
PLANTING ADJ MSS 5/4 .85 .65 .69 .73 1.03
DATE ADJ MSS 7/4 .84 1.76 2.64 2.22 1.45
- ADJ P 7/4 MAX .32 .67 1.00 .B4 .55
1 = 5/5 MSS 7/5 .87 2.57 2.85 2.37 1.14
YIELD 25.4 P 7/5 MAX o .90 1..00 .83 .40
FIELD 235 Tyevnee Te 0 34 43 6). /9
PLANTING ADJ MSS 5/4 .88 .63 .65 .70 1.06
DATE ADJ MSS 7/4 .79 2.02 3.16 2.18 1.51
T. = 5/22 ADJ P 7/4 MAX .25 .64 1.00 .69 .48
1 MSS 7/5 .80 3.05 3.52 2.38 1.18
YIELD 19 P 7/5 MAX .23 .87 1.00 .68 .34

YIELD REGRESSION WITH P 7/4 MAX JFOR MAY 20
Y= .01 x + .07
R= .83

" Fioure 3.11.13 3471 i a
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Table 6 (Continued)

MSS WILLIAMS COUNTY, NORTH DAKOTA

FIELD 2 ')

FIELD 334

FTEID 679

FIELD 478

FIELD 235

FIETD - FALLOW

MSS
MSS
MSS
MSS
MSS

MSS
MSS
MSS
MSS
MSS

MSS
MSS
MSS
MSS
MSS

MSS
MSS
MSS
MSS
MSS

MSS
MSS
MSS
MSS
MSS

MSS
MSS
MSS
MSS
MSS

4/4
S5/4
6/4
7/4
7/5

4/4
5/4
6/4
7/4
7/5

4/4
5/4
6/4
1/4
71/5

4/4
5/4
6/4
1/4
7/5

4/4
5/4
6/4
7/4
7/5

4/4
5/4
6/4
1/4
7/5

& oo

PAGE 1
QUALITY

5/20/16 6/25/76 1/04/76 1/22/16 8/09/76
1.00 1.00 1.00 1.00 1.C0
.97 .65 .98 1.09 1.54
.96 1.94 3.16 2.42 2.03
.80 2.12 3.43 2.53 1.75
.83 3.27 3.51 2.32 1.14
1.00 1.00 1.00 1.00 1.00
.95 .68 .99 .96 1.44
.97 1.50 2.90 2.59 2.05
.83 1.47 3.12 2.82 1.75
.87 2.15 3.14 2.94 1.27
1.00 1.60 1.00 1.00 1.00
.96 .64 1.01 1.15 1.48
.95 1.92 3.24 2.39 1.8/
.81 1.99 3.51 2.46 1.57
.84 3.09 3.46 2.15 1.06
1.00 1.00 1.00 1.00 1.00
.97 .68 1.04 1.08 1.45
.98 1.72 2.85 2.46 1.96
.85 1.75 2.98 2.55 1.69
.87 2.57 2.85 2.37 1.14
1.00 1.00 1.00 1.00 1.00
1.00 .66 1.00 1.06 1.48
1.00 1.93 3.18 2.38 1.97
.80 2.01 3.50 2.51 1.75
.80 3.05 3.52 2.38 1.38
1.00 1.00 1.00 1.00 1.00
1.01 .99 1.34 1.34 1.28
1.05 1.09 1.56 1.51 1.37
.90 .95 1.33 1.30 5.8
.89 .96 .99

Figure 3.11.14
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APPENDIX A

MULTISPECTRAL RESOURCE SAMPLER:
AN FXPERIMENTAL SATELLITE SENSOR FOR THE MID 1980's

CHARLES C. SCHNETZLER
AND
LESLIE L. THOMPSON

NASA GODDARD SPACE FLIGHT CENTER
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MULTISPECTRAL RESOURCE SAMPLER: AN EXPERIMENTAL SATELLITE SENSOR FOR THE MID-1980'S

Charles C. Schnetzler
NASA/Goddard Space Flight Center, Code 923
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Abstract

An experimental pushbroom scan sensor, called the Multispectral Resource
Sampler (MRS), is being developed b{ NASA for an earth orbiting spacecraft flight
in the mid-1980's. This sensor will provide new and unique carth survey research
capabilities beyond those possible with current sensor systems, and is designed
with flexibiiity to provide a research facility for a number of preselected
experiments. The sensor will have a ground resolution (IFOV) of 15 meters over
a swath width of 15 kilometers, in four bands, or 30 kilometers in two bands. ~
data rute Timitation of 15 megabits/second controls the permitted swath width,
Fach of tte four arrays will have five separate spectral filters that will be
ce! ctable by commard while in orbit. The basic sensor uses four 2000 element
decector arrays in the focal plane of a 70 cm focal length (F/3.5) telescope.
The four arrays are aligned on a common focal surface; thus no beamsplitters are
required. This causes a spatial separation on the ground which requires computer
processing to register the bands. A 2.2 ms dwell time of the pushbroom array
allows bandwidths as narrow as 20 nanometers over the spectral range from 0,35
to 1.0 micrometers. Response in each band will be quantized into eight bits. The
MRS can be pointed at + 409 in the across track direction and + 550 in the alony
track direction. Along track pointing permitc stereo coverage at variable base/
he1$ht ratios and atmospheric correction experiments, while across track pointiig
will provide repeat coverage, from a Landsat-type orbit, of every 1 to 3 days. A
number of significant experiments which could be performed with the MRS include
experiments in crop discrimination and status, rock discrimination, geobotanical
mineral exploration, land use classification and forestry.

Introduction

Electro-mechanical scanners have inherent difficulties providing high
resolution remote sensing systems. In 1972, Landsat 1 was launched with the
Multispectral Scanner (MSS) as one of its complement of sensors. The MSS pro-
vides a 79 meter footprint at the nadir, and represents the basic performance
standard acainst which all following sensor systems will be compared. In fact,
the MSS has generated a large constituency that demands the continued supply ¢’
its basic data products; images and computer compatible tapes. These products
are becoming an archival data base, and have prompted NASA to launch the MSS on
each of Landsat 2 & 3. Landsat D (4 after launch) will carry yet another MSS,
in addition to the next generation electro-mechanical scanner named the Thematic
Mapper (TM). The TM provides 30 meter footprints in six bands from the visible
to 2.4 um infrareu (IR) and a 120 meter footprint in the 10 um to 12 um thermal
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IR, The TM represents a very significant jump in performance over the MSS, but
when 1t 1s launched in 1982, a decade will have passed in order to make possible
this jump in performance. With the launch of the 30 meter TM, electro-mechanical
(E-M) scanners will have reached their zenith.

Recognizing the 1imits of E-M scanners, NASA has been working since 19¢9
to develop a new approach to remote sensing to be able to provide nominally 10
meter type resolution along with high sensitivity using multispectral linear
array technology (MLA). This new technology utilizes solid-state arrays of de-
tector elements which are laid down in lines and operated in a “pushbroom" s??s
mode. Other papers describe this technology, so we will not review it here.
As a reminder though, the pushbroom scan mode uses orbital motion to sweep the
effective projection of the line array on the ground along track, while the
detectors (which are oriented across track) are electronically sampled one-at-
a-time at a rate to provide contiguous along track resolution elements. The
experimental sensor we describe in the following paragraphs uses this technique.
Programme*ic exi?oncies have prevented exploftation of this technology unti)

the fiscal year 1981 budget cycle, although a sensor could have been developed
starting back in 1974,

It has become apparent since the launch of Landsat 1, that an increase
in temporal coverage, over the 18-day cycle of the Landsat series, is necessary
for a number of applications. There are three basic ways to provide this cap-
ability: (1) use nine satellites in the current 18-day Landsat orbit, (2) use
satellites in geosynchronous cilLit, or (3) utilize a sensor whose field-of-view
can be directed to targets off the nadir in the across track direction. Finan-
cfally, it is better to go with (3) if you can understand the radiometric and
geometric corruptions associated with looking at large angles off the nadir.
The Multispectral Resource Sampler (MRS) will be the first attempt to answer
the science questions for a sensor of this type on a satellite platform. Other
drivers for this new sensor include: (1) provide higher spatial resoliution than
the TM, (2) provide narrow (~ 20 nm wide) spectral bands and seilectable bands
to allow the MRS to be a facility for multi-disciplinary research, and (3) pro-
vide 0.5% sensitivity in the 20 nm bands. A programmatic driver is to put all
these characteristics into a package the size and data rate of the MSS.

The MRS Design Concept

The MRS is buiit around the maturity of silicon integrated circuit technology.

Silicon has a useful spectral response out to 1.0 um. The technologies fer the

infrared spectral regions are significantly less mature, especially in terms of

schedule and dollar impact to a sensor program starting in the current time line
for launch in calendar 1984, Thus, the MRS is a visible/near IR sensor only.

Table 1. MRS Sensor Characteristics

Spectral Range: 0.36 um to 1.0 um

Spectral Bands: 4 arrays, each with 2000 detectors
5 selectable filters/array
Bandwidths > 20 nm
Polarization filters
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Spatial Resolutior: 15 meters max

Swath Width/Mcdes: 15 km at 15 m (4 bands)
at 15 m (2 bands)
at 15 m (4 bands, 50%

0 30 m (4 pands)
Radiometric Sensitivity: Approximately 0.5% NEap (8 bit)
Data Rate: 15 mega bits/sec.
Pointability: 2 axes

+ 400 across track
+ 550 along track

Speed of Pointing: 309/sec across track
5Y/sec along track

Table | shows the instrument characteristics which meet the experiment
needs. First, the instrument has a gimballed mirror (see Figure 1) to direct
the field-of-view to positions off the nadir in the across track direction. An
additional capability is provided by gimballing the entire telescope assembly
to allow along track pointing for atmospheric path length studies and stereoscopic
imaging. This basically 15 meter resolution, 15 km FOV, instrument also allows
alternate image sampling modes across a 30 km swath width (FOV). The data rate
1imit constrains each of these modes. The first is obvious; two bands at 15
meter resolution and 30 km swath width allow a wider swath for experiments where
4 band multispectral data is not critical. In the second 30 km mode, every other
detector is sampled out across the 30 km swath, and sampled in such a way as to
provide a "checker board" pattern on the ground. Certain -tatistical experiments
such as determining forest species by sampling techniques can use this capebility.
In the third mode, two contiguous 15 meter (along track) picture elements. This
will allow comparison of MRS data to the 30 meter TM data.
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Figure 1. The MRS Shown Attached to a Landsat Spacecraft
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Figure 1 provides a line drawing of a bacic concept for the MRS as it
would appear on the Landsat spacecraft instrument shelf. The envelop constraint
for this spacecraft makes it difficult to provide a 70 cm focal length to fit
Tongitudinally along with the pointing mirror. This concept is preferred for
its simplicity, and due to the fact that it places the detector arrays closes:
to the passive radiator plate which is used to cool the focal plane to nominally
50C. Table 2 compares the MRS physical characteristics to those of the TM. This
provides a perspective on the power of solid-state MLA technology for remote sen-
sing. MRS is providing 15 meter resolution in a significantly smaller sensor than
the TM with its 30 meter resolution.

Table 2. Comparison cf MRS and TM Characteristics

Multispectral Resource Thematic
Sampler Mapper

Optics Aperture 20 cm 42 cm
Focal Length 70 cm 320 ¢m
Wt 55 Kg 220 Kg
Size 1.6M x 0.5M x 0.6M 2.0M x 1.1M x 0.6M
% Detectors/Band 2000 16
Power 55 W ¢S50 W
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Table 3 continues the comparison of the MRS to the TM. TM provides the
IR spectral region, and maps a 185 km swath about the nadir. The MRS is a sam-
pling, site specific research tool. In addition, within the spectral region
available, the MRS is extremely flexible with its ability to change bandpass
filters over each of the arrays. As presently planned, each array will have
five in-flight selectable filters.

Table 3. Comparison of MRS and TM Characteristics

Multispectral Resource Thematic
Sampler Mapper
Number of Spectral Bands 4 at one time, selectable 7 fixed
from 30 by command
Spectral Range 0.36-1.0 um 0.45-12.5 um
Spectral Bandwidth > 20 nm > 60 nm
Polarization Filters yes no
FOV (Swath width) 15/30 km 185 km
[FOV (Resolution) 15 m 30 m
Pointing 2 axes* +40° across fixed nadir
+559 along
Repeat Cycle (from a 2-2-1-2-2-2-1-2 (at 32° Lat) 16 days
Landsat orbit)
Radiometric Sens. 0.5% in narrow bands 0.5% in wide bands
Quantization Levels 256 (8 bit) 256 (8 bit)
Data Rate 15 Mb/s 85 Mb/s

Performance Predictions

Improved Temporal Resolution

One of major features of the MRS is its ability to point across track to
targets off the nadir. Figure 2 illustrates how 1 to 3 day repeat coverage is
achieved from a Landsat 705 km altitude orbit. The figure illustrates the situation
for a latitude corresponding to the southern U.S. On day zero, the MRS is directly
overhead, snd on day two, the MRS can look back to the same target by pointing off
nadir 21.9%, On day four the angle is 399, etc. The insert on the figure shows
the repeat cyvcle for various latitudes. The 46° latitude corresponds to the North
Dakota/South Dakota region; eleven views of the same site will be obtained every
16th day cycle above this latitude.
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Figure 2. TIllustration of the Improved Temporal kesolution
Provided §¥,gﬁi MRS
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Table 4 provides the current list of filters planned for the MRS,
1ist was developed in conjunction with a non-NASA science advisery group fur the
As stated earlier, each filter wheel will contain five filters, and each
Thus, an experimenter can choose (in-flight) from
. Present plans call for the use of filters that pass orthogonaliy
polarized 1ight (these are included in the selections provided in Table 4).

Table 4. MRS Spectral Bands

This

Array No. |
B 2 3 i 4 | Remarks
3 450-520 | 520-600 | 630-690 | 760~900 ] Thematic Mapper {
™ 1 ™ 2 ™ 3 J ™ 4 bands
2 | 540-560 570-690'1710-730 780-800 Vegetation
Filter 840~860 | 880~900,(730-750 400-420 Ceol. Veg.
Pocition
360-400 | ™4 3 930-950 [490-510 Atmos. Land Use
Vert. Polar. !
|
1 ™ 4 ™ 4 ™ 2 ™ 3 Polarize !
Vert. Horz. Horz, , Horz. !
L . | i
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Figure 3 illustrates the baseline design for the four indexing filter
mechanisms at the focal plane of the optics. Note that the element shown at
tha end of the barrel is the spider for the secondary of the Baker-Schmidt lens
dasign. The corrector plates are supported at a position well beyond the second-
ary mirror, and are not shown on this figure.

Predicted Instrument Sensitivity

Figures 4 and 5 provide an indication of the MRS radiometric performance
in terms of noise equivalent reflectivity. The NErho is defined as that change
in reflectivity equivalent to the PMS sensor noise. The scene radiance is the
total radiance at the satellite including a path radiance contribution for a
model atmosphere with a 23 km to 27 km visibility (a so called clean rural atmos-
phere). At poorer lighting conditions (i.e., larger solar zenith angle), the
path radiance increases in proportion to the target radiance, thus for a fixed
sensor nofse level the NErho increases showing dearaded sensitivity. In all
cases, the TM has poorer performance than the MRS in these bands. This allows
the MRS to go to narrower spectral bands and still provide performance nominally
equivalent to the TM in its wider spectral tands.

Figure 3. Aft Optics Design Concept for the MRS
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The focal plane technology which provides the MRS with this performance
has been state-of -the-art for several years. The performance is predicated on
15 um by 18 um detector apertures (the detectors are on 15 .m center-to-center
spacinqx. 70% quantum efficiency up to 0.8 m wavelength, and nominally 500 electrons
rms noise at the system level. The signal-to-noise calculation included signal
level dependent shot noise root-sum-squared with the system noise level,

Final Remarks

The MRS is contemplated to be a fiscal year 1981 NASA new-start instrument
program. Utilizing the current capability of silicon array techrclogies in the
visible spectral region, a sensor system has been designed in concept which has
capabilities for new remote sensing research beyond that possible with the Thematic
Mapper. Table 5 and Figure 6 provide the summarizing statements for this paper.

Table 5. Comparison of MRS and TM Capabilities

Multispectral
o Resource Sampler Thematic Mapper
Primary Use Research-multidisciplinary Quasi-operational-Mainly
Ag, land use, coastal pro- agriculture and land use

cesses, atmos. studies,
hydrology, geology, bathymetry

Coverage Segment Sampler Wall-to-wall

Temporal Coverage Every 1-2 days ‘ Every 16 daiys

Spectral Coverage Flexible-optimum for multi- Optimized for vegetation,
discip., but only in vis/near in vis/near IR, mid IR,
IR and thermal

Footprint 225 sq. meters 900 sq. meters

Stereo Coverage Yes, on sampling basis No, except in sidelap

Atm. Correction Poss. Yes No

Polarization Measurement Yes No
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Figure 6.

MULTISPECTRAL RESOURCE SAMPLER (MRS) —

This sensor system could be launched in December 1984, on a shuttle
retrieved, refurbished Landsat D.

The Multispectral Resource Sampler is the prelude to many new capabilities ‘
in remote sei.sing, especially at relatively high spatial resolutions. The in-
frared arrays will be available within the next 4 to 6 years, so that by the late

1980's a full range of pushbroom scan technology can be provided to mect the most
stringent of user needs.
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Remote Sensing Using
Solid-State Array Technology*

Linear arrays provide precision geometric positioning of the
detectors, very high sensitivity and favorable signal-to-noise
ratio, low power consumption, and no moving cptics.

Bacxcrouxo sensors to help unlock the basic information
INCE THE rirsT weather satellites began in the upwelling radiance from the lands
to image cloud patterns and to provide and seas. In the early 1960s, simple 1v type

AssTrRaCT: Current multispectral remote sensing of the Earth's sur-
face from satellite platforms requires sensor :ystems which use
mechanically moving mirrors, as in the Landsar Multispectral
Scanner (Mmss) and the upcoming Thematic Mapper (t™). The ™
with its 30 metre ground sample distance is a complex sensor sys-
tem which requires manufacturing tolerances of tenths of a micro-
metre and mechanical control of the scanning mirrpr to arc seconds.
For future applications which require high resolution (10 m region)
andlor narrower spectral bands in the 0.4 to 1.1 wm region without
sacrificing sensitivity, a sensor system which uses solid-state linear
arrays and operates in a “pushbroom™ scan mode can provide the
required performance. In the pushbroom scan mode, the line array
of detectors is oriented perpendicular to the ground track velocity.
As the along track motion scans the projection of the detectors over
the scene, the detectors are electronically sampled in such a way
that the entire line array is read-out in the time to advance one
resolution element. The advantages of line arrays include precise
geometric positioning of the detectors; very high sensiticity and
favorable signal-to-noise ratio (s/x) with small lightweight optics;
low power consumption; and no movingloscillating optics. Labora-
tory experiments using straightforward techniques show that the
precision radiometric calibration of thousands of detectors is
possible. In addition, it has been demonstrated that multiple
monolithic linear array devices (chips) can be assembled together to
provide linear arrays with thousands of detector elements. Align-
ment tolerances of better than 0.3 resolution element have been
achieved, and techniques have been described to improve this te 0.1

= resolution element. System level noise performance has been dem-
onstrated which allows a sensor system to be provided with 10
metre ground sample distance and with noise equivalent reflectance
better than the Thematic Mapper at 30 metres.

a synopti: view of the Earth's surface, we  pictures were provided. Clond shapes and
have beon evolving ever more sophisticated  relative motions were evident, but radio-
metric information could not be provided

* Presented at the ACSM/ASP Annual Conven- by these imaging sensors. The radiometers
tion, March 1978, Washington, D.C. which were built at this time required reso-

Protocrasiarrric ExciseyrinG axn Remory Sexsivg,
Vol. 45, No. 1, January 1979, pp. 47-55.
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lutions® on the order of kilometres (Gold-
berg, 1968; Ostrow, 1970) in order to
provide the requisite sensitivity to small
changes in the turget radiance.

In 1972, xasa launched the first “Earth
resources’” sensors into orbit (Landsat-1)
and a quantum leap in resolution from ap-
proximately one to rwm-r than 0.1 kilometre
was accomplished. The success of the Multi-
spectral Scanner (Mss) and Return Beam
Vidicon (rav) sensors has been widely
acclaimed. Today, 1978, these basic sensor
technologies remain representative of the
remote sensing capabilities from satellite
platforms.

In 1977, ~asa initiated new technological
developments to enhance and upgrade re-
mote sensing from satellite platforms. An
evolutionary growth of the electro-mechan-
ical scanner technology embodied in the
Landsat mss is now under development.
This sensor, the Thematic Mapper (TM™), is
being construc.ed for launch in 1981. Com-
pared to the svss (T9m wov b 4 bands, 64
grav levels) the Thematic Mappc: will pro-
vide improved spatial resolution (30m irov),
additional and narrower spectral bands
(seven), and increased inctrument sensitiv-
ity (236 gray levels). This last improvement
is equivalent to going from roughly 2 per-
cent precision to 0.5 percent precision. As

* Resolution as used in this article refers’to the
geometric footprint of the sensor due to the field-
stop of the optical system, usually the detector
aperture,

t Instantancous field-of-view

significant as the Thematic Mapper's per-
formance improvements are, they still
represent a limitation, As shown in Figure
1,* the electro-mechanical scanners have
reached a plateau in development Any
further improvements in performance will
be increasingly costly for only small incre-
ments in performance ability,

Pususroom Scan Tecusorooy

NASA/Goddard has had under develop-
ment since the early 1970s a sensor tech-
nology that allows a second quantum leap
in performance for remote sensing This
new generation of sensor operates on a prin-
ciple different from the electro-mechanical
scanners.

Pushbroom scanning is a term which de-
scribes tae technique of using the forward
motion of a satellite platform to sweep a
linear array of detectors oriented perpen-
dicular to the ground track across a scene
being imaged. This technique is illustrated
in Figure 2, which shows an optical syvstem
imaging the ground scene on a line array of
detectors. One array is typically used for
each spectral channel. Satellite motion pro-
vides one direction of scan and electronic
sampling of the detectors in the crosstrack
dimension provides the orthogonal scan
component to form an image The detector
array is sampled at the appropriate rate so
that contiguous lines are produced.

* The Merit Function of Figure | 15 explained
in Appendix A,
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REMOTE SENSING USING SOLID-STATE ARRAY TECHNOLOGY

- DETECTOR ARRAY

Fic. 2. Ccomecd' of pusnbroom scan technique,

Therc are two pnncipnl advantages to the
ashbroom scan techniques using long
inear arravs of solid-state detectors. First,
complex mechanical scan mechanisms are
eliminated. Second, this approach allows
the photon flux from the scene to be inte-
grated during the time required for the in-
stantaneous field-of-view (1rov) to advance
the dimension of oue resolution element «:.
the ground. Foi a quantitative indication of
what this means, consider that the dwell
time per resolution element in the Landsat
Multispeciral Scanner (mss) is 14 micro-
seconds Using the pushbroom approach
and the same orbital conditions, the dwell
time can be increased to approximately 12
milliseconds for the same resolution ele-
ment dimensions. This allows an increase
of more than u factor of 800 in the signal
generated and stored at each detector posi-
tion. The improvement in signal-to-noise
ratio is significant, and permits smaller
aperture optics to be used, with a conse-
quent reduction in size and weight.

Another advantage of solid-state technol-
ogy is that high cross-tack geometric fidel-
ity is achieved along cach linear array to the
extent that the position of each mdividual
detector is precisely known. Spacecraft
motions limit the ability to attain geodetic
fidelity along track, but corrections for atti-
tude during ground data processing should
reduce the variations in effective ground
distance between successive scans to a
minimum. Besides the geometric accuracy
within a single array, accurate positioning
of arrays for cach spectral band in the image
plane with respect to cach other allows very
close multispectial registration of the
resulting images,

It is clear that operation in a pushbroom
sean mode has many desirable teatures. The
trick is now to piovide the many thousand
clement detector arravs required to subtend
the crosstrack swath for Earth vesource

applications. Typically a 30-m resolution
pushbroom sensor requires 6300 detectors
per spectral band to subtend a Landsat type
swath. Imagine the complexity and cost of
providing this lurge an array with 6300 indi-
vidual point detectors, cach with a wire
bond to discrete amplifier components.
Each signal channel (detecton) would have
in excess of 30 components associated with
it, giving almost 200,000 parts per band and
800,000 paits per instrument. There has to
be a better way.

Solid-state integrated circuit technology
provides the answer. On a single monolithic
chip of siltdon, Fundreds to over a thousand
detectors can be manufactured. In addition,
low noise “on-chip” ampliliers and elec-
tronic multiplexing circuits are provided
simultaneously. By manufacturing all these
elements on a single integrated circuit, it is
now possible to have an array of hundreds
of detectors which interfuce to the rest of
the world with only a few wire bond con-
nections. Figure 1 shows ope approach to
array organization to illustrate how the
detector signals are sampled and read off
the chip. Each detector is sequentially con-
nected, one at a time, to an on-chip ampli-
fier. A circuit called a dynamic shift-register
controls the sequence of the connections to
the amplifier. This approach allows a rela-
tivelv small area of the array to be dedicated
to low noise analog signals, and « different
area of the chip to be used for digital
switching operations. The vield (the num-
ber of working devices out of the total lot) of
solid-state devices is directly proportional
to the area of a chip. Digital circuits are
relatively more fault tolerant than analog
elements. Minimizing the area devoted
to low noise analog signals improves the
vield of detector array chips and, thus,

On-Chip Amplitier

Oyasmic $h.1 Reginter

Detector Array

Cynamic ShM Reghter

Oa-Chip Amphtier

Freo 3 Concept of an integrated cirenit detector
areay chip.
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should lower the cost per detector. There
are other chip architectures which have dif
ferent desirable features (NASA, 1972). The
point is that solid-state integrated circuit
technology provides the means to deliver
large linear arrays for pushbroom scan sen-
sOr syster s,

NASA/Goddard Space Flight Center,
through a contract with Westinghouse Elec-
tric Company (Westinghouse, 1976), ‘avel-
oped a detector arruy technology which
demonstrated performance adequate for a
10-metre resolution multispectral imaging
radiometer. The work started in 1972 and
was completed in 1976. This work with
Westinghouse provides the foundation for
the decision to pursue a program to develop
a space qualified multispectral remote sene-
ing instrument using solid-state linear
arrays

PERFORMANCE Of PUSHBROOM SYSTEMS
RADIOMETRIC SENSITIVITY

What 1 would like to do now is to deter-
mine the required performance to provide
0.5 percent sensitivity in four spectral
bands for a variety of scene conditions, and
then show how well a pushbroom scan
sensor with 10 metre “resolution” meets
these requirements. The spectral bands
chosen are the visible/near 1= bands of the
Thematic Mapper. Let me, in additicn, de-
fine 0.5 percent sensitivity as the change in
target reflectance (3p = 0.005) equal to the
&Ms noise of the sensor system. This is the
noise equivalent reflectance, NEp.

First, take a scene condition (Fraser
1975) that roughly corresponds to summer
in the southern United States. The solar
angle to the zenith is 10°, and the atmo-
sphere approximates a clean rural condition
(visibility = 27 km) (Table 1). The time of
day is 10:30 AM.

The second scene condition is more strin-
gent. It corresponds to spring or fall in
central Canada. The solar angle to the
zenith is 45° and again the atmosphere has
27 km visibility (Table 2). I have lowered

target refllectance, also.
T Tamr
Spectral Scene

Rand Target Radiance  Hequired

(um) Reflectonae  (w/mtsr) ¥N°®
(045 - 082 0io 0 52
075 - 060 020 9N (%)
306 - 06 020 60 57
W 075 - 0l 050 246 "7

*Toprnule NEp » u:l’s_

Tamee 2

Spectral - Scene

Band Target Raciance  Requured

(um) Reflectancy  (wim') wN*
(1) 045 - %2 002 30 38
2) 052 - &0 010 44 -
(3) 0K3 - & 0lo 23 35
% 075 -9 020 70 2

* To providde NEp = 0008

The following parameters describe the
salient characteristics of the pushbroom
scan sensor which will attempt to meet the
requirements in Tables | and 2. Assume a
nominal orbital altitude of 700 km:

Optics Aperture. 30 cm

Focal Length: 105 ¢m

Instantaneous field-of-view: 14.3 urad

Optical Transmission (Filters included): 0.3

Signal Integration Time: 1,50 x 102
seconds

To complete the characterization of this
SENSOr, AssuMe NOw a very conservative
noise level of 1000 electrons rus *

In the current technical literature noise
levels of 100 to 200 electrons kMms are
routinely reportc 4, and have been for
several vears (Whice, 1974). Table 3 lists the
noise level for each spectral band in units

_equivalent to exposure density at the focal

plane. Remember, the detectors integrate
photon flux from the scene in the push-
broom scan mode.

NOTE: Area of Detector = l4um x 18um
=27 x 107" m?

Quantum Efficiency = 0.7 (bands 1-3)
0.5 (band 4)

With the above parameters the signal-to-
noise ratios listed in Table 4 are provided
in each spectral band for the conditions of
Tables 1 and 2.

Tame 3
Noise Equivalent
Signal
Spectral Band No, (10°% Jim®)
(n 2.19
(2) 1.81
(3 1.59
() .77

* This level of noise was weasured in 1972
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Tams 4
Spectral S'N SN
Band Table 2 S/N Table 1 SN
No. Required Pushbroom Required Pushbroom
(n 38 KLY S2 88
(2) 45 b 65 145
3 a5 41 57 103
“n $2 107 117 3390

Table 4 shows that a pushbroom scan sen-
sor can indeed provide the required per-
formance at 10 metre resolution. In addi-
tion, il either 500 electrons noise or an
increase in quantum elliciency to 0.95 or a
combination are used (as would be appro-
priate for current array technology), then
spectral hands as narrow as 20nm wide could
be used i the sensor’s design. As a matter
of comparison to the Thematic Mo pper, with
its 30 m resolution and 42 ¢m optics aper-
ture, Table 5 i+ provided (lor Table I ~on-
ditions).

Another «ayv of showing sensor perfor-
mance at different scene conditions is
shown in rigure 4. Based on previous defi-
nitions, this figure is self-explinatory.

DETECTOR AKRAY GEOMETRIC FIDELITY

Figure 5 shows an array assembled under
the Westinghouse program. Using 18 silicon
chips, each with 96 detectors, an array of
1728 detectors was provided. Although cur-
rent technology can now provide single
chips with over 1000 elements, this illustra-
tion serves to show how arravs of 6000 or
more detectors (as needed ir a Thematic
Mapper application) could be assembled.
The detector positions on each chip are pre-
cision controlled to 0.05 of a resolution ele-
ment. The chips in the 18-chip array were
aligned to a precision of 0.3 nl‘ a resolution
element size with a cumulative error over
the lenpth of the array of 0.5 of a resolution
element. The depth of focus was controiled
o = 12 um.

The advantage ol the approach shown

Tamie 5
Spectral Band S'N S/IN
ANTH Pushbroom Thematic Mapper
(n 38 35
(2) 68 72
R} 41 45
(4 107 122

here is that the edges of these array chips
are precision manufactured to allow con-
tiguous () alignment of detector elements
on a chip-to-chip basis. Ground data pro-
cessing is simplified. Oth:r suggested
approaches end up with a bi-linear con-
figuration where the chips are spatially
staggered over distances equivalent to 200
resolution elements. Another advantage of a
segmented contignuous arrav is that cord-
wise approximation to curved focal surfaces
are permitted. In high rouoluion systems,
this may be required. The singular dis-
advantage of the contiguous approach is
that typically one 15 um space is required
at the chip edges. This 1s equivalent to
having a dead element in the arrav. This
may or may not be 1 significant disability
depending on the application under con-
sideration.

RADIOMETRIC CORRECTION

Perhaps the single most frequent concern
regarding pushbroom techunology is the
question, "How are you going to destripe
the data fromn thousands ot detectors, when
vou have problems with the 24 detectors on
the Landsat Multispectral Scanner (mss)?” |
would like to let a picture speak for itself.

Row | e Dol s 8 f et

v " » “ - . »~
Bones Anghe | e e Lownh e Dagrees

Fic. 4. Noise equivalent refiectance versus solar

zenith angle for a system with o 10 m wov using

current detector technology and 21 cm optics.
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Fic. 5. A 1728-clement detector array manufactured from 18 indivicual integrated cireuit chips. The
detector array is the dark line at the center of each chip.

Figure 6 shows a positive print of a radio-
metrically corrected image made using the
18-chip array on a laboratory scene simula-
tor. A uscs high resolution black-and-white’
transparency was back illuminated, spec-
trally filtered, and then imaged into the
array, The image format is 1728 " 1728
lines per picture width. The tull scaie spec-
tral radiance level corresponds to Band 4 in
Table 1. The integration time was 1.44
millisecond (roughly that for 10 metre reso-
Iution on « satellite). The furrows in the
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e 8 Example of a radiometrically conected
page made with the 18-chip array, Direction of
wan is top to bottom,
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field in the pictures center are approxi-
mately two resolution elements center-to-
center,

Careful examination is required to deter-
mine the direction of scan. The tip-o'f is
some line structure where a dead elemeat
was cosmetically corrected by averaging be-
tween adjacent working elements. Revaid-
less, a good job of radiometric comecticns
has been achieved To show that this cne
image is not a fluke, Figure 7 shows a
montage of four separate pictures whose
individual image format is 376 by 376 lines
per picture width. Again, radiometric cor-
rection has removed the detector-to-detector
variations.

The critical elements in radiometric cor-
rection of detector arrays are

¢ Provide a highly stable operating tomper-
ature at the array, and stable bias voltage;

e Provide updates of celibration files at the
beginning of an orbital pass and at the end
to determine if any drifts have oconrred:

® Have an extensive ground calibration pro-
cedure to catalog array perdormuance under
various bias voltage and focal pline tem-
perature configurations; and

e Plan to have most elements corrected
using a stimple equation ol a straeht line.
For the other elements, either Linear seg-
wment approximations with tive or more
calibration points per detector or some
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Fic. 7. Examples of radiometrically corrected imageny from a 576-element detector

array

complex polynomial fit will be required.
Good software s required to do the job
etliciently.

CoNcrusion

Foir the visible/near v spectral region,
sthicor pushbroom scan arravs have matined
and e ready for apphication to remote
senstng from sateltlites. Sigmibicant pertor-
mance s available, and can be used to
provide a wide rnge of configurations opti-
mized for specilic applications. Figure 8
shows one sensor concept. This sensor can
be used Tor agricaltural multitemporal

sampling. This sensor provides two to five
da\) return coverage to any place on the
Earth's surlace and stereographic imaging
for topographic mapping.

Extension of the spectral response of

arravs into the 1 to Spm and 8 to T4um
region will he developed over the nest four
vears under xasa contracts. The ity has
provided the technology base, and we waill
attempt to optimize that base tor one appli-
cations. A positive view of the futie mdi-
cates we wall be ready i TOSE, and a finst
launch of a pushbroom scan sensor with all
the spectral hands of the Thematic Mapper
is anticipated by 1988,
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ArreNpin A
Merit Function for Historical Trends
in Sensor Development

First, any merit function used should
merease o numenical vadue with anprove-
ments i perfonmance Sceondly, the imputs

to the ment function should be based on
factors that are generally accepted as indica-
tions of improved performance. To this end,
the factors considered include

® Resolution (in terms of angular subtense),

e Number of spectral bands,

e Spectral bandwidth,

® Signal-to-noise ratio for a specific spectral
radiance that is used as a common input
to each of the selected systems.

In order to develop the desired merit
function for sensor systems, we start with
the equation for calenlation of signal-to-
noise (8/N);

S (D, Urovi? (7,) (N) (AA) ‘

where, Dy is the opties diameter, rov s the
instantaneous celd-ofview, 7, is the effective
optics throughput, N, is the spectral rads
ance, and A s the spectral handwadth, The
numerator calcnlates the radiant power at
the detector, aind the dengmimator expresses
the system noise as the radiant power at
which the vy equals one (Noise Equivalent
l'n\\‘t'l’. \I.I')

The neat step is to rewnite the equation
above as a proportionality statement,
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S/N
(DY) (rvov)? (AA)

NEV

System sensitivity measured in NEP is an
important indication ol performance, and
the inverse gives a numerically increasing
factor for improvements in perfornnance (1.e.,
Nir becomes smaller)

This is the basic ment function However,
1 want to expand this relation to include
factors that indicate the increasing sophisti-
cation ol sensor systems. The first additional
factor 1s to make the relation directly propor-
tional to the number of spectral bands. Next,
consider scan efficiency. As the vears have
gone by, we have worked very haid to
increase scan elliciency The merit function
is made directly proportional to this factor.
Lastly, it can be shown that the mechanical
scanners’ optical systems do .ot operate
mywhere near the diffraction limit ir. the
visible spectrum, in terms of 1rOV size com-

pared to the diffraction blur size for the
optics diameter piovided. This has been the
case because increased optics diameter was
required to provide the specified viv To
consider the penalty of increased sensor size
to provide the required sensitivity, | now
modify the (D) term to become the sensor
density (total weight divided by telescope
volume).

The Merit Function for visible spectral
band performance can now be written

(Mernit Function),, =

/N (N)(WT) (g) x 10°"
s (D) (FL) (1vov)? (AX)

where the new terms in the expression are
(N), the number of spectral bands, (WT), the
sensor weight, (n), the scan efficiency, and
(FL), the optics focal length. The multiply -
ing constant is used as a matter of couve-
nience to scale the ordinate.
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Agriculture
Canada

Enaineering & Statistical Research Institute,

Research Branch, Engineering Research Service Section,
Eng. Bldg, 94, C.E. Farm,

Ottawa, Ontario, K1A 0C6.

613-995-9671

June 20, 1979.

Dr Edward Kanemasu,

kansas State University,
765 College Heights Circle,
Marhattan, Kansas 66502,
.5

Dear Ed,

In principle, | agree with the draft copy of our Agricultural Panel
Suggestions. [ would Tike to add to Question 1, if possible, that NASA engineers
look into changing the filter wheel concept to more modern concepts of scanning
the spectral band from 380 - 800 nm such as an optical multichannel analyzer
(CMA) or a circular variable filter (CVA). In the OMA technique there would be
no moveablie parts, and the spectral resolution would be far superior than any
interference filters used in the filter wheels., Each individual researcher would
be able to select the spectral ranges of his interest. This technique is avail-
abie and s used by industries such as Tektronix and others. The spectral
information would be taken simultaneously from 380 - 800 nm at say 10 nm inter-
vals. Each photodiode in the linear arrays would be assigned a specific 10 nm
wavelength band. The information from the linear array can be stored on memories,
and if someone needs five spectral bands, then it selects from the memory which-
ever band is suitable to him. Using the CVA technique, only one wheel would be
used, but the spectrum from 380 to 760 nm can be covered with a spectral resolu-

tion of 5 nm or better.
With all other suggestions I am totally agreeable.

Yours Sincerely,

Eugene J. Brach, Head
Engineering Research Service

EJB/kb Section.

P S. Question 3.

3.3.3. Should be changed to read: "Experiments should include agrometeorologi . .

expertise and observation".
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DMAHTC Code STT
Washington, D.C.
20315

Charles Schnetzler
NASA GSFC Code 932
Greenbelt, Md.
2077

Dear Charles:

The Multispectral Resource Sampler (MRS) as described in your paper very
closely follows the requirements for a Photobathymetric Multispectral Scanner
(PMS) that I provided to you last year. As you will recall, the PMS was orig-
inally submitted via the Department of Defense, (DDR&E for Strategic and Space
Systems) as the Defense Mapping Agency's requirement for an unclassified bathy-
metric sensor on the Seasat-B., It was the result of several years of photo-
bathymetric research by NASA, NOAA, and DMA. It was put into the submitted for-
mat as the result of consutlations with Fabian Polcyn, Dr. Colvocoresses, and Or.
Farker to address renetration of clear water to reveal shallow seas features of
signifance to navigational safety as well as to provide the best capability tn
provide data from which actual water depths could be computed. The MRS appears
to provide much of these needs. (DDR&E paper enclosed).

In the Tast couple of years, we have been exploring several additional
ways to detect submerged hazards. These methods will not yield depths as ac-
curately as the photobathymetric approach but they work in turbid water and can
reveal major features several times deeper than optical methods. They primarily
use analysis of ocean surface characteristics caused by the interaction of ocean
dynamic processes with the submerged features. (See attached Technology Assess-
ment and notes entitled Multisensor Exploitation to Improve Nautical Charts).

The pointability of the MRS can be exploited to image the sun glint area in order
to reveal such surface pattersn. This capability can also be enhanced by the
choice of orbits. A non-sun synchrenous orbit would provide both optimum 1ight-
ing conditions for penetration and for sun glint acquisition. I do not have any
particular recommendations for orbit, this will be a point of discussion once a
vehicle is found for MRS. We hope to have used Landsat and other sensors to have
pinpointed specific areas where MRS or PMS can be used for maximum benefit. (As
you 1ire probably aware, N/'SA has turned Landsat on over ocean shallow seas areas
:or DMA.) We are currently phasing up a program to search and evaluate this
magery.

With regard to the selectable spectral bands, it sounds as if we should
be atle to "dial" the best set of spectral bands for the water mass to be imaged.
With clear ocean waters, the blue and green bands can be selected to provide the
best penetration. With coastal waters, selections can be made closer to the
yellow. [ need to have Fabian Polcyn or Dr. Barker look at the respective placemen
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of optimum bands on the filter wheel so that the best selections are not mutually
exclusive. We hope to be able to use hand ratioing with three bands to extract
bottom reflection so that we can compute ture depths. The fourth band selected
will be either red or near infrared to provide shoreline and control imagery.
There is also some question as to the Landsat band six and its capability tn pene-
trate water. We are consistently seeing shallow features on six that do not
appear on seven, We have not been able to define whether there are actually scme
features above water at these places. Fabian has even suggested that there might
be some cross over cor leakage from the other channels. Our research cruise

this summer will try and resolve some of this doubt.

It might be beneficial to have a seperate wheel for selection of the
polarization options. The best re<ults for our interests would be polarized blue
or green bands., We are finding the sun glint on Landsat offers a significant
contribution to the signal with respect to the depth extraction algorithms,

Additional considerations must be made with respect to the pointing and
positioning of the satellite and the acquired image if we are to make effective

use of the system to support charting. I refer you to the original OMA require-
ments.

Finally, I would 1ike to remind you of our original discussions concerning
the radiometric sensitivity requirements for a photobathymetric sensor. Since
the light returning from the ocean bottom has twice traversed the water column,
each time undergoing exponential attenuation, a PMS will have more benefit if
each radiance quantization level could represent sonthing approximating uniform
depth increments. At best, it should have more of its quantization levels
spread over the range of photometric response that represents the signal range
from the ocean's bottom. Perhaps a compromise for land and water viewing could
be reached by a carefully thought out compression of the output counts as a
function of source radiance. Proper compression of the Landsat data by a logar-
ithmic signal compression not only improves photomultiplier signal to noise, it
also provides better bathymetric potential than does the linear compression. Note
also, that the present Landsat quantization, even in high gain, leaves much to be
desired since the lower radiance values of a shoal area are representing a much
larger range of depths than does a near surface radiance value. Perhaps ancther
alternative for consideration would be different compression options, selectable
by ground control at the user's option.

A1l in all the MRS seems to offer much more capability to provide useful
bathymetric data than the Landsat or Thematic Mapper Scanners. I look forward
to hearing the results of your workshop. ! will be away on the research cruise
until 25 June and may depart for the second cruise around the eighteenth of July.
I ~hould be back in the Washington area anytime following 3 August.

Yours,
\ - /

A VAN gy,

James Hammack
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