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PREFACE

The pressing need to survey and manage the earth's resources and environment, to better understand remotely
sensible phenomena, to continue technological development, and to improve management systems are all
elements of a future Earth Resources System, The Space Shuttle brings a new capability to Earth Resources

Survey including direct observation by expefiénced earth scientists, quick reaction capability, spaceborne

facilities for experimentation and sensor evaluation, and more effective means for launching and servicing

long migeion life space systems.

The Space Shuttle is, however, only cre element in a complex system of data gathering, translation, dis-
tribution and utilization functions. While the Shuttle most decidedly has a role in the total Esrth Resources
Program, the central question is the form of the future Earth Resources system itself. It is only by an-
alyzing this form and accounting for all elements of the system that the proper role .of the Shuttle in it can

be made visible,

This study, entitled TERSSE, Total Earth Resources System for the Shuttle Era, was established to investigate
the form of this future Earth Resources System. Most of the constituent system elements of the future
ER system and the key issues which conecern the futire ER program are both complex and iterrelated in
nature, The purpose of this study has been to investigate these items in the context of the total system

utilizing a rigorous, comprehensive, systems oriented methodology.

The results the initial phase of this study were reported in eight separate volumes plug an Executive Summary;
their titles are:
Volume 1 Earth Resources Program Scope and Information Needs
Volume 2 An Assessment of the Current State-of-the-Axrt
Volume 3 Miggion and System Reguirements for the Total Earth Resources System
Volume 4  The Role of the Shuitle in the Earth Resources Program
Volume 5 Detailed System Requirements: Two Case Studies
Volume 6 A1 Egrly Shuttle Pallet Concept for the Earth Resourcés Program
Volume 7 User Models: A System Assessment
Volume 8 Uger's Mission and System Requirement Data
Executive Summary.

A subgequent activity, part of TERSSE, was undertaken to investigate the Space Shuitle in more detail ahd
to study the Shuttle's contrilution to the Earth Resources Program when operating in its sortie flight mode;
this activity is reported in:

Volume 9  [Barth Resources Shuttle Applications |

Executive Summary of Earth Resdﬁrces Shtit‘tle Applications,

iii/iv
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SECTION 1
S INTRODUCTION AND SUMMARY

The Shuttle as en Earth Resources platform is both unigue and complementary to the other Earth Resources
platforms, polar and synchronous satellites and aireraft. The Shuttle provides the capability (Table 1-1) to
deliver payloads to orbit, to recover payloads, to vary orbits and to return with hard copy data. Its crew
will be available to perform sensor operations and its large volume and weight capacity will lower launci:
and payload costs, And, in particular, the Shuttle can provide resolutions of 10-20 meters at substantially

lower sensor costs than from polar aatellites,

The role of the Shuttle in the Earth Resources Pro- TABLE 1-1. SPACE SHUTTLE AS A PLATFORM
gram of the 1980's was defined in previcus TERSSE

o RECOVERABLE PAYLOADS
Volumes as consisting of two major parts: the

— RECONFIGURABLE

— MAINTA
provision of transportation and maintenance services . MOLTIRLE L s
for antomated satellites and the acquisition of data ¢ ORBIT VARIABILITY
from Shuttle-borne cengors in the sortie mede for — VARIABLE LIGHTING

ALTITUDE, REREAT CYCLE

a wide range of Program objeciives. The function — MANEUVERABILITY ON-ORBIT

of Shutile in the sortie mode was further broken

LOW PAYLOADS COSTS

_ . — LARGE WEIGHT, VOLUME, POWER
down into four separate roles (Figure 1-1), each fo — SOFT RIDE (?)

“ support a specific portion of Earth Rescurces Pro- 9 LARGE SENSOR ACCOMMODATION

l . — WEIGHT, VOLUME AVAILABLE
gravs activitles: !

SENEOR PERFORMANCE IMPROVEMENT

— HIGH RESOLUTION AT LOWER COST

1. Sensor Bevelopment = MULTI-SENSOR SYNERGIEM

Role u CHEW PAESENCE
. — CONTROL
2, Technique Develop- : Z REPAm
ment Role — RECONFIGURE
— INTERPRET

3. Applications Develop-

HARD COPY DATA RETURN

ment Role
~ FILM
4, Cperational Platform -~ TAPE
Role

It has been the purpose of the effort reported herein to study in more detail these four ERS roles of
Shuttle in the sortie mode.




The Space Shuttle is the key element in the Space Transportation System, STS, which can be defined to
consist of: the Space Shuttle {Orbiter, External Tanl, and Solid Rocket Boosters); upper stages for the
Shuttle; and the Spacelab (pressurized module, and standardized pallets), The STS has been designed to
deliver, retrieve, and service automated and manned spacecraft on-orbit, It will alse support in its sortie
fHght mode the conduct of space operations and experiments at low earth orbit for missions up to 30 days
in length, The Shuttle and upper stagea of the STS are being built by NASA and DOD, the Spacelab by the
Eurcpean Space Agency, ESA. The STS gosl is to support all space operations by NASA, DOD, other U, 8,
agencies, foreign national agencies, and the domestic/international private sector, This study addresses
the Space Shuttle and its Spacelab when opéerating in the sortie flight mode,

A number of parallel efforts are currently underway to define the major building blocks upon which the NASA
Office of Applications will base its Space Shuttle utilization for Earth Observations. These efforts are, in

the main, focused on the definition or design of individual sensors, semsor groupings, and laboratory fucilities
which will be carried by the Shuttle, Examples of these efforte include:

& ACPL, Atmospheric Cloud Physics Laboratory - a technology experiment to explore cloud chamber
phenoma under long duration conditions of weightlessness with a well instrumental facility within
the Spacelab medule,

s EVAY, Earth Viewing Applications Laboratory - a Spacelab research and development facility
which will support Earth oriented investigations with either the Spacelab module, or pallets, o
both,

e SEOPS, Standard Earth Observational Package for Shuttle - an operational concept to permit
the relatively autonomous utilization of Shuttle on a high proportion of Shuttle flights,

e SH, Shuttle Imaging Radar - a dual frequency, dual polarization phased array radar designed
as a sensor for the Space Shuttle,

¢ SIMS, Shuttle Imaging Microwave System - an eleven frequency, high resolution passive micro-
wave radiometer designed as z sensor for the Space Shuttle,

¢ MMAP, Microwave Multiple Application Payload - a facility for Earth Observation and Communica-
" tions R&D.

This study is integrative in nature in that it addresses the uge of Shuttle for Earth Resources from a pro-
gram wide viewpoint, within the broader picture of OA Shuttle utilization for both operational and R&D uses.
This study was performed in cognizing of the afore mentioned parallel efforts and-used information from
them to place its results in thie perspective of the OA Shuttle Program.

There exist several critical problems with respect to payload selection, integration, and mission planning
which are addressed in this study (which the nature of the preceeding parallel efiorts did not require), This
study began with an expanded examination of each of the four Shuttle roles, in the sortie mede, and continued
through to an integrated Earth Resources Shuttle program, The approach taken was to perform severul

representative conceptual migsion designg of Earth Resnurces missions which used the Shuttle sortie as
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Figure 1-1, The Four Roles for Sortie Flights

their platform and which collectively spanned the four Shuttle roles, An Integrated Flight Program based on
these missions was then developed for the first two years of Shuttle flights. A set of broad program implica-

tions concerning the uses of Shuttle for Earth Resources was the resulf,

The remainder of section 1,0 describes the four roles and the assogiated migsions studied, the resulting
integrated flight program, and the conclusions reached concerning Earth Resources Program planning for

Shuttle,

1,1 SENSOR DEVELOPMENT MISSIONS
In its Sensor Development rote the Shuttle provides a convenient test bed platform. It can be used to fly
- ‘ {in an extreme case) nssentially breadboard equipment, so long as flight safety yules are not violated and

the equipment is packaged to withstand the flight environment, The availability of flight crew onboard
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provides the capability for inflight adjustment of hardware. The fact that the ha_r_dware is returned to earth
provides the potential for modification and reflying exp‘eﬂm'entﬁl‘ hardware at low cost. ' This ldtter function
can bie used to advantage in phased dévelopmerit programs where sensor characteristies. e, mech'mical.
electrical and thermal can be evaluated independent of full systems operation,

Some probiems remain to be fesolved, however, Experience with airereft sensor development hng shiown
that multiple-flight programs, each with limited objectives and-each-building oh the expeniencs-gaimd i
eay. - ights, is the prefev'red methc.uoloy. For the Shuttle, however, those very sensors for which

this philosophy is of paramount importance are thoge for which this philosophy is most difficult to imple=
ment because of dize, weight, power and data handling requirements. These requiréments naturally
inerease pre=flight costs, -consequently the balarnce between the costs and development-effectiveness of a -
"do- Jittle and*ﬂy.oftsn" varsug "y little and do a lot" approach must be-evaluited very carefully for o

sensor development misaions,

A fuvther problem which must be overcome is the one created v_vl_len externsl pressures are applied to pro-
vide data to applications users too early in the development process. It must be recogiized thet the pri-
mary function of 4 sensor develophent miggion is sensoT development. In order to reduce the dsta dis-
semination problem the recipients of data should be restricted to the sensor development team (and
possibly the few applieation users with an uirgent néed).

1.2 TECHNIQUE DEVEIBPMEHT,M!S@(?D{S
‘Technique development using shuttle promises to be one of the more efficient uses of the frequent fligh:
opportinities and the recoverahillty of experiment hardwsre offered by the shuttle soitie, Techiique

developmeiits are, by their very nature, disposed to be cut-and=iry eiforts; this is precisely why aircraft

have proven to be of such value in the past (and why they will also continue to be go in the future). Frequent
flight and intact recovery will permit the use of hardware not designed fer the rigors of long (say, years)
spaceflight but for obtsiimg the specific sets of measur'ements re'quired' to scientifically interrelate the

Technigue development missions are intended to provide early Investigations of the underlylng scientific
principles of a measurement which i» being considered as a remote sensing method. Oibits, test sites,
and equipment oonj_lguratious may be varied frou-n flight to flight, thus offering the Technique Development
manager a variety of conditions under which he ssn determine the effectiveness of the candidate methods

and sensors. Sensor complements ~ah be varied which offer the advantage of concurrent coverage witk
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1.3 APPLICATIONS DEVELOPMENT MISSIONS

For Applications Development missions the Shuttle {s used to exercise prototype end-to-end applications
Systems to demonstrate operational potential and to verify the selection of the all-up operational system
configuration, The ultiinate users of the operational system are heavily involved in the applications devel-
opment missions, since it .s their evaluation of the utility of the acquired data which is the key factor in
any decision to proceed with a fully operational mission. Thus, detailed data proeessing and information
disseminatijon as well as publication procedures and agreements are part of the Applications Development
mission design. Since in many cases users will be in the private sector, .. need exists for formal agree-
ments and guidelihes for joint research programs, similar to that between NASA/JPL and Exxon for oil

and mineral exploration image processing technology development.

Thr: Applications Development mission is an important phase before a remote sensing system becomes
eperational and relies heavily on the results of sensor and technique development missions. A wnique
characteristic of an Application Development mission is that it represents a final opzrational demonstration
of an application verifying its concept and is complete with documentation, hardware and all necessary

software to support operational use,

Although, in principle, the Shuttle could be used for applications development missions for (ultimately)
unmanned operational programs, such a role is not considered in this context. Thus, the missions of
concern are those for which, operationally, the Shuttle would be used as the primary platform, and con-

sequently have the same justification for Shuttle use as the operational mission,

1.4 OPERATIONAL MISSIONS

Operational missions are distinet from other Shuttle sortie activities by virtue of the fact that they serve

a user-agency administered function. In this case the Shuttle is the vehicle by which the payload (the sctual
operational sénsor ¢ninplement) achieves orbit and is operated there; the data Is returned for processing,
reduction, analysis and digsemination, Operational missions consist of sensors of various techhology
diseiplines which have been developed and proven, integrated into an operational system designed to fly

in one of several Shuttle sortie modes {e,g, with Spacelab, pallet mounted, ete,) and previously demon-

strated applications development missions,

Although flying an operational mission, the Shuttle sortie flight may not be the only, or even the primary,

platiorm in use for the Earth Resource management task in question, It is possible to view the role of the

‘3huttle sortie operational flight as that of a complementary or secondary platform in a system which includes
sensors in polar or geosynchronous arbit, Thus, although flying an operational mission, t‘he sortie flight

may not be the primary platform iu the Earth Resouices magagement system.
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A prime example of this role in operaticnal missions is in the uge of the Shuttle as a platiorm for camera
systems, Polar and geosynchronous satellites, by their nature, are not suitable vehicles for return of
photographic film, and to provide sensors with spatial resolution on the order of 5-10 meters may severely
overload data transmission link capabilities, Thus, for missions where high resolution photographs of
gpecific, well defined regions are required, the Shuttle can be used as a complement to the unmanned
vehicle, The Shuttle also provides capabilities for quick reaction, low orbital altitude flizhts with variable

orbital characteristics, These factors may be of importance in certain classes of operational missions,

1,5 MISSION DESIGN

Based on the potentizl roles of the Shuttle in Earth Resources programs, and on a variety of other selection
criteria discussed in Section 2 of this report, five missions were selected for detailed study, These
missions were considered as a representative set of potential missions, and consisted of one each lor
Sensor Development and Technique Development, and three Applications Development missions,

{Figure 1-2)
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The overall concept of each mission was developed to the point where mission design criteria could be
egtablished for

¢ User community and benefit mechanism
& Shattle role in the specific mission {Figure 1-3)
e Sensor reqeirements

@ Flight requirements and test sites

8 Data processing and analysis AN

o TIriformation dissemination

Following the development of the missien requirements, sencor seléction was made which provided

optimum integrated payload configurations, and an integrated Shuttle flight program wié'dé‘frelaped -

(Figures 1-4 to 1-8), A conceptual design for a Shuitle Earth Resources Daia Processing Faeility was

defined (Figures 1-9, 1-10), and a cost comparisen was made between aircrafl and the Shuttle, Finally, a set of

development recommendations for the Shuttle Earth Resources flight program was outlined.

1.6 STUDY CONCLUSIONS AND RECOMMENDATIONS

As a result of this study several conclusions can be drawn and recommendations may be made,
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(1) The Space Shuttle and the Earth Respurces Program

e The Space Shuttle has a viable role in the Farth Resources Program,

The Shuttle provides several unique capabilities which are of value to cértain types of Earth
Resources missions. These include

— The capacity for heavy, large volume, high power, sensor packages

— The capacity to accept esgentially unproven hardware for flight experiments

— The ability to return photographic and other hard copy data following a flight

— The potential fo.;t' rapid turnaround and quick reaction flights with specially tailored payloads

~ The capability of flying at different altitudes in different orbits, with orbital changes during
a flight

— The cost effectiveness of Shuttle as a carrier over otlier methods of a¢quiring equivalent data
<« The ability to fly small Earth Resources packages, such as SEOPS, to mike use of available

Shuttle resonrces (e,g. space, power, time) in conjunction with non-Earth Resourcec
missgions

e
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Each of the selected missions makes use of some or all of these unique characteristics.,

Shuttle should be used as a complement to other Earth Resources data acquisition methods,

The Shuttle has a limited duration on-orbit for any givén flight, currently estimated ag typiecally
7 days with approximately 30 days maximum, Thug, the Shuttle is not an appropriate . %icle for
missions requiring glebal coverage, or repetitive coverage over severdl orbit repe:it c§- . 4.

It can, however, provide a capability for intensified coverage of limited geographiecal areas in
conjunction with polar or geosynchronous spacecraft, The Shuttle can also be used for periodic
pevisits', such as seasonal repefition, of small geographic areas, ‘

(2) Mission Selection Criteria

&

Thuttle missions should be planned carefully to coordinate user requirements,

Although the Shuttle is a very cost effective vehicle for many Earth Resources missions which
require single or relatively infrequent overflights of specific test sites it is still quite expensive.
The cost effectiveness becomes more apparent when several users! needs can be satisfied on a
single flight with a given payload, Thus, caution should bie exercised in considering the shuttle

as a candidate vehicle for a specific mission unless one or more of the following criteria are
satisfied,

The mission reguires flight of non-proven or uniqué sensors which are impractical for long
life unmanned spacecraft.



— The considerable payload resources of shuttle (weight, powér, volume, and data acquisition
capacity) are essential for the specific mission,

— The mission can be flown in conjunction with several others using the same sensor comple-
ment and orbit characteristies.

-~ Photographic imagery is mandatory for successful mission completion.

® Mission objectites should be well defined and the specific objectives for each flight should be
clearly identified, - .

In order to provide a clear justification for the use of the Shuttle as a vehicle for any specific
mission, a clear set of mission objectives must be established, It should be remembered
that the primary questions to be asked when justifying the use of Shuttle are those relating

to the criteria established above.

In addition, this conclusion implies well developed mission definitions for the Applications
Development missions, with proven sensors and data snalysis techniques and processing
systems.

(3) User Involvement

e Potential and aptual users of Shuttle data should be invelved in Applications Development
missions at a very early st_age.

Data acquired using Shuttle-borne sengors have unique characteristics however there are
constraints imposed by the Shuttle vehicle which are different from otlier Earth Resources
data acquisition platforms. Users and potential users must be made aware of these charac~
teristics in order that they may gain confidenee in its use in operational systems, and thus
should be intimately involved from the mission design, through the definition phases, to the
ultimate flight program.
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SECTION 2
MISSION SELECTION

Previous TERSSE study tasks have {dentified nearly 300 potential Earth Resource applications tasks in 30
breoad missions. In addition, a related study, Standard Earth Observations Package for Shuttle (SEOPS),
has considered 40 operational Shuttle missions, Several requirements have also been identified by the
TERSSE study for sensor and technique development missions which lepd themselves to utilization of the

Shuttle or will he required n support of various identifisd appHeations missfons.

From this inventory of over 300 potentizl tasks/missions a selection of five was made for detailed study,
consisting of one sensor development mission, one technique development mission and three applcetion
development missions. This zelection of the five missions was made by a’two stage screening process:
first, the inventory of over 300 tasks/missions was screened to identify 18 candidate missions, and second,

five specific miesions for detailed study were chosen from this subset of 18,

2.1 SELECTION OF CANDIDATE MISSIONS

'I‘he. basic criteria use.d in the first screening of the potential missions, from the over 300 previously
generated by the TERSSE and SEOPS studies, was that of a) Space Shuttle sultability and b) réstriction to
Earth Resources missions (some candidate SEQPS missions arg oriented at other ﬁarth Observations areas
such as Weather & Climate and were thus excluded), This first screening reduced the 300+ potential

missions to a more manageable set of 18 candidate missions.

The restriction to Earth Resources tasks/migaions was straightforward; those SEOPS missions which were
defined as being part of another (non ER) discipline within the Earth Observation area were eliminated,
Previous TERSSE efforts have addressed the suitability of the Space Shuttle for the Earth Resources.
Program in two basic ways. These two suitability approaches are;

@ Consideration of the Shuttle as a single element in an integrated multi-platform system.

# Consideration of the Shuttle's capability to contribute withoit regard for other piatforms.

_ The first suitability approach regarda all platform elements of a multiplatform operational Earth Resources
saystem as in place and operational, Each Earth Resources mission is then considered and the appropriat=

ness of each platform for that mission addressed. The methedology and resuits of this platform sultability



assignment are discussed in Section 4 of TERSSE Final Report Volume 2. With respect to the Shuttle as

a platform, each mission was assigned an A or B where:

A - indicates that platform provides all or major part of data needs for the mission

B - indicates that platform provides partial satisfactions of data needs for the mission
The major platform assignment characteristics used were:
‘@ Spacecraft for repeated observation missions are more cost effective than aircraft over large
areas.
# Where appropriate, a geosynchronous spacecraft is more effective than multiple polar spacecraft.
e Shuttle sortie missions are effective platforms for high spatial resolution requirements.
& Geosynchronous spacecraft are not appropriate for global coverage,

¢ Shuttle sortie missions should be unique (not appropriate for long life spacecraft).

The second basic approach to determining Shuttle suitabiiity begins from & different starting point; instead
of considering the Shutile ag part of an integrated multi platform system, consider the Shutile alone and
determine What the Shuttle can contribute to éach potentisl mission in each of four categories:

1. Prime Platform - indicates that Shuttle can fully (or nearly fully) acquire all the necessary
data: to satisfy the application mission requirements

2, Partial Mission - indicates that Shuttle can fully satisfy the data needs for a poition of the
misajon, where a mission actually consists of several more specific sub missjons or tasks
{e.g. colleet all of the required global data for a few, but not all, required ¢rops).

3. Partial Data - indicates that Shuttle ean acquire 2 part {limited in spatial or temporal extent)
of the data required for the full mission (e.g. all Rangeland survey data needed at one, not all,
points during the year.)

4. Development Platform - indicates that Shuitle can acquire data and provide a significant
contribution as a development platform to the operational evolution of a mission.

The results of these two different approaches to Space Shuttle suitability for the Earth Resources niissions
ave tabulated in Table 2-1, where an X indicates that suitability exists according to the various criieria
just described. By considering those missions which had & good concensus of suitability, as irdicaied on

the table, a total of twelve missions were identified as candidate Application Development missions.
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In the areas of technigue and sensor developments, the previous TERSSE activity identified the need for
several development activities, Those that were identified and their applicability to the 30 comprchensive
basic TERSSE missions are shown in Table 2<2, With respect to potential technique developments, both
those previously identified by TERSSE plus Remote Sensing of Soil Moisture and the Role of Man were
considered as candidates, Of the sensor recommendations shown on Table 2-2 three were eliminated

from further consideration:

e Radar (multi-parameter) - necessary technigue development to adequately define this sensor
not yet accomplished.

e Atmospheric Condition Sensors - necessary technique development to adequately define these
sensors not yet accomplished,

@ Spectrometry - necessary techaigque developmetit to adequately define these sensors not yet
accomplished,

Three technique development and three sensor development missions thus remsin as candidate missions.

The eighteen candidate missione which resulted from this first screening step of the selection process

congist of:

12 Application Development Missions
3 Technique Development Missions
4 Sensor Development Missions

and are listed in Table 2-3. These eighteen missions were then more thoroughly examined in the second

vhase of the mission selection process in order to select the five representative missions.

2.2 SELECTION OF REPRESENTATIVE MISSIONS

The selection of the five missions tb he stﬁdi'ed in detail ‘dur-ing the remainder of the effoxt required a
turther evaluation of the eighteen candidates. Each bi‘ 'frj:e candidates was expresééd in terms of a concise
mission description and entered in Table 2-4. Each ofthese was evaluated with regard to the following

~ selection criteria:

e Tse of Shuttle
e Importance or Need
e Mission/Concept Maturity

e Contribution to & representative integrated program

Use of Shuttle: esdch of the representative missions should have a significant requirement for using the
Shuttlé as opposed to other remote sensing platforms, This can be expressed in terms of the unigue

Shuttle features being exploited and the importance of those tothe mission success.

9-4



SENSOR AND TECHNIQUE DEVELOPMENT ROLES IN TERSSE MISSION EVOLUTION
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TABLE 2-3. CANDIDATE SORTIE MISSIONS

REFERENCE & REFERENCE TECHNIQUE
4 APPLICATION DEVELOPMENT ¥ BEVELOPMENT
AD 1 POWER PLANT THERMA L POLLUTION Tp-1 REMOTELY SENSED
MONTITOR (EM-T) SOIL MOISTURE
AD 2 MINERAL EXTRACTION POLLUTION TD-2 MULTI-PARAMETER
MONITOR (EM-4) RADAR SIGNATURE
AD 3 AGRICULTURAL FARMING Th-3 MULTI-ASPECT
PRAGTICES (AG-3) SPECTRAL
SIGNATURE
AD 4 FOREST FIRE DAMAGE /REGROWTH :
ASSESSMENT (FOR-3) REFERENCE SENSOR
# DEVELOPMENT
AD § WORLD CROP SURVEY (AG-5)
SD-1 MODULAR/TAILORED
AD 6 MINERAL EXPLORATION SURVEY SCANNER
(EM-1)
8D-2 ACTIVE TMAGING
AD 7 MARINE NAVIGATION HAZARD RADAR
MONITOR (MAR-5)
SD-3 PASSIVE MICRO-
AD 8 TURBAN LAND ¥/SE /CENSUS WAVE IMAGER
(SEOPS LAND 3)
AD 9 TIMBER VOLUME INVENTORY
(FOR-1)
AD 10 US LAND USE INVENTORY (LU-1)
AD11 LANDFORM AND COVER MAPPING
(LU-2)
AD 12 IMPOUNDED WATER SUPPLY
INVENTORY (WAT-1)
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TABLE 2-4. EVALUATION OF REPRESENTATIVE MISSIONS — CANDIDATE TECHNIQUE DEVELOPMENT MISSIONS
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TABLE 2-4, EVA LUATION OF REPRESENTATIVE MISSIONS (Continued) — CANDIDATE SENSOR DEVELOPMENT MISSIONS
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TABLE 2-4, EVALUATION OF REPRESENTATIVE MISSIONS (Continued) — CANDIDATE APPLICATION DEVELOPMENT MISSIONS

oo skt WITLE | swrris nour DESERIPTIGN TYPICAL USkIL USE OF SIUTT IR | stamasny | COMMERTS
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TABLE 2-4, EVALUATION OF REPRESENTATIVE MISSIONS (Continued) CANDIDATE APPLICATION DEVELOPMENT

MISSIONS {Continued)
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TABLE 2-4, EVALUATION OF REPRESENTATIVE MISSIONS (Continued) — CANDIDATE APPLICATION DEVELOPMENT
MISSIONS (Continued)

RE FERENCE . . . . e . ; - . MISSION MISION .
NUMBER TITLE SHUTTLE IIOLE DESCRIPTION TYPICAL USER USE OF SWEMTEE | potoven MATUITTY | GOMMENTS
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Importance; each of the representative missijons should qualify as being significant to the Earth Resources

Program (ERP). This criteria involves consideration of several aspects including:
& economic benefits attributable to the mission
¢ synergism with other parts of ERP
s importance of the mission to the user and his resource management function
e recognition of limiting item for technique and sensor development missions

All of these aspects, taken together, comprise the importance criteria,

Maturity: each of the representative missions should be sufficiently established so that reasonable con-
fidence exists for success during the early Shuttle program (nominally the first two years). This concept
of maturity includes success of previous efforts and expected availability of sufficient expertise for its

continued progress.

Integrated Program: the five representative missions selected for further study should be typieal of the

breadth und range of Shuttle applications anticipated for the Earth Resources Program. To the extent
practical in a selection of five, the missions should be selected with an eye on their ability to represent

the various extremes of applications,

Each of the candidate missions was evaluated with respect to these criteria and the results indicated in
Table 2-4, Based on consideration and evaluation of these critéria the five representative missions

selected are:

REFERENCE
SHUTTLE SORTIE ROLE # ' EARTH RESOBRCES MISSION
TECHNIQUE DEVE LOPMEM Tﬁ—l : 7 : REMOTE Lf SENSED SQIL MVOIS’VI'U'RE
SENSCR ZDE\“IE LOPMENT | ' | Sp-2 ACTIVE IMAGING RADAR
APPLICATION DEVE LOPMENT AD 8§ | ‘ URBAN LAND USE/ C‘ENSU'.SV
AD 6 MINERAL EXPLORATION SURVEY
AD 9 TIMBER VOLUME INVENTORY

The five missions have several significant characteristics when considered colléctively as a set {in addition
to their individual one=at-a-time merits.) The three 'appiicatibn development missions involve three dif~
ferent types of resource managers: Timber Inventory (Federal Agency), Urban Land (non-Federal govern-

ments, i.e. city, county, state)and Minera! Exploration (private mineral exploration and mining companies).
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The five missions span the entire spectral range with active radar, pasgive microwave, visible, and infrared
sensors, Each is utilized for missions which reflect the maturity of their use (e.g. visible and infrared
sensing for application development, and microwave for sofl moisture technique development), The orienta-
tion of theée five missions is towards a broad-spectrum research ané developmeént program as opposed to
solely on operational objectives. The Remotely Sensed Soil Moisture and Active Imaging Radar missions
support early-phase R&D while the application development missions are more mature system demonstra-
tion R&D objectives,

It should be nated that, for this second stage of selection no attempt was made to identify 'better" missions
or to quantify each mission's suitability against the selection criteria., The set of five missions selected

represents an optimal set for the purposes of the study, and the inclusion or exclusion of a specific mission

should not be construed as indicative of its relative iImportance to either the Earth Resources Program or
the Space Shuttle Program in the whole,
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SECTION 3
MISSION DESCRIPTIONS

In this section each of the five selected missions is analysed in depth to define the following mission

related factors:
e Detailed mission description
¢ User community and benefit mechanism for the mission
e Shuttle flight justification
& Sensor requirements
e TFlight program requirements
® Test site selection
@ Data processing reqiirements

¢ Data analysis and information presentaton requirements.

A full understanding of all these factors is essential to the implementation of a comprehensive program

which efficiently accomplishes the objectives of each mission,

The five missions addressed in this section are:
¢ Remotely Sensed Sojl ﬁoisture
e Actlve Imaging Radar
e TUrban Land Use/Census
e Mineral Exploration Survey
e Timber Volume Inventory

The Sofl Moisture mission represents the use of Space Shuttle in its Technique Development role and the
Imaging Raday mission iz representative of the Sensor Develocpment role, ‘The latter three missions are

representative examples of using the Space Shuttle sortie flights in the Application Development role,

3.1 REMOTE SENSING OF SOIL MOISTURE

The Remote Sensing of Scil Moizture is a mission which is representative of using the Space Shuttle sortie
flights in the Technique Development role, Technique development is a research oriented activity whose
goal i to identify and peifect a basic remote sensing technique; the Shuttle serves as a spé.cé-borne
platform.



3.1.1 BACKGROUND AND MISSION DESCRIPTION

The objective of this mission is the development of remote sensing techniques for the determination of the
amount of free water in a particular soil sample from a space platform. Free water implies the potential
for this water to be used in various hydrological processes as opposed to water which is hygroscopically
or molecularly bound to the soil and is unavailable for drainage, runoff, evaporation, or use by plant life,
The application of soil moisture data to resource management spans a surprisingly wide range of
disciplines, It agriculture, soil moisture data is believed to he a key ingredient in the ability to predict
crop vield, Although it has been shown that monitoring vegetation vigor can determine the health of a
particular gpecies, once drought-caused stress occurs, it is too late to prevent damage. A measure of
soil moisture (or lack of it) prior to damage could signal trouble. In addition, if soil moisture data could
be ohtained on a fine scale (=50 11t or less) it would be beneficial to individual agricultural units in aiding
judgement as when to fertilize or irrigate. With accurate soil moisture data it should be possible to time
these two very important phases more precisely and effect savings while increasing yield and efficiency,
There are several other agriculture related applications for which remotely sensed seil moisture data
would be beneficial. These include monitoring of federal rangelands to determine optimum grazing times

as well as the number of head of cattle (or animal units) which the range can support,

In the field of hydrology several important applications. exist which require soil moisture data input, The
gtudy of natural watershed areas and predictions of their runoff potentials is at best an approximate
science at the present time, Howeve., it is felt that with good soil moisture data as well as accurate
watershed houndary delineation these runoff potentials could be calculated more accurately, thus, pro-

viding valuable information for flood contrel, dam construction and water rescurce management in general,

In the field of meteorology there is an important application of soil moisture data, As a paxt of large
seale weather generation processes, evaporative heat transfer at the air/soil interface is a major con-
tributor of heat to the environment. This is very important o prediction of weather patterns on a large
scale and present models for this predictive process require inputs of soil moisture data, The ability to
routinely collect soil moistuve data at the right spatial scale will aid in the improvement of global weather
pattern predictions. .

Several additional uses of soil moisture data may be grouped together under the general title of spil con-
servati_on. These include monitozing of critical flood plain areas such 2s the Missi=sippi and small scalu
monitoring of unstable soil slopes to predict slope failure (landslide). These applications are less mature
at this tme than the others mentioned and require further development based on the availability of soil

moisture measurement techniques,



Three basic measurement approaches have heen suggested for obtaining soil moisture information by
remote sensing methods, Two of these operate in the visible and near infrared region of the electro-
manetic spectrum, while the third utilizes energy in the microwave region, Within these basic appreaches
there are sabsets with slight variations, such as purely active or purely passive sensors, At the present
time none of the approaches can be considered operational but are mature enough in terms of heing based
on sound analytical models and fairly well developed instruments so that they can be realistically con-

gidered for the Soil Moisture technique development mission,

The first approach, which uses optical methods, measures surface soil moisture to 2 depth of a few pm,
through the phenomena of polarization of scattered light, As the surface soil moisture content increases,
light from an unpolarized source {the sun) experiences more polarization when scattered from the soil.
By usging a sensitive instrument called a photopolarimeter it is possibile to measure the degree of
polarization and correlate it to the amount of soil moisture, Figure 3-1* demonstrates the degree of

polaiglgation observed as a function of soil moisture based on laboratory and aircraft flight measurements,

A photopolarimeter may be designed with a small instantaneous field of view yielding the fine spatial
resolution required by some so0il moisture applications, Current instrumeénts are "single spot" types,
however mechanical scamning can provide wide area coverage, and the emergence of photodicde arrays
allow solid state imaging sensors to be developed, Several unknown areas must be investigated before
this appreach may be considered viable, including operation over vegetative cover, operation with multiple
spectral band coverage, dnd determination of sensitivity to viewing angle in the principal plage. One very
encouraging result noticed to date in measurements over bare fields was a lack of sensitivityto soil type,
Due to the reliance on suolight as the source of illumination, however, this approach suffers all the
classical drawbacks of other optical or spectral analysis syste:ps and must have clear atmospheric condi~

tions and operate in daylight,

A second measurement approach is termed gpectral analysis, This implieg that total radiance in a
épeciﬁc spectral band is the parameter of interest rather than the degree of polarization, Within this
approach class of spectral analysis are two subsets: spectral reflectance in the region from .4 gm to
2,0 pm (visible o near infrared, IR) and the measurement of .di_urnal temperature differences using far

infraved (10 um), The spectral reflectance method is based on the fact that ag soil moisture content

*Source: Stockoff, E, H, and Frost, R. T.; "Remote Detection of Soil Surface Moisture", 9th International
Symposium on Remote Sensing of Ehvironment; Ann Arbor, Mich,, 1974
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Figure 3-1, Degree of Polarization vs Soil Surface Moisture (0 - 1/4 inch)

mmcreases, the reflectance frum that soil decreases. Figure 3-2* demonswrates this effect tor a particular
sofl type. The diurnal temperahire difference method relies on the increased thermal capacity of moisture

laden soil and the corresponding difference in heating and cooling rates during the day.

Both methods can be implemented through the use of 2 multiapectral §canner such as the MSS flown on
Landsat or the 8192 used on Skylab, In addition, the diurnal AT approach can also use imaging IR
radiometers to make the measurement., Each of the methods enjoys the advantages of relatively fine
spatial resolution achievidble with scanners or imagiig IR radiometers but each also has several Sericus
disadvantages which raise guestions as to ity application as a quantitative measurement, For example, it
has been seen that the spectral radiance in all portions of the visible spectrum is highly dependent on the
type and density of vegetation present s well as on the composition and roughness of the soil, |

The third bagic technigne which has been shown to be useful in remote determination of soil moisture is

the é.ppiic‘aﬁon of niicrowave sensors, both active and passive, Three different applications of microwave

*Source; Blanchard, M, B., Greeley, R. and Goettleman; "Use of Visible, Near-iﬁifrared-, and Therimal
Infrared Remote Senzing to Study Soil Moisture", 9th Internationzal Symposium on Remote Sensing of
Environment, Ann Athor, Mich., 1974
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measurements are available: scatterometer (active), imaging radar (active) and microwave radiometry
(passive).

The methodology used in the application of both' : attemmeters and imaging radar is very similar, If has

~ been shown that the backscatter cross seetion 0' »for soilg is a function of the soil molsture, (see Figure
3-3+%), Thus, a determination of backscatter ercis section at some (or several) incidence angles leas than
20° can provide a measure of soil moisture, The seatterormeter makes this measurement as an average
over 2 relatively large area, the imaging radar provides the potential for such measurements over a

smaller instantaneous field of view within the total ground area viewed by the sensor, _

g

The use of a passive microwave radioﬁl" ; _;depends on the fact that & good correlation has been

established between the brightness tempé’fﬁture of soil samples and the moisture content, Figure 3-4%*
shows the empirical relationship in graphical form for measurements using a 1, 5 GHz microwave
radiometer,
*Source: Ulaby', . T.; Chilar J,; and M‘ooge R. K. "Active Microve Measurement of Soil Water
Content"; Remote Sensing of Environment (3); pp 185-203; 1974,
**Jourece: Schimugge, T,; P. Gldersen; Wilheit, T,; and Geiger ¥, ; "Remote Sensing of Soil Moisture with

Microwave Radiometers"; Journal of Geophysical Research (RED); Vol 795 No 23 Jan. 10, 1974; pp
317-323,
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‘Table 3-1 summarizes the various methods dis-
cussed and their limitations and development nl
requirements, The Technique Development mission
for Remote Sensing of Soil Moisture will be con-
ducted via a series of flights using severil sensors
simultaneously, A primary goal of the miasion is
the further investisation of the limitations of each

of the methods, and an evaluation of the extent to

BRIGHTNESS TEMP (°R)

which use of two or more of the methods gimulta—

neously can provide a sipnificant improvement in

measurement accuracy et the desired spatial

resolution, ,
100 1 1 - _I

Figure 3-4, Plot of 21-cm Brightness Tempera-
tires versus Seil Moisture for Bare
Fields, Plug signs Indicate Sandy
Loam; Open Circles Indicate Clay
Loam,
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TABLE 3-1._ S0IL MOISTURE MEASUREMENT TECHNIQUE SUMMARY

POLARIMETER

SPECTRAL ANALYSIS

DIUNNA L TEM PERA'TURE

IMAGING RADAR

SCATTENOMETER

MICROWAYE RADIOMETER

POLARIZATION OF DIFFERENTIAL HEATING -
GHSEHVABLE PARAMETERS | REFLECTED SOLAR CHANGYL [N SPECTIAL 7 ND COOLING OVER TIE MADAR DACKSCATTER RADAR BACKSCATTER JURFACE BRIGIITNESS
HADIATION SIGNATURE OF SOIL . HEANALCYCLE CROSS-SECTION CROSS-SECTION TEMPERATURE
SPATIAL RESOLUTION >60 METFUS >a0 METENS -50 = 500 METERY > 20 METERS > 1000 METES 600 METERS
MEASUREMENT ACCURACY | 1% MOISTURE 427 MOISTUILE 42% MONTURE UNKENOWN +I% MOWSTURE 11% MQSTURE
LIMITATIONS OF METIIONS | ¢ OBSCUHATION BY o YARWTHIN DUE TO REQUILES 2 FLIGHTS COMPLEN, QOSTLY SI™SHN COARSE RUSOLUTION COARSE RESOLUTION
aroubs JRESENCE OF VEGETA- | APFROX 12 HOURS APAHT | HIGH DATA RATE HENSITIVE TO VEGETA=
o CLEAR SUNLIGEHT TION, SOIL TYPE, FTC. | WITIOUT OBSCURATION, COMPLEX DATA PROCESSING TIVE COVER
NEQFRED o REQUUIES UNQISCURED | AND NO MOBTURE REQUIREMENTS
& VEOETATION (CLOUD FREL) VESTON CHANGE
OBHIURES o REQUIRES-FUNLIT
MEASUREMENT - SCENE
STATUS OF METHOD CONRELATION OF PROBABLY NOT ADEQUATI; FOIL QUANTITATIVE RO SERBORS GURRENTLY HENSOI TECHRCHLOGY GOOD CORRELATIONOF

POLAREZATION v§
SOML MOBTURE WELL
BEHAVED, LITTLE
FLIGHT EXPERMENGE
WETI AEIORAFT OR
s/c

MEASUREMENTS BUT USEFUL IN SUPPORTIVE ROLE
(€.Ee s EI MINATION-OF EFFECTS-OF VEGETATIVE
COVER) DO NOT REQUIRE NEW SENSON, MUCH FRIGHT
EXPETUENCE AVATLABLE FOR MBLTISPECTRAL
SCANNERSAND Mt RADIOMETERS.

AVAILADLE FOR S/C
FLIGHTS. ‘UNCERTAINTY AS
TO METHOD OF EXTRACT 3
SO, MOISTURE DATA FE -,
RADAR. IMAGERY

WELL DEVELOPED, GOOD
THEORETICAL MODELS OF
FINLNOMENA AVAILABLE
WITHE HIGH POTENTIAL FOR
QUANTITATIVE RESULTS

BRIGHFN ESS TEMPERATURE
WITH 50IL MOISTURE. GOOD
AGREEMENT BEIWEEN
FHEORETICAL: MODELS AND
FLIGHT EXPERIMENT
RESULTS

FUTURE DEVELOPMENTS

'DEVEEOP A/C SENSOR

FOR TMAGING
POLARIMETERS,
CONTINUE A/C

FLIOHT -PNQGTAM TO
VERFY THEORETICAL
MODELS:

CONTINUE CURRENT FLIGHT PIOGTLAMS

CONTINUE A/C FLIGHT
PROGRAM TO DEV ELQY
METHODOLOGY AND
ANALYTICAL TOOLS

CORMINUE A/C PLIGHT
PROGIWAM TO VERIFY

AKD EVALUATE EFFFCTE
OF VEGETATION, SOIL
ROUGKHNESS AND PARTICLE
SIZE, AND SELECT
OPFTIMUM FREQUERGIES

FURTHER AIRCRAFT FLIGHTS
REQUIMED TO IDENTIFY OFTIMUM-
FREQUENCIES AND CHARACTERIZE
RESPONSE TO SOIL TYPE, '
NOQUGHNESS, VEGETATIDN.
DEVELOPMENT OF SPACEDORNE
SENSOR




The technigues to he investigated during the inifial phase of the technique develowment mission will be
limited due to the non-availability of the active microwave sensors (scatterometer and synthetic aperture
radar), In é.ddition, the diurnal temperature method is impractical for Shuttle flights because of orbital
congtraints which do not permit coverage of the same test sicc every 12 hours, Thus, the techniques
which will be evaluated are:

# Polarimeter measurement
e Spectral Analysis

¢ Microwave Radicmetry

3,1,2 USER COMMUNITY AND BENEFIT MECHAINISMS

Technigne development missions are intended to provide a groundwork upon which a specific method of
obtaining remotcly sensed earth resource data may be developed, Their end goal is not to actually collect
the particular data in question (this is done in an Application Developme'ﬁt or operational mission) but to
test various methods and verify the technique being considered, For this reason a technigue development
mission may encompass several flights, each having a different end objective, but the overall goal is to

finally arrive at a preferred way of gathering the regnired data,

In this instance the required data will be soil moisture and the mission is to investigate various possible
ways of remotely measnring soil moisture and to. verify which technique will wltimately satisfy the require-
ments, Although the mission (by its unique definition) produces no daﬁa for a specific application, there is
still a commiunity of users whe support the mission and are vitally interested in its progress. The
immediate @sers of results from this mission consist of those researchers inveolved in evaluating and
recommending soil meisture measuring techniques. These consist of academic scientists and researchers,
engineers and scientists af the interested NASA centers and several potential users of actual soil moisture
data such as USDA, These users will concentrate on evaluations of the utility of a speci.t‘-ié approach in
gathering soil moisture and the applicability of the technique to evéntual oi)eraﬁona;l use, Thus the users

for a techoique development mission differ from the users for an operational mission.

Several of these users have been invelved in research and basic investigation of soil moisture for several
yeairs and presently are participating in the NASA funded efforts which continue this work, Tn addition to
thoge users already identified there are several other potential users of remotely sensed soil moisture data
including vegional land use agencies, the National Weather Service, the Army Corps of Engineers and the
Soil Conservation Service of the USPA; most of these however, are ultimate operational users not

Technique Development users.



Similarly, becausge of the nature of the technique development mission, the benefit mechanism is also not
clearly defined, It is not possible to stipulate direct cost benefits to be derived from the development of
operationul techniques ~ such benefits result indirectly from the improvements in applications missions

which use, in this case, soil moisture data as a part of the overall data input.

3.1, 3 JUSTIFICATION FOR SHUTTLE PROGRAM

Shuttle sortie missions flown for technigue development purposes arée intended to provide the foundation
upon which iz built the application of a remote sensing technique for use in several resource management
applications, This is accomplished through early investigative flights utilizing various promising remote
sensing sppydaches designed to explore specific techniques. It is important to realize that the okject here
is not the actual data for application to a resource management problem, but the verification of the techni-
ques proposed in order to effect eventual maturation inte an operational clags. It is felt that the Technique
Developmentrole is an important one for Shuttle and fits several emerging remote sensing practices and

resource managemnent needs,

To these ends the Shutile lends many valudble characteristics such as the gbility to recover a paylosd intact

and perform subsequent repairs, refurbishinent or modifications,

A further key aspect of the application of the Shuttle to the technique development mission selected (Soil
Moisture measirement) is the ability to fly various payloads representing the different experimental methods
described earlier so that different combinations of these methods may be evaluated, This flexibility also

includes the eapability for verifying techniques with improved sensors as they become available.

A final reason for using Shuitle as the platform for soil moisture technigue development where passive
microwave sensors ave concerhed les in the size of the aperture required to achieve meaningfully homo-
genous data cells on the Earth's s-urvface. The largest passive microwave radiometer to be flown in space
by the early 1980's will have been the Secanning Multichannel Microwave Radiometer (SMMR) which iz
scheduled to fly on Seasat A. An effective resolution increase of 10x ¢an be achieved with the use of the
Shuttle Imaging Mierowave Sensor {SIMS) on Shuttle, This results from both increase in apertuze (~5x)
and lower flight altitude (~2x), | '

3.1.4 SENSOR REQUIREMENTS

The intent of the téehnique development migsion is twofold - to develop individual techniques and to evaluate
the improvements tobe derived as a result of using the different individual techniques in a complementary
manner. The sensors required for the mission must, therefore; be flown gg a single package whenever

) possible,



The sensor reguirements for this soil moisture mission consist of those sensors which in existing experi-
ments have shown realistic promise of providing measurements relatabls to soil moisture, Four major
sensor types have shown (refer to Figures 3-1 through 3-4) promise for being able to indicate soil moisture
content, either alone or in combination with each other, These four are optical polarization, multispectral
signature, passive microwave radiometry, and active microwave seatterometry. High resolution, large
aperture, microwave scatterometry requires a sensor such as the Synthetic Aperture Radar (SAR); the .

SAR and its development are the subject of section 3. 2 of this repoxt.

The sensor requirements are tabulated in Table 3-2, From this table it will be seen that a spot photo-
nolarimeter of the type currently being flown on the NASA CV-990 aircraft, the Thematic Mapper, and the

Shuttle Imaging Microwave Sensor (SIMS) will be required to satisfy the sensor needs,

TABLE 8-2. -SCIL MOISTURE MISSION SENSOR REQUIREMENTS

_ MULTISPECTRAL MICROWAVE
POLARIMETER SCANNER RADIOMETER
SPECTRATL BANDS 10-15 NM in 400-1000NM| 6 BANDS IN 400-2500NM| 11 BANDS IN 0, 6-120 GHz
SPECTRAL REGION SPECTRAL REGION | REGION -
INSTANTANEOUS FIELD: 1 30 xRAD (~15 METERS) | 0.1 to 17°, DEPENDING
OF VIEW ON FREQUENCY
TOTAL FIELD OF VIEW | SPOT SCAN WITHIN 60 KM 16(° OF NADIR
+6(° OF NADIR
SENSITIVITY 20, 5% POLARIZAT ION | 1% REFLECTANCE LK

In as much as the photopolarimeter is a relatively unfamiliar sensgor, the following few paragraphs will

provide a brief summary description,

Laboratory and CV-990 flizht test of the photopolarimeter instrument have shown that polarization of
reflected visible light is one of the more sensitive technigues available for remote detection of soil surface
moisture. One of the ad\?antages of this technique is the relatively large amount of reflected power
available within narrow bandwidths which can be selected to minimize unwanted Tight, such as that from
sparae foliage on g nearby bare field, and the relatively high gquantum efficiency of available detectors in
the visible range of wavelengths. The one degree imstantaneous field of view affords a suitable area
resolution from the minimal orbit altitude to correlate soil moisture measurements with the prime instru-

ment. SIMS. Following is a brief description of the measurement technique,
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The moisture content of the soil surface viewed hy the polarimeter i measured by determining the angle
through which the light has been scattered by the soil and by observing the degree of polarizatioa of this
light produced during its interaction with the soil, The polarimeter then measures this degree of pnlari-
zation in terms of the first three Stokes parameters, called here I, @ and U, Q and U are measured by
the polarimeter as the difference betweun two readily measured light intensities, A development of the

repregentation of polarized light in terms of these parameters may be defined as follows,

I = total intensity of light
Q@ = IPcos (2X)
U = IP s&in 2X)

where P is the degree of polarization of the light and X is the angle formed between a reference plane, de-
fined by the viewing direction and, usually, the vertical, and by the plane of polarization of the light. To
obtaln maximum anguiar scauning range through the aircraft window, the reference plane was oriented as
shown in Figure 8-5 with § = 22,5° relative to the "plane of incidence' of the window. The plane of in~
cidence is defined by the normal to the window and the viewing direction, One of the three optical barrels
of the polarimeter measures I, in the form I/2, while each of the other two barrels measnres the intensity
of light as transmitted through a polarizing prism, The resulting intensity B, in one case for the prism
whose transmitting axis is oriented as shown and labeled "B" in Figure 3-5, and intensity D, in the other

case for which an axis labeled "D is shown, were then combined electronically to preduce @ and U as

follows,
Q2 = B-1/2
U/2 = D -1/2

Two of the three parameters, I, @ and T, are sufficient to calculate the degree of polarization but, to
permit a choice of which combination is used, to minimize efmr in the ealculation, all three are measured
and recorded, Because it wag necessary to make the measurements by oblique viewing through a window
in the pressure htll of the aireraft, a correction must be applied to the data to account for 1) the change in
magnitude and ozientation of plane of polarization of the polarized compartment, 2) the attenuation of the
unpolarized compartment 2nd 3) the generation of & polarized component from the unpolarized compohent,

all due to the pregence of the window.

A photodiode array polarimeter wotld be used as an advanced version of this sensor in later flights if the
spot-geanning instriment hears out the fruitfulness of the polarization sensing approach,

3.1.5 FLIGHT PROGRAM AND TEST SITES
In order to accomplish the objectives of the mission, and to gather data for as wide a range of soil moisture

conditions as possible, several flights of the full sensor complement should be made at different times of
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Figure 3-5. Orientation of Planes Identified in the Discussion of Stokes Pé.-rameters

the years, FEach flight must be correlated closely with extensive ground truth and aireraft underflights,

For the so0il moisture technique development mission, several Shuttle sortie flights will be required, one

at least during each season in order to gather data under different weather and vegetative cover conditions.

In addition, the Shuttle orbit should be (or be adjusted, refer {o Section 5, to be) such that a short revisit

. céyele, on the order of a ¢oitple days, is obtainable to assess the temporal effects. The Shuttle flight must

heve a nominal orbit incliration (@pproximately 35°) sufficient to include several calibration and well in-

strumented teést sites such as swamps, deserts, and controlled fields (varying area, bare,' vegetated,

" irrigated, ete.).
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Because of the research nature of technique development, it will be necessary to condnet a sizeable ground
truth and auxillary data acquisition program to obtain measurements coincident (within two hours) with the
Shuttle flights, These measurements must include the obtaining of soil samples, weather and atmospheric
observations, detailed descriptions of the test sites, and similar data, Tt may be necessary to schedule

supporting aircraft underflights with well instrumented aircraft over the same areas,

3.1.6 DATA PROCESSING AND INFORMATION BISSEMINATION

Sensor data for the soil moisture techniaque development mission will he preprocegsed in the Shuttle data
preprocessing facility, Turther analysis will be performed using both the extractive processing facility
and general purpose computers by individual members of the technique development program team. Fig-

ure 3-6 schematically shows the data processing steps required.
Because of the limited research nature of the mission, information dissemination can be conducted by in~
formal transfer of information between team members, with publication of the methodology and results

as the fina] dissemination step.

3,2 SYNTHETIC APERTURE RADAR (SAR) DEVELOPMENT

The Synthetic Aperture Radax (SAR) Development mission is ene which is representative of using the
Space Shuttle sortie flights in the Senser Development role, The goal of sensor development is to perfect
aund optimize, in an engineering sense, a sensor whose utility has been established in technique develop-
ment and for which there is an application{(s) need, The role of the Shuttle is that of a space borne en~

gineering laboratory test platform,

3.2.1 BACKGROUND ANP MISSION DESCRIPTION

'1_‘he intent of the sensor development mission for a Synthetic Aperture Radar is the verification, by flight
of prototype hardware, of the desigh of the SAR as a sengor, It is not intended as a means of providing
SAR data to applications users or resource managers, In this respect the sensor development mission is
similar in purpose to the technique development mission - namely to provide a. vehicle for the development
of optimum flight hardware which may subsequently be used as an operational sensor, The final product

iz the detailed sensor design requirements for an operational sensor, The imniediate user of data from

the sensor development mission is the sensor development manager.

" The SAR is an outgrowth of two decades of development, Starting with the development of the syrthetic
aperture concept in 1950, Tarly attempts at flying imagihg radars in aircraft resulted in the SLAR (Side
Looking Airborne Radar) which used brute force technigues with long antenna aperture and high peak powers
to achieve fine resolution imﬁgery. The synthefic aperture approaéh perxhits the synthesis of an "effective

aperture” which can be several times longer than the vehicle on which the radar is carried as a result of
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successive observations of the same area with a small antenna at different positions, and using the concept
of phase coherent summation of several returns from the same resolution element as the radar moves in
position, 1a this fashion it is possible to synthesize very large antenna "apertures' and achieve spatial
resolution {azimuth) that are independent of radar altitude (range), The techniques for achieving this fine
resolution impose severe complexity, power, weight and data requirements upon the radar and even affect
attitude requirements of the platform, The imagery that can be produced from this technique is of very
high quality and lends itself readily fo applications such as terrain mapping, geological studies and other
established radar uses.

The SAR development mission is designed to use the capabilities of the Shuttle as a platform for the further
development and flight testing of a SAR hardware design. The mission will consist of initial flights to
verify mechanical and electrical integrity of the design, especially th:e unfurtiug of 2 very large (3m x 12m)
antenria and the electromagnetic compatibility of the SAR. Subsequent flights will then be used to perform
analyses of performance parameters such ag sensitivity, spatidl resolution, transmitter efficiency, etc.
for the gensor. Modifications to the sewser may be made between flights hased on analysis of data from
earlier flights. The final output from the mission will be a detailed undéerstanding of the requirements

and design of operational flight hardware.

3.2,2 USER COMMUNITY AND BENEFIT MECHANISM

The user community for the sensor development mission is, initially, simply the sensor. development
managey and his support staff, As the mission progresses, however, and the sensor matures through
flight experience, it is probable that this community will widen through involvement of applications oriented

users, thus changing gradually from a sensor dévelopment to a technique development program,

The direct benefits of developing a new sensor, such as the SAR, are difficult to quantify and assess,
The SAR will produce data of a dramatieally different type and quality than anything now in existence,
The need for, and benefits from, SAR are assumed to have been established for the purpose of this study,
There are many potential users of SAR data for applications in geology, meteorology, hydrology, and
oceanography, and if i3 the ultimate satisfaction of these applications needs for currently undbtainable

data which provides the ultimate benefit mechanism for the sensor development,

3,2,3 JUSTIFICATION FOR SHUTTLY PROGRAM

The Shuttle offers several unique capsbilities when considering a vehicle for an orbital sensor develapment

migsion:

e Large payload capability
e Large power and data storage capacity
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® Recoverability

¢ Manned interaction on orbit,

Each of these Shuttle capabilities will be seen to contribute to the SAR development,

The large payload capability enables SAR design without constraining (within reason) the configuration of the
hardware, its design state or weight -~ providing it meets operating and safety requirements of the [light,
As an extreme, it should not be considered undesirvable to fly a breadboard configuration during the latter

phases of sensor development if it were suitably packaged to withstand the launch and orbital environment,

Large amounts of avuilable power preclude the need for constraining design with a tight power budget and
avoids high design/development costs. Once development is complete, suitable packaging can be accom-~

plished for the specific application,

Recoverability enables early operation of the sensor or its components under the expected (orbit) environ-
ment without undue conecern for failure, and the eirevitry design can be evaluated with preplanned variable
input parameters and the results evaluated. Exhaustive and costly ground simulations of the expected en-

vironment can he avoided,

With appropriate consideration to the sensor component design and with snitable test/telemetry points
available for orbital troubleshooting and repair as necessary, maximum use can be made of the man-in-
orbit/machine interface and substantial savings should result from accomplishment ox near accomplishment
of the planned orbit obhjectives. Skylab hias shown that even under extremely difficult conditions repairs in
orbit can be accomplished, With proper preliminary consideration, repairs or adjustment in orbit can

become relatively rvoutine.

3. 2.4 SENSOR REQUIREMENTS

The hardware design of the candidate SAR sensor is currently being pursued by both Hughes Aircratt and
the Jet Propulsion Laboratory, The Hughes design is for a dual frequency system (X&L band) and employs
all-digital technignes for data recording, I addition it has a limited on-board processing and display capa-
bility, The desipgn chosen uses a processing technigue (clutter tracking) which greatly eases Shuttle attitude

control problems in azimuth pointing.

The anterna design sllows imaging of a 90 kam swafl within a 290 km possible illumination range at angles
of 20° to 60° off nadir,

Although quite similar to the Hughes design, the JPL design approsch incorporates a third frequency (Ku

Band - 15 GHz), operates at only one nominal resolution and requires considerably more power, Inh addition
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no definite approach to data recording, handling or preprocessing has been selected, although several

trade-offs and comparisons have been congidered, Table 3-3 summarizes the salient features of the two

designs. TABLE 3-3, SAR SENSOR DESIGN SUMMARY (PRELIMINARY)
HUGHES JPL
FREQUENCY PLAN X & L BAND (9 GHz, 1 GHz) Ku, X, L BAND (15 GHz, 8,3 GHz,
1,3 GHz)
SWATH WIDTH IN VIEW | 290 Km 100 Km max,
40 Km max,
SWATH WIDTH IMAGED 90 Km 60 Km 30Km | 40K to 100 Km
RESOLUTION | 25 m 12,5 m 6m 25m
DATA RATE 480 Mbps UNKNOWN
ANTENNA SIZE 12 x 3m, 2 FOLDS 10x3,1m
WEIGHT 1060 Kg 813 kg,
VOLUME 11.8 m° UNKNOWN
POWER 4 Kw 7.8 kw
POLARIZATION - VV & VH VV & VH '
HV & HH HY & HH

3.2,5 FLIGHT PROGRAM

The unigue Shuttle éa%ébility for intact recovery of payloads lends itself to an evolutionary sengor develop-
ment program, One evelutionary approach would be to orbit all (or most) of a sensor and incrementally
aequire sensor data to check out the sensor's suitability for different applications. An alternate evolutionary
approzch (discussed in this section because of its uniques in order to stimulate further thought in the
community) is to incorporate the sortie flights as part of the sensor engineering development and test cycle,

With. this approach, the sensor would be incrementally flown in subsaystems which would each be checked

“out with the actual Shuttle environment and conditicns,

The SAR flight test program will be a phased development program starting with purely mechanieal and

electrical integ—rif;y/compaﬁbﬂi'ty tests, This will then be continued through to the final flights for perfor-
mance analysis and initial ground processing tegether with interpretive technique development, The cﬁ;jec—
tives and procedures for each flight will be established based on the results obtained from previous flights
thus providing the phased approach towards a complete flight sensor development, Table 3-4 describes
the purpose of each of the three phases of the flight program, and Figure 3-7 shows candidate test site
areas for the Iater flights in the program,
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TABLE 3~4. SAR DEVELOPMENT FLIGHT PROGRAM

FLIGHT PROGRAM PHASE NUMBER OF PURPOSE
: FLIGHTS
SYSTEM VERIFICATION 10R 2 ¢ VERIFY MECHANICAL INTEGRITY AND AN-

TENNA FOLBING AND UNFOLDING

¢ VERIFY ELECTRICAYL, OPERATION OF LOW
POWER EQUIPMENT

¢ VERIFY OPERATION OF HIGH POWER & RF
EQUIPMENT

¢ PERFORM EMI & RFI COMPATIBILITY TESTS

¢ VERIFY OPERATION OF ONBOARD MONITOR

EQUIPMENT
SYSTEM PERFORMANCE 1 | * ANTENNA PATTERN MEASUREMENTS WITH
ANALYSIS GROUND BEACONS & CORNER REFLECTORS
¢ MEASURE SYSTEM SIGNAL-TO-NOISE AND
SPATIAL RESOLUTION

® OBSERVE SELECTED GROUND TEST SITES
DURING DAY & NIGHT, CLOUD FREE & CLOUD
COVER CONDITIONS,

& RECORD DATA FOR LATER PROCESSING ON

GROUND. B
" SENSOR APPLICATIONS 1 » RECORD DATA FOR APPLICATIONS TYPE

PROCESSING ON THE GROUND
# CONTINUE SYSTEM PERFORMANCE
MEASUREMENTS

The baseline flight program provides for a single flight for each development phase, however an alternate,

evolutionary approach has some desirable advantages.,

This alternate appreach would provide two flights for the first phase of the program, the first heing a
non-operating flight and the second being the initial flight for a fully operating sensor,

During the first flight a full test of the mechanical and thermal properties of the hardware, éspecially the
antenna unfolding and thermal and mechanicsl stability, would be evaluated, Additional tests would deter-
mine satisfactory operation of low power equipment 224 warmup time, etc. Table 3-5 shows a typical set
of operations for the first flight.

The second flight would be used to verify the performance ag a result of actions taken to cofrect problems
discovered during the first flight, and would also be used to verify operation of high power RF equipment
and RF loading of the antehna, EMI and R¥T tests would be made during the flight, and checkout of onboard
monitoring equipment will be pexformed.
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COVERAGE
¢ SEVERAL CONTROLLED TEST SITES
— METROPOLITIAN AREA
— NEAR SHORE OCEAN
— AGRICULTURAL AREAS
— GEOL@GICALLY ATTRACTIVE
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TABLE 3-5, TYPICAL OPERATIONS, EVOLUTIONARY FLIGHT NO. 1

COMPONENT OR

& PROCESSORS
- » OPERATION, PARTIAL
SYSTEM
e OPERATOR PERFCRMANCE

OPERATION POTENTIAL PROBLEMS APPROACH TO CHECKOUT
I 1. ANTENNA » MECHANICAL CONTROL ® LIMIT SWITCH INDICATORS
OPTICAL ALIGNMENT CHECKS .
¢ THERMAL DISTGRTION e OPTICAL MULTL.POINT INSTRUMERTATION,

_ CHECK OVER SEVERAL DAYS -

e FAULTY OPERATION, e MANUAL DEPLOY/STOW EXERCISE
MECHANICAL EMERGENCY JETTiSON SIMULATION

2. RECEIVERS e INTERFERENCE ON-BOARD * CHECK WITH OTHER EQUIPMENTS

OPERATING-SINGLY, IN MULTIPLE

e GROUND TRANSMITTERS, SPACED
— ALSO MEASURE BEAM PATTERN

e PARTIAL EXERCISE OF PROCEDURES
TO IDENTIFY. PROBLEM AREAS

TRANSFER OF TRANSMITTER

HEATING

— EFFECT ON ANTENNA AND
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3.2.6 DATA PROCESSING AND INFORMATION DISSEMINATION
Data Processing for the SAR Development Program will be of three basic types:

- Analysis of mechanical and electrical test data
- Préprocessing of SAR signal data
-  Evaluation of preprocessed SAR data

The analysis of mechanical 4nd electriecal test data will be performed by the subsystem and system develop-
ment engineers using general purpose computers, The function of this analysis will be the verification of
mechanical and electrical integrity and compafibility of the SAR with the Shuttle, and the analysis of ther-

mal data to verify proper heat dissipation and component temperatures,

The preprocessing of SAR signal data will be performed on a special purpose SAR preprocessor, whose
function is the application of the two dimensional txansforms to the raw SAR data in owder to generate the
desired imagery data, This imagery data will then be evaluated by use of standard imnage processing tech-
niynes o determine signal-to-noise performance, resolution and geometric accuracy parameters for the

sensors, This analysis will also be conducted by the gystem development engineers,

Applications data from the SAR preprocessor will be evaluated for its utility by a select team of applica~
tions secientists which has been incorporated into the sensor development team for this purpose, Yhis
team will evaluate the imagery dita tor technique and applications related parameters of interest, and
will subsequently develop the requivements for a technique development program for the SAR as = yuasi-

operational sensor.,
Since the data gathered during this flight program is primarily for the system development teain, ull dis—

semination will be conducted informally, Detailed dissemination plans for user-oviente:l wgenei: - wil! not

be prepar«i until the development of the Technique Development plan for the seusoxr,

A FPRODUCIBILITY OF THE
ORIGINAL PAGE IE POOR
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3.3 TIMBER VOLUME INVENTGRY

The Timber Volume Inventory mission is one of three missions discussed in this report which are repre-

sentative of using the Space Shuttle sortie flights in the Application Development role,

3.3.1 BACKGROUND AND MISSION DESCRIPTION

About one third, 200 million hectares (750 million acres), of the land in the United States are under some
kind of forest cover. Of that, about 200 million hectares (500 million acres) are considered to be of com~
mereial value, Commercial forest lands are defined as those whose stable soils, favorable c¢limatic
environment, and accessibility make them suitable and permanently avaiiable for growing continuous free
crops of high quality and large volume, Figure 3-8 shows an approximate distribution of forested area in
the continental United States. No accurate maps showihg commercial forest areas in the U, S. currently
exists; their spatial distribution is very complex, Figure 3-9 shows the U, 5. Forest Service's division of

the United States into sections and regions,

As shown on Figure 3-10 nearly three quarters of commercial forest is located in the eastern half of the

U. S. abot equelly divided between the North and the South gsections, These foreats cover 80% of the total
land area in New England, and mote than half of the area aleng the Atlantic Coast. In the Central region,
about 15% of the total land area is in the commercial timberland category, The one-quarter of the Nation's
commercial timberland located in the West is concentrated in the Pacific Coast States of Oregon, Washing-
ton and California, and in the Rocky Mountain States of Montana, Idaho and Colorads,

The interior of Alaska contains an estimated 40 million hectares (1.00 millien acres) of forest land, or about
30% of Alaska's total 1and area, An estimated 20% of these forests have a good growth potential, however,
‘because of geographic and economic remoteness, none of the forést land in the inferior of Alaska has been

ineluded in tre statistics for commercial timberland,

Foresat land iz broken down inf.o three broad ownership classes, As shown on Figure 3-11 gbout 21% of the
commercial forest 1and belongs to the Federal government, about 6% belongs to state and local govern~
ments, and the rest is in the private sector of our society, Approximately 95% of the commercial forest
belonging to the Federal government is in the National Forest System, These forests are located largely

in the Ro¢ky Mountain and Pacific Coast Sections. The remainder of the Federal commercial forest belongs

" to the Bureau of Land Management, Bureau of Indian Affairs, and various other agencies.

Commerecial forest lands held by business and professional people, wage and salary workers, railroad,

mining, and other corporations, and other non-farm owners repreésent the largest class of forest ownership.

As on Figure 3-11 this represents 33% of the total commercial forest 1and (about 67 million hectares or

165 million acres), Another 26% belongs to farm owners. The 27 million hectares (67 million acres) in
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forest industry holdings {about 13, 5% of the total) includes some of the Nation's most productive timber
growing areas, About 52% of these industrial lands are in the South, 26% in the North, and the remaining
areas on the Pabi‘ﬂc Coast, It is worth noting that of all the commercial forests in private ownership, 74%
are in holdings of under 2, 000 hectares (5, 000 acres), which explaing the complexity of land ownership

patterns in the U, 8., and their associated management problems,

The principsal purpose for the forest inventory is to help the forester in the variety of management activities
involving land, the plants and animals growing on it, man and his désirés to usge the land, @nd the produects
and services he can obtain from it,

Since most forest inventories have beer and continue to be timher estimates, a forest inventory may be
defined as an attempt to describe the quantity and quality of forest trees and many of the characteristics of
the Iand area on which the trees aré growing, With the increasing importance of recreation, watershed

manggement, forage and wildlife (the so called non-wood values of forest), the concept of forest inventory
has been widened,

To obtain information for a forest inventory it is néceasary to make a number of measurements of the trees

compoging the forest, and additional observations regarding the land occupied by them. These measurements!
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may be taken directly in the forest itself and/or hy remote sensing such as with aerial photographs. The
specific measurements will depend on the kind of information required, and may vary for different inven-
tories. These measurements can be taken for the entire ares of a forest and all the trees therein (called a
complete or 100% inventory), When the measurements are taken only on representative portions of the

foreet it is called a sampling inventory.

A thorough forest inventory for timber evaluation provides the following basic elements of information:

1. A description of the forested area including ownership and secessibility

2, Estimatcs of parameters of quantity in the standing trees, such as volume or weight, and estimates
of growth and depletion

3. Additional information on wildlife, areas of recreational and tourist interest, soil and land use
capabilities and watershed values,
There are no distinct inventories for different purposes, but a flexibile continuum with varying emphasis
on these information elements. For example, inventories of private forest holdings may require more
detailed information on volume by species, size classes, precise gtand location, than would be needed for a

generadl appraisal of the total forest area or volume on a nationsal or regienal basis,

Since it is too costly and time consuming to measure gll trees in a large forest area, sampling is used to
provide the necessary information at a much lower cost and greater speed, Sampling involves measuring
only a portion of the forest, sllowing greater care in measurements, and often preducing more reliable
results than a complete inventory, Sampling units, from which estimates are obtained for the entire popu-
lation (entire forest area under consideration), may consist of stands, compartments, administrative
units, fixed area plots, strips or sampling peints, Various sampling designs can be employed depending
on inventory objectives and on the total forest area to be inventoried, Basic sampling designs may be

considered in the following categories:

A. Probability Sampling

1. simple random sampling

2. stratified random sampling

3. multistage sampling

4, multiphase sampling

5. sampling with varying probabilities
B. Non-random sampling

1. selective sampling

2, systematic sampling

In probability sampling, the probability of selecting any sampling unit is knewn a priori. This probability

is greater then zero and may be equal for all units at all times, or it may vary as sampling proceeds, In
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non-random sampling the sampling units are not chosen by the laws of chance, but by personal judgement
or systematically, Sampling on successive occasions is a meane of determining changes which have taken

place over a period of time and can employ any of the basic inventory designs,

Aerial photography, the most common form of remote sensing, has been utilized in forest inventory for
the past three decadées. Inventory work can be earried ouf without the use of aerial photographs, but it is
usually less efficient and restricts the inventory planner in designing his procedures, Aerigl photography
iz currently used in the so-called two-stage inventory, The first stage is the photointerpretive stage in
which a forest is prestratified according to various timber volume strata, or other parameters, In the
second, or ground stage, various strata are sampled on the ground for detailed information. In addition

to stratification, photo-interpretation and photogrammetric techniques have been developed which, in
escence, let the forester pample the foreat using the photographic images of the trees rather than the trees
themselves on the ground, . The photographs do not provide the same amount of defail or accuracy that is
attainable in the field measurements; however, the advantages of speed and lower cost offset the approxi-

mate nature of the estimates (especially where highly accurate results are not essential),

Imagery obtained from earth orbiting space vehicles {e.g., Landsat-1, Skylab) demonstrated that its use

further inereases the efficiency and cogt effectiveness of forest Inventory, J, Nichols of the University of

California, and P, Langley of Earth Satellite C'orp. investigated Landsat-1 multispectral scanner imagery
in a multistage sampling system. In both experimients, a gain in sampling precision was abtained by usi.ng
Landsat data inthe first stage, as compared with not uging any supplementary data in the first stage. The
Timber Inventory application development mission will combire the preliminary work done by Landsat
investigators with other up-to—date technological developments to arrive at the mogt efficient operational
scheme to improve the current periodic timber inventory.

The objective of the Timber Inventory mission is to estimate the amount (volume) and quality of commercial
timber in the United States, To accomplish this, stands of trees (comprising larger forest units) will be
located and their boundaries determined; Also, parameters necessary for estimation of timber volume

per acre will be obtained, These parameteré will include the crown diameter and the average crown

closure, which are closely related to the tree stem diameter, and volume per acre, respectively.
The area within the United States to be inventoried amounts to about 300 million hectares (750 million acres),
two thirds of which is considered to be of commercial value, with the majority of the forested areas con-

taining commereial timber located in the eastern half of the .8,

The desired frequency of inventory as currently defined by the U.8. Forest Sarvice for its various regions
is given in Table 3-6 below,
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TABLE 3-6. INVENTORY FREQUENCY IN MAJOR REGIONS OF THE U, 8§,

REGION FREQUENCY
SOUTH AND SOUTHEAST ' 8 YEARS
ALASKA AND HAWAII 15 YEARS
'ALL OTHER AREAS 10 YEARS

Due to consistently inadequate budget appropriated hv Congress co the US Forest Service, these goals have
not been fulfilled, With sharply increased demand for timber products and the requirements of the Forest
and Rangeland Renewable Resources Planning Act of 1973, the fnventory frequency will hiave to be reduced

to 5 years,

3.3.2 USER COMMUNITY AND BENEFIT MECHANISM
Forest inventery is a continuing endeavor as mandated by the McSweeney-McNary Forest Research Act of
1928, This Act directs the Secretary of Agriculture to cooperate with States and other agencies,

", .. in making and keeping current g comprehensive survey of the

present and prospective requirements for timber and other forest

products in the United States, and of timber supplies, including a

determination of the present and potential productivity of forest

land therein, and of such other facts as may be necessary in the

determination of ways and means to balance the timber budget

of the United States, ,,"
Its objective ia to periodically inventory the Nation's forest lands to determine their éxtent, condition, and
volumes of timber, . growth and depletions, This kind of up to date information is essential to frame intelli-
gent forest policies and programs, USDA Forest Service regional experintent stations are responsible for

conducting forest inventories and publishing summary reports for individual states,

Forest inventory is important in the private forest industry secter for evaluating sources of raw materials
and for detecting trends in forest resource availability. The inventory information is useful for long-range
planning decisiong, and for industrial investment alloeation decisions. It is also essential for state govern-
ments and private industry in identifying opportunities for economic development of the states based on

forest regources,

As a general rule individusls or organizations that own, use, or régulate the use of a particular resource
have an active interest in the most current information about that resource, This holds true in the area
of forest vesources, where the source of information about the resource is the periodic forest inventory,
Following this rule, users of forest inventory information can be divided into three msjor eategories:

1, Federal government

2. State and Ioc.al government

3. Private owners and users,
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The single largest user of forest inventory information is the USDA - Forest Service. In addition, the
USFS conducts research on all phases of forest management and utilization, and assists state and private
ownersg in achieving their management goals, Figure 3-12 gives a summary of the major activities of
USFS with some recent statistics on various forest resources, Most of the activities listed require a

considerable amount of informatjon supplied as a result of forest inventory,

Other Federal agencies such as the Bureau of Land Management, and Bureau of Indian Affajrs require

forest inventory for management of forest land under their jurisdiction,

Second in line, but not necessarily in importance, are the users on state and local government level, Their
ghare in ownership of forest land is small, however, most of their resources are quite heavily utilized,
This requires sound management planning, and therefore periodic inventory, In addition to this, forest
inventory information is essential for state and lncal governments in identifying opportunitiés for economie

development of the states or regions based oh forest resources,

The last group of users i in the private sector of our society, and it includes forest related industries,
farmers and non-governmental owners. Most of the forest land belonging to, or utilized by vood-preducing
indugtries is under intense management, Goals here are to produce the most wood of desirable quality in
thz shortest possible time. To attain this goal, forest land has to be inventoried periodically, For manage-
ment of specific tracts of land, the demand is for detailed point-speci’ﬁc information currently supplied by
consulting companies,

Over half of the Nation's forest lands are owned by several million nonindustrial private owners — farmers,
businessmen, power companies, and numerous other occupationgl groups. These owners have many
objectives in owning forest lands, and varying willingness and egpacity to invest funds in timber growing. _
A small percentage of these owners consider timber growing as their principal objective. Most of the land
owned by these owners is in small tracts (74% in holdings of under 2, 000 hectares or 5, 000 geres), The
need for forest inventory in this part of the private sector is not as urgent as it is in the forest industry,
However, growing concern ghout future timber supply might encburage more intensive forestry on private

lands, and therefore, increase the need for forest inventory,

A periodic forest inventory allows forest managers to make evaluations of present and future timber sup-

plies, and to make comparisons with the projected demand for these supplies, Such evaluations are essen-
tial to forecast supply problems in the wood-using industries, and to allow for any necessary changes in
forest policies and programs, Forests are a slow growing renewable resource, however the demand for

timber is changing rather rapidly. The demand for industiial timber products in the United States increased
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Figure 3-12, Major Activities of the USFS, from: What the Forest Service Does, Oct. 1973
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by about 70% in the past 256 years. Figure 3-13 gives an indication of
present apd future timber consumption, Even more rapid are the recent

changes in demand for recreational uses of forest areas and for manage-

ment of forest cover for watersheds (essential to our growing population).

Also, when considering forest lands, one should not overlook the wildlife
habitat, and the preservation of scenic valuee. This so called multiple-
use inanagement of forest lands puts additional constraints on traditional
timber production and harvest practices, and at the same time elevates

the importance of timely and aceurate inventory,

A well conducied inventory should provide basic inputs necessary for
appraising the effectiveness of existing forest management programs,
and to indicate opportunities for economic development of timber
resources. Since timber products make up almost 20% of all industrial
raw materials consumed in the United States, the information on our
timber situation has far reaching economic and environmental import~
ance, The timber industry employs millions of workers; many of them
in rural areas and cities where timber is the principsal support of the
local economy, Concern over prospective depletion of mineral
regources which are nonrenewsable, and the higher energy require-
ments resulting from use of nontimber resources (in place of wood
productsg), alzo emphasize the increasing importance of timber in

cur ecenomy,

Figure 3-14 shows trends in the U, S, impert -
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export balance, The graph indicates that since the
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egrly 1900's our country has been gradually chang-
jng from a net exporting country to a net importer,
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Figure 3-14, U, 8, Timber Import-Export Balances

3-29



3.3.3 JUSTIFICATION FOR SHUTTLE PROGRAM

A fully operational remote sensing program for the Timber Volume Inventory mission for the United States
is expected to encompass a variety of remote sensing platforms. These platforms will include; low orbit
sun synchronous polar spacecraft (such as Landsat), Space Shuttle sortie flights, high altitude aircraft,
and ground based survey teams, Previous TERSSE reports (TERSSE Final Report Volumes 3 and 5) dis-
cussed the potential and role of the various platforms in a total operational remote sensing system. This
report addresses the use of the Space Shuttle in its sortie flight mode as an integral part of this multi-

platform system,

The Shuttle provides a unique platform for a major element in the Timber Volume Inventory mission because
of its ability to carry a comprehensive complement of sensors, including photographic cameras. The Shuttle
is, in fact, the only vehicle currently contqmp}ated through the 1980's which provides for the return of
photographie film,

Other henefits acceruing to the mission which result from incorporation of the Shuttle into the program follow

directly from the Shuttle's capabilifies:

e The flexibility for scheduling Shuttie flights and orbits as a function of coverage desired.
e The lower sltitude and higher resolution eapability of Shuttle sensors than is available on polar
gpacecraft of the LANDSAT type.

As with nearly all Application Development type missions, there is no overwhelming mission requirement
for the Timber Volume Inventory mission that irrefiitably demands usage of the Space Shuttle. Most, if not
all, of the mission requirements could conceivably be met through a combiration of polar spacecraft and
high altitude aircraft, The real question is: "What combination of remote Sensing platforms can most
efficiently satisfy the mission regquirements?" Because of the large area to be covered (relatively in fre-
quency) and the need for high resolution, the Space Shuttle has a definite role in the Timber Volume Inven-

tory mission,

3.3.4 SENSOR REQUIREMENTS
The remote gensors reguired for this mission include both a high resolution camera and a multi-spectral
electronic gcanner. As shown in Section 4-1, the selected Shuttle-borne sensors for the Timber Inventory

Application Development are the Thematic Mappers and the S190B high resolution camera,

3.3.5 FLIGHT PROGRAM
Figure 8-15 shows the location of candidate Timber Inventory Application Bevelopment test forests, The

five selected sites are currently well surveyed, and represent a comprehensive and representative sample
of the various forest types found in the U, 8.
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o SENSORS

— MULTISPECTRAL SCANNER
— HIGH RESOLUTION CAMERA

o TOFAL COVERAGE

— FORESTED UNITED STATES
= 3 x 105 KM2

o UPDATE CYCLE
- & YEARS
TIMELINESS

L4

— 244 MONTHS

FLIGHT TIMING

— AFRIL TO OCTOBER {DECIDUOUS)
~ NOT CRITICAL (CONIFERDUS) B - Asvr st Fonest

@ ASVT USING SELECTED FORESTS

— CURRENTLY WELL SURVEYED FOR VERIFICATION

~ SELECT REPRESENTATIVE TYPES: SOUTHERN PULFWOQD
WESTEAN CONIFERQUS, MIXED TIMBER » NORTHERN HARBIWOOD,

o CONCENTRATE ON CONTINENTAL U.S, — ALASKA WAITS FOR WTR

° MISSION OUTPUTS ARE TABULAR DATA SUi ! (
TIMBER VOLUME L MMARIES OF ESTIMATED HARVESTABLE

Figure 3-15. Candidate Test Forests for the Timber Volume Inventory Mission

Flight scheduling for the Timber Volume Inventory mission requires flights during the April to October

time frame for deciduous forests; however, there is no critical timing requirements for coniferous stands.

Data from the Slinttle sensors will be analyzed and uséd to direct aircraft overflights and ground survey

parties (as discussed below), thus resulting in a total operational system.

3.3.6 DATA PROCESSING ANALYSS
Data from the thematic mappers will be subjected to "standard" preprocessing to perform radiometric

and geometric corrections,

Subsequent data analysis is intended to satisfy the needs of the Multistage Probabilistic Sampling Strategy;
for the Timber Volume Inventory mission, a four stage sampling strategy will be used:
1, Claesify observed timberlands inte volume strata uging thematic mapper data and select sampling
sites for each stratum to be used in the second stage.

2. Use photo-interpretive techniques on the 5190B photography to establish initial estimates of timber
volume and select sampling sites for the third stage (a subset of those previously established).,

3. Fly aircraft missions to gather large scale photographs over the second-level sampling sites, Use
photeinterpretive techniques to refine initial volume estimates and select sample sites for detailed
measurement by ground crews,
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4, Mgke measurements on selected trees in the third-stage sample sites using "classical" timber
volume measurements from the ground.
From the ground measurements on selected trees in the fourth stage, a further refining of the timber
volume estimate established in the second stage can be performed, This then establishes a volumetric
figure for each stratum defined in the first stage., As a result of this (volume estimates in each stratum},
the total volume in the areas overflown may be determined by statistically aggregating the sample data

back through the stratum,

For operationgl purposes, an additional stage may be added prior to the analysis of Shuttle sersor datg,
utilizing polar spacecraft multispectral scanner data to perform the initial stratum classifieation. In this
case thematic mapper data gathered by the Shuttle will be used to supplement polar spacecraft data, and

the succeeding four stages will remain the same,
A more complete discussion of multistage probabilistic sampling {s contained in Appendix A of this report,

Photographic interpretation is widely used in forest inventory, Determination of forest types and tree
species is an essential part of forest inventory and can be accomplished successfully by photointerpretation,
Basic image characteristics of shape, size, pattern, shadow, tone, and texture vary for different kinds of
trees and can therefore be used by interpreters to aid in identification of tree species, Individual tree
species have their own characteristic size and crown shape, The arrangement of tree crowns produces

a stand pattern that is quite distinct for many species., Tree shadows often provide a profile image of

trees and can assist in species identification and alse in tree height determination, WVariations in relative

fone and crown texture are also important in species identification..

Tree crown diameter, which for most species is related to stem diameter, is a useful photographic measure-
ment when estimating tree volumes, Actual determination of crown diameter is a distance measurement,
and is accomplished on aerial photographs with either wedges or dot-type scales reading in thousandths of
an inch. For example, at a scale of 1:20, 000, 0, 036 of an inch of erown measure on the aerial photo equals
about 60 feet, Crown diameter measurements are most accurate in open-grown stands. Tn dense sfands
they are confined to determination of an average of the dothinant trees. Crovwns can generally he classified
by 5 foot classes on photographs with scale between 1415, 000 and 1:20,000, Tree crown closure, important
because of itg relation to atand volume per acre, is also referred to as crown density and may be defined

as the proportion of the forest canopy vccupied by trees., Estimates are purely ocular, and stands ave
commonly grouped into 10 percent density classes, Evaluation of crown elosure is much more subjective
than the determination of crown diameter. It is almost impossible on small-scale photographs, and its

accuracy is highly dependent on the interpreter's judgment.
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A conventional inventory considers the following parameters: diameter of bole or crown, species, density
{percentage of area occupied by trees or degree of crown closure), height (merchantable or total), and age
and overall condition of the stand, The above items can be estimated from high-resolution aerial photo-
graphs. Tigure 3-16 gives & pictorial representation of ground and aerial measurements. The most widely
used photographic measurements are the crown diameter which is related to the stem diameter, and crown
closure, related to timber volume per acre, Tree height can be estimated by differential parallax mea-

surements on sterescopic pairs of aerial photographs,

The remaining parameters of interest (tree quality, growth rate and site quality) are ohtained by measure-

ments on the ground, and to 2 limited extent by observations on aerial photographs, Tree quality expresses
the percentage of crooked, damaged, or diseased trees that will affect yield, Tree growth rate is estimated
by comnparing measurements of diameter or volume at different points in time, 8ite qualily is inferred from

tree size, volume per unit area, soil type and other factors,

Table 3-7 contains a list of the most frequently used information elements in forest inventory, and the

accuracies currently required by US Forest Service for inventory of National Forests.

GRGUND PHOTO
MEASUREMENT MEASUREMENT
. CROWN
BIAMETER

TOTAL
TREE
HEIGHT

USABLE
HEIGHT
ABOVE
STUMP

STEM $ : :
DIAMETER : i
AT 4% FT v —— h _ )

Figure 3-16. Pictorial Representation of Ground and Aerial Measurements
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TABLE 3-7. TIMBER INVENTORY INFORMATION ELEMENTS FOR INVENTORY OF
NATIONAL FORESTS

INFORMATION ELEMENT

USE

ACCURACY REQUIREMENTS

LOCATE AND MAP TIMBER
STAND BOUNDARIES

LOCATE AND MAP STAND
BOUNDARIES BY FOREST
TYPE

STAND CONDITION AS TO
STEM BASAL AREA FER
ACRE OF TREES BY AGE
AND SPECIES GROUPINGS

CUBIC FOOT VOLUME BY
SPECIES IN EACH TIMBER
STAND

DETERMINE ACREAGE OF NATIONAL
FORESTS BY STANDARD TIMBER
LAND USE CLASSIFICATION

DETERMINE STAND AREA BY FOREST
TYPE

DETERMINE CURRENT STAND CON-
BITIONS IN ORDER TO DEVELOP THE
MANAGEMENT TREATMENTS RE~
QUIRED ON ALL. COMMERCIAL
FOREST LAND

DETERMINATION OF EACH NATIONAL
FOREST'S POTENTIAL YIELD OF
WOoODR PRODUCTS

= b0 FEET OF ACTUAL
LOCATION; MIN, SIZE ~10
ACRES

BOUNDARY - + 50 FT, OF
ACTUAL; MIN, SIZE - 10
ACRES; + 1% FOR TOTAL
AREA

IDENTIFIGATION OF SPECIES
AND AGE GROUPING - 95%;
SQ. FT. STEM BASAL AREA
PER ACRE = 5%

STAND VOLUME % 10%; BY
INDIVIBUAY. SPECIES = 20%

3.3.7 DATA DISSEMINATION

The final data products from this mission will be a set of information deseribing the current timber inven-

tory in the selected forests, Such information will consist of timber velume estimates broken down by

ownership, stand size olass, and species.

Since inventory will be performed on regional level, the inven-

tory information will be initially published by U, 8, Forest Service Regional Experiment Stations: Figure

3-17 shows the information flow process.

The smallest unit for which information will be available is a

county. All the information will be in tabular form, Examples are shown in Table 3-8, 3-9, and 3-10,

Once compiled, the inventory statistics will be available to all the interested federal, state, and local

agencies, as well as to representatives of the private sector (industries, farmers, etc,}. In addition to

various publications, the USFS offers consultations and special seminars to interested parties.

Upcn completion of timber inventory for all the regions, a combined (summary) report will be issued con-
taining timber inventory for all the regions within the United States, The breakdown of statistics is similay
to what sppears in regional repo’rts.' however, the reporting unit is now a single state, not a county,

Tables 2-11 and 3-12 are examples of what information should be contained in a combined national repott,
This information is also available to all the interested parties in the private and public sectors of cur
society.

On the regional level timber inventory information should be available within 6 months from the time of
data collection, The nationwide report should be available within 6 months from the time that all the

regional reports are completed.
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COLLECTIOM OF FOREST INVENTORY DATA BY REGIOKAL OFFICES
. AND EXPERIMENT STATIONS

i
¥ t

PUBLICATION OF REGIONAL REPORTS | | CONSOLIDATION OF REGIONAL REPORTS AND OTHER
(ON REGIONAL AND LOCAL LEVEL) INFO. RECEIVED FAOM REGIONAL OFFICES AND EXPERIMENT
STATIONS INTO SUMMARY REPORTS (PUBLICATIONS) ON NATIONAL

LEVEL

]

'

DISTRIBUTION OF INFORMATIDN TO INTERESTED
DAGANIZATIONS AND INDIVIDUALS IN THE FORM OF:
~ PERIODIC AEPORTS (REGIONAL AND NATIDNAL)

— SPEGIAL REPORTS

- CONSULTATIONS

— EDUCATIONAL PROGRAMS

‘ _ ! ‘

!
FEDERAL ORGANIZATIONS STATE & LDGAL FOREST INDUSTRY
_— GOVERNMENTAL ——
- OTHER DIVISIONS WITHIN USFS AGENCIES PRIVATE LANG:OWNERS
- BUREAU OF LAND MGT FARMER, TIMBER USFRS,
- BUREAU OF INDIAN AFFAIRS MISCELLANEDUS PRIVATE
— OYHER FEDERAL AGENCIES

Figure 3-17. Forest Inventory Information Flow

TABLE 3-8, AREA OF COMMERCIAL FOREST LAND, BY STAND-VOLUME AND OWNERSHIP
CLASSES, FTORIBA, 1970 '

All Notlonal | Other | Forest | Farmer
Stand voll ! } ! - TER land:
md D.UITH! per acre . hips| Farest |wuble ] industry and mise.
) 1 private
. L v == =uowThousand acreg- « = o v - - .
Lesy than 1,800 bd. L 10,135:1 8547 * 7061 158.8 57155
1,300 to 5000 bd. ft. 42208 | 34 288:1 137194 33308
More than 5,000 bd. £t. 16717 1475 1174 €833 9233
Al glasses 12016 0353 10002 565 B.859S

Anternotiimat 1/4-lneh rule.

i e R 2R

The update frequency varies from section to section as Indicated in Table 3-6. Areas containing fast

_{4:‘-" growing tHimber receive more atlontion, and therefore a more freguent inventory.
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TABLE 3-9, NET VOLUME OF GROWING STOCK AND SAWTIMBER ON COMMERCIAL FOREST
LAND, BY OWNERSHIP CLASS AND SPECIES GROUP, EASTERN OZARKS,
MISSOURI, 1972

GROWIKG STOCK

s All 1 Shortleaf ¢ Other : Soft ~: Hard

Ownership clase species @  pine ¢ softwoods : hardwoods : hardwoods

i

Thousand eords

¥ational Forest 7,965,0 1,706,2 3,2 178.3 6,081,3

COther federal 61,5 2.9 - 1.7 56,9

State, county and punicipnl 1,190.6 100.0 9.0 24,5 1,057.1

Forest industry 1,680.0 221,1 — 6.7 1.422.2
Farmer and miscellaneous .

private 17,144.5 1,073.1 96.8 766.4  15,208,2

A1l ownerships 28,045.6 3,103.2 109.0 1,007.6 23,825.7

SAWTIHMBER

Hillion board feetl/

Wational Forest 1,641.7 512.3 .2 33.4 1,085.8
Other federal . 12.7 1.2 -_ . 1.}
State, county, and municipal 241.6 23,9 1.2 — 216.5
Forest industry 8.3 29.7 _— 4.0 274.6
Farmer and miscellanecus -
private 3,082,2 251,3 18,9 166,2 2,645.8
A1l ownerships 5,286.5 818.4 20,3 204.0 4,243.8

1/ Internacional 1/d-inch rule,

TABLE 23-10, AREA OF COMMERCIAL FOREST LAND, BY STAND-VOLUME AND OWNERSHID
CLASS, EASTERN OZARKS, MISSOURI, 1972

{Thousand écres-)

Stand VoluEe ] Al t Kational : Other °© Stage, ToUNt¥: forege © Farwer .and

per acres t ownerships | Foreat & federal © and * industry® wiscellaneous
. (bonrd feet) H 1 s .. _municipal : private
{ Leas than 1,500 2,4312,1 275.6 Al 7.7 195.4 1,850.3
1,300 to 5,000 1,505.4 459.3 2.7 67.2 111.9 864 .3
More than 5,000 166.5 . 135.1 — 7.9 -— 23.5
A1l claasen 4,084.0 B0.0 5.8 162.8 307.3 2,738.1

A/ Internstienal l/4-ingh rule.
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TABLE 3-11, AREA OF COMMERCIAL TIMBERLAND IN THE UNITED STATES, BY
OWNERSHIP AND STAND-SIZE CLASS, SECTION, REGION,
STATE, JANUARY, 1970

I Thousand oeres)

Total, slt ownerships

Notlona! forest

1 o0, and State
Besttom, reglom, Tota! | Enwtimber|Poletimber] Seedling |Nonstocked! Totat | Sswtimber [Potestmber] Serdimg Ireonstocked
M stands stands sapling areas ciands stands saplinig nreds
2,160 108 1,188 83 49 Q ] 9 0 0
16:6H 0,162 - 5,268 13| o} 19| 13 2 3
8,491 §t4 1,660 1,383 a5 [ [ ] o H
5;020. 1,787 2,360 6 171 568 i 11 % 0
2 168 n 0: ] ] 0 ]
t 4284 1,18 1,54 1,001 @ K 125 @ ki o
[ Y11 EO— e ¥L3ET 10,531 13304 ©,086 Frty 832 488 20 i3 [
Uddte Atiantie: ’
¥ ﬁ‘:‘n:m‘.‘f.. 200 210 128 45 [ 0 3 [ o 0
3 2,85 1,79 753, 297 ] 0 @ 0 a ]
2,35 509 1 533 157 Q 0 o o 0
14459 4,753 2,478 0,20t 1,355 [ ) g [ o
17, 478 7,663 0,058 2,39 155 453 283 20 7 8
092 5851 3,297 2,598 48 679 53 312 <] [
49,685 20, 500 13,733 3,3 2,10 1367 &3 m 0 &8
B, 600 6548 & 5,508 202 2,473 a7 1,723 781 £
16,878 2,360 5,423 4,247 1,880 2z 7 1,358 25 15
408 -] 10 34 0 0 o o 0
m 19 3 0 0 0 o 0
was| s 8,87 4,457 0 1,37 [N ™Y 420 | o4
; 50,840 10,212 23,88 14,412 2,80 5, BaT 660 3,507, 1,477 283
i =
' Centmi:
TILNOIT e vusasmrss sanmansenas 3;880: 2,101 ey 599 4 4 o yr3 = 1.
Indistia 3,640 083 b ] 70 136 8 2 n [
3 240 i ik i €32 [§ [ [ o 0
05, 1,187 68l byl P 11 0 [ 0 [ 13
Kentueky. .. 71,808 5,833 7,708 3,317 7 531 428 o 4 5
! 14,600 002 €258 %, 400 2,848 1,32 HIT o3t 3n 10
i Rz 23] g 103 355 £ 2 Fd H [
[T 6,422 1,977 00 3,569 18 12 [ 2 52 18
T I —— Y Y T T Wi w| | @
Total, Notth.eeeen f— T X 55,640 60,156 0,93 %571 10,458 3.087 1 4951 2,067 as1
Both A . i
4 Nerth 20,162 10,356 4,558 5,483 187 1,035 7% 158 102 3
Santh Coroling... 12,410  o07 545 3643 m 50| 268 15 40 0
B, 15,85 5,208 | N8 4,472 . B 1,202 819 €02 [ 13
UL I——————— T ¥ R R T 681 278 L1300 815 % 1
East Guif: T s : :
Fioton o eeoeoemoceeae 4,957 4,180, 2,583 1,033 1o 305 [
Qootgl B354 | 4607 b 808 492 168 s (]
by - Al 87 3, B2 o LR | @
Centeal Quill:
Alsbamn 8,888 5,74 7,468 164 25" 42 13 8t [
6, B9 4,557 3772 8477 13 1,48 £ 149 4140 o
Fity 2 4,893 4,305 32 59 67 =0 nz 0
5L,433 16,741 13,889 20,492 3% A 1,213 496 6H 0
Wﬁz‘tg'“m 18, .s.m 4159 - 7,022 [} 2y | m. m. 782 . 6
{111 L RS ——— 7 7 A '
Loutslnna 15,332 0,433 ] 2,774 X 351 308 st % 5
4,817 1261 | 83 2,408 i ., IR 12 e k] 0
12,924 702 2,184 36 [ 023 57 bd £ o
Totdl, ..... 51, %0 23,185 98101 17,815 60 | 3,788 1,758 03 1,026 5
Tota), South._ oucispens.! 197512 74,041 48,181 o7, 576 4,771 10,764 384 2,78 2u5 [
Paddfic Northweats | o .
Abska; Coastol.. peoaemennes. 5,630 sua’ 180 300 I 3,144 4,681 m| w3 T
[ j . ’
14,633 8,973 1,370 3,878 T 4,830 3u4 450 410 u7
1,038 7,230 2,458 w3 418 7 4 1,643 [ 183
SUIAMALY e vecteamrsamanns s @i f 16,18 3,828 4, 604 1,184 12,003 B, 443 o, iy 1,042 312

o 18
ORIGINAL PAGE
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TABLE 3-12, AREA OF COMMERCIAL TIMBERLAND IN THE UNITED STATES, BY

OWNERSHIP AND STAND-VOLUMZ CLASS, SECTION, REGION, AND
STATE, JANUARY, 1970

[Thousand acres)

Tatal, ANl Ovmeships Katlonsl Forest
Bectton, teglon, and Stato Totsl | Lossthun | K300to3,000] Brersehs Total Less thon |3 A
- 33 than 0.4, ora thon al =y thon to 5,000 A thi
5,500 0. Tt b 0 | S,000b. 4L 1,500 bd. ft. 'mt';d. {008 a.u%"bdﬁ?.
New England:
Conaectieut 2,169 L5m e 47 o 0 (3 o
Mualne.... lg-ﬁ: ' ;.3,-‘2 75.3#75} l.-Big 3{1‘ ‘-'; 23 kL
New Hatupsbd Son am 1140 38 68 36 161 9
Tthade Ixlang). e 113 14 [ ] ] [ o
% t 4,254 2,488 1,658 249 | 26 % nz 17
Total.. 3,387 18,571 11,239 2,85 ] 55 793 5
Migdls Atlantie:
Dielaware: 390 17 plrd 1w [ 0 o o
Maryland : 2,832 146 F - L0 453 0 0 [ o
bg:; .F‘gm)'....................._....... ".ﬁ; i 438 161 g g 8 3
Fennsyltidia il 17,418 1,3 8,061 1,059 483 sy i1 =
west Virgtnta - T T I 12,002 5.6 4B | - 1,633 | 25 290 Ht] 175
Total 49,685 28, B&T 18,430 4278 | n37 E £05 253
Lake States: 600 1t 585 o 2 N
Blcht, \ M8 472 )
T 1653 ;512 e " 528 21y b H [
. Naorth Dikota. 405 31 4 73 o "o o 0
,  Bodth Dukotn (BB amm i 2 148 84 10 | [ 0
| Wiscons - 14,535 12,522 1,162 | %11 1,138 105 7
i Total 20,810 8,110 7884 ;885 5867 | 4 o 470
. Ceatmn)
i Hleigls, 3,850 1,810 1,420 usg 714 105 ] %
Jdisna 2.8 Les s it i @ 5 i
anind 1187 "385 38 €1 ] a 3
Rentueky. 11,526 = 4730 1,303 1 % L]
+ o Migsoud ::,g 12,048 2.':]‘_‘9‘ 3,31 1,014 g
T 6,472 ERE 2,355 pi ) 129 H 1]
45,008 77,35 13515 118 2301 L 183
Tota); North_. 177,901 1360 49058 14,903 Tt 456 6,810 933
gl At | Ik
T : . ; ;
South Carolina B 7493 = 1 i m
+ Vimglnla.. 15,850 2,205 1,202 0 562 141
. Total. 48,453 8,112 2,789 85 1,208 | &5t
Enst Gulf: .
Flotda, 16,231 1; 871 1,035 854 333 47
Georgie 25,102 2,818 805 26 316 244
Totsl 1,334 4,711 1,842 i 679 i
—
Caisten] Gull: o .
Alabama 21,742 12,228 8,897 2,619 [ 136 09 i
Mississippl .o 3 3,417 6,161 |- 2,323 1,118 =8 78 453
T . 17,819 6,553 4,035 DT 59 1 258 161
LT PO mesemmeeniannsnnd b1, 453 2,85 17,603 | 625 | L3 615 7z 153
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3.4 MINERAL EXPLORATION SURVEY
The Mineral Exploration Survey mission is one of three missions discussed in this report which are

representative of using the Space Shuttle sortie flights in the Application Davelopment role,

3.4.1 BACKGROUND AND MISSION DESCRIPTION

The mineral exploration mission will involve a detailed and comprehensive multi-sensor effort designad

to detest geologic evidence of commercial grades and quantities of copper bearing ores (ore being defined
a8 mineral aggregates from which resources can be profitably extracted), Although the Mineral Exploration
Survey mission is really much broader than just the search for copper, it was desirable for this study to
oonstrain the mis:ion scope in order to be dble to provide more specific requirements and descriptions,
When the mission is actually implemented the scope can be expanded, with little impact, to include: other
metzllic miperals, petrochemicals, geothermal resources, and the reconnaissance of geologically active

areas,

The rationale for selection of copper exploration as the narrow mission for foousing this study can be

summarized as follows;

considered to be a scarce metal resource
strategic/industrial importance

»
.

® U.S, comsumption exceeds U.S. production

& can be profitably mined from concentrations as low ag 0,5%
.

demonstrated feasibility for remote sensor exploration (both aireraft and satellite)

Copper minerals are widely distributed throughout the Earth's crust, Mineable concentrations are often

sedimentary in origin, occur as veins or associated with contact metamorphism. Commercially signifi-

cant concentrations ean be classnfied into five major types of which the first three are most significant:
1, Porphyry, vein and replacement deposits, which have a commen genetic association with felsic

intrusive rocks, and account for approximately two thirds of ts world's recoverable copper
resources,

Sedimentary deposits, which comprise 25% of the known reserves,

Volcanic rocks and massive sulfide deposits, which comprise another 5% of the known reserves,

LS - X

. Nickel - copper ores related to mafic intruswes {formed by magmatic processes),

5. Native coppar-ores (Keweenaw type)

While vein deposits are rich (they may excewd 10% copper) they are generally small and not amenable to
economic exploitation by large scale mining techniques. Copper produetion. from relatively rich vein
deposits has declined markedly, advanced mining technology and bulls processing capabilities have made
it feasible to extract the metal from low grade (lesi than two percent copper} massive sulfide deposits

{tvpe 3), resulting from hydrothermel alteration, These porphyry copper deposits (type 1) are cothmonly
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characterized by disseminated copper sulfide minerals (usually chalcopyrite) which may be associated
with copper oxide minerals and uniformly distributed throughout the ore body, Despite the low concen-
tration of copper, its even distribution throughout the rock makes it possible to utilize large volume

(e.g. open pit) mining techniques and thus affect profitable recovery, The deposits are associated with
silicic igneous intrusions having a characteristic "porphyritic" texture (large quartz or feldspar crystals
set in g fine grained matrix) and are commonly shattered, sheared and faulted. These fractured zones
enable mineralizing fluids to thorouglily parmeate the intrusion and/or the surrownding country rock, and
emplace the massive snlfide minerals, Shattering is thought to result from the force of the intrusion and
accompanying voleanism. It has been found that porphyry copper deposits are commonly found associated

with volcanic terraing less than 170 million yeaxs old.

A recent study anslyzed the geological characteristics of 27 major porphyry deposits, and concluded that
the "average" deposit has the following characteristics:
This hypothetical ore body is oval and pipe-like, it measures 3,500 by 6, 000 feet in plane and it
containg 150 million tons of ore averaging 0,8 percent coppar and 0, 15 percent molybdenum.
Ore helow the zone of secondary enrichment contains on the average only 0.45 percent copper.
On the average 70 percent of the ore body is in the intrusion, and 30 percent is in the country
rvock, Sulfide minerals in descending order of abundance are pyrite, chalcopyrite, molybdenite,
and bernite. Supergene sulfides may form a higher grade zone of secondary enrichment,
The primary goal of the mission is to locate ore bodies of copper (primarily porphyry deposits due to
their large size}, put not excluding stratiform (sedimentary sulfide) and vein deposits, in order to
satisfy current and projected naticnal needs and decrease dependence on foreign sources. This will
be accomplished by detécting and analyzing surface indicators of ore emplacement, including stressed
vegetation, characteristic lithologic associations, zones of geochemical alteration {e.g. gossans) and
tonal anomalies, lineament concentrations and intersections, and structural setting, These types of

geologic indicators have beéen used successfully in previous mineral exploration missions,

Exploration for mineral deposits has been conducted primarily By conveiitional ground based field tech-~

niques, supplemented in many instances by aerial photography and, more recently, satellite imagery.

Ground based mineral surveys utilize modern mineral prospecting metheds of two basic types: geo-
chemical or geophysical techniques, Their sophistication ranges from individually employed basic
mapping tools and hand held ore detectors to elahorately outfitted field crews with "black box"
technology and the experience and backing of major minera] procedures, Both the geochemical and
geophysical exploration appreaches dre used in conjunction with basic geclogic mapping and sampling
techniques discussed in numerous basic geology texts and procedures manuals, TIn addition, information

supplemental to the basic exploration approaches is gathered from any available source (e.g., geo-
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botanical evidence, cultural enhancement, previous research, regional geologic framework). In many
cases, certain mineral associations enable investigators to locate concentrations of desired minerals
through their occurrence with minerals of lesser value which are more easily detectable, For example,
placer deposits containing gold and a radioactive mineral (e,g., monazite) may he found using & radiation
counter; ultraviolet light sources cun detect flourescent caleite, garite or flourite, a possaible indicator

of nearby metallic minerals,

COther indicators found useful in the exploration of new mineral deposits include unusual discoloration in
the surface material overlying the ore body, These tonal anomalies may result from wesdthering and
oxidation, secondary enrichment or depletion, or the formation of characteristic mineral ecompounds,
Gossans {ferruginous deposits filling the upper parts of mineral veins) and brightly colored secondary
minerals caused by the oxidation of copper, nickel, cobalt, etc. may also contribute to the unusual and

frequently diagnosable surface phenomena,

When mineral deposits are not exposed or evident at the surface, more sophisticated techniques must be
employed to locate them beneath an overburden of soil or rack strata. Geochemical prospecting involves
the systematic measurement of the chemical properties of rock, soil, glacial debris, sediment, water
or vegetation, Chemical properties most frequently measured are concentrations of key "trace"
elements, making up geochemical anomalies which are classified as primary or secondary, Primary
anomalies result from the outward dispersion of elements from mineralizing fluids, and may migrate
significant distances away from the ore bodies along fractures or through conduits witlin the rockmass.
These '"halos' are several times larger than the ore body itself, making them useful exploration guides,
Secondary anomalies result from the redistribution of elements by weathering, Elements weathered
from an ore body may concentrate in residual soils, or may be concentrated by organisms (especially
plants and trees), As weathering products are dispersed throughout a drainage basin, the location of

a mineral deposit within the basin may be accomplished by measuring trace elament coneentr:itions in
the streams and sediments, and plotting these concentrations back to the source area, Geochemieal
prospeecting employs wet chemical techniques involving chemiczl tests for heavy metals, (either in field
or laboratory) or instrument techniques, involving emission or x-ray spectrographs, and radioactivation

analysis,
Geophysical prospecting techniques can be divided into five basic methods which have been guecessfully
employed in mineral exploration:

e WMagnetic ) radiometric

& gravimetric ® geismic

@ eleetrical
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Most commonly employed are magnetic and radiometric surveys because they are relatively simple and
unexpensive, Mapnetic surveys measure the regional and local magnetic fields within an area, as well as
deviations in the fields caused hy concentrationg of certain rock types, In this manner, concealed rock
formations may be detected because their average magnetic properties differ from the regional norm,
Magnetic fields are measured with "dip" needles or more sophisticated magnetometers. Radiometrie
methods are well known, involving the search for naturally radioactive elements such as Uranium using
geiger and scintillation counters, Once the radioactive rock is located, chemical methods must be

employed to determine the elements causing the radjoactivity,

Surface or "conventional® mineral exploration techniques are nofmally earried out at two levels - the
surface geologic mapping and terrain analysis, and a second sub-surface approach, consisting of direct
data collection (e,g., drilling or removal of overburden) or indirect data collection (e.g., seismic
reflection or refraction surveys), In recent years, techniques hiave been developed for collecting in-
formation by remote sensors, which provide information over large regions with timeliness and sub-
stantial nost effectiveness. Aerial photographs and multispectral imagery are conimonly used to supple-
ment ground based mineral exploration surveys, and have as their main advantage the ability to "target"

likely exploration sites using criteria to be discuased in a later section.

A logical extension of the regional overview provided by aircraft sensors is to satellite imagery, and
data returned from Landsat, Skylab, Gemini and various meteorological satellites have demonstrated
the feasibility of earth resources management and exploration from space, Figure 3-18 illustrates the

different levels of exploration techniques utilized in mineral exploration.

Two major trends can be recognized in the application of remote sensing to mineral exploration: a
continual improvement of sensors and data interpretation tech_niq_ues, and an inereasingly larger reliance
on remotely sensed data to reduce surface exploration to a minimum, As sensor technology improves,
and. as the costs of maintaining field parties and eqiiipment continue to grow, these trends are likely to

continue,

With available technology, the role of remote sensing is still supportive, and must be considered in the
context of integrated exploration programs which utilize data from sensors mounted in aircraft, vockets
and spacecraft, in combination with information from field studies concerned with ground truth re-

connaissance and with detailed follow-up investigations.
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Figure é-slB. Mineral Exploration Methods

A major factor in the exploration for new mineral reserves is that most of the deposits in accessible
regions of the world which are close to or at the surface have afready been exploited. Thus, new deposits
required to satisfy present and projected needs must be sought in areas which are largely inaccessible,
through geographic remoteness or substantial surface cover, The geographically remote areas can he
effectively surveyed by remote sensors, af least on a reconnaissance level, As an extension of this
"merial" overview, investigators have found imagery taken from orbital altitudes to have advantages over
the airceraft data, since the space photographs (or images) provide unsegmerted synoptic overview of
lavge areas under uniform sun angle and illumination, In addition, space photos are easily rectified to

the true vertical position, and have served as base mape for minerals investigators,
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Sensors that are most useful to geologists are those that form images-photography, multiband scanners,
and side looking radar, ‘The primary advantage of these systems is their regional overview, timeliness
and minimal data processing requirements, A disadvantage is that the sensors have limited penetration

through the surface cover, thus deposits at depth must be identified by indirect indicators at the surface,

Those criteria found useful for detecting mineral concentrations by remote sensing techniques inelude
the following:

~  structural associations - textural features

- lithologie associations - radioactivity

- lineament digtribution - magnetic gravity surveys

-  surface alteration - geochemical methods

~  stressed vegetation - temperature differences, including

thermal inertia

The primary goal of this mission is to locate new domestic supplies of copper resources in order to
increase national independence firom unpredicatable foreign supplies. To this end, the exploration effort
will be limited to test sites within the continental United States and Alaska, It should be kept in mind
that a similar mission eould be carried out over foreign test sites, under similar geologic conditions,

should such a mission be deemed appropriate,

8.4.2 USER COMMUNITY AND BENEFIT MECHANISM

With an increasing demand for energy and mineral resources brought about by a steadily industrializing
world, rapid and cost-effective exploration technigues are reguired to insure that raw materials will be
available when they are needed. In as much as the primary goal is to locate new domestic supplies of

copper resources, the users of interest are the Federal and private organizations of the United States.

Foreign users will be diseussed only briefly since their exploration reguirements are similar to those

of domestic users, and since the primary goal of the mission is to provide a measure of mineral resource
self sufficiency to the United Statées. It is anticipated that foreign users will benefit from this mission
primarily through the export of copper ore or refined metal from newly discovered domestic Teserves,
although direct exploration over foreign test sites ig feasible and an expanded version (global) of this

misgion would more directly henefit the foreign users,

It has been reported (Cox et.él) that 70% of the world's identified copper resources fall into four distinet
geologic-geographic groups, In decreasing importance they include the porphyry copper deposits of

Chile and Peru, porphyry cogper deposits of the southwestern United States, sediméntary copper deposits
of Zaire and Zambia, and porphyry and sedimentary copper deposits within the U,S,8.R, Other signjfi-
cant groups include the Porphyry copper deposits in Oceania, Mexico and Western Canada, and the porphyry

copper and sedimetitary copper deposits in southeastern and ceritral Europe, Estimated worldwide reserves
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of copper resources are shown in Table 3-13,
Domestic organizations concerned with the explora-
tion for and development of copper and related
mineral resources can be divided into two groups.
In the first category are those agencies interested
in discovering additional reserves and insuring an
adequate supply for future needs. In the second
are those organizations involved in developing the
reserves and directly utilizing the metal or selling
it to manufacturing industries. The first group
includes Federal Agencies such as the Department
of the Interior and its functional arms such as the
U.S. Geological Survey and U.S, Bureau of Mines,
State and regional geologic Organizations and some

private companies,

TABLE 3-13, IDENTIFIED ANP HYPOTHETICAL

COPPER RESOURCES, IN MILLIONS
OF SHORT TONS

AREA IDENTIFIED! | HYPOTHETICA LR
UNITED STATES:
EASTERN 0 .5
WESTERN, EXCEFT ALASKA 4 75
ALASKA 2 20
CANADA 19 S0
' MEXICO 18 a6
CENTRAL AMERICA T G
ANTILLES 2 1
SOUTH AMERICA 50 50
EUROPE, EXCLUDING U, 8,.5.R, 25 20
AFRICA 53 50
U,5,5.R. g 50
MIDDLE EAST-SOUTH ASIA 4 20
CHINA 3 ?
OCEANIA, INCLUDING JAPAN 21 30
AUSTRALIA k| 3
TOTAL a44 400

1 Tdentified resourcos: Specifle, identified mineral deposits that may
ar mny not be evalunted ns to extent and grade and whose contalned
minerals may or may not be profitably recoverable with existing teeh-
nology and economic conditions, Bosed on all categorles of reserve
figures plus estimates where no figures are availalte, Amounts are
tentative and aecuracy will be reflned In subsequent publications,

2llypothetlcn! regources: Undigcovered mineral deposits, whether
of recoverable or subeconomic grade, that are geatogicnlly predict—
nble as existing In known districts, Baped generally on ldentified re
sourge figures times a factor assignéd accarding 1o geologic favor-
abllity of the region, extent of geologic mopplng, and exptoration.

These priviate companies are comprised mainly of exploration arms of major copper producers, and

consulting engineering firms who provide mineral exploration services to clients, The second group

is comprised of direct producers (of the metal) and manufacturers of various preducts,

Federal and private users may he related on a contractual basis, where a consulting firm will conduct

a specified research program for a federal user, Conversely, a federal agency can encourage private

research by providing accéss to-data or through direct finanecial support {e,g. the Mineral Exploration

Assistance Program).

The information derived from Shuttle and supplemental satellite sensors useful to a mineral exploration

mission is made available to federal and private users.

Federal agencies use the data to compile

mineral reports, conduct research, snd classify the mineral potential of federal lands, Private users

will use the data to locate mineral resources; either directly (mineral & mining companies) or indirectly

(academic research, or interpretations compiled by consultants for clients). In addition to Shuttle and

satellite based inputs, conventicnal information sources, such as the published literature are utilized.

From this interchange and accumulation of data, the final test of a geological survey, namely drilling

and sampling at specific locations, can be performed more quickly and with a greater chance of locating

workable ore bodies, it is from this process that the primary economic benefit of the mission will be

realized,
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3.,4.3 JUSTIFICATION FOR THE SHUTTLE PROGRAM
Use of the Space Shuttle as a remote sensing platform provides several advantages which apply to several
different types of missions, Those directly applicablé to the Mineral Exploration Survey mission are:
1, The design of the Shuttle mission will be to complement rather than duplicate measurements
which cax be made by unmanned satellites,

2. The Shuttle will be maneuverable, ensbling investigators to obtain real~time measurements,
and to alter the mission plan as appropriate in the light of data just received,

3. The Shuttle system could provide a selectable real-time observation capability to receiving
staticns on the ground, via down-link communication channels, When a selected site is
approached, real time monitors in the shuttle or in the ground station could sean the various
imaging sensors and select the most appropriate combination for viewing the scene,

4, ‘The substantial payload capability will enable potential users to enjoy flexibility in employing
a wide variety of sophisticated sensors. ‘They will be accessible in flight for adjustment,
calibration and repair, and available for post-mission inspection and evaluation,

For earth surveys in general, observations of the earth's surface takén simultanéously with a variety
of sensors can be eompared to yield information useful to earth scientists and applicable to commereial
activities such as prospecting, fishing, farming and transportation, The quality of the results of
experiments earried cut by Shuttle will be optionum since the investigators themselves will be on the
scene to alter the mission experiment plan as neeessary, combining user expertise with shuttle mission
flexibility,

The Shuttle charaeteristics will support the mission requiréments for greater spatial resolution, stereo
photographic coverage, and simultaneous use of different sensor systems, The synoptic regional over-
view combined with high resolution imagery permitted by returnsble camera systems will enable
investigators to pin peint subtle surface features indicative of mineral concentration, Further, the

large payload capacity will permit a variety of sensors with adequate power facilities to be utilized.

Sinee this mission is designed to operate primarily over the U.S., where regional geology has been fairly
well defined, the sxisting regional information can be verified and improved by high resolution images
from Shuttle. Acceptable rasolution/area coverage trade-offs would be made for the specific missions
(e.g. 3 meter resclution for a 50x50 kilometer area, or 20 meter resclution for 150x150 kilometer area).
Smaller area higher resolution coverage would be more usefiil where lineament intersections or rock
relationships ave of interest, Larger area lower resolution ceverage would be effective for exploring

for surface color changes associated with massive porphyry copper deposits, Whatever the resolution
requirements, imagery should be calibrated and metrically correct, in order to facilitate the transfer

of information ontc base maps, Stereo side lap photography will facilitate the interpretation of geologic

structure, perhaps providing an alternative to computer enhancement techniques.
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For camera or scanner sensing systems, true color imagery is important for discriminating lithologies,

especially in arid regions, Color infrared imagery is useful for enhancing vegetation and soil types, as

well as soil moisture content,

Shuttle payload capabilities would make it possible to carry s scanner system with high resolution (ap-

proximately 1/3 of that of Landsat} which would maintain a 59 km swath width., Besides the coverage in

the , 45 to 2, 35 micron region (specific bands to be determined) a thermal channel could be included cover-

ing the 10.4 - 12, 5 micron band,

3.4.4 SENSOR REQUIREMENTS

The generic sensor types which are required for the mineral exploration mission are summarized below

in Table 3~14,

TABLE 3-i14, GENERIC SENSOR REQUIREMENTS FOR MINERAL EXPLORATION

REQUIREMENT

PURFPOSE

1, OVERLAPPING PHOTOGRAPHS FOR
STEREO VIEWING

2, 10-20m SPATIAL RESOLUTION
IMAGERY

3. MSS SCANNER - .45 to 2, 35 MICRONS
- 10,4 to 12,5 MICRONS

(SPECIFIC BANDS TO BE DETERMINED
SEE TEXT)

4. CAMERA SYSTEM

5. IMAGING RADAR (LATER)

6, ILLUMINATION REQUIREMENTS
- LOW SUN ANGLE
- HIGH SUN ANGLE

7. INFORMATION GRID SIZE

ACCURATE DETERMINATION OF LANDFORMS,
TOPOGRAPHY

LOCATE SMALL ROCK OUTCROFS, LINEAMENT
PATTERNS, SURFACE TONAL ANOMALIES

SPECTRAL RESOLUTION AND ADVANCED INTER-
PRETATIVE TECHNIQUES (E,G, ADDITIVE COLOR
VIEWING, COMPUTER ENHANCEMENTS) TO:
DISCRIMINATION OF GROSS ROCK TYPES, DE-
LINEATION BETWEEN ALTERED AND UNALTERED
ROCKS, BETWEEN ROCKS AND SURFICIAL

COVER,

TRUE COLOR AND COLOR INFRARED TO DETECT
SURFACE TONES, TYPES OF GEOCHEMICAL
PROCESBSES

CLOUD AND VEGETATION PENETRATION, TO
DETECT SURFACE "ROUGHNESS" AND LINEA~
MENTS

TO EMPHASIZE LINEAMENTS BY SHADOW EFFECT

TO EMPHASIZE TONAL DIFFERENCES AND
MINIMIZE OBSCURING EFFECT OF SHADOWS

50 METERS
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Color photography is of considerable value, especlatly for detecting color anomalies, e.g, geochemical
alteration. The color photography has excellent information capacity, and high reliability, Thermal
infra-red imagery readily identifies thermal features, but can be poor in analyzing subtle geological
phenomena, The recognition of thermal features may indicaie near surfa¢e igneous intrusions or sulfide
bodies which produce heat through oxidation. In regions where permafrost exists, the heat given off by
oxidizing sulfide bodies may cause destruction of the permafrost near the deposit, a feature readily
detectable from orbital altitudes, Radar imaging can also be a useful tool for distinguishing lithologic

units, as well as showing topography clearly, especially surface traces of fault systems,

Requirenments for the remote sensing mineral exploration mission developed during this study included

the following, as shown in Table 3-15,

® Primary sensing technique - visual color imaging, metrie quality desirable,
mg e ]

e Supplementary sensing techniques - radar imaging

¢ Alternate sensing techniques - Infra red imaging covering the spectrum between 3 to 4.2
microns and 8 to 12 microns, Passive microwave imaging and absorption spectrophotometry,

The geological objectives include production of basic small~scale geologic maps at two scales

{1:10, 000 and 1:250, 000) in order to complete and up-date existing map series, The sensing techniques
with greatest applicability for geology are visual imaging, with metric quality desired for the geologic
mapping objectives, Ground resolution requirements range from 6 to 30 m desired and 306 to 120 m

acceptable. The most stringent resolution requirement comes from the 1:250, 000 mapping objective,

Radar imaging has considerable potential for geologic applications as it tends to emphasize important
topographic and geologic features while suppressing effects of some non-geologic features, Ground
resolution element requirements are similar te or slightly greater than those for visual imaging,
Thermai IR imaging is useful for applieations requiring information on the ground surface temperature
distribution, The desired ground resolution is similar to that for radar imaging but ground resolutions

of up to 300 m or even 3 km for volcane reconnaissance are considered acceptable,

The frequency of ebservation reqguirements for the variocus geologic objectives are guite similar and in
fact, for many objectives the same. Since geologic conditions are essentially static on any time scale
considered in the normal course of events, the requirement is basically to obtain complete coverage of
the areas of interest once, The time of year is generally selected as summer or autumn so that snow
cover will be minimal, and there is some preference for the autumn end of this time period as native
vegeiation correlates in some inst-imées with geologic composition of areas, and identification of some
vegatation types is facilitated by the presence of autumn colaration. Also the detection of surface features

may be easier in some areas when deciduous forests have lost their leaves.
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TABLE 3~15. RECOMMENDED VALUES OF MEASUREMENT PARAMETERS

_
MEASUREMENT PARAMETERS: USEFUL RANGE RECOMMENDED VALUES
GROUND RESOLUTION: _ DESIRED {ACCEPTABLE)
VISUAL {COLOR) IMAGING 6-30m 6m (90m)
100-450m
RADAR IMAGING 3-30m 30m (90m)
100-450m
THERMAL IR IMAGING 3-30m 30m (300m)
100-450m
PASSIVE MICROWAVE TMAGING 30m (300m)
THERMA L RESOLUTION: 0.5°C
SUN ANGLE: 30° and 60° 20-40° and
80-90°
(LOW SUN ANGLE TO ENHANCE LINEAMENTS,
HIGH SUN ANGLE TO ENHANCE SURFACE TONES)
SWATH WIDTH: 180km (BASED ON 100im RESOLUTION) BUT MAY

LOCATION TO BE OBSERV'ED:

| OBSERVATION SCHEDULE;

| RESPONSE, TIME:

BE TRADED OFF FOR HIGHER RESOLUTION

SOUHWESTERN U.8,, ALASKA, APPALACHIANS,
KEWEENAWAN AREA,

AT LEAST TWICE, ONCE JULY-OCTORER
AT EACH SUN ANGLE, PREFERABLY
(POSSIBLY MORE IF THERMAL SEPTEMBER OR
INERTIA MEASUREMENTS OCTOBER
WANTED)

NOT CRITICAL

Sun angle plays ap important role in th specificativa of visual imagery for geological applications, Low

sun angles increase thé visibility of minor topographic features because of shadowing whereas high sun

angles are desirable for high-quality color photography from which compositional variations may he

inferred, Accordingly, two Sun-angle ranges have been specified for the geslogy objectives, 20-40°

and 60-90°,
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Single, vertical photographs are useful for recognizing or classifying specifiec features on the earth's
surface; however, the single photo (or image) enables the viewer to perceive only two dimensions, length
and width, Geologic mapping involves not only the spatial distribution of surface deposits, but actually
the recognition of 3 dimensional geologic structures and how they are expressed at the surface. This
exprassion may be manifest in two ways - landforms themselves, which may not expsse rocks at the
surface, but will influence local topography (such as domes, basins and folded strata) and actual rock

and alluvium exposed at the surfzee through glaciation, lack of vegetation {(e.g, arid climate) or erosion,

In both cases the thicd dimension of depth is required to accurately measure the shapes of the landforms,
degrec of erosion, or the angle at which rock strata "dip" beneath the surfac_:e cover, ‘These measuve-
ments are critical in constructing both topo and geologic maps - topographic maps which rely on accurate
land form analyses to measure elevations and the distribution of surface features, and geologic maps
which rely on accurate measurements of the atiitude of strata to infer the underlying strueture, and

interpret the geologic history of a region,

In order to acquire the third dimension, the viewer must apply his natural "depth" perception ability,
‘When objects greater than 450 to 600 meters away are viewed by unaided eyes, the special ability of depth
perception is essentially lost, At such distances, lines~of-sight from each eye converge very little; i
fact, they are practically parallel, as when the eyes are focused at infinity. If the human eye base (inter-
pupillary distance) were increased frofn the normal 6,5 cm, the perception of depth could be greatly
increased. In a manner of speaking, this feat can be accomplished through asrial (or space) stereo
photography., From an airplane in level flight, overlapping camera exposures are made at intervals of
several thousand feet. When any two successive prints are viewed through a simple stereoscope, each
eye "occupies' one of the widely separated camera stations, This "stretching'' of the human eye buse

results in a greatly exaggorated three-dimensional photograph for study and interpretation,

Stereo viewing is useful to the geologist for:

¢ recognizing linears

o defining direction and magnitude of dips

¢ determining lithologies by their relative resistance to erosion
® recognizing landforms '

e locating glacial deposits

® asgessing slope stability

¢ determining tonal differences and their relative relief

3~50



Spatial requirements for the mineral exploration survey mission deemed neeessary by most potential users
are ten to twenty meter ground resclution and a minimum of 50x50 kilometer aerial coverage. The ten
or twenty meter spatizl resolution is necessary for locating small rock outcrops, lineament patterns and

surface tonal anomalies. Specific spectral requirements need to be deterinined, Candidate bands mclude:

®  Muliispectral scanner

.45 - , 50y, Ferrong iron abzorption,

.52 - .56y, Strong green absorbance of rocks with iron oxide stain; increased reflectance of rocks
containing minerals with Ferrons iron.

.63 - , 68y, Strong red reflectance of rocks with iron oxide strain,

.85 -, 90u, Ferric iron abserpticn band,

1,1-1,35m, 1.55 - 1.754, 2,05 - 2,354, Best bands for separating altered versus unaltered rocks,
10,4 - 12, 5u, Differentiating soil and rﬁck types using thermal inertia techniques,

e Camera systems for high resolution stereo color and color IR, for detecting surface tones,
vegetation type, and geochemical informatien.

e Imaging radar - (SLAR) for cloud penetration, structural discrimination, drainage, lineaments,
and "structural grain' or surface "roughness’,

Auxiliary data useful for supplementing the information providec by the sensor systems is primarily in

the form of ground truth, published information, and test site familiarity (experience of the interpreter).

3,4,5 FLIGHT PROGRAM

i'est sites to be evaluated in this survey include known copper-preducing regions and adjacent areas to
duly utilize existing ground truth and proven exploratory techniques in particular, the 'copper belt" of
the Southwestern United Statas, including large portions of Arizona, New Mexico, Utah and Colorado and
smiller regions of Idaho and Wyoming (see Figure 3-19), The coppér region is composed of "belts"
trending roughly north-south, covering an area of approximately 27,000 square miles, The existence of
proven copper mineralization in this ares increases the likelihood that other deposits will be discov-red

under similar geologic conditions; thus they are considered to be high potential exploration targets,

In addition to the prime exploration site in the senthwestern and western U. 8. , other exploration sites
show copper mineralization potential, These areas can be characterized by igneous intrusions and
imetamorphic terrain, especially near lithologic contacts and where majer lineaments are concentrated,
Portions of seuthern Alaska and the Alaskan pan handle fall inte this category, as does the Keweenawan
Peninsula and adjacent territories surrounding the Great Lakes and extending into Canada. In addition,
igneous and metamorphic portions of the southern and northern Appalachians fall into this group, in-

cluding portions of Georgia, Alabama and Tennessee and nerthern New England, In total, areas of
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potential copper mineralization which should be surveyed in this mission approach 78, 000 square kilometers,
(30, 000 square miles). Their exact distribution are summarized in Figure 3-19 which also shows the
locations of the selected test sites relative to the known locations of ¢opper mineralization in the United
States,

] = APPLICATION DEVELOPMENT TEST SITE

Figure 3~19, Known and Potential U.S. Copper Deposits with Candidate Test Sites

Analyzing specific data requirements as expressed by potential users yieids the following constraints:

1, Optimum information grid size desired by a majority of potential users for mineral
resources information is 50 meters,

. 2. Timeliness requirement (the interval between data cellection and actual availability to the
investigator) is between two to six months, For geologic phenomera, tirneliness is not
a critical concern,

3. Update cycles requested most frequently are seasonal (quarterly) to take advantage of
changes in vegetation and sun angle., In some investigations, the update cycle is yearly
or one time only, due fo the slow rate at which most geological processes take place,
In addition, progressive changes in vegetation or seasonal snow cever, resulting from long term
climate fluctuations may enhance the underlying terrain to different degrees, necessitating quarterly
coverage over a series of years, Investigators in the Landsat program report that in many cases, each
seasonal cycle contributes new informatien to a given study, and so continuing coverage is valuable

even though dctual terrain conditions remain relatively static,

3.4,6 DATA DISSEMINATION

The formats in which data, obtained by the Shittle Mineral Exploration Survey Mission, will serve the
user community are varied, Products will includé an overall report of the mission, containing specific
information such as area zovered, orbital parameters, sensors utilized and initial evaluation of the test

sites, In addition te the report, overlay maps will he prepared containing pertinent geologic information
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derived from ground truth ard mission data, including surficial geology and known mining localities where
possible, Timeliness is less eritical in geology than in 2 field such as agriculture; barring artificial
time constraints imposed through contracts or legislation, Two to six months timeliness should he

sufficient for most mineral exploration applications,

The information derived from Shuitle (primary) and supplements] satellite (secondary) sensors useful to

a mineral exploration mission (geology, lineaments, surface alteration) is made available to federal and
private users, The overall flow of information is shown in Figure 3-20, TFederal agencies use the data to
compile mineral reports, conduct pure research, and classify the mineral putential of federal lands,
Private users will use the data te locate mineral resources; either directly (mineral & mining companies)
or indirectly (academic research, or interpretations compiled by consultants for clients), As additional

inputs, conventional information sources, such as the published literature are utilized,
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Figure 3-20, Mineral Exploration Survey Information Flow
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3.5 URBAN AND REGIONAL PLANNING

The Urban and Regional Planning mission ig one of three missions discussed in this report which are
representative of using the Space Shuttle sortie flights in the Application Development role,

3.5.1 BACKGROUND AND MISSION DESCRIPTION

The utilization of our land resources consists of several related activities; one of these activities, the
planning for land utilization, is the focus of this mission. This focus on planning should not be miscon~
strued to represent that planning is the sole (or even major) activity within land utilization; rather, plan-
ning was selected in order to provide a single focal peint for an earth resource survey mission, The
urban and regional planning mission will utilize the Space Shuttle as a data acquisition platiorm to obtain
remotely sensed data which can be employed by planning authorities as inputs to research, plan prepara-
tion, and decision implementation, Uses for remotely sensed data, other than planning, in the area of land
utilization include: strategic management, monitoring current utilization, publicity, and other more day-
to-day operational uses. In discussing this mission, it weuld be useful to begin by touching upon the nature
of planning activities, and alse commenting briefly on some of the more recent work which has been
directed towards demonstrating the feasibility of utilizing a remote-sensing technolegy as an aid to plan-
ning efforts,

In the most general sense of the term, pla,xming may be defined as 2 process which leads to the formulation
and clarification of goals and ohiectives, and to the reduction or translation of these go:ils and objectives
into specific conrses of actien, Planning activities which are oriented towards shaping the pattern of human
- activities over space may be differentiated from one another in terms of the level of spatial aggregation at
which they are earried out. For this Application Development mission, two basic forms of land-o¥iented
planning may be identified: (1) urban, or city planning; and (2) regional planning, As the terms imply,
regional planning is carried out within the context of supra~urban space (i.e., within areas which inelude
more than one city), while urban planning is conducted within the context of intra~-urban space. Moreover,
the two forms of planning can also be distinguished from one another by the fact that urban planning focuses
on problems pertaining to the quality of the micro-environment (e, g., urban design, the staging of small-
scale changes in land-use patterns, the provision of public facilities and services, and the evaluation and
management of a housing stock), while regional planning is primarily concerned with the economic problem

of resource dllocation and development,

Regional and urban planning is concerned with the deveélopment of the functional lHnkages which connect
metropolitan regions to one another, The major concern is with the transportation of people and com-
madities; however, interest also focuses on problems related to the development of power grids, communica-
tions networks, and water supply channels, This planning alse deals with the developmental problems of

the so-called peripheral areas which lie outside of the metropolitan regiens., In many instances such areas:
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1 lag far behind the rest of the nation in terms of economic development even though they include potentiniiy

valuable natural resources (Appalachia is an example), Generally speaking, planning efforts in this context

are directed mainly towards resource development,

At this juncture, it would seem appropriate to say a few words sbout the sequence of activities involved in

land-oriented planning. A more or less conventional formulation of the planning process is as follows:

1,

2,

7.

1

Resource inventory: appraisal of existing resources in categories such as land and water, species,
and human population.

Data acquisition and processing: collection, manipulation, and storage of information using con-
ventiondl surveys, aerial photography, and remote sensing.,

Analysis of data in terms of existing sfatus or use, quantify, quality, location, trends, and
relationships,

Plan formulation and implementation: forecasting, development of alternatives, simulation,
modeling, and selection of a course of action,

Monitoring and enforcement: measurement and performance in terms of rate of change, type of
change, location, guality, and amount; and adjudication of conflicts,

valuation of policies, priorities, technology, organization, and lepislation to identify places and
methods for improvement.

Repetition of the process.

Ag this ouftline indicates, the activities of plavining authorities are not confined solely to the preparation of

plans, Indeed, a large part of their efforts is directed towards the resolution of problems of an immediate

nature. For example, 2 major function of urban planning agencies is the enforcement of zoning regulations,

Also, in recent years, planning authorities at all levels of spatial aggregation have become increasingly

involved in matiers relating to the protection of the environment ~ such as the preparation of environmental

]impact gtatements for proposed developments,

Historieally, there has been a tendency in this country to downgrade the importance of planning, There

are now indications, however, that the silnation may be changing, The recent surge of environmental

awareness has given tremendous thrust to the maintenance of a quality envivonment, Thus, in ever Erow-

ing numbers, Americans have come to recognize the vital importance of effective planning institutions.

Evidence of this trend is the so-called "quiet revolution'! in land-use controls which is taking place in many

State governments, and the movement at the Federal level towards the establishment of a national land-use

policy,

The growing interest in planning has fostered concern ih many quarters sbout the adequacy of the data upon

which planning decisions are formulated. As cities have pointed out, planners all too aften are forced to

, -1, Schechter (1973), as guoted by Council of State Governments (1974, p. 5) 355



make decisions based more upon intuition than upon solid fact., Clearly, the neceasity of having to rely
upon such an approach increases the probability of makirg bad decisions, and thereby seriously weakens
the argument for careful and thoughtful planning itself, Thus, poor data may not only lend directly to a
bad planning decision; but, may also lead to a general weakening of the planning process itself. A general
wealkening or lack of respect for the planning process will utilimately lead to the total disregard of planned

land utilization and the return of individual uncooxdinated decisions,

The importance of this problem has encouraged search for new approaches to improving the data base for
planning, One line of research has focused on expiloring the potential contribution of remote sensing tech-
nology, Numerous land use investigations employing remote sensing have been conducted using both

manual and automated interpretation techniques, The results to date have shown that land use can be classified
and portrayed on thematic maps using both mmanual and automated techniques, Various levels of elassifica-
tion have been achieved depending on the types remote sensing platform used to obtain the data. Some gen-

eralized conclusions which may be drawn from these investigations include:
@  There is utility in Landsat data for urban and regional planning,

® It would be desirable for future work of this kind to maintain the synopoticity obtainable in the
field of view of a standard Landsat image, i, €., 185 x 185 kilometers (100 by 100 nautical
miles),

e It would be desirable for Landsat imagery in the future to have higher vesolution, perhaps with a
tuture series of resources satellites,

e The nature of a standard Landsat imege in terms of hoth a wide field of view and multispectrality
was unique and uncenventional to many planners who are used to working with the traditior-l tand
use data sources such as large scale black and white aiveraft imagery.

@ The periodicity of global coverage by Landsat every 13 days was judged to be sufficient
to allow for meaningfiil temporal evaluation of the Los Angeles area..

® The unconventional and supplemental nature of Landsat products and the nature of the planning
process makes it very difficult to directly measure the cost effectiveness of Landsat products for
urban and regional planning.

Landsat experimental investigations have demonstrated the utility of space borne remote sensing tb the area
of land utilization in general and to urban and regional planning in partioular, Mformation prodicts such

as available from aircraft and satellite may prove to be even more ugeful as a data source for the less dev-
eloped areas of the world having less elaborate existing data basges and fewer alternative or codlplementary
data sources, Thus, thé utility of applying remotely sensed data to the planning activity has be'en éatablished.
The next step is to develop a system suitable for the routine and operational acquisition of this data of a

type and format nseful to planners (at least, and probably others invelved with land utilization as well).
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It is worth repeating, that the preceeding discussion and emphasis on planning is provided because this mission
is oriented specifically at that single aspect of land utilization. That is not to imply that planning is the

only application of remote sensing for land utilization, but only that planning is the single aspect selected

to provide a focal point for designing a Space Shuttle Application Development mission. This rather narrow
focal point was required becauge past experience in land utilization mission planning has showed that the

wide diversity of the field and the multiplicity ef users is too great, In the past this diversity and multi-
plicity has led to too much general discussion and dilution in an attempt to solve all problems. The approach
taken here was to restrict the scope te a singular focal point and design é mission accordingly, It is

fully recognized that the data which results from this misston will have much wider applicability in the man-

agement of land resource utilization,

The purpose of this Shuttle urban and regional planning mission is the bridging of the gap between the sucess-
“ul experimental results and a fully operational system, using the Shuttle as a platform to gather higher-
resolution electronic and photographic imagery simultaneously. This imagery data will then be used as

input to the planning process described,

3,5.2 USER COMMUNITY AND BENEFIT MECHANISM

The urban and regional planning mission is unique of the three selected Applications Development missions
in that the user community is extremely diversified, and each user is interested in data only for a limited
geographical region, (Some Federal agencies are exceptions to this rule because of their national responsi-

bilities but can be considered as special cases),

The user agencies are primarily in the public sector, as opposed to private, although some private land
developer and large landowners may also be interested users, The public sector user may be further

broken into three categories:
(1} Local level users:
- City and county planning departments
(2) Metropolitan region level users:

~  Metropolitan planning agencies (Delaware Valley Regional Planning Commission is a good
example)

~  Councils of governments (COG's) - these are groups of city and county governments which
are formed for the purpose of dealing with area wide problems

~ Large county planning agencies ~ like LA county
(3) Repgionil level users:

-~  Special commissions: e,g. Delaware River Basin Commission, Appalachian kegional Com-~
miggion, TVA, ete.

-  State planning agencies
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- Coastal zone planning organizations

-  Federal agencies such as the Bureau of Reclamation, Corps of Engineers

This multiplicity of "special interest'’ users presents a significant problem in data dissemination, since

each must be serviced individually, and each will have speecial data and information needs, THhis problem

will be discussed in a 1ater section,

The key to the benefit mechanism of the urban and Regional planning mission is the improvement in several

critical aveas of the planning process:
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Orpanization of Data Collection

Much of the potential usefulness for existing data is lost because the data are not comparable, A
high-priovity dbjectivc then, is to make data gathered by one group, erganization, or source
compatible with and useful to other agencies. Data comparability is needed not only among dif-
ferent agencies at one level of government but also among the various governmental levels; there
should certainly be sufficient comparability to enable the transfer of information beyond govern-
mental jurisdietions. This requires & common format covering such aspects as: classification,
areqa, identifier (data index), etc. It is unnecessary and appears undesirable to centralize the
total data colection function within any given level or organization of government.

Access

Another high-priority objective is to improve access to data, The most important aspect of access
is to improve the identifier or coding system, Given the requirements of environmental planning,
geographic coding systems should be strived for when possible,

Anpther aspect needing improvement is real-time access, as compaied to the often long turn-
around times currently found in many information-retrieval systems, Two key tasks in planniiig
physical envivonments would greatly benefit from real-time access. The first of these is the
ability to speculate abeut alternative possibilities and breakthrough improvements, and to enhance
learning by doing so. The second is the ability to answer questions quickly about the possible
adverse impacts of specific development proposals.

A third, and growing, issue is to extend access beyond the current group of technical experts to
include citizens, elected officials, and Government administrators, The problem is related to the
division and misirust between the professionais and those who must accept cr reject their work,

It is a concern in some parts of the country with technécracy and in other places with unrespon-~
sive Government. Information is power, and access to information and the ability to use the same
tools as the professienal is a growing demand on the part of public officidls and citizens,

Data Clasgification

There are two main wealnesses in using current classification schemes to solve problems relating
to the physical efivironment, The first is uniformity of classes, There is a tendency for data
collectors to use their own classification schemes. In addition, many of the existing standard
land-use classification schemes are based Iargely on econor.ic criteria and/or on the nuisance
value of side effects. Neither of these attributes is parﬁcu':.ariy useful in evaluating environmental
implications of alternate development possibilities, Thereiore, the objective of evolving a uniform
or compatible classification scheme which is both responsive to disparate users and internally
consistent to allow users to exchange results should receive early attention,

Data Acquisition: Method, Frequency, Pl;iq;iﬁes

The range of methods for data acquisition is increasing from direct interviews in attitude surveys
to remote sensing via satellite, Many of these approaches, although expensive, yield very useful



information; others, though inexpensive, produce data of less veliability, Still others are ex-
pensive and produce data of questionable utility, An cbjective for data improvement would combine
methods to achieve cost savings while achieving high reliability,

Frequency must relate directly to the data and their intended use, K will always be highly variable,
Yet there is need to establish coordinated periods for improved data comparability.

Finally, hecause data are expensive, priorities must be set on their collection and incorporaticn
into information systems. The capacity to adequately store, retrieve, and manipulate all the data
now pouring in from the various satellites does not exist, Selectivity is necessary so that a maxi-
mum of useful information can be derived from the wealth of data available.

System Capability: Poin{, Line, Area Resolution

The adequate study of environmental problems demands a system capable of handling point, line,
and arvea data. An example is the need to coordinate data from a point emission with a stream
and the surrounding natural and developed ares, Most systems today handle data in only one of
these modes, As data-hundling improvements are made, this should receive attention, The
setting of water-quality policy for all the lakes of a State, for example, requires a different reso-
Iutionthanihat to prepare a program of action to correct the polluion of a specific lake, The task
is to retain the ability to aggregate data and yet have comparability at a given scale,

Machine Coordination

This is a less-immediate objective, but one requiring stvdy., I data remain stered in a variety of
locations, and if access fo infoermation is to be achieved on anything approaching a real-time '
bhasis, some linking of machines and apencies would appear to be necessary, The IRIS data sys-
tem propesed for the State of Ilinois would create an interlocked set of computers located at vari-
ous points throughout the State and a cluster of remote terminals tied to each computer, The
whole issue is very complicated, but the ability to achieve coordination will decline as time pisses
if no action is taken.

Education

Progress in environmental planning and controls requires a massive edication program, Far
more people know how the land market works than know ecological linkages, perhaps because
there is 2 strong incentive in the mazket to learn, Information systems with direct man/machine
interface can be useful tools in problem solving and policy formulation, They also have the poten-
tial of being used for programmed learning, a potential that bears exploring,

Tt is difficult at this point o evaluate overall cost effectiveness and cost benefits to be derived from the

mission, primarily becayse problems are being solved whose economic benefits are not known nor easily

assessed, and yet for which there is no practical alternate solution, Thus, the benefits derive from doing

new things rather than making the old process more efficient, e.g,

High resolution, synopfic imagery provides commoen data for large areas - this is not available
now, and the need will grow as metropolitan growth continues.

Because there will be many primary uses for the Shuttle's output, unit costs will be relatively
low, One example of a benefit is land use inventories which are not now undertaken at frequent
intervals because of their high coest, can be undertaken more often.

3.5,3 JUSTIFICATION FOR THE SHUTTLE MISSION

The primary justification for the use of Shuftle as part of this mission is the availability of a cost-

effective combination of high reselution photographic camera with medium resolution electronic sensors,
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providing synoptic coverage of areas of interest due to Space Shuttle, Shuttle not only provides the only
vigible space platform (through the 1980's) for cbtaining gynoptie photographic coverage; but, it is also the
most cost efiective platform (in comparison with high altitude aireraft) for obtaining the volume of photo-
graphic data required. The cost effectiveness of the Space Shuttle is discussed at greater length in Sec-
tion 7 of this report.

The key factor in the cost effectiveness of the Shuttle is the ability to amortize the cost over several simi-
Iar users, Most urban and regional planners require the same type of data ~ just over different locations,
Anotlier factor related to the coat effectiveness is the use of '"standard' Shuttie sensors which bave heen

propoged for several missions, further amortizing the cost of data acquisition for specific users,

Other factors which are unique to the application of the Shuttle to this mission are:
¢ Quick response capability for Shuttle flights to aid evaluation of emergency conditions e, g. severe
floods, hurricane damage
¢ Variable orbit characteristics
® Man available to provide discretionary decisions

& The ability to use relatively low cost equipment which does not meet the full unmanned
spacecraft-reliability criteria.

3.5,4 SENSOR REQUIREMENTS

A cartographically-useful film output is desired for planning and field use, Spatial resolution sufficient
to allow the delineation of s{reets is necessary, A candidate sensor is the S190B camera flown on Skylab,
Films used should produce 2 resolution of approximately 5 meters,

For fulfilling (or approaching the fulfillment of) the functional requirement for multispectral data, the
spectral characteristics of the data and machine processing are more critical than spatial resolution,
Ground regolution between 15 and 20 meters effective field of view, with spectral gray levels of between
64 to 128 levels over the spectral range are required. Five or six bands covering the spectral range of
0.42 to 1,1 um plus 2,0 to 2,6 um and 10,4 to 12,5 um are the required spectral ranges of 2 scammer for
machine-based urban land use classification,

Both a multi-band camera and a multispectral scanmner are desired sensor types for this use, In the

former category, the S180A camera used en Skylab is a candidate, and the thematic mapper will satisfy

the scanner requirement,
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3.5,5 FLIGHT PROGRAM AND TEST SITE SELECTION

The purpose of the missions developed in this study is to demonstrate the capability of staisfying user
information needs through Shuttle borne remote sensing, This is distinet from operationally satisfying the
users needs for a large number of users or over a long period of time, For this Urban and Regional Planning
mission it was decided that a small set (five) of representative test sites would be adequate to demonstrate
the capability, The five were selected as heing representative not only of their geographic repion and the
other factors listed below; but, also representative of the type of urban and regional planning involvement

of each: .

CRITERIA:
Size: population, area
Region: physiographic, demographic
Age: settlement, development
Site: coastal/inland, river basin, airshed
Hinterland: vegetative, forestation, arid zone
Socioeconomy: industry, commerce .

Uniqueness: critical areas, special features, ethnicity, etc.

After an initial screening of the urbanized areas of the Unites States, the following locatione were selected as
potential candidates:

Philadelphia* Memphis Knoxville*
Los Angeles Louisville Salt Lake City
San Francisco* Birmingham Hurntsville
Sealtle Albuguerque Amarillo

San Antonio* Tucson Sicux Falls*

*indicates area selected as test site,
4
Five cities were selected as representative initial test sites for the Urban and Regional Planning mission;

they are, as shown in figure 3-21:

PHILADETLPHIA: An older, largér Eastern port city, along a major mid-Atlantic river, City popula-
tion £ millien, standard metrapolitan statistical area (SMSA}~ 5 million, density over 15, 000 persons/
8q. mile, Readily accessible for data, Regional entity: Delaware Valley Regional Planning Commisgion.

SAN FRANCISCO: A medium-sized western harbor, with a large urban area surrounding a bay, City
population ~ , 7 millien, SMSA, ~ 3 million. Density over 15, 000 persons/sq. mile: Association of
Bay Governments/USGS-HUD study.

SAN ANTONIQO: A south-western, inland city with an urban area of “bout same population~. , 7 million,
Some critical environmental factors, under intensive study, Outstanding urban design - HUD aware,
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KNOXVILLE: A southern city with a larger SMSA (. 17 to ,40 million), Extensive planming locally
and by the Tennessee Valley Authority,

SIOUX FALLS: A northern mid-western interior town, with dispersed SMSA (all~ 1 million},

AFPLICATION DEVELOPMENT
TEST AREA

. Figure 3-21, Urban and Regional Planning Test Sites
The Applications Development mission will require two flights, one in the Spring and the other in the Fall
over each test site area, There are no other critical flight parameters except for a reguirement for an

a‘deéuate ¢ 30%) sun angle,

3.5.6 DATA PROCESSING AND ANALYSIS
The data processing and analysis will involve both manual and machine aided interpretation of photographic
and electronic Image products, The purpose of the analysis is the extraction of land use theme data in ac-

cordance with the indexing scheme used by each plaming agency and the specific needs of the agenc,.
The electronic imagery will be used for the preparation of generic land use themes, the photography will
be interpreted and used to generate large scale map overlays of specific themes and areas within the plan-

ning region of interest.

The data processing and analysis will, of necessity, require cloge cooperation with the local planning
authority; this authority will be responsible for the dissemination of information resulting fram the study,
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SECTICN 4
SHUTTLE ACCOMMODATION OF THE MISSIONS

The Shuttle Orbiter has the capability, in the soitie mode, to provide a number of payload cohfiguraﬁons to
the user: comibinations of ghort or long Spacelab pfesaure modules and pallets; a pallet-only configuration
for which the control of the payload is provided from the Qrbiter flight-deck; and Standard Earth Observa-
tions Package for Shutfle (SEOPS), a small.er gensor support mount which can be flown with any of the
Spacelab configurations as well with antomated spacecraft as the primary payloads,

Severzal major issues are present in the guestion of Shuttle accommodation of the missions, . The first is
the matching of the physical requirements of each mission to a Shuttle configuration in order th:t the
range of carrier configuration options can be considered. Second, and more important, is the range of
issues raised by the subject of combining multiple missions to achieve higher utilization of the Shuttle on

each flight, These iagues include substantive engineering questions, such as whether to design the SAR
anténna to fold, in order that it may fly with a Sbabelé.b preséurizéd module, or to restﬁct it to pallet=
only flights and save the development costs and operational complexity of the folding antenna, A second
engineering issue concerns the mutual design of the SAR and SIMS to ehuble these two sensors to be flowr:
{(and operated) concurrently without undue electromagnetic interference; in order that their complementary

forms of data may be gathered over the same ground areas,

Also to be' considered are programmatic questioni, sudh as whether the Earth Resources exp‘érin‘ients-wili
be flown sinmuiltaneously wﬁh othei' é;pplication ekperhne’nts and, if so, what should the characteristic of
their companions be, A second velated programmatic issue concerns the frequency with which Earth -
Resources payloads will be flown shoard Spaceiab, The needs of the represahﬁaﬁive missions treated
herein (and, indeed, most Earth Resources missions suitable for Shattle) dictaie fairly tight seasonal
scheduling (say + 45 days) and multiple f-lig’lﬁts pei miggion in one year, It is clear that the Earth Resources
Program will not require many or even several, full Spacelabs in 2 year during the early Shuttle era,
Flight sharing by several taeans should :be investigated: sharing launch costd with cther applications pay-
loads aboard Spacelab; sharing launch costs with non=applications Spacelab payloads through the use of
SEOPS; and sharing launch cogts with applications satellites.

With these issues in mind, the subject of Shuttle accommodation was addressed the following way: first, '
the physical regources demanded by each of the missions were defined and compared to the resouices
available to establish the range of payload/camer optiona, Then the most likely options were deta.iled into
concept designs for use in struehiring of the s 2grated Flight Prograin, These options included:
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- a camera and scanner combination on the SEOPS, the pallet-only Spacelab, and the module-
plus-pallet Spacelah,

= the Synthetic Aperture Radar oh both the pallet=onty and module-plus=pallets Spaceldb

=~ the Synthetic Aperture Redar both in conjunction with and excluding the Shuttle Imaging
Microvave Svstem. ' '

A selection of typical experiments from the list of those comtenplated by the Office of Applications was
used as a contextual backdrop for the analysis of the accommodations for the Earth Resources experiments,
These experiments were selected from those identified by various NASA discipline specialists and docu~
mented by GE under the Shuttle Transportation System Payload Definition Activity (STSPDA). The non-
Earth Resources Experiments were selécted to be compstible with those under study in this task but do not
represent sither a fiym intent on the part of NASA to fly them nor a recommendation by the TERSSE team
that such be the case,

4,1 SENSOR DEFINITIONS _

The mission requirements developed in Section 3 were used to select acceptable sensers as the next step in
defining Shuttle accommodations, In the case of the SAR, the sensor is defined inherently by the nature of
the mission itself: SAR develop_i:nt. In the soil mdéisture n':i'aaldn, the objective of microwave and optical
spectrum measurements lead to the selection of: the Shuitle Imaging Mierowave System (SIMS) under
study by JPL, elther the 5-band Multispectral Scanner {MSS) from the Landsat Prograin or the newer
Thematic Mapper (TM), and a visible-wavelength scanning polarimeter. The three appliedﬁons develop~

ment missions all require camera(s) and a scanner of varying performances, The candidate cameras were

chosen from existing designs to avoid/minimize development eosts; likewise,_ the seabner candidates were ,
chosen to be the MSS and the TM,

Matching of the mission requirements against the candidates' characteristics led to the set of preferred
sengorg illusirated in Table 4-1, A brief description of each of the sensors follows:

Shuttle Imaging Microwave System (SIMS), The SIMS (Figure 4-1) is 4 high resolution, éassive microwave
éystem usei for ﬁeasurmmts of .thé thermal emisgions from the Earthi's surface and atmosphere in the
0. 6 to 118, 79 GHz spectrum. The instrument is coinprrised of a four-meter~wide reflector antenna, a
rotating feed assembly, dnd a series of receiver/processors i‘of'each of itg eleven frequencies. Each
radiometer feed sweeps a ¢rogs~irack swath of :bﬁﬂ degrees ag it rotates past the reflector, The

amount of the reflector which is illuminated is varied with frequency to provide an instantaneous field of
view ranging from 0.1 degrees (at 118,79 GHi) to 17 degrees (at 0, 6 GHz). Tha ingtruoment is éurrently -
configured to mount directly to the-cafgo bey longerons and feplaces a pallet a'ectio‘n in a Spacelab con-
fizurations. The SIMS weighs 952 Kg and requires 930 watts of power,
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TABLE 4~1, SELECTED SENSORS
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' - S : : MODIFIED FOR USE
5-BAND Mssg 1 + om v oR OR AT SHUTTLE ALTITUDES

DIQME TERS:

IMAGING
SPECTRO-

RA

§-190A B-CAMERA PKG

.'I‘HE-MNI-‘IC MAPPHER ! @ j . :

BE

| MODIFIED TO INCREASE
= 1 . : _ ' FOCAL LENGTH; PRES-
§-190B 5" FILM CAMERA . | : . v orm ; v oR $URE HOUSING REQ'D

. ' ' : ' PRESSUR E HOUSING
LG. FORMAT (9"x18") . | _ _ @ ; v REQ'D
CAMERA

FILM
CAMERAS

| PRESSURE HOUBING
REQ'D

IMAGING RADAR @AR) | (wHEN () | @ - T
g _ AVAILABLE). : : :
IMAGING pW SYSTEM (SIMS)|

porowumsmm | @ | | |
! ALRCRAFT
SENSOR

MICRO-
WAVE

=¥

v - ADEQUATE .

/) - PREFERRED

TR LR ey

R Y4 5 i o o T AT AR R o




OrS s e

T

WEIGHT: 952 KG
POWER: 930 WATTS

FIELD OF VIEW: 60°x17° | o
- an ING
FREQUENCIES: 061 GHz %cl’:‘i\Eo.\E\\'I_
1413 CHz WHE
2,695 GHz
66 GHz
10.69 GH2
20 GHz
22‘.2 GHZ
37 GHz
53 GH:z
94 GHz
118.7  GHz

_ DIRECTION
" OF FLIGHT

Figure 4-1, Shuttle Imaging Mierowave System (SIMS)

Spot-Scanning Photopolaerimeter, The polarimeter (Figure 4-2) is a threé-channel device Whichlmeasures

the polarized compoﬁents of usable light with a spectral bandwidth as narrow as 100-150 A (final value to
‘be determined), Tt is comprised ofa gmal telescops, with three optical barrels {one for each polarization
channel) a polavizing prism and a phbtodetector/amplifier asgembly, Its IFOV.is 1,0 degrees, The entire .
instrument is geammed cross-track by a single-axi= gimbal over a range of 260 degrees. The instrument
weight, with gimbal, is 27.2 kg; a makimﬂm ani average power of 45-and 20 watts, respectively, ate

reguired,

Synthetic Aperture Radar (8AR), The design configuration selected for use in the sm&y (Figure 4-3) is bised

oﬁ studies underw- * by JPL and Hughes. The SAR is a two=frequency (X, 1. band) instrument operating
with dual polarization in both frequencies. Transmitted power (peak) is 6.8 Kw (L-band) and 17 kw (X-band).
Cluttér tracking is used to ease Shuttle pointing requirements, A 10-meter flat array antenna is used,
producing & nominal ground resclution of 25 meters with a magimum~swath width on the ground of 100 km,
Processing and recording of the data is performed digitally; the data rate is varigble with an upper limit of
480 Mb/sec at maximu_ﬁ: resolution (~6m). The insts'rﬁment weighs 1248 kg including support structure,

and consurmes 4 Kw of power.
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© WEIGHT: POLARIMETER & GIMBAL
6:8 KG
204 KG_
372 KG
o POWER: 20 WATTS (AVERAGE)
45 WATTS (MAXIMUM)

» SPECTRAL BANDWIDTH:  100-150A° (WITHIN
0.4-1.0 MICRON REGIQN)

SPOT IFOV: 1°:0.1°

VIEWING ANGLE: 160°

NUMBER OF CHANNELS: 3 (CORRESPONDING TO
EACH STOKE PARAMETER)

WEIGHT: 1248 KGQ
POWER: 4000 WATTS
RESOLUTION: 25M

SWATH WIDTH: 3015 100KV

BANDS: L:BAND 1.04 GHz
H-BAND 8.0 GHz

TRANSMITTED POWER;

DATA RATE (MAX.): 470.MBPS

Figure 4-3., Imaging Radar
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Thematic Mapper (TM). The TM (F-igupe 4-4) ig an advanced scaming spectroradiometer which permita

simultaneous imaging of visible, near-infrared, and thermal infrared energy spectra. The folded telescope R

has a collection apertire diameter of 46 cm (18 inches) which produces an instantaneous field of view of 30
micro-radians in the usable and near-IR speé¢tral region. The scanning mechanism is mechanically operated
through the uge of a servo motor-driven mirror, (Three scanning mechanisms are under study for this
sensor: conieal, rectilinesr, and rotating flat reflector. The concept illust:ated.in Figure 4-4 is the recti-
linear scan configuration. ) An array of sixteen deteetors is used for each visible or near—IR band,

The development of this sensor is currenfly being pursued for use in polar spacecraft operating at an
orbital gltitude of approzimsately 700 km, For use in the Shuttle, two modifiéaﬁions Will be necessary: the
scan mirror drive will be irtodified to decrease the swath width (gcan angle) and increase the scan rate.
And the passive (radiation) cooler for the thermal detectors will be replaced by a solid-ecryogen cooler.
The scan drive modification will result in a 17m IFOV and a 59 Km swath width. The data rate for the
modified sensor wili be-maintained at 89.4 mb/sec, The TM weighs 180 Kg and requires 260 watts of

power,

WEIGHT: 180 KG.

POWER: 260 WA1TS
SWATH WIDTH: 59 KM. AT 443 KM, ALTITUDE
IFOV: 30 »RAD.

DATA RATE: 89.4 MB/SEC,

SPECTRAL CHANNELS: 4 VISIBLE/NEAR IR
2 MID IR
1 THERMAL IR
MODIFICATIONS:

¢ VARIABLE SCAN MIRROR DRIVE

o ADD ROLL OFF NADIR ROTATION

@ PROVIDE CAPABILITY TO CHANGE
SPECTRAL BANDS FOR DIFFERENT
MISSIONS

Figure 4=-4, Thematic Mapper -
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S-_IBDB_GAMERA. The high spatial regolutién Yequirements of the Mineral Exploration and Forest 'Invenﬁory
misgions are met with the S-190B cartographic type camera, With a focal length of 45.7 cm,, this camera

will produce images with 2 resolution of five meters. Several existing cameras were conzidered, as ex~
emplified by the two alternates shown in Figure 4-5, The choice of the $-190B is based on the combination
of high resolution, medium-size format, and wide swath width (110 x 110 Km),

Modified S-190A Céi.ﬁem. In order to attain the required 10 meter resolution in the multi=spectral camera

for the Urban Planning mission, the focal length of the $«1890A camera will be inereased from 15 ¢m to
33 cm. Reduction in the field of view will be well within the required 80 x 80 lﬂn for this misgion. The
lenses for the 33 cm foca) length have been developed and can operate with a 70 mm format. (Figure 4~}

4.2 CARRIER COMBINATIONS

The different carrier configurations possible with the Shuttle each have different capabilities for payload

weight, volume, crew operating space and transportation costs. Sensors can be flown on Spacelab and/or

the Standard Earth Observation Package for Shuttle (SEOPSB). SEOPS capability is essentially constant

for all payload combinations, although weight and power may be compramised by the demands of the re-
maining payload, The capability available for sensors mounted on Spacelab pallets is highly dependent on

WEIGHT: 37 KG : . L

POWER: 100 WATTS L N gl m

FORMAT: - 45 X 45 INCHES
14 X 14 DEGREES

110 X 110 KM @ 443 KM
SPECTRAL GCHANNELS:

% BAND DETERMINED BY
FILTER/FILM COMBINATION:

PRESSURIZED HOUSING REQUIRED
PRESSURIZED
CONTAINER
NOT INCLUDED

ALTERNATES

1.7 9 X 18N 24N F.L,
HR-732 CAMERA IN
USAF INVENTORY

2. SPACE-QUALIFIED 9 X 18
“CAMERA

Figure 4-5, 8-180B Camera

4-7

D T S
T o




WEIGHT: 155 KG

POWER: 200 WATTS

FORMAT: 70 MM X 70 MM
10° X 10°
75 KM X 75 KM @ 443 KW

SPECTRAL CHANNELS:
4 VISIBLE/NEAR IR

1 COLOR IR
1 TRUE COLOR

REQUIRED MODI#ECATIDN: INCREASE
FOCAL LENGTH FROM 15 CM TO 33 CM.
TO ATTAIN HIGHER RESOLUTION
PRESSURIZED HOUSING REQUIRED

A

. 75K ) : h
H

Figuve 4<6, Modified 5-190A Camera

the specific combination of Spacelab hardware flown. Table 4=2 shows the mass, pressurized volume, ] J

paliet arez, and electrical power capabiiities of four basic Spacelab configurations and the SEOPS bridge.

The pallet-only mode affords the largest weight, viewing area.'s, and power capabilities; however, it has
very limited presaurized vclume {in the orbiter) which severely constrains control and display area and b

crew-involvement.

TABLE 4-2. SHUTTLE CONFIGURATION RESOURCES

SHORT MODULE & 2 | LONG MODULE & 2

SHORT MODULE & 3 PALLET- omw i
PALLET SEGMENTS | PALLET SEGMENTS | PALLET SEGMENTS | 5 SEGMENTS 3!

CARRIER. . ) . : - ¥

CAPABILITIES : : E8g3n ' i

(=

l:-"l“--ii. S A \?/

D

PAYLOAD WEIGHT

POWER [WATTS}

5500 6000 4500 1125
1K) _ : L
‘|nAck sPAGE IN |2 DOUBLE RACKS 2'DDUBLE RACKS . | 6DOUBLE RACKS | - -
PRESSURE MOD. |2 SINGLE RACHS 3 SINGLE RACKS 2 SINGLE RACKS
ULE (STD. RAC!(S}'I
PALLET VIEWING (25 23 2 575 5.2
AREA.{M2) : -
4196 " 4180 | a0 | sew " 2000

‘SINGLE RACK: 0.63 M3

DOYBLE ‘RACIK:

%28 M3
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The screening of Shuttle/Spacelab configurations in terms of requirements versus capabilities is sum=
marized in Table 4=3, which shows that the cameras and scanner of the Mineral Exploration, Forest In=

ventory or Urban Planning missions can be accommodated by any confipuration, The short module and two-

pallet segment configuration ia compatible with any of the fi@e missions, Because of the large. diameter of

SIMS, the soil moisture migsion is incompatible with any configuration where Spacelab uses the entire cargo

bay. The Iimaging Radar can be accommodated in any Spacelab configuration but requires foiding of the

miercwaveé array in ail but the pallet-only configurations,

The range of carrier configurations was analyzed and correlated with the five TERSYE missions, I all
cases, except where the SEOPS alone was installed for a satellite delivery mission, there was additional

capacity to accommodate other experiments on board, Representative séts of compatible OA experiments

were selected for incorporation in these configurations,

4.3 PAYLOAD CONFIGURATIONS -
The analysis considered four Spacelab modes of accommodation in determining the payload flight configura<
tions: (1) the short module plus three pallets, 2) madule plus two pallets, (3) long module plus two pa.llets°
and (4) the pallet only mode,

TABLE 4-=3, PHYSICAL ACCOMMODATION COMPATIBILITY

CARAIER

(MISSION

Oes

M e

SImS HEOUIRES

SIMS REQUIRES NON-

SIMS REQUIRES NON-

PALLET AHREA

INSUFFICIENT

WEIGHT, AREA|

'SAR DEVELOPMENT

o USES MOST OF
POWER

o USES MDST OF THE

" o CENTER OF GRAVITY

CONSTRAINTS

1 . 116 M2 PIL BAY oK PALLET AREA
SOIL MOISTURE 156 M2 PIL BAS 7
- PALLET |
oK ok "o AEQUIRES 1. FOLD oK INSUFEICIENT

o PERMITS UNFOLDED
MOUNTING;
¢ VERY LIMITED PRES.

WEIGHT, AREA

| INVENTORY

| = RAEQUIRBS 1, o REQUIRES 1 FOLD EFFICIENT USE OF
) £OLD ’ PRESS. VOLUME . SURIZED VOLUME
"MINERAL T *
EXPLORATION oK oK oK oK OK
UABAN PLANNING 0K oK " oK oK oK
o
oK oK ox OK oK
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In addition, the SEOPS configuration ith the direct mounting of a large sensor (i, e, SIMS) onto a non-
palleted section of the Shuttle eargo bay was analyzed, The primary questions addressed in this portion
of the study task are as follows:

e Which Spacelab modes can best accommodate the missions ?

o What is the compatibility of the mission requirements with the Shuttle, Spacelab, and SEOPS
capabilities and interface provisions?

& Are the missions amensable to integration with additional Shuttle payloads on the same flights ?
e Which of the Earth Resources missions can be performed concurrently on the same flight ?

The results éhowed that all Spacelab modes can accommodate at least four missions: either #1 (Soil
Moisture) or #2 (S, A.R. Development) plus #3 (Mineral Exploration), #4 (Urban Planning), and #5 (Forest
Inventory). All the five missions can he accommodated in the short module plus two paliet segments. The
SEOPS mount can accept the camera and scanner instruments for the Application Development migsions
(#3, #4, and #5), I all cases examined, the mission requirements and interfaces were found to be com-
patible with the capabilities. of the Space Transportation System (STS). Furthermore. many additional
payloads can usually be accommodated on the same flight configuration., Only in the case where.all. five
misgsions are integrated on the same flight are the viewing area/volume capahilities of the Spacelab utilized
almost fully, leaving little capability to perform other experiments.

The sections that follow contain a description of the four principal configurations considered and a dis-

cussiot: of typical interface requirements,

4,8,1 PAYLOAD CONFIGURATIONS
The payloads in each configuration pertain to com’paﬁble TERSSE misgions, and additional experiments,
The latter were selected from representative Offics of Application candidate missions consisting of experi-

ments in Earth Observation, Communication & Navigation, and Earth and Ocean Physics,

CONFIGURATION 1, depicted in Figure 4-7, consists of a short Spacelab module and two pallets accommo-

dating the Thematic Mapper, S-190A camera, S-iBD'B camera, SIMS and the Photopolarimeter, These

sensors permit the performence of missions 1, 3; 4, and 5. This configuration-deinonstrates that these
TERSSE missions can be integrated in a Spacelab flight camﬂying. a large complement of Earth Observation
and 'Communicaﬁon experiments and, ih fact, représents a higher concentration of sensors than any of the
other ohes analyzed, Among these is a set of microﬁvave antennas, including a 3 x 3 meter array, which
are deployed outside the main portion of the Shuttle cargo bay to prevent intexference with other earth~ _
ldoking gensgors such as the Thematic Mapper and thé §-190A eamera package.,
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The SIMS sensor was mounted aft of the Spacelab pallet as its 4-meter diameter does not fit the pallet
envelope, Other equipment mounted outside the pallet include the open TWT experiment and Solar Environ-
mental Mdnlﬁor Instrument Sensor (SEMIB). The Atmospheric Cloud Physics Laboratory (ACPI) is totally
contained within the pressurized module and is housed in two standard 0, 47 meter wide racks, Sufficient
additional rack space is available inside the module to accommodate the various experiment monitoring

and control panels necegsary to perform the Earth Resources mission, as well as other experiments, in
this configuration,

The predominant accommodsation factor in this confipuration was the geometric Hmitation due to field-of-
view requirements angd viewing area, Carefuf arrangement in three dimensions was necessary fo prevent
the sengors from obstructing each other's fields-of-view, This is illustrated by the fact that the viewing
area capability of the pallet is 23 m?2 and only 18.1 m? was able to be utilized due to field of view limit;-
tions, Ample weight carrying capability exists in the Spaceleb to handle this configuration, namely

6000 kg., whereas only 4842 kg, were required,

® ATMOSPHERIC CLOUD PHYSICS LAB
@ ELECTROMAGNETIC ENVIRONMENT EXPERIMENT
@ ADAPTIVE MULTIBEAM ANTENNA
® SCANNING SPECTRORADIOMETER*
©® OPEN ENVELOPE TWT

@ 0ZONE MAPPER

@ LASER ALTIMETER/PROFILOMETER
® SOLAR ENVIRONMENT MONITOR
SHUTTLE CALIBRATION FACILITY®
© LASER RANGING EXPERIMENT

@

S190B

PHOY OPOLARMETER

THEMATIC MAPPEA

s SHORT MODULE HAS AMPLE ROOM FOR
PRESSURIZED EQUIPMENT,

« USE OF ONLY TWO PALLETS PERMITS
ACCOMODATION OF SIMS,

a LARGE ARRAY {#2} AND ADAPTIVE MULTIBEAM
ANTENNA MUST BE DEPLOYED TO
PERMIT OPERATION OF OTHER SENSORS.

Figure 4-7, Confipuration 1 — Short Lab with 2 Pallets and SiMS
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CONFIGURATION 2 integrates the Imaging Radar of mission 2 In a Spacelab consisting of a short modute ; _
and three pallets, as shown in Figure 4-8, Bedeause of the large size of the antenns array (31 m?) it was /
necessary to fold the antenna and provide an extension mechanism in order to clear the Spaeelab module
when the payload is stowed, In this configuration the Shuttle Orbiter can fly in the minimum drag config-
uration, with the Y axis perpendicular to the orbital plane, Consideration was given to placing the
longitudinal axis of the antenun perpendlcular to the Orbiter's X-axis, however, this was rejected since
the Orbiter then would have been required to fly with its velocity vector perpendicular to the X-agis, This

in turm world have required that all earth scanning sensors such as the Thematic Mapper be oriented with
the geanner rotor axis perpendicular to the X-axis of the Orbiter.

The configuration accommeodates the sensors for missions 2, 3, 4 and 5 plus those for six additional
Earth Observation and Communication/Navigation experiments, In order to accommodate these without
obatruetion from the Imaging Radar anterma which rises high above the pallet, it was necessary to place

the other sensors on platforms supported at the top edge of the paliet, In some cases, the large fields of
view of other candidate sensors precluded them from being integrated into this configuration. In the case

of the 10,6 micron iaser transceiver, the sensor regnired mounting on 2 framework approxzimately 1 meter
above the top of the pallet, '

Q@ ATMOSPHERIC CLOUD PHYSICS LAB : ;

® LASER RANGING IMAGING RADAR

@ ATTITUDE REFERENCE EXPERIMENT (STARS/PADS) '

@ 10.6x LASER TRANSCEIVER o

© LASER ALTIVETER/PROFILOMETER
@ ND YAG LASER TRANSMITTER
ND YAG LASER RECEIVER

IR TRty L Ry

A

0 PO S i e

POIEY . LA R T AR

AR
—

1904
THEMATIC MAPPER

e

R

Llan

Pt

¢ CONFIGURATION NOT COMPATIBLE WITH StWS

1

e ABLE TO ACCOMMODATE ADDITIONAL EXPERIMENTS
(N SPITE OF LARGE AREA OF SAR ANTENNA

L A T

Figure 4-8, Configuration 2 — Short Lab with 3 Pallets and SAR
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Mission 1 ig not compatible with this configuration since the Spaceleb module ard three pallet segments
occupy the entire Shuttle cargo bay. The S8IMS sensor reguires the use of the aft portion of the cargo bay
and - in its present configuration ~ cannot be mounted on the pallet,

CONFIGURATION 3, shown in Figure 4-8 incorporates the pallet only Spacelab mode, which features
five pallet segments. The large viewing area afforded by the pallet (57. 9 sa, meters) makes it possible to

integrate the Imaging Radar antenna without the need to fold or elevate it as required in configuration 2,
The advanizge ¢ this design of the antenns array is the simplification in the attainment of antenna flatness
tolerance, which is a small {Taction of wavelength, The mounting of the antenna is also made simpler,

since the array is hinged at the edge and eliminates the need for a boom extension deployment mechanism.

Ineluded in this corfiguratior. ~re the sensors for missions 2, 3, 4, and 5, The same laser experiments
shown in eonfiguration 2 are included here; in addition, the ample pallet area available makeg it possible
to add large experiments such as the active Optical Scatterometer and Active/Passive Cloud Radiance,

IMAGING RADAR

THEMATIC MAPPER

@ LASER ALTIMETER/PROFILOMETER

@ LASER RANGING: : o ACCOMMODATES UNFOLD ' '
g ND YAG LASER TRANSMITTER ' A ED SAR ARRAY

) ND YAG LASER RECEIVER o LIMITED PRESSURIZED VOLUME
9 ol LAgEH ER RECEIVER _ LUME IN ORBITER :
© ACTIVE OPTICAL SCATTEROMETER e SIMS NOT INCLUDED, DUE TO € . . :
@ ATTITUDE REFERENCE EXPERIMENT (STARS/PADS} WITH SAR T TO EWL INCOMPATIBILITY
ACTIVE AND PASSIVE CLOUD RADIANCE EXPERIMENT : - :

Figure 4-9, Configuration 3 — Pallet Only, 5 Pallet3 and SAR
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| The main limitation in this eonfiguration is the small pressurized volame available as an orbital control Reisal
! center for the various experiments due to the absence of a pressurized Spacelab modile, The only space .
uvdilable for monitoring and control panels i in the payload speciatist station lorated in the rear of the

Orbiter's crew compartineni aft section. This implies limited erew involvement and possible ground-

control for several of the sensors,

5, The SIMS sengor would be coimpatible with the pallet~only configuration, if the last pallet section in the .
rear of the cargo bay were removed, The problem of incompatibility between the Imaging Radar and SIMS -
is digcussed in Section 5,3 of this report, :

CONFIGURATION 4 — accomodates all five of the missions. It is similar to configuration 2, with 2 short

odiile and two pallet segmenta (Figire 4-10), The Imaging Radar 'anténna is folded and requires exten=

gion above the Spacelab modale, The SIMS radiometer is located in the aft section of the Orbiter cargo
bag, in place of the third pallet segment. The Thematic Mapper and S-190A Camera are mounted on a
platfofm at the top edge of the pallet; this location, opposite the Imaging Radar antenna, offers no obstruc~

P R AT T T TR 2 TR L TR I R e

: tion to the sensors' field of view. The Photapolarimeter, which is required in the Soil Moisture mission

is installed alongside the 8-190B type mount forward. of the Spacelzh module.

: ' IMAGING RADAR

3 mpcrmenehr

PHOTOPOLARIMETER.
$-190B '

SIVS _

LA

I
R

THEMATIC MAPPER

L P R St o

R AT

® ACCOMMODATES ALL MiSSIONS |
| o LIMITED CAPACITY FOR
; ADDITIONAL EXPERIMENTS

Figure 4=10. Gonfiguration 4 - Short Lab with 2 Pallets, SIMS, and SAR
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™ Unlike the pallet only mode, this configuration offers ample room in the pressurized module, This opera-

o
¥

tional advantage is traded for the ndded complexity of folding the antenna array, Very few additional
experiments may be included in this configuration due to the high degree of utilization of the availdble
viewing area by the sensors. Possible additions may be experiments such as the-Atmospherie Cloud

tion SEOPS mount may be used to provide additional installation area,

CONFIGURATION 5 — utilizes the SEOPS mount to incorporate the Thematic Mapper, S-190A camera

. and S-190B caimera diuring Shattle mission to deliver an automated payload in low earth orbit, Figure 4-11
shows this configuration during the delivery of an advanced LANDSAT., The latter is representative of '
large satellite vehicles to be placed in orbit by the Shuttle, This configuration is also applicakle in many
fiiigsions where an Intermediate Upper Stage ([US) is incliided with the payload, The aft section of the
Orbiter cargo bay (not sliown in Figure 4-11) may include the payload doélcing frame and erection mechan-
ism, Special Purpose Ma'ni_pulator System/resuppl_y module enchange mechanism and the resupply modute

“storage magazine, Even in cases where alk these aft components are required on-board, the SEOPS~
mounted sensors can be included in the mission provided the automated payload (plus ik stage, if present)

does not exceed approximately 9.5 meters in length,

i\..m..dl - 8180A §1908

LANDSAT

_Figure 411, Cdnﬁguraﬁog 5 = -Sta._nda-rd Larth Observation Package with Landsat Delivery

‘ xm*&

Physics Laboratory which aré contained within the pressurized Spacelab module, Also, 2 larger configura- -

415

ey e s s

o

it g e ey gt ey

Y A 1 R e B

F1: rer s

RS o

AT
LA




Operation of the sensors is nominally restricted to periods other than the erection of the payload from the
cargo bay, prior to its separation from the orbiter. This period may include a cursory checkout of the
payload subsystems and should last less than four hours,

4.8.2 INTERFACES

The typical confisuration invelves fairly complex interfaces between the sensors and the Spacelab module
and/or pallet, between the Earth resources sensors and other sensors, and between the sensors and the
Shuttle, (An exception is Configuration 5, which uses the relatively clean SEOPS bridge.) A thorough
understanding of all interfaces is needed to do a x:eé.listic job of integrating the sensors into viable Shuttle
payloads, A major step towayd this understanding is construction of a payload system schematic, as
illustrated in Figure 4-12, '

The system schematic shows how experiments (in block diagram form) connect with the subsystems and
services provided by Spacelab and Shuttle, Potential conflicts can be easily identified, and interfaces can
be indexed for later detailed analysis. = The Configaration 1 system schematic contains seveéral examples
of interface problems apd requirements that may not be otherwise evident. A unique feature of this con-
figuration is the placement of SIMS aft of the two pallet segmeénts, which requires specizl provisions for
ext‘ending.s'pacelab services beyond the last pallet and shows that the needed extensions are the data bus,
PC powét line, and high rate digital channel.

Tiwo other sengotrs, the Electromagnetic Envirohment Experiment aind the Adaptive Multibeam Antenna,
have a nimber of antennas dispersed about the pallet, The cross=pallet signal cables required by thig

digpersal are a potential source of EMI.

Forward mounting of the Op'en Envelope TWT and the S6lay Environment Monitor expeviments pbses the

- question of how they are to be pbwered and controlled, Gurrent Spacelab design provides for feed throughs
in the module aft end cone only. Three options suggest themselves: (1) run data bus and power line -
through the aft feed-through and forward around the modmé, (2) construct & special feed-through in the
forward end cone, and (3) power and conirol the forward mounted sensors directly from the Orbiter, ‘Each
option has adventages and disadvanteges which should be agsessed in deiailéd interface anzlyses.

4.4 SHUTTLE ACCOMMODA‘I‘ION SUMMARY

In summary, the investigation of the five Earth resources missions' ability to be accommadated by the
geveral possible Shuttle carrier eonfiguratncrns leads to the foIlowing conclusions:
] 'Any of the carrier configuratlous exemined are physxcally capable of carrymg the cameras and
seanmer required by the three Applicetions Development missions. The integration complexity

(and cost)y associated Wwith these missions is at a minimim with SEOPS and at 2 maxifuin with
Configuration 1 which contdins 2 large nimber of field-of-view integration complexities,
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The SIMS, in its present configuration which replaces a Spacelab pallet section, is best located at
the aft end of the cargo bay, Special provisions must be made for routing data, power, and com-
mand lines to this station. Extending the Spaceldb services to Meet this need is indicated,

The SAR antenna must be folded for launch and deployed on orbit if the Spacelab pressurized
module i& used, regardless of the antenna's ortentation, The recommended SAR carrier is the
pallet-only Spacelab configuration, with the SAR antenna hard~mounted lengthwise in the cargo
bay, This configuration will eliminate the cost and complexity of deployment mechanism design,
fabrication, test, and orhital operations, and simplify therial shadowing analysis and mounting
design,

.



SECTION 5
INTEGRATED FLIGHT PROGRAM

The requirements of the five representative missions are such that they lend themselves to combination
on various Shuttle flights. In this section a nominal design orbit is selected and typical mission profiles
are discugged. An integrated flight program which accomplishes the objectives of the five-mission pro-
gram in a two-year period is established. '

The critical question in the construetion of an Integrated Flight Program is the satisfaction of individual
mission reqﬁirements while simultaneously makihg eptimuin use of the variety of payldad carriers and '
services of the Shuttle, Two alternate approaches are dutlined here: the firstinvestigates the maximum

use of Spacelabs as QA facilities which support not only the Earth Resources miseions studied here but

other Applications experiments, This approach maxifhizés the number of other {(non=Earth-resources)
Applications experimernts flown but results in an QA Spacelab facility flight frequency of four per year -

a high-budget program. The second approach considers the ©A Spacelab facility flight frequency to be
constrained to two pér year and employs several concepts to meet this constraint while fulfilling the mis-

sion requirements withih a two-year flight program:

- use is made of the Standard Earth Obseréation Package (SEQPS}) to carry out flight requiremems
which do not demand a full Spacelsb,

= joint flights of the Synthetic Aperture Radar (SAR) and the Shuttle Imaging Microwave System
(SIMS) are scheduled, carrying the implication that these two sensors can be integrated duxing
their design phase to opérate simultaneously.

-  on-orbit reconfiguration of the SiMS/Soil Moisture package on a 30-day Aight is used in place of
two fliglts in the spring of year 2.

As the OA Shuitle Program evolves, additional varistions on these themes will receive attentlon, suchas
:more use of mixed‘-ﬁmde flight (ca_pti'v_e payloads such a5 SEOP_S or Spacelab pallet being flown in conjune=
tion with automated Spacecraft launches). The conclusion at this point must be that a single-carrier ap-~
proach {a Spacelab facility) to accomplishing Earth Redources missions is inaufﬁcienﬂy flexible to be both
effactive and affordable. ' .

5.1 ORBIT SELECTION

A nominal orbit that gives good coverage for all five representative missions is desired for mission dasign
purposes. A common design orbit allows compatible sensors and missiona to be flown in many potential
combinations . The nominal orbit is used for i-nit.igl mission design and may require further cptimization
for design refinement of 2 specific Shuttle flight.

5=l



A circular orbit with an altitude of 440 Kin and an inclination of 48.1° was analysed in depth during & pre-

vious TERSSE Task, TERSSE Final Report, Vol. 4). The orbit is designed to provide full coverage of the

continental U.S, (to. 49°N) within the sensors' field of view capabilities. The density of coverage is maxi-.
mized by lowering the orbit inclination as much as possible, and éxtert of coverage is optimized by match-
ing period of repetition tomission duration, A five=day repeat cyele is provided, consistent with a seven-
day Shuttle flight where thé first and last days are devoted to launch and deorbit activities. Ground traces
over the 17,8, are shown in Fipure 5-1 for this n_dminal orbit, The nominsl orbit provides aniple coverage

of both urban and rural areas,

One of the major drivers in the use of any orbital platform for large area coverage in a short (7-30 day)
flig_'ht i8 cloud-avoidance, Previous studies have focussed on the duration of the flight necéssary to chtain '
a given probability of full coverage (e.z. 21 days of overflight for a probability of 90% coverage). The
Shuttle introduces a new dimensicn to the problem in its ability to maneuver in orbft and thus alter its
overflight schedile to synchronize with forecasted cloud conditions., Our siudy of the problem focussed

on this capability and explored the fuel costg of & range or orbital maneuvers. which could be used to avoid

clouds by revising thé basic 5~day repesat cycle of the nominal orbit,

Figure 5-1. Coverage of Cpn_tinenta_l .8, by Nominal Orbit

5ad .



~ The extrernes of the orbit of flexibility options considered are given in Table 5=1, The first example

shows that for a modest delta~V it is possible to effect a two=impulse Hohmann transfer to change to &
one=day repeat ¢ycle. This maneuver would be used_-to cover 8 previous swath which was unavailable on
the previous day due to cloud cover. Similarly, the second example shows the small delta-V reguirement
in changing from the nominal orbit to one yielding an eight-day repeat cycle, This change'may be useful

in a 14 day mission to provigde coverage during days 8 thru 13 for swaths that were not possible during days
1thru 7, The nominal orbit can be easily modified to other, less fuel-demanding, repesat éyc_le_s to com=
pengdte for clouds and to exploit extended sortie duratioﬁs of up to 30 days. Thege two orbit modification

examples repregent reasonsble extremes and were se¢lected for that reason,

TABLE 5-1, CRBIT FLEXIBILITY OPTIONS

ORIGINAL | NEW
MISSION SITUATION " ORBIT ORBIT | av REMARKS
RE-COVER 239, nm 203nm | 126 fps 2, 3, 4-DAY
SAME SWATH ON 5-DAY 1-DAY TRANSFERS ALSO
SUBSEQUENT DAY : POSSIBLE AT LOWER
FOR CLOUD AVOID- : - AV
ANCE
TRANSITION TO 1 239sm | 2486m | 315 fps | 6, 7 DAY INTERLACES
INTERLACING ORBIT 5-DAY 8-DAY ALSO POSSIBLE AT
FOR FILL-IN. COVER- ' 1 LOWER AV
AGE DURING DAY
B-13 -

5.2 MISSION PROFILES

Consideration of the typical configurations presenied in Section 4,3 illustrates that TERSSE flights can
range from nearly—dedi_cated missjons to ghared sortie missions to satellite v iverv/retrieval missions,
In all cases TERSSE operations are constrained to the five or six érb_its per dh,y which pass over the con=
tinental U .S, (unless additional applications missions are served where -nOn—U.S. target areas are _épac‘i-
fied), TERSSE operations inay be further limited by the réequirements of shared experiments on payloads.
A general TERSSE mission profile is given in Figure 5-2. "Orhital operations" include TERSSE o.pera-
tiong and shared experiment/payload operations, A typical portion of a deteiled experiment timeline for
Configuration 1 is_ shown in Figure 5-3, The TE-RSSE Bensors plué El_ectrdmagget;ic Environment-
Experiment (EEE), Adaptive Multibeam Antenna (AMA), Laser AltimGzter, an:. Laser Ranging are operated
for the duration of each pass over the Continental U,S., the $190 and thie “Thematie ‘Mapper might be used
outside the U, 5., sopotential passes cver South America are shown, EEE and AMA devate a portion of
their time to ocean coverage, as illustrated by the two Pacific preses which appear in the timeline, The
Ozoiie Mapper and Solar Energy Monitor In Space (SEMIS) operate continuously, No opefations for
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Atmospheric Cioud Pliysics and Open TWT are shown; these relatively erew intensive activities are ag-
. sumed to occur at times when targeted activities are at a minimum,

A potential problem is bunching of activities over the Continental U, S. » Where nine sensors operate simule
teneously. This implies that these sensors should be fairly well automated and/or gang controlled, Ex-
periments that operate in "off" periods can be less automated or more crew intensive, as isthe case with
the Atmospheric Cloud Physice and Open TWT.

Configuration 5 combines a satellite delivery with three TERSSE sensors. As shown in Figure 5-4, satel-
lite deployment oceupies the firat twelve hours on orbit; after that the flight can be devoted to TERSSE opera-
tions. The TERSSE sensors are assumed to operate over the continental U, S, with putertial usé outside

the U.8,, as was the case with Configuration 1. A problem with this configuration is the relatively poor
utilization of mission time during the TERSSE poxtion of the flight, since a significant portion of each day
contains no presently identified target areas, .
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5.3 INTEGRATED FLIGHT PROGRAM
The first step in establishing an integrated flight program is to assess commonality among flight det. -
What is required is the tailoring of a flight schedule which both fits the individual mission requirements and
also meets realistic physieal accommodation aid flight cost constraints. The desired scheduling for the
five representative missions is shown in Table 5~2, The configurations are used in which sll missions can
be flown together, a minimum total of eight flights would be needed to meet this schedule, Two versions of
the Integrated Flight Program weéreé analvzed: one version employs the maximum number of integrated
Spacelab facility flights; the other constraints Spacelab flight to two per year and uses the SEOPS to com-~
plete the schedule,

TABLE 5-2, FLIGHT SCHEDULING

FIRST _SHUTTLE YEAR _ SECOND SHUTTLE YEAR
MISSION | e B ] - .
_ FLIGHTS | SR |sum  [FAaLL | winT | sPr [sum | FALL | winT
SOIL. MOISTURE : 5 ’ ;—1 — g |- ] Fo—2 la— ] —s

1MAGING RADAR 3 ]t ' ] e o | e
MINERAL EXPLORATION 4 o1 —mete— —ete-1—ata— 1-af

FOREST TIMBER VOLUME 2 e e fr— 1=

URBAN/REGIONAL 3 1 e —1—s] — 1 —of

- PLANNING |

The maximum integration case meets all five missions' requiréments by joint OA Spacelab facility flights.
A more reasongble availability of OA flights is two per year with four to eight months separation between
‘flights. Atthis rate it would take at least four years to inee;t all of the mission reguirements for the 5 .
missions analyzed, which is twlce as long as desired, It could take longer due to limited flexibility with

- respect to flight opporbunities. - This case also has the disadvantage of coupling -season-critical a_pp‘lica_ﬂon

dévelopment missions with research flights., To relieve the problem of excessive OA Spacelab facility
flight frequency, the application development mission sensors can be mounted on a2 SEOPS bridge and
flown separate from the research sensors where appropriate, This increases flight opportunities and
scheduling flexdbility since only the research missions would be constrained to two OA flights (those two
‘with Spacelab) per year, |

A major question concem_lipg mission combinaxion_ is EMI compatibility of SIMS and SAR, Figure 5-5 illus=~

trates the relative frequency positions of SIMS (11 receiver frequencies) and SAR (2 transmitter ffe:quencies
and harmonies). Factors to be considered in assessing SIMS/SAR EMI compatibility include antenna

5=6
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Figure 5-5. SAR/SIM Electfomagnetic Interference Compatibility

patterns and system proximity, accourting for spillover and back lobes, Transmit/receive energy, £
(fundamental or harmonics) including sidelobes and look angles, must be considered, Serious prob= Js
lems can be solved through mutually ekclusive operations or time-ghared/sequenced operation, but 5
Joint operaticns are desirable, Further study of the two designs and their integrationis warranted, s

Under conditions of no flight f'reqﬁency constraint and séﬁarate SIMS and SAR flights, The five=inission
integrated flight program will require eight Spacelab fligtts and one SEOPS flight. A summary of this
flight program is given in Figure 6=6. All mission reguirements are satisfied in two years, (The -pfo-
gram would require approxifnately four years at a flight £1‘-eziuency cf two Spacelabs per year,)

By flying SIMS and SAR concurrently and making maximum use of SEOPS as a gap filler, the five-

- migsion flight program can be accomplished with four Spacelab flights and three SEOPS flights, This
assumes that the dual soil moisture flight in the first quarter of year 2.can be accomplished by on~orbit
reconfigurations during a single flight; otherwise an additional Spacélab flight will be. required. A sum= -
mary of this flight prugrém appears in Figure 5-7, AN mission requirements are satiefied in the de-
sired two years. o -
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SECTION 6

DATA PROCEBSING

The processing of Earth Resources data has now been recognized for several years as a eritical part of

the development process, Data processing forms the critical link between the senscrs and flight opera-
tions used to gather the data and its use to meet the ohjectives of an Earth Resources mission, The
critical nature of data processing will become even more important ifi the Shuttle era, Inparticular, the
first few years of Earth Resources flights by the Shutfle require gpecial attention because of both the highly
varied nature of the developmente which will be served by Shuttle and the fact that the use of Shuttle is
itself a new and different eans of collecting Earth Resources data,

Table 6~1 summarizes the considerations of present importance in this regard., The typesof mission
objectives to be met are more widely varied than with current Earth Resources platforms; the variety of
objectives makes more complex the decisions on data processing flow paths and the spectrum of accuracy
and timelinegs requirements which must be mef.

TABLE 6-1. FIRST TWO YEARS OF SHUTTLE — DATA PROCESSING

MISSION OBJECTIVES WIDELY VARIED )
— PHYSICAL SCIENCE — SOIL MOISTURE . : \ AFFECTS DECISIONS ON

PROCESSING FLOW, ACCURACY,

— ENGINEERING — SAR DEVELOPMENT TIMELINESS
— APPLICATION DEV, .

USER INVOLVEMENT IN PROCESSING VARIED

— PRINCIPAL INVESTIGATORS — SOIL MOISTURE . AFFECTS DECISIONS ON,Tlé\_I-HQUSE
’ . : VS OUT-HOUJSE, SEPARATE VS
— ENGINEERS — SAR DEVELOPMENT . INTEGRATED FACILITY

~ RESQURCE MGRS — APPLICATIONS
SOME EQUIPMENT COMMON, OTHER UNIQUE
— INTRA PROGRAM COMMONALITY IMPACTS COSTS OF ALTERNATIVE
o o o = APPROACHES .
~ INTER:PROGRAM/EXOGENOUS DESIGNS
CURRENT UNDERSTANDING:

¢ SAR, TM REQUIRE SPECIAL PURPDSE EQUIPMENT; MOST OTHER. PROCESSING.
IMPLEMENTABLE 1N SOFTWARE OR WITH STANDARD EQUIPMENT

® SIGNIFICANT COST ADVANTAGES AGCRUE FROM CO-LOCATION, BUT OPERATIONS,
USER INTERFACES MORE DIFFICULT

1 THE EARLY SHUTTLE ER PROCESSING SYSTEM IS A KEY ELEMENT —
. FURTHER STUDY OF ITS CONFIGURATION IS REQUIRED.
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The level of involvement of the users in the lprocessmg itself will be varied us a resulf of the different
tyres of missions; technique development and sensor development data processing will necessarily be
carried out with the user (scientist or sensor developer, respedtively) much more involved with the inner
wotkings of the ingtrument itself than for those missions whose users are resources mamigers, The
architecture of the Shuttle Earth Resources data processing facility is affeoted by this variability of user~
involyi.mé hf; the degiree of hands-on control by the uger should influence the choice of ownership and
locatio'n Bf the facilities,

A third issue which must fiot be 108t sight of, is the ubility of Shuttle Earth Resources data processing fo -
profit from a growing body of processing equipmeit already in existance or under development for use with
other Earth Resources platforms, The costs of implementing a series of Shuttle Earﬂ‘*t Resources mig-
sions, such as discussed in this report, will in no small wiy be governied by the need to process the data,
Sharinz equipment among each of the Shuttle missjons and among the different Earth Resources programs
is warranted to the extent that it does hot ecompromise the S'hutﬂ'e. Earth Resources migsion objectives,

_The processing of data from all Shitttle flights (not just thoge for Earth Redourées purposes) is a question
which has massgive implications and which demands creal:‘-iﬁr.r nnd realistic attentloﬂ-. The projected volume
of such daie is sufficiently large to require totally new approaches to its hendling once back on the ground
an? even during its collection in orbit,  The processing of Earth Resources data is a portion of this larger
pioblem which possesses several unique driving requirements (e, g, data rate), Its solution must be under-
taken early, in parallel with both the design and development of the individual Earth Resources payloads
and the refinement of thé overall philosophy of how the Shuttle is to be utilized to support further Earth
Resources developments, .‘

The five missions analyzéd in this report p_rovidé a good framewotk for diacussion of the foregoing issue,
for these missions are sufficiently varied in their characteristics to réquire attention to the entire range
of data processing system drivers which will be present during the eritical firat two years of Shuttle Earth

Resources flights. Figure 6-1 illustrates the division.of the processing requirements for the reference
missions into four classes of prodessing, Each class of processing presents its own unique sét of require-
ments in terms of methodology, hardware and algorithms. In addition, a unique set of mission-peculiar
requj:rements. is superimposed onto theseé basic aeés. - The -pﬁrp‘ose.bf this analysis of data processing re-
dquirements is the désoription of top level functional fequirej_m_ént_é-tb ‘satisfy the data processing needs of
the five selected missions and the preliminary.-d_efipition of a Shuttle Earth Resources Data Processing
Facility concept, ' '
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| 6.1 PREPROCESSING

The gensor dependent préproéessing facility for the Shuttle missions will provide those functions ecessary

to perform:

e Data Editing and Quality asgessment

e Radiometric and Geometric correction of Thematic Mapper and SAR data

& Conversion of SAR digital data into imagery data

e Correction and conversion of SIMS data iﬁto brightness temperature images,

All processing and correction of ﬁhe data will be accomplished in the digifal domain to achieve f.-he desired

Data Editing and Quality Assessment

A postnﬂight assessment of the data recorded on board the Shuttle is necessary to identify regions of yseful

oufput product accuracy rsquirement and to- satisfy the needs of the particular user community that performs
digital extractive processing to derive information from the data,

data and to determine their charactanstics for cataloging and processing schsduling Parameters to he

determired include stch characl:erisbms as data signal quslity, cloud cover, and failed detectors or other

sengor-related parameters. In addition, a reformatting function must be performed to produce a serial
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data stream that has a format which is optimized for ground precessing. For example, the output format
of the Thematic Mapper must be bard-to-band regis_iez‘-_éﬂ, spectrally interleeved, and linegrized (all

pixels along a straight line in sequence) prior to its entry into the subsedquent radiometric and geometric

preprocessing functions,

Rad:iometnc Cozrection

Radiomstric correction of each of the sensors includes the following ftmctions
@ Calibration of the received intensity in units of signal radiance or power,
e Norinalization of inter-detector variations to a common standard, .

Thematic Mapper radiometrie correction involves the calibration of éach digital pixel by use of internal

- senigor calibration dsata obtained from ealibration lamps and recorded aspart of the prifmary image data

stream, The process requires the stripping out of the calibration pixels, the calculation of a calibration
function, and its application to the image pixels as 2 multiplier.

Radiometric calibration of the Synthetic Aperturé Radar (BAR) is accomplished By compitting the ratio of
return power to trenemitted-pewer. The use of an attenuated transmitter signal which is measured by the
receiver provides the basi¢ calibration reference whick is stripped-from the video data stream recorded
during orbital operation and uged to prepare the calibration fuiiction. A second radiometric processing
step to be taken for selected images is the calculation, for each pixel, of the seattering coefficient,

Tyt This is performed by solving the radar range equation. nputs.are the -bran_er_rﬁt_:te_d and received

power levels, slant range, and atmospheric attenuation correction factors,

The Shuttle Imaging Microwave System (SIMS) also -reqzﬁree the uee of an indeﬁendent ealibratiorl source
to provide an intermittrut reference for post-flight-calibration. SIMS is a totakpower _radionreter in its
presant -configuration in which the Earth-radiated gignal ig not chopped with a calibration source many
times during each pixel reading, as with a Dicke-type radiometer. The total power radiometer provides
a greater sig'nal-to ~noise ratio than the Bicke—type but demands g'reater stability of the radiometer

receiver, The calibration operation, as with the other sensore, requires the stripping out of the calibra-
tion data stream, the calculation of the ealjbret:lon function, and the application of it to the radiometer
pixels in each of the eleven frequency bands to produce Tb, brightness temperature ' B

Geometl 1c Corre cﬁon :

Geometric correction of each of the sensor data stresms s required to reconetrucl: t‘ne pixels in a geometnc

conﬁgurabion which usefully represents the earth surface which has been imaged, To be accounted for are
the attitudé and attitude rate errors of the Shuttle, the ﬁi‘sﬁbrtioij’e produced by off-axis :ﬁdir:ﬂ_ng, if any,
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earth curvature, and apparent displacement caused by terrain relief. Geometric processing of the Shuttle
Earth Resources sensora produces the important cuslity in the resulting imagery of superimposability
which permits the 6-chaine! TM, the 11-chapnel SIMS, and the 4-channs] SAR to be used in a coorditiated
fashion with each other and the film data,

The Thematic Mapper and SAR data will be corrected for all of the foregoing factors+ by complete digital
resampling of each band of the image. The use of ground control point selected from the raw imagery will
provide the primary reference with the Earth, Ancillary data will include attitude and ephemeris data
peculiar to the flight and topographic data, where available from external sources, for terrain relief dis-

placement correction, ¥*

Geometrie correction of the SIMS data should not require resampling of the image pixels, as the ground
resolution of the SIMS is on the order of kilometers, Reassignment of the egisting pixels to new addresses
can be based on a correction function generé.ted using the same input data as for the other sensors without

concern for ferrain relief displacement in most instances,

6.2 EXTRACTIVE PROCESSING
Extractive processing of the Shuttle Earth Resources sensor data will involve a wide variety of techniques,
Somie will be peculiar to a particular sengor and involve only it, such ag the analysis of SAR signal data to

determine transmitter, antenng, and receiver engineering performance, Others will be general-purpose
and will not only be useful for several sensors individually but will also involve the use of multi-sensor

data, The most exciting of the latter type is simultaneous multispectral analysis of data from the several

-spectral regions, active and passive, provided collectively by the SIMS, SAR, and Thematic Mapper.

Special-Purpose Extractive Processing

Because of the developmenrtal nature of the Soil Moisture and SAR Development missions, a substantial
amount of data analysis will be performed on small individual sets of the sensor outputs, In the case of the
Soil Moisture mission, regression analysis and other cqrrelative modelling techniques will be used to relate
goil moisture as a function of depth and cover to the data from the various sensors invelved, The approach
to soil moisture signdture development deseribed in this study ibvolves the use of 4 wide variety of active
and passive, polarized and unpolarized sensofs in both the microwave and visible/IR spectral regions:
SIMS, TM, SAR, photopolarimeter, Spot data from all t;hase sengors will be combined with ground

truth and-exhaistively analyzed fo determine the dominant measuregble characteristics.

*Terram ﬁé'lief d-i'splacement for the nadir-looking Thematic Mapper will not be corrected in many '
applications, : o : ‘
** The film cameras to he carried can provide such data from stereo pair photography.
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In the case of the BAR special-purpose extractive processing, the concern is primarily one of enpinesring
performance, Here again, gpot data representing the range of parameters such as antenna témperatures,
atmospheric conditions, transmitter power, and receiver temperature will be selected and exhaustively
analyzed to determine the SAR orhital performance and to compare it to design and ground test predictions,
One of the key elements in this analysis will be the four-band caliﬁpation of the radar over the fange of
conditions vunder which it will be operated, The fiture uiility of flie SAR in applications development will
largely depend on this celibration. The special-purpoge extractive processing so described will be per-
formed primamly through the use of tallored software on general-purpose machines to afford the flexibility
requirad to meet unforeseen discoveries,

Multispectral Analysis

The three Applications Development missions will require lieavy use o:z‘ multispectral analysis of Thematic
Mapper data cn a machine such as the Tmage 100, The analysis of the combined propérties of the multi-
spectral images in a rapid, interactive manner is the primaty tool upon which the development of these
applications depend,

Development of parameter estimatjon procedures for multispectral stratification of forest land classifica-
tion techniques for urban land cover categories, and image enhancement procedures for geological inter-
pretation are key to thé exploitation of the higher resolution multispectral data provided by the Shuttle-
borne Thematic Mappers.

In addition, the existence of SAR, SIMS, and TM data tdken simultaneously from orbit over identical or
overlapping regions will afford the opportunity for multi~sensor multi-spectral analysis. The special-
purpuse processing of =oil meoisture data referred to earlier will be complemented by a broad-based

multi~spectral image analysis effort where the combined twenty-one channels of data from the three

_ imaging sensors, -SIMS, SAR and TM; will be used to generate parameter-estimation algoxithms for soil

moisture and fo extend .the point data from the special-purpose analysis to larger geographical regions for
evaluation, '

6.3 INTERPRETATION QF PHOTOGRAPHIC [MAGERY

Photointerpretation is essant:ally a manual process, relying on the skill and experience of a trained photo-
interpretet, with some machine. agsistdnce, to extract the desired information, The cameras of the

Shuttle Earth Resources mission will provide valuable detail, sterep capability, and the imagery for bhase

photomap preparatién.
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The data processing requirements of the three applications development missions require photointerpreta-
tion to perform the following functions:

e Evaluate stereo paits to determine and map geologicsl lineaments and other features,
* Perform gerial and linear measurements on forest strata to determine strata exient and tree
size.

e Evaluate photogrgphic linages for cultural and other indicatof's of urban land use, -

These functions will be performed manuglly using sﬁch equipment as viewing tables, a stereoplotter and
coordinate digitizer, and a flatbed plotter as aids in interpretation and presentation of results, In addition,
the multispectral analysis system will have the capability of accepting inputs from the digitizers fo permit
registration and com‘pari"son of the two types of data,

6.4 SHUTTLE ER DATA PROCESSING FACILITY CONCEPT

The combinéd requirementé of pré;'jrocessing andextracﬁve processing of the Shuttle Earth Resources
migsions are sufficiently demanding to make attractive the investigation of a single combined facility where
the bulk of the processing would be aceomplished and where a magimum amount of equipment and persbna'l
commonglity can be maintained, Such a concept is illustrated in Figures 6-2 apd 6-3, The Pre‘procéasing
and Analygis Sepment of the Shuttle ER Data Processing Facility containg both the high-data-rate special
purpose hardware necessary for the TM and SAR and computer peripheral equipment driven by the

general-purpose computer shared with the Extractive Processing and Analysis Segment, The latter con-
taine, as well-; the multispectral analyzer and film analysis equipment necessary to perform combined
analysis of the various éle¢tronic and film data formiats of the Shuttle Earth Resources sensors.

Much of the hardware illustrated in the eoncept either exists or is under development, The Preprocessing
and Aualysis Segment contdins video and high-density tape recorders and special-purpose TM hardware
which will also be used in the Landsat Program; a hard-copy unit, CRT, lne printer, storage disc unit,
and tape deck which are off-the-ghelf; and apeciai—i)ul'pose SAR hardware for digital-to-filin conversion of
radar imagery, The TM special-purpese hardware for radiometric and geometric correction can be
adapted fo be shared with the SAR data,

Similarly, the Extractive Processing and Anzlysis Segment d'on_ta:lns hardware similar to that now pur-
chasable, -Some modification to the Image 100 Multispectral Analyzer will be required to provide for multi~

sensor multispectral analysis but no major development will be required to produce such modifications,
The value of the early Shuttle missions defined in this report stems from the breadth of the advances

possible by carrying a range of sensor types, And these sensors vedquire a broad range of processing
functions to be carried out, But, through the use of common equipmeént in a central location and clese
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Figure 6-2. Conceptual Besign of Shuttle ER Data Processing Facility — Preprocessing and Analysis Segment
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Figure 6-3. Shuttle ER Data Processing Facility — Exiractive Processing and Anglysis Segment

i -attention to providing the necessavy flexibility in proc_essing' facility scheduling and operations, the needs of
’ the missions can be met without major new equipment R&D, The avoidance of equipment R&D costs is
important, for it permits the allocation of R&D funds to the area of technique and new procedure develop-
ment g0 critical to the success of the set of Shuttle Earth Resources missions, '
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SECTION 7
A COST ANALYSIS OF SHUTTLE AS AN OPERATIONAL EARTH RESOURCES PLATFORM
The use of the Space Shuttle in the sortie mode as an Applieations Development platform must be based on
its ultirnate potential for performing operationally the missions which are developed, Thus, while the use
of the Shuttle in an R&D mode may be justi‘f{ed on grounds other than cost-effestiveness (such ag its avail-
ability for flights at g desirable tinie) no mission analysis of the Shuttle (or any other platform) would be

complete without a portion being devoted to 2 comparison of the costs of performing the intended operational -

misgion with alternate means,

7.1 APPROACH

Five major considerations governed the approach used in this cost anslysis:

‘@ The context of the operational missions wds taken o be the early 1980's and therefore
alternative piatforms were narrowed to high-altitude aireraft; polar spacecraft were excluded
as being incapable of 10-20 meter multispectral electronic data acquisition and high resolution
film dats acquisition during that timeframe.

o The cost comparison with sircraft was conservatively based on data aequisition cogts alone with-
out regard for processing costs. The latter costs, whilé not analyzed during this study, * may be
described as at best equal for aireraft and the Shuttle and almost certainly significantly higher
for aireraft as a result of the more extreme view angles and larger number of inage frames of
swaths which must be corrected an] combined,

& Data acquisition costs resul_t from fwo major sources: flight operations and the procurement cost
of sensors. The analysis of each platform was structured t6 keep separate these tvo cost
elements. :

&  The basis for comperison used in computing cost data was the ability of each platform to provide
10-meter IFOV data over a given area, No value was added for, in the case of the aircraft, the
ability to provide better than 10ni IFOV date nor, in the case of the Shuitle, the ability to provide
such data in a one~week flight rather than the three months assumed for aipcraft data gathering.

e Since the operations considered span only a two year time period all costs are computed in 1975
dellars, withoiit regard for the effects of g particular discount rate,
One further consideration was acknowledged in the structuring of the approach: the need for generalization
to conclusions concerning the cost<effectiveness of Shuttle for many missions from the results of ahalyzing
but a few. The three application development missions selected for study (Timber Volume Inventory,

Regional/Urban Planning, and Mineral Exploration Survey) are biut representative of the many missions

*Nichols et. al. reported in "Cost Effectiveness Comparison of Existing and ERTS-Based Timber Re-
sources Inventory Systemis". NGL05-003-404" that the cost to carry out a timber volume inventory of the
million-acre Plumas National Forest using LANDSAT data were roughly half (4¢/acre) the costs of con-
ventional aerial and ground metheds." It is significant to note that, in the referenced work, imagery
acquisition costs were not included - 2 merging of that effort and the one reported herein could produce
a more compléte picture, :
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which can bé performed by the Shuttle in the early 1980's, Since the Shuttle, as with all space platforms,
has a cost-effectivenass which is very sensitive to the voluine of data c¢ollected, the cost ahalysis of these
missions must therefore be performed in such a manner that some amount of generalization to larger
numbers of missions may be made, Thig generalization is provid'ed through the approach to first, perform
a-cost analysis in a single mission and then & similar analysis of. the three miscions as an aggrepate, The
flight frequency and volume of data resulting from the single mission tested the cost=effectiveness of
Shuttle in the ares of its "initial minimum increment" of work, The thrée aggregated missions will have
jointly a substantially higher volume of data and provide a cost-effectiveness test of Shuttle in the mid-
range of its region of superiority. Exirapolation to larger numbers of missions from these two points ig
straightforward,

7.2 SHUTTLE COST ESTIMATING RELATIONSHIPS .
The ecost for acquiring data for an applications mission by Shuttle may he subdivided into (1) those asso-

ciated with the acquisition of the required sensors and (2) those associated with the transportation of thé
sensors into orbit, their operation there, and their recovery. Of the two, the costs of Shuttle flight opera-

tions are the less well-defined and it was to this area that the greater amount of study was devoted,

7.2.1 SHUTTLE FLIGHT OPERATIONS COST ELEMENTS

The shuttle is sighificantly different from expendable boosters in such a large number of ways that few
current bench marks for developing user ¢ost schédules exist, Its large weight-carrying capacity and

other physiczl regources lend themselves to miittiple~user payloads to whom some apportionment of charges
must be made. Shuttle's high inflight flexibility and the large array of services which it ean furnish makes
additionally complex the subdivision of charges among users. ‘And the intact recoverability of the shuttle
with its payloads is a feature for which the value (and hence the down-flight charpges) is largely unestablighed
in any quantitative way. . ' : ' '

The simplest model, and the one in "current' use for such effort as the Earth Observatory Satellite Phagse B

Study in 1974, is based on the resource of Shutfle paylosd weight. Several variat-ibné of this mode! have

. been used; all a_.:':e based on 4 sfraight-line charge in doMafs/kilogram (or pound) and differ only in theiy

assignment of overhead payload weight. Table 7-1 contains two such modsls, Model #1 is useful for auto-

- mated spacecraft delivery, retrieval, and servicing anslysis, It presumes the equivalence of value of a

kilogram delivered to orbit and a kilogram retrieved from orbit (which ia gubject to question.) It includes '
as oveThead an 0, 8 utilization factor (to allow for the fact that the shuttle will not fly totally full 100% of the
time, ) Other "overhead™ charges such ag pallets, cradles, or the Spacelasb are chargeable directly as a
component of Wi. Model #2 has been tailored for use on Spacelab sortie flights where the entire payload is
recovered. The existence of the Spacelab and pallets as the host to the "payload" is assumed to consume as
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TABLE 7-1, STRAIGHTLINE WEIGHT SHUTTLE USER CHARGE MODELS

STRAIGHTLINE WEIGHT MODEL #1:

Wx WHERE Wx = USER'S CHARGEABLE WEIGHT

UP COsT =[ . ] x 85. 25M

Woy X i “"rU' = TOTAL PAYLOAD WEIGHT CAPABILITY
WTD = 14, 500Kg, (32,000 LB)
DOWN COST = wx. % 85.25M .U = UTILIZATION FACTOR
W% U

STRAIGHTLINE WEIGHT MODEL #2:

;oo [wx | | WHERE Wx = USER'S CHARGEABLE WEIGHT
UP AND BOWN OOST = [eaoo-] * $10. 50 4 6600 = NOMINAL PAYLOAD WEIGHT AVAILABLE

FOR SPACELAB-EQUIPPED SORTIE
FLIGHTS, IN Kg

Yoverhead' 7900 Kg (17, 500 1b) of the 14, 500 Kg (3%, 000 1b) maximum landing weight, leaving 6600 Kg
{14, 500 1b) as chargeable user payload weight, The payload which must be included in the charging sched-

ule is thus only the sensors or experiments themselves and their associated unigue support equipment,

A second type of user chﬂi'ge model ig the Multi-Element Model, where the sexvices provided by the
Shuttle are more explicitly allocated and charged either according to their cost or to achieve desired iu.-.
centives toward their use. One of the more complex of stuch models, under development by GE, is illus~
trated in Table 7-2. The total costs are computed by thoge incurred in each of three phases of the flight:
up~-transport, on-orbit, and down-transport. These three phasés are, in turn, subdivided into cost

elements which allocate the costs of the services or resources utilized. The particular coefficients used

TABLE 7-2, MULTI-ELEMENT SHUTTLE USER COST MODEL

TOTAL FLIGHT COST = €, +C, + e,

o
1

. = UP TRANSPORT COSTS = K,V +K W

2
e VOLUME (V): K;- = $13, 757/m%
@ WEIGHT (\'vu.): K, = $108, 81/Kg
02 = ON-ORBIT COSTS =Ky C+K 4 T+ K5 D+K 6 P . e SPECIFIC COEFFICIENTS HAVE BEEN

DERIVED BASED ON POSTULATED

@ CREW TIME (C): K, = $6446/NAN-HOUR INGENTIVE/DISINCENTIVE RATIOS

¢ DATA TRANSMISSION (T): K, = $4286/MHz & THE COST COEFFICIENTS CAN BE
_ : ADJUSTED EASILY WITHIN THE
» DATA PROCESSING (D): K, = $2. 36/\WORD STORAGE STRUCTURE OF THIS GENERALIZED
: : MODEL : '

e POWER GONSUMER (P): K, = $1721/KWh

cB = DOWN TRANSPORT COST = Ky W.b

® WEIGHT (WD): K7=$184.44/Kg'
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s here have been generalized using the current NASA Traffic Model (1973) and are based on two considera- ) [ )
: : . ;
tions: -

- recovery of all operations costs on a year-hy=yesar basis {as is currently done in other trens-
portation industry rate siructuring) rathér than on a flight-by~flight basis,

- incentivation of the efficient use of the total cargo bay up—volnmé and onboard processing of data

- ? to reduce ground processing costs.
k_ 7.2.2 SHUTTLE SENSOR COST ELEMENTS
. The requirements of all three applieation development missions are met by the use of a 10-20 meter IFOV

six=chamnel multispeotral scanner with associated recorder, a hiph-resolution large-format film camera
such as the 5-1908, and s high-resolution multi-spectral camera such as a modified $-190A, Table 7-3

contains the acquisition cost yaliles used in the analysis for these hardwate items,

o g g R S L

Two methods were used in accountfing for the Shuttle sensor costs:

a) .a wholly-owned method, whére the full acquisition costs of the sensor paciage are borhe by the
misgion{s) sexrved.

2 b) an amortizing method, where the acquisition costs are allocated to the missions on the basis of
the total flight life of the sensor package,

™

The wholly-owned method is the more conservative, as it does not rely upon an assumption of other mis-
, sions generating demand for the use of the sensor package over its useful lifetime, The annual flight rate
5 (10 per year) and the package lifetime (5 years) used for the amortizing metbod are, however, very con- \‘I} :

¥ servative by current standards{(l) and result in more realistic sensor costs.

L A B T A A B 3 S

TABLE 7-3. COST VALUES USED FOR SHUTTLE SENSORS

SRR SR et

PER-FLIGHT
| AcquistTion | AMORTIZED S o
: ITEM COST COST * ASSUMPTIONS 3

‘ MULTISPECTRAL SCANNER $3M $60K MODBIFICATION OF PROTO-TYPE,
THEMA TIC MAPPER (MULTIPLE UNITS
NOT REQUIRED)

REGCORDER $1M $20K IDENTICAL TO LANDSAT-D MODEL i

i CAMERA PACKAGE . 1 s2Mm : $40K MODIFICATIONS TO S5190A AND B _ :
. (INCLUDE PRESSURIZATION PROVISIONS) .

*BASED ON 10 FLIGHTS/YR FOR 5
YEARS, :

" . .
{ )For example, the current HR=732 cameras in uge by NASA on the U=2 aireraft are well over 10 years

old and fly several times as often as the foregoing flight rate,
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7.8 AIRCRAFT COST ESTIMATING RELATIONSHIPS
As with the Shuttle, the costs for gathering data for an applications mission by aircraft may be subdivided

into the acquisition costs of the sensors and the flight operations associated with their use over the arecas
of interest. A substantial body of information exists on this subject, in contrast to the situation with the
Shuttle. Models developed by Cheaseman{'l') are specifically tailored for cost/performance anslysis of

Earth Resources missions such as the three under consideration here,

The performance element which is used to calculate operations costs is the flight hour., For a given uay of
data acquisition for an application, the total flight time available 15 consumed as climb time, level flight to
the first target (if not reached during the climb), flight time to collect data from the first target, level
flight to the second target, and so on, and descent time (with additional level flight time if the descent does
not bring the aircrait within the base flight pattern), '
Dats collection flight time for each target is obtained by a set of algorithms(z) which are used to first cal-
culate the geometric relationship between the alreraft and the target (covering such questions as: are
multiple passes required ?) and second to calculate the flight times involved in series of targets, The input
data to the algorithms is a Target Variable Set and an Aircraft Variable Set; the abbreviated version from
the Cheeseman model @ used in this analysis is listed in Table 7-4.

TABLE 7-4. TARGET AND AIRCRAFT VARIABLE SETS

LEN - LENGTH OF TARGET, Km

Wb - WIDTH OF TARGET; km

LAT - LATFIUDE OF TARGET, DEG.

LON - LONGITUDE QF TARGET, DEG.

EXC - RADITS OF UNCERTAINTY OF KNOWLEDGE OF TARGET LOCATION, km

OBL - PERMISSIBILITY OF OBLIQUE VIEWING

FOY - MANBIUM ALLOWABLE FIELD OF VIEW (HALF-ANGLE) OF SENSOR, DEG.

LOS - MANIMUM ANGLE OF THE SENSOR LINE-OF-SIGHT WITH LOCAL VERTICAL DEG.
RES - SPATIAL RESOLUTION REQUIRER, m

MOS - PERMISSIBILITY OF MOSAICS @X THE FINAL IMAGE

€Y¥C -~ CYCLE TEME FOR REPETITIVE ACQUISITION OF DATA, DAYS

DUR - MANIMUM DURATION OF SENSING PERIOD FOR ONE COMPLETE CYCLE, DAYS

v - AIRCRAFT SPEED, Km HR
‘H - AIRCRAFT ALTITUDE, Km
M -~ MAXIMUM NUMBER OF IFOV ELEMEXNTS IN SWATH

L - TiME TO COMPLETE A 130° TURN.FOR MULTIPLE ELIGHT LINES, MINUTES

& Cheeseman, C. k,, "A Cost/Performance Analysis of Aireraft and Satellites Used As Earth Resources
@ Survey Vehicles_. " Ph. D dissertation, University of Penngylvania, 1973, _ _

' Thoge intereated in 2 complete description of the algorithms and their use are referred to Cheeseman
(1973), Proceedings of the Am, Soc. of Photogrammetry Conference on Earth Resources, Sioux Falls,
October 1973, '




The operations cost unit is the flight hour; the cost per flight hour used in the apalysis was $1600/hrtl) -

‘i‘- N

which ineludes fuel, maintenance; and ¢rew (and is very much equivalent to the $10, 5M cost per Shuttle
flight, } Sensor package costs were treated, as for the Shuttle sensors, in both wholly-owned and amor-

tizing approaches, The sensor cost values used are contained in Table 7-5,

TABLE 7-5, COST VALUES USED FGR AIRCRAFT SENSORS

PER FLIGHT
ACQUISITION | HOUR AMORTIZED

CAMERA {6-BAND)

* BASED ON 1000 FLIGHT HOURS/YR FOR
5 YEARS

7.4 COST ANALYSIS

Data acqgiisition costs for the three missions were analyzed as follows:

- The costs of performing the Regional/Urban Planning mission were first obtained to provide
comparison of the Shuttle and aircraft on a basis most favorable to the aireraft: a single
mission, and one which involved scattered point targets. . J

-  The coests of performing the aggregated three misgions were then obtained to indicate the com-
parative cost trends for the two platforms as additional data collection volume is added to their
requiremerts,

7.4.1 CGST ANALYSIS DESCRIPTION
The cost analysis was structured according to the sequence iHustrated in Figure 7-1, Each of the steps in
the sequence, explained in the following paragraphs, is Ireyed to a number on the figure.

The analysis began with the assignment of values to the Aircraft Variables (1) and the Target Varizbles =
(2), The values used are contained in Table 7-6.

The Spatial Relationships (3) are used to relate the peometry of the target to that of the aireraft altitude
and sensor swath to produce the number of swaths to image each target. The Aircraft Variables and the

Spatial Relationships are both used as inputs to a set of flight time algorithins which produce Aireraft

( )P!-‘-Wat.e conversation with Edward Geinersall, NASA/AMES Research Center, Californis,
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70 MM $1. 5 M each $300/HR SIMILAR TO AIRCRAFT VERSION OF -
MULTISPECTRAT. - 51904 '
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; Figure 7-1. Cost Abalysis Sequence :
- Climb and Descent Time (4), Alrcraft Inter-target Time (5) for non-contipuous targets, and Aircraft Data
Collection time (6). These elements of flight time are abtfained by comparing the reguired flight path with
I3
5 o the aircraft performance dynamics such as climb time, speed, and turn time, The resulting caleulations
i of flight time are used to obtain a Total Airoraft Flight Time (8) by summation of (4), (5), and (6). The
g number of Aireraft (7) are obtained by dividing the reguired flight time by the possible flight hours per day
2 per aircraft and au aireraft utilization factor for spares and down-rate.
Although not necegsary for this analysis, as no special aireraft basing costs would be incurred, the model ‘
provides for caleulating the Number of Aireraft Bages (9), Aircraft Fixed Costs (10) are then calculated :
t from the number of aircraft (and thug sensor packages) required. Aircraft Operating Costs {11} are ob-
* tained from the total number of flight hours and the airerait flight hour rate, The Total Aircraft Costs (12)
‘ are the sum of (10} and (11), z
; The seguence to obtain Shuttle costs begins by using the Target Variables (2) and shuttle Variables (13) to
* determine. the Schedule of Shuttle Flights (14) requiréd to carry out the data aequisition. A portion of this
determination includes the use of Shuttle altitide and orbital parameters in combination with the target :

variable LOS to determine that all targets are acceasible, This step was carried out as & separate orbit

selection analysis (Section 4); the resulting orbit permits access fo all targets for these (or any other)




8=

TABLE 7-6.

TARGET AND AIRCRATT VARIABLE VALUES USED FOR COST ANALYSIS

REGIONAL UHBAN

AGGREGATED TIMBER
VALUME INY FORY, REGIOXAL
URBAN PLANSING, MINERND

MINERALS: Do 43 COVERAGES

VARIABLE PLANNING ENPIORATION SURVEY REMARKS
LEN, Km 10 AV MLAIOR CONTIGLOUS AREAS m“ SINGLE AIRCRAFT FLIGHT | INE HEQUIRE TOR ALL BUT 3
Wi, Km 10 4AVGI CItIES; THEREFGRE TARG E RANLE 30T 4 €027 DRIVER FUIt URBAN REG, PLANNING
LAT, DEG L NIFORMLY DISTRIBLTED ‘4-n~< 108 Km?, ‘DEPLIDING 0¥ ACTUAL DSTRIBUTION OF CIFIES APPRONIMATED BY CNIFORM
LON; DEG JOVER CONTINENTAL L. 3, 'r: 1GHT CHOSEN. \ DISTRIBUTION TG CALCULATE INTER-TARGET PLIGHT TIME
_ | vxe, Em 1 n N0 TARGETS REQUIHE CREW SEAHCH I'D ACQUIRE
Z | oBL YES YER OBLIGUITY PERMITTEL FOR EFFICIENT ORBITAL ACCE=%: NOT REQUIRED FOR AIRCRAFT
= | FOV, DEG UXCONETRAINED L'XCUNSTRAINED NOUSER REQUIREMUS U3 IMPOSED UPON SENZ0OR FOU - CONTROLLED BY M. RES
2 I Los, pEG 15 15 UBLIQUILY OF 15 PERMITTER #OR EFPICIENT ORBEVAL ACCESS: NOT REQTD FOR SIRCHAFT
T REE, m - 10 - o
MOS VES YES MOZAICING OF ARCRAFT DIAGES PERMITTED TOR MULTI-FLIGHT-LINE CITIES
CYC, DAYS 150 13 CGVERAGES REQ'D FOREST: 1018 COVERAGLES); REPENT CYCLE IS SEMISANNUAL FOR FOREST, URBAY REG. PLNG: QUARTERLY FOR MINERAL

o

,DUR, Davys 90 i CUVERAGE FOR DNE CYCLE SHOULD BE COMPLETED RAPIDLY - 90 DAYS MANIMUM
“ | v, km ur 00 e TYPICAL OF MUBERY, NGH-A1LTITUDE AIRCHAFT (-9 .
5 | n,8m 20 an TYPICAL OF MOBERN, HIGH-ALTYIEDE AIRCRAFT (-
2 1M, BLEMENTS 10, 000 1, oo TYMCAT FOR 1830 MULTISPECTRAL SCANNER FECHNQLOGY (THEMATIC MAPPER
= 3 5]
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migsions in the contiguous 48 states with a 15° roll angte or less, Payload weight and other parameters
(15), once judged compatible with Shuttle accominodations, are uged: to determine Individual Payloed Ops
Costs (16) for each flight, This result, when combined with the schedule of Shuttle flights, produces: the
shiittle Operating Costs (17) for the set of flights considefed. Shuttle Fixed Costs (18) are computed from
acquisition costs for the sensor package(s) required to meet the flight schedule. The Total Shuttle Costs
(19} are the sum of fl’?) and (18),

Although niot included in this analysis, the model provides for ealculating the Information Transfer Quantity
{20 to determine communication relay costs between ground sites once the date is returned to earth,

7.4.2 GOST ANALYSIS OF URBAN/REQUIRED PLANNING MISSION

The flight requirements for this operationa! mission are the imaging of the 160 U, S. cities with greater
than 100, 000 population (1970 Census uged), Thfee coverages ure required at 6~month intervals to obtain
iwo-season and one-year change data. -

For the aircraft platform, sinee the targets are (nearly) uniformily scattered over the U, 8., the inter=

' target flight time hetWeen the 160 cities will comprise the majority of the flight hours requived, The inter-

target flight time may be expressed as;

B RO P/ R
TI e N LEN

for a uniform field of targcts, where

N = the number of targets
V = aireraft speed
A = the width of the field
B = the length of the field _
LEN = the width (or length) of one of the targets (nejglig'lb_le).

For large N.(>100) we may approximate N - 1 by N, yielding

1 v

é.r_;d the inter-target time becomes

/2300 % 5500 x 160

r]:I "800

=58, 26 hr/coverage
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it should be noted that inter-target flight time inefficiencies, such as avoidance of clouded~-over tarpets
or adjustments of location by night flight to achieve desirable lighting angles for the next day's _flig'ht‘path - J
will oceur in resal operations, These arée accounted for here by the inclusion of a 90% efficieney factor,

yielding a total adjusted inter-target flight time of 61, Bhr/caverage, _ 5

The flight time to image each tarpet, on the average, is

LE 10
= s = e = 125 hr/t
T de = 500 0. 0125 hr/target/coverage

Thus, the total data collection time is

Toc = 0,0125x 160 . = 2 hr/coverage

The climb and desecent times of 0. 75 hr each provide foi a data collection or intér-target flight time of
5. 5 hr/day for a 7-hour sortie, The toial flight time is thus

L

__1 - _
Tr = 5% [62.8 +2] = 81 2 hr/coverage

A TA LS AL

or a total of 2438, 6 flight hours for the thrée~coverage mission

it S s

The number of afrcraft (and thus, wholly-owned sensor packages) required is found from

TT 81,2 : ’
N N = D_—__UR x -(.5,. 5) (L. = '——-9{'527(5-. 5 (1. 1) =0, 18 aireraft (=1 aircrait) E\. l

)
)
B
k)

It will be noted that this sirciait is underutilized by approximately a factor of five,

Table 7-7 contains the aircraft costs for performing the Regional/Urban Planning mission.

TABLE 7-7. ATRCRAFT COSTS FOR REGIONAL/URBAN PLANNING MISSION

THREE COVERAGES OF 81.2 FLIGHT

HOURS EACH @ $1600/HR: 3x 81.2 x 1600 = . $389,760

ONE SENSOR PACKAGE @ $3.5M $3, 500, 000

OR - or

243.6 FLIGHT HOURS OF ONE

SENSOR PACKAGE @ $700/HR : $170, 520
TOTAL COST, WHOLLY-OWNED SENSORS $3, 889, 760
TOTAL COST, AMORTIZING SENSORS $ 560,280

T-10




Turning now to Shuttle operations costs for the Urban/Regional Planning Mission the sensor weights

may be seen from Section 4 to total 385 Kg*. The congervative inclusion of 200 Kg of "overhead' weight

is made to accoiint for support subsystems &nd gtructure, yielding a total weight-to-orbit of 535 Kg. Thus,

from the Straight-line Welght Cost Model, the costs are shown in Table 7-8:

TABLE 7-8, SHUTTLE COSTS FOR REGIONAL/URBAN PLANNING MISSION
_ '_ _COM:P_UTED FROM STRAIGHT-LINE WEIGHT MODEL

.'535 Kg X $722/ Kg** = 186,270 PER COVERAGE
OPERATIONS COSTS FOR 3 COVERAGES = 1,158,810
ONE SENSOR PACKAGE @ $6M = 6,000, 000

OR
3 FLIGHTS OF SENSOR PKG

@ $120, 000/FLIGHT = 360,000

TOTAL COST, WHOLLY~OWNED SENSORS  §$7, 158, 810
TOTAL COST, AMORTIZING SENSORS $1, 518,810

The Multi-Element Cost Model approach produces resuits for the Regional/Urban Planning mission as

shown in Table 7-9, It will be noted that rio data processing or tfRusmission are required of the Shuttle.

TABLE 7-8. SHUTTLE COSTS FOR REGIONAL/URBAN PLANNING MISSION COMPUTED

~FROM MULT.I—ELEMENT COST MODEL

1,26 ;n'3 UP vowm;@ $1é_,-, 757 . $ 17, 333
335 Kg UP WEIGHT @ $108,81/Kg | = § 36,451
16.8 KWh ENERGY @ $1721/KWh ' _ = $ 28,912
30 hr, GREW T!M:E @ $6446/hr : = $193,380
335 Kg DOWN WEIGHT @ $184, 44/Kg = § 61,787
PER FLIGHT COST $33!z; sss
OPERATIONS COST FOR 3 co{rERAéEs | $1, 013, 589
ONE SENSOR PACKAGE @ $6M ' $6,000, 000
3 FLIGHTS OF o%f; SENSOR PACKAGE AT $120, 000/FLIGHT $ 360,000
'_I‘O;TAL COST, WHOLLY-OWNED SENsoﬁs. ' $7,013, 589
TOTAL COST, AMORTIZING SENSORS  $1,373, 589

*Compriged of 180 Kg for the TM and 155 Kg for the S180B,

F T ¢ i . 3 = . = 1. g s
Ii'om_strg_lghtline weight model No, 1 with WTU WTD 14, 500 Kg andy = 1,0

7-11

s it gt e




7.4,3 COST ANALYSIS OF THREE COMBINED MISSIONS

The flight requirements of the three missions (Timber Volume Invenfory, Urban/Regional Planning, -

Mineral Exploration Survey), wheh combined, involve five coverages of mdjor areas of the U, S, as shown

in Table 7-10,

TABLE 7-10, COVERAGE REQUIREMENTS FOR THE THREE JOINT MISSIONS

" SPRING

MIESION SUMMER | FALL | WINTER |SUMMER
YEAR#1 |YEAR#1 | YEAR#1 | YEAR#1 |YEAR#1
TIMBER VOLUME INVENTORY 3x108Km? 3x108Km?2
TURBAN/REGIONAL, PLANNING 160 U, S, 160 U.S. 160 U, S.
CITIES CITIES CITIES
| MINERAL EXPLORATION SURVEY | 4x20%km® | 4x10%km? | 4x10%m? | 4x10%km? -
I TOTAL - 4x106Km?2 e;meKmZ 4x106Km® | 6x10%km2 | 160 .S,
'CITIES

The aircraft operations costs for each of the first four coverages (the fifth is identical to that previously

calculated) may be found from

LEN

T (———)+(a 1)t+m(*

olol

where:

Y
ol

I-L .

data eollection flight fime :
dn algerithm-derived parameter indicating the number of individual flight lines:

a=93 for area = leoﬁl{mz
a=62 for 4x308 K‘m"

o
]
=

|| i

i

6000, . 92
goo) T3¢
6000, 61

800’ T 13

[}

8B =

= 62 (

As in the previous example,

]
+]
"
o
[22]
3
5]
a
£
1
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+ L
12
1
12

tapget length (6000 Km, approx.lmate width of U.8.)
aircraft speed, 800Km/hr .
180° turn time, 1,12 hr

= 705,3 hr for area = 6 x 106 Km2

Ll

897.7 hr for area
= 598,4 hr for aréa

6

470, 2 hr for area =4 x 10 _sz

the total flight time is thus

E:‘vxIOGKm2
= 4 x 108 Km?

B
A



Making the simplifying agsumption that the coverages of the U. S, cities are performed with only half the
flight hours previously calculated when combined with the forest and/or minersdls coverages, the total
flight time reguired for all five coverages is obtained from:

Spring, yvear #1 - 598.4 hr

Summer, year #1 ~ 897, 7 hr + 40,6 hr for L. 8. cities
Fall, year #1 - 598,7 hr :

Winter, year #1 = 897,7 hr + 40, 6 Ly for U. 8. cities
Summer, year #2 - 81,2 hr,

Total Flight Time: 3154.6 hr.

The number of aircraft -and, this, wholly-owned sensor packages is obtained, 2s before, from
T

Ny .= DTIErs.s) (1.1y =2 ai.rcmft for a peak quarter pf 938, 2 flight hourg _

Table 7-11 coritains the airveraft costs for performing the three joint missions.

TABLE 7-11. AIRCRAFT COSTS FOR THREE J7INT MISSIONS

3154. 6 FLIGHT HOUR @ $1600 = § 5,047,360
2 SENSOR PACKAGES @ $3.5M = 7,000,000
e OR
A 3154,6 FLIGHT HOURS OF
: SENSOR PACKAGES @ $700/hr = 2,208,220
TOTAL COST, WHOLLY-OWNED SENSORS  § 12, 047, 360
b TOTAL COST, AMORTIZING SENSORS 7, 255,580

The Shuttle costs by the Straight-line Model approach are contained in Table 7-12, The Shuttle costs by
the Multi~Element Cost Model are ¢ontained in Table 7-13. A summary of the fotal costs for all mission

; for both platforms is contzined in Table 7~14, .

o : 7213




TABLE 7-12. SHUTTLE COSTS FOR THREE JOINT MISSIONS,

e R e et A e

BHTT Ry A py ey

STRAIGHT LINE WEIGHT MODEL A
'SPRING, YEAR #1 217 Kg + 130 Ky OVERHEAD @ $722/Kg =$ 250,534
SUMMER, YEAR #1 372 Kg + 222 Kg OVERHEAD = 428,868 ;
{
- i
FALL, YEAR #1 217 Kg + 130 K OVERHEAD = 250,534
WINTER, YEAR #1 372 Kg + 222 Kg OVERHEAD = 428,868
SUMMER, YEAR #2 335 Kg + 200 Kz OVERHEAD = 386,270 ‘
TOTAL OPERATIONS COSTS $1,745, 074 |
ONE SENSOR PACKAGE @ $6M $6, 000, 000
OR OR -
§ FLIGHTS OF SENSOR PACKAGE @ $120,000/FLIGHT  $600,000 !
TOTAL €OST, WHOLLY-OWNED SENSORS $7,745,074
TOTAL COST, AMORTIZING SENSORS $2, 345, 074

TABLE 7-13. SHUTTLE COSTS FOR THREE JOINT MISSIONS,
MULTI-ELEMENT COST MODEL

SPRING

FALL

SUMMER WINTER SEMMER
. _ YEAR #1 YEAR #1 YEAR #1 YEAR #1 YEAR #1
UP VOLUME @ $15,757/m% 1.12_m"-_s.15, 0% 1.20m%-517,383 | 1.12md-s15,408 ] 1,20m3-517,33n 1,26m%-517, 338
UP WEIGHT @ $108,91/Kg 21 TKyr-S23, 611 A72Kg~540, 477 21YKg-528, 611 S72KE-540,177 355KE-$36, 451
ENERGY @ $1741/KWh 10, 8KWh-§15, 536 | T4.8-828, 914 1, §-§18, 536 16, 5-328, 613 16, §-529, 913
CREWTRME & $6446/he 40 [r-§198, Sa¢ S0-5143, 380 50-$193, 380 30-5103, 380 30-5194, 380
DOWN WEIGHT @ S84, 4/Kg | 217Kg-$40, 023 472368, (12 217-$10, 023 372-868,612 336-5061, 787
OVPERATIONS COSTS 32091, A SI48, T15 2201,008 44, 715 FHUT, 84
TOTAL OPFERATIONS COSTS §1,617, 310
ONF SENSOH PACKAGE (¢ $6M &, 000,000
‘ 5 lﬁ\t,rc-.m‘socls‘ir SIENSOR #00, 000
‘— PACIKAGE @ $120, 000
| -
‘! TOTAL CONT, WHOLLY-OWKED SENSORS 57,617,310
. TETAT COST, AMORTIZING SENSORS §2,217, 810
—_ -
7-14
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TABLE 7-14, SUMMARY OF AIRCRAFT AND SHUTTLE COSTS FOR THE
SINGLE AND JOINT MISSIONS

AIRCR-A—FT COSTS |
- WHOLLY-OWNED SENSORS $3,889,760 $ 12, 047, 360
- AMORTIZED SENSORS _ $ 560,280 7,255,580
SHUTTLE COSTS
-~ WHOLLY-OWNED SENSORS $7,158,810%* $ 7,745,074%
7,013, 580+* ' 7,617, 310%*
~ AMORTIZED SENSORS : $1, 518,810+ $ 2,345, 074%
1,373, 589%* ) 2,217,310%%

*Straightline wt, model
**Multielement model

7.5 CONCLUSIONS: SHUTTLE COST EFFECTIVENESS

The use of a seanner and camera package on the Shuttle for the acquisition of medium resolution data

is a cost-effective approach to gathering such data if the coverage rates are sufficiently high to

offset the cost per flight of approkimately one-half millioh dollars, For the comparison aircraft used

in this analysis, the point at which the Shuttle becomes cost-effective lies between one and two million
gquare kilometers per coverage, as shown in Figure 7-2, (it should be noted that tﬁe comparison aircraft
used is itself a very, efficient data acquizition platforin when compared to lower=performance aircraft

in widespread commercial use today and that the crossover point for Shuttle cost-effectiveness would

occur substantially sconer if it were compared to the latter aircraft),

" The data acquisition cost savings which the use of the Shuttle would provide for the set of three typical

operational resource managerent investigated is approximately $5 million for a series of five coverages
of substantial portions of the .S, over a period of 15 months, The savings wauld increase further if
additional demand were generated for addit:iona‘l aréa to be covered during the flights, that is, if more than
three resource management missions were served simultaneously. A data processing cost comparison
was not performed; however the Shutfle would afford additional savings in this area because of the greater

orthographicity of its images and the smaller number of mosaics which would need to be prepared.
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Figuré 7-2, Comparison of Shuttle Sorte and Aircraft Data Acquisition Costs
for Varying Coverages

Signifieant questions regarding cost-effectiveness of the Shuftle remain to be answered: transportation
charging schedulés are yet in a state of flux, Shuttle's ability to maneuver to avoid critical cloud obscura-
tions, and yet serve its other payloads operationally, is a problematical question, ang the details of
converting the flight prototype Thematic Mapper for use on Shuttle have not yet been analyzed by ourselves
or the sensor contractors in detail, But the conclusion is inescapable that, in its element and W th striet

attention to controlling costs, the Shuttle can cost-effectively fill the gap between the polar satellites and

_the aireraft in the 1980's, N
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|@ SECTION 8

SHUTTLE EARTH RESOURCES PROGRAM DEVELOPMENT REQUIREMENTS

As a result of this study severa! items were identified as requiring further development in order that the
These development items can be

Shuttle Earth Resources program msy proceed in an orderly meanner,
considered in three categories:
@ Programmaitic development requirements

- e  Migsion Development requirements

¢  Shuttle Systems integration development requirements

8,1 PROGRAMMATIC DEVELOPMENE
The major programmatic development requirement is the need for users and potential ugsers to be exposed

to the capabilities of the Shuttle~borne sensors and to data acquired from equivalent systems.

This action is necessary to verify the utilify potential of Shuttle missions, to catalyze demand for the data,
and to provide users with a level of background experience so that they are reasdy to make full use of
Shuttle-acquired data when it becomes available, A further potential benefit is increased user involvement

in mission design, with the concomitant increase in confidence in, and commitment to, the Shuttle Earth

[ . Resources Program.

8.2 MISSION DEVELOPMENT REQUIR-EMENTS
As a result of the detailed definition of the five selected missions it this study, several areas needing ad~

ditional development have heen identified.

8. 2.1 SOIL MOISTURE TECHNIQUE DEVELGPMENT
The extension of present day soil moisture meagurement investigations into the Shuttle Era as a Technique

Development Mission requires ihe accomplishment of several years of technological advences, It is ap-

objectives is required, This plan must lay the groundwork upon which the first Shuttle flights for soil

moicture techniques will be built, It includes continued aircraft flights, closer coordination and feedback

between ugers and conducting agencies, &nd even new sensors and combibation of sensors as firat stage

investigations. The development program is shown schematieally in Figure 8-1,

parent that to tFansition efficiently into the Shuttle Era, a well coordinated development plan with reasonable
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COORDIN. OF SENSORS, PLUS FINE SCALE RESOL. HELP 4 WAVE DATA QR AND OF MULTI-DISC.
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_EARLIER :

ZDATA EVAL ¢
~ SHUTTLE DESIGNS

Figure 8-1, Soil Moisture Development Program

The most important "next step" in the development process is the continuation of aireraft flights using
mictowave and visible wavelength sensors, similar to those proposed for the Shuttle, in order to gain

further insight into the detailed needs of the mission in both sensor reguirements and data analysis,

8.2.2 SAR DEVELOPMENT MISSION
‘The primary problems in the development of the SAR Sensor Development misgion are related to the de-
tailed design of the sensor and to its integration into the Shuttle vehiele. Figure 8-2 shows the sensor

development plan,

In particular, the investigation of integration of the SAR into its carrier vehicle and the development flight
program alternatives should receive attention in parallel with the ciurrent sensor design efforts., Both
intégration into Shuttle and the development flight approach ultimately selected (all-up first flight- vs,
evolutionary) will impact the sensor design, program funding levels, and ultimate program completion
date,
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DESIGN BREADBOARD | A OLE
. CRITICAL RTICLE(S
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lSAH STATE'BF-THE--AFE‘—— el COMPGNENTS GROUND TES

SENSCR DESIGN FLOW

Figure 8-2, SAR Development Plen

8.2, 8 APPLICATION DEVELOPMENT MISSIONS
Figure 8~3 shows diagrammatically the developmental activities required for the three missions, and
Table 8-1 describes the detailed development requirements for each of the missions, together with the

key “'next step",

8,3 SHUTITLE SYSTE_M_S INTRGRATION REQUIREMENTS

Severa! developmental problems have been identified in the area of overall Shuttle system design and

integration:

#  Purther des'ign definition is required for a mulfispectral scanner/camera package

based on the Thematic Mapper and $190A/B cameras

e Integration of SAR into the Shuttle will present significant problems in EMI (especially
with passive microwave systems) eavgo Lay blockage, depleyment operations and thermal

considerations.

e SIMS and SAR integration must be undertsken in parallel with the development of these
sensors so that a compatible, two sensors complementary package may be developed,
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TFigure 8-3. Application Pevelopment Mission Plans

® Detailed definition and development of a Shuttle Earth Resources Data processing . .
facility is requived, with special emphasis on the coordination and correlation of ' H
photographic and electronic image data processing methods, and the complementary

application of tke two data types,
TABLE 8-1. APPLICATION DEVELOPMENT PLANS
TIMBEK. INVENTORY
¢ Develop sampling and stage selection strategies and statistics : _ i : S '
£
e Evaluate number of sampling stages - “
e Involve user (U.S. Forest Service) and prepare to piocess/use data .

® RunA/C & Landsatbased experimental measurement program ' .

e Use U2/RB57 to gather dats at equivalent resolutions te Shuttle sensors,
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TABLE 8-1, APPLICATION DEVELOPMENT PLANS (Continued)

TIMBER INVENTORY (Cont'd)

Investigate optimal resclution reguirements for each sampling stage,

NEXT STEP: - Get U. S, Forest Service involved in Shuttle and Mission Design

MINERAT, EXPLORATION

Continue to prepare user community to use data operationally
_In[:roduce users to Shuttle seanner and film imagery characteristics
Set up user training facility /program using simulated Shuttle data
Establish datz dissemination procedures

Define procedures for foreign user involvement

Develop improved methods/hardware for combining digital & photo interpretive
analysis technigues

NEXT STEP: - Develop user training program:

]

URBAN & REGIONATL PLANNING

Identify data processing/dissemination agency

Identify planning parameters of importance and rank importance, difficulty to
aceomplish

Invelve planners of selected cities in mission design
Establish coverage cycles ete, |

Use A/C & LANDSAT data io estabtish classification themes
Develop user knowledge of‘confidence in techniques

Develop standai*d products & archival/data base method(s) suitable for user
community.,

. NEXT STEP: - Involve city planners in Shuttle mission design,
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APPEND]X A
THE MULTISTAGE PRGBABILIBTIC SAMPLING PROCF‘BS

The inventory system currently used by the U ‘S Forest Service, ealled the Continuous Forest Invehtory -
CFi, involves a two-stage sampling scheme with partial replacemant In the first stage a large number of
points or plots are distributed oi aarial photographa. Each point is photolnterpreted and assigned to a
photo-volume stratum baged on the estimated v_olume of timbe:: on the acre surrounding the point, A sub-
sample of these points from each volume stratum are selected for ground examination, The subsemple
points are selected with probability proportional to-the eftimated volume of each stratum, The second
phase consists of ground measurements of all the seléected ground pIots using conventional timber cruising
teclmiques. Informatlon from both pbases (phobo and ground) is then combined to yield total current volume

S

and other statiatics.

The gerial photographs used by the U, 8, Forest Service dre at a seale from 1:12, 000 to 1:20, 000, The
entire inventory system is very time consuming and costly.

Several experiinents demonstrated that use of Landsat data Increased the accuracy and timéliness of timber
inventory. Onme such experiment was performed by J. Nichols of the Un:lver:éity of California. The objec=
tive of the experiment was to eetiméte the standing yolume of merchautable timber within the Quincy Ranger
Distriet (215, 000 acres) of the Plimas National Forest, A thréa-stage aampling dea.ign was used wheréby
the Hrst-stage involved automatic claseification of Landsat 1 data tapes and seloction of primary sampling
units, The secoud-staﬁe involved acauisition of large seale merial photos over selected primary sampling
unite end selection of phioto plots based on manual interpretation, The third=stage required visiting the
selected photo plots on the ground and selection of trees: to bé measured for timber volime,

Nichols and other investigators, after their limited studies, concluded that multistage inventory using
satellite imagery for the first stage proved to be a timely, cost~effective alternative to conventional timber
inventory techniques, They zlso concluded that to arrive at an operational stage for such an inventory
system, additional research is necessary, ' '

Sampling may be defined ag obtaining information from éport{on ofa larger group, or "universs!", about
the entire group.

-

Multistage sampling consigts of selecting primary sampling units- at the first stage and drawing a series of

_ 'subgamplesifm’m_the'ae for sampling in subsequent stages.. The procedure is shown diagrammatically in

Figure A-1,
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8TAGE i I ai@usz STAGED
Figure A-i1, Disgrammatic Represontation of Muitistage Sampitng

i‘o_r the pﬁrpose of this discussion, a three-stage inventory system wiil be asswmed. Units inthe first
stage will be called the primary sampling wits (PAU), wdts in the second stage will be sampie piots; and
in the third stage - sampls trees, '

To estimate volume in plot § of PBU i

2 (V1-1'1+ + ¥y )
Y KA\Py T

Where Viﬂ - volume of sample tres 1

<

K - number of sample trees
" Pyy) - sampling probability of sample tree 1 {of piot § of PSU 1)

To sgtimate volums in PV {

v, =3 _(Q.ﬂ. +_....+qg_) N
Where J.. ~ number of sampls plots
Qq - sampling probability of sample plot 1 (of PSU 1)

To eatimate total forest volume

s 1 /(¥ Vi : :
v I(ﬁg_afafnl_) | )

 Where 1 - number of sample PEUs
Ry - sampling probability of sample PBU 1

To choose best probebility at each stage (@, Q. R) computs

2
. L]

L
This equals zero if Pyy, = ‘{,‘{l‘. An esttmate Vi of Vyg, 16 used to estimate a Py, = ;Ll 1t §0 desired o
have V'fijk "glose!t to Vi_-jk- Tﬁe game prooedare spplies to Qﬁi and Rﬂ'
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To arrive at a least expensive sampling scheme the estimation method has to be optimized, Given here is

an example of a cost model, Agsumptions gre the same as in the previous paragraphs,

Cost Model
Cp=Cp* Cpgy) 1+ Cpop T+ Cppee) KT

Where CT - total inventory cost

CI - initial cost - overhead

c - cost of a single PSU

CPI = cost of a single plot

CT ce cost of ground measurement of a single tree
Minimize;

Var (V) =f(, 3, K, . . . .)

Result of this is 4 function of the number of samples at each stige (I, J,K), and-of many other factors, Some
such factors are: variability of timber volume throughout the forést, aceuracy of imagery and measure-

ments at each stage, size of PSU's and plots, number of stages, and others,

Minimizing is done subject to fixed cost C,

o Such a general formula can be obtained by extending standard

theory.

Example;

For equal sampling probabilities at each étage and same numhber of irees per plot

s2 82
var (V) =@, K ) [(1 __1(1)) ---~—ESUE otels , (1 - £) ———u—m"gmms +

g2

1- K Trees
IJK | LK
00 oy :

Where IO, JO, Ko are population numbers at each stage, and 1, J, K are sample nwnbers,

g .

Spsu

Si’lots - The average variance befween plots (1, e., calculate a variance among the plots within
each PSU and average those variances over the I-O PSU's)

- Variance among the PSU total timber volumes (each PSU has a total vblume)

2

S-T jees The average variaiice between trees in a plot - averaged over all plots and PSU's,

~
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Var ({7‘) is minimized by

kE . St:rees Cost per Plot_ 1/2
r 2 ) 1/2 |Costs per Tree
plots - ® trees .
[ 2 1/2 1/2
J*ﬁsplob_s trees/K )] Cost per PSU
T2 1/2 |Cost per Plot
'SPSU ® plots/M ).‘

—

I*-—' (Cy - Cp) [PSU Cost + Plot Cost x J* + Tree Cost X J* K*]

subject to fixed cost (model above) and choices 8f PSU and plot sizes, This shows how the best I*, 3%, K*
2 ~g2 g which must be obtained,

depend on costsg in each stage and on forest statistics STrees, plot, PSU'
The example does not show how Var (ﬁ) depends on the accuracy of P;jk' Q-;fj‘, and R';. The theory can be

extended to cover the more general problem,

The accuracy of the P;jk- ij, and R{" deperds on Yolume éstimates from methods with different image
qualities. The effect of different image sources on Var 6;) needs to be determined,

Comparison of Figures A-2 and A-3 demonstrates the necessity of accuracy vs the cost of imagery trade-
offs. 'Po obtain higher accuracy of volume estimation it is necessary io pay higher costs (Figure 4-2).
Lower reésolution imagery is less expensive, but gives less accuracy, i.e., peints in Figure A-3 are
gpread farther away from the 45° line, This is a very important factor in determining the optimum

sampling system and should be considered in more detail.

4
v, HIGH RESOLUTION IMAGE
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V' VOLUME ESTIMATED FROM IMAGE

Figure A~2. True Volume vs. Volume Estimated from a High Resolution Image

F s A

S T A AT

G ETEAT

rieita,

R




Vi

“TRUE
VALUE" .

* LOW RESOLUTION IMAGE
{CHEAPER, LESS TIME CONSUMING)

- Vi.' +....+ .V.|..

Ricl

o

Vi** Volume Estimated from Image

Figure A-3, True Volume vs, Volmae Estima.te.d from a Low Resolution Jmage
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