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interpret images and digital data obtained
from aircraft and spacecraft sensors. Even
very conservative estimates of dollar benefits

suggest that these efforts could have enor-
mous economic benefit for agricultural busi-
nesses and society.

N76 11816
LAND USE, URBAN, ENVIRONMENTAL, AND CARTOGRAPHIC APPLICATIONS

LAND USE, DISASTER, AND ENVIRON-
MENTAL MONITORING

Effective State, regional, and national land-
use planning requires the compilation of a
wide range of areal data. These include data
on static components of the environment (in-
cluding soils, slope, geology, and hydrologic
systems) and on dynamic cultural land use
and related components (including trans-
portation routes, urban and rural land use,
and public infrastructure). In the interplay
of these natural and cultural features, with
natural features relatively static and cultural
features to a greater or lesser degree dy-
namic, planning is accomplished. Monitoring
the changes in land use is of value not only
in itself but also for determining the in-
teraction with other land uses and with
the background environment. This section
focuses on radar applications and land-use
analysis in the monitoring of land-use change,
especially the more dynamic components, and
the interaction between land use and dynamic
features of the environment (floods, hur-
ricanes, etc.). Because public awareness of
land planning is relatively new, a more de-
tailed discussion of land planning in relation-
ship to remote sensing is included in this
section.

Although the relationships between land
use and environmental quality are not well
defined and are not conducive to orderly
simple analysis (ref. 2-129), general public
awareness has increased and has helped focus
attention on land-use planning and manage-
ment as one means of achieving a reasonable
balance between economic well-being and en-
vironmental quality.

Growth in economic productivity has
caused a greater demand for leisure and
recreational services, which are highly de-
pendent on environmental quality. Environ-
mental quality is becoming more highly
valued in relationship to potential increases
in economic standards of living. Growth in
productivity depends on increasingly power-
ful technologies and therefore has greatly
increased the geographic and temporal extent
of each person's effect on the environment.
The results of these trends have been recog-
nized, and new laws have been passed; new
institutions have been created for protecting
the environment. As new policies have been
developed and implemented for controlling
specific types of environmental effects, there
has been increasing recognition that land-use
patterns have a strong influence on the rela-
tionship between future economic production
and environmental quality. These overall
land-use patterns influence such key factors
as (1) the location of environmental disrup-
tions that arise from the extraction of
resources; (2) the magnitude of wastes gen-
erated, especially from transportation activi-
ties; and (3) the costs of treatment to lessen
the impact of residuals discharged into the
environment.

More fundamentally, the experience of the
last 5 yr has furthered the recognition that
land-use patterns determine who shares
which environments and with whom. As this
sharing and the resulting external effects
include more people over larger areas and
for longer times, the potential economic, en-
vironmental, and social benefits from more
centralized, comprehensive land-use planning
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increase. These benefits have provided the
incentive for a restructuring of the Federal,
State, and local land-use planning processes
and techniques. The beginnings of this re-
structuring are evident in recent legislation,
and its effects will have a strong influence on
spacecraft remote-sensing systems during
the next several decades. A parallel reac-
tion by the private sector is already under-
way.

Recently, there has been increasing con-
cern in the Congress about what many
Americans perceive to be a national land-use
crisis. Evidence of congressional concern
is demonstrated by the following facts:

1. More than 120 land-use-related bills
were introduced in the 91st Congress.

2. More than 200 such measures were
considered in the 92d Congress.

3. By March 10, 1973, more than 50 land-
use-related bills had been introduced into the
93d Congress.

Presently, Congress has temporarily tabled
a Land Use Policy and Planning Assistance
Act to encourage .the"t establishment of the
decisionmaking framework and to assist in
the development of data collection tech-
niques. This act may be reintroduced and
passed within the next 2 yr. The desire of
many officials to pass such an act indicates
the belief that land-use planning is beneficial.
If passed, the act will establish broad re-
quirements for data collection, part of which
may be accomplished with satellite data (in-
cluding active microwave sensor data). Re-
lated trends are evident in State legislation.
Three recent reports (refs. 2-130 to 2-132)
summarize the changes in the land-use plan-
ning and control activities of various States
and local jurisdictions.

The Rubino-Wagner report (ref. 2-130)
identified five States that have already de-
veloped land-use plans—Hawaii, Alabama,
Delaware, New York, and Rhode Island—and
seven other States that have recently ini-
tiated innovative State legislation in the field
of land use.

The Bosselman-Callies report (ref. 2-131)
provides detailed descriptions of the experi-

ences of recent land-use control legislation
in Hawaii, Vermont, San Francisco, Min-
neapolis, St. Paul, Massachusetts, Maine,
Wisconsin, and New England.

The Haskell report (ref. 2-132) views the
changes in landruse planning practices from a
somewhat different perspective than either of
the other reports. Although the primary
focus of the report is on organizational and
institutional design over the entire range of
environmental problems, it also includes some
techniques used for various specific areas of
environmental management, including land
management and regulation.

These reports indicate an increasing trend
toward innovation in State land-use planning
activities, which will create an increasing
need for data on which to base land-use
planning decisions. The Haskell report
states: "A first tool used by some states to
strengthen their land planning effort is the
generation of an adequate data base, and
the development of analytical capabilities
needed to make effective use of such data."

Several developments in analytical capa-
bilities appear to enhance the potential bene-
fits from use of satellite data in land-use
planning. The first development is the use
of computerized information storage and re-
trieval systems for handling land-related
data. Several States have developed or begun
such systems, including Minnesota, New
York, Maryland, and Arizona. Efficient and
low-cost means for handling large arrays of
data through parallel processing technology
can be expected to enable the satellite sys-
tems to produce large data arrays much
more efficiently than at present. These

• methods of data handling will apply not only
to future ERTS-type systems but also to
digital radar image systems.

A second related development is the work
on models capable of partially simulating
the complex interrelationships of socioeco-
nomic activities, land-use patterns, and the
resulting effects on natural resources and
environmental conditions. Such models "can
help land-use planners analyze land-related
data to assess more accurately the tradeoffs
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between economic production and environ-
mental quality and thus increase the benefits
from satellite systems.

General Objectives of User Agencies and
Industries

Land-use planning, monitoring, and regu-
lation.—Traditionally, most U.S. land-use
data have been for counties and various
metropolitan planning agencies. Counties
have rarely been of sufficient size or com-
manded sufficient capital to include regular
land-use inventory as part of their planning
function. However, counties have been the
principal arena for interplay between the
public and private sector when zoning and
development are in conflict. Small under-
capitalized planning departments have been
no match for private interests, and zoning
decisions frequently remain only as long as
the more powerful private interests are not
included. Although the balance between
public and private interests—as represented
by metropolitan planning agencies, councils,
and private developers—has perhaps been
more even than at the county level, there
are numerous examples of the protagonists
of "the highest and best use" in a strictly eco-
nomic sense, which ignore environmental and
neighborhood quality considerations.

These facts have stimulated the intense
Federal and State interests in land-use in-
ventory, monitoring, and planning. The Fed-
eral initiatives in this area focus on stimulat-
ing State-level activity. Thus, the natural
interests of the State (reflecting citizen con-
cern for a more forceful public voice) and
the Federal pressures for State action have
converged in making the State and, in some
areas and for some problems, regional groups
of States the prime focus of the current
trends in land-use planning.

Constitutionally, the State governments
have the authority to determine powers of
local government units. Although the trends
in land-use planning do not indicate State
reassertion of authority for land-use control,
they do show a complex reworking of inter-
governmental relationships in which the

State governments play a more active role
in providing framework, data, information
systems, overall guidelines and coordination,
and many of the public facilities and services
that influence land-use decisions.

Although these trends and pressures are
still evolving, it is highly probable that, by
the time spacecraft active microwave systems
are used in land-use planning, a wider and
stronger role for the State will have devel-
oped. Similarly, State-sized areas and re-
gional groups of States concerned with com-
mon environmental problems (for example,
Rocky Mountain States and Northern Plains
States concerned with strip mining and oil-
shale development) will have developed and
strengthened.

The counties are too small in many in-
stances to benefit from space-derived data
because their problems are too detailed and
require information that cannot be obtained
from remote sensing, but the State is, in
many ways, a prime candidate (in area, scale
of problems, and information needs) for the
capabilities of high- and moderate-resolution
spacecraft remote sensing. The general ob-
jectives of user agencies and industry must
therefore be considered in relationship to the
trends to strengthen State land-use planning,
which is aided both by Federal legislation and
funds and by public pressure.

The principal interests of the States are
converging in the development of statewide
geobase information systems as part of the
planning base and in the possible integration
of economic modeling and forecasting
through use, on a small-area basis, of the
geobase data on natural and human re-
sources. The ability to overlay and spatially
examine finely disaggregated economic and
census data (at the census tract level), land
use, and static and dynamic environmental
background data is now seen as a major area
for State agency planning and development.
The State Department of Planning in Mary-
land is already working in this area.

In a parallel manner, the interests of major
corporations are converging in large-area
analysis. Corporations with large or scat-
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tered real estate holdings, with land owned
in sensitive areas, with requirements for
utility-site and route selection and planning,
and with concerns for general community
development are beginning to anticipate the
need in their planning departments for pre-
environmental effect analyses in which geo-
base data on land-use change are essential.
Examples are visible in planning depart-
ments of major electrical utilities in which
public and private funds are used jointly to
prepare land use and other data for entry
into geobase information systems. The many
regulatory and monitoring requirements in
existing and planned Federal and State legis-
lation will hasten the process and offer
opportunities for remote sensing of (1) land
use, (2) changes in land use, (3) environ-
mental stress, and (4) illegal or undesirable
actions in the private sector.

Desirable monitoring, planning, and mini-
mization.—In addition to the previously
mentioned environmental and land-use moni-
toring concerns, both Federal and State agen-
cies together with private corporations and
relief agencies have shown increasing inter-
est in planning for natural disasters. This
interest is expressed by concern with in-
surance programs, disaster relief, damage
area and value assessment during and
following the event, population resettlement,
and related matters.

Several State and Federal agencies realize
that detailed land-use information, together
with data on the extent of the disaster in
relationship to various land uses, is one of the
most effective ways to obtain perspective on
the scope and intensity of a disaster and on
the conditions that will partly dictate the
response.

Detailed land-use data by area will aid in
the assessment of the number of lives en-
dangered and the property value at risk. For
example, in flood-plain land use, the critical
method for assessment during a flood is the
interaction between the extent, depth, and
persistence of floodwaters and the effects by
class of land use of such extents, depths, and
persistences. Studies are now beginning but

will be of increasing importance as State-
developed information systems begin storage
of land use, census, and relevant socioeco-
nomic data by city block and census tract.

Certainly, one of the widely anticipated
advantages of a statewide geobase informa-
tion system is its ability to rapidly provide
data in disaster situations, and refinements
such as anticipatory planning for river flood
and coastal area damage through storage of
high-density data are expected to become
commonplace.

Objectives Relative to Active
Microwave Capabilities

Both of the concerns mentioned (land-use
planning and disaster monitoring) are di-
rectly relevant to active microwave remote
sensing. For disaster monitoring, the use
of active microwave sensors is obligatory
because they are the only sensors that can
obtain data on demand. Therefore, active
microwave sensors must be the prime sensors
for a disaster-monitoring system designed to
obtain data on the extent and progress of
riverine floods, hurricanes, great fires, tidal
waves, volcanic eruptions, earthquakes, land-
slides, and blizzards. Data on these events
must be obtained at night, through clouds,
rain, smoke, dust, fog, and smog. Only
imaging radar meets these requirements.

Active microwave sensors are of at least
equal rank with visible-region sensors in a
general program of land-use monitoring,
updating, and regulatory management. The
purposes of active microwave remote-sensing
systems may be summarized as follows.
(Refer also to tables 2-VIII and 2-IX.)

1. The systems will provide data in areas
partly obscured by clouds and, by cross-
calibration with visible-region sensors; may
be used for partial extrapolation at a single
time.

2. By assuring systematic, orderly acquisi-
tion of data, active microwave remote sen-
sors will enable the establishment of moni-
toring systems in which continuity of data
acquisition is a primary factor. Such situa-
tions will occur when regulatory matters are
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TABLE 2-VIII.—Functional Requirements of Active Microwave Systems

Requirements

Desired incident angle,
deg from vertical .

Wavelength :
Minimum, cm
Maximum cm

Desired number of channels :
Aircraft , .
Spacecraft .
Laboratory

Minimum number of channels

Polarization :
Research mode ... ... .
Operational mode

Swath width :
Aircraft 1cm .
Spacecraft, km

Spatial resolution :
Desired, m
Maximum, m

Gray scale resolution :
Desired dB
Allowable dB

Calibration accuracy :
Type
Accuracy dB . .

Ground truth :
Operational system ... . .

Research system . ... ....

Need for real-time data (operational) . .

Data format
Special techniques needed

Probable ultimate platform . . . . ;

Area of applicatio

Input for complex watershed
and crop-yield models

0 to 40

1
100

4
2

2

All combinations
1 or 2

10 to 40
200 to 350

30
100

20
10

Relative
2

Monitor key large fields with two fields
(extreme wet and dry) having
recording rain-gage records.

Gravimeteric sampling of fields with full
range of soil moisture (two sets) ; one
set to develop prediction scheme,
other set to verify penetration.

Daily values required for watershed
models in real time; 1- to 18-day
interval may satisfy crop-yield models.

CCT and images

Computer programing for rapid
extraction and computation of soil-
moisture output (most vital
requirement for this application) .

Spacecraft

n

Irrigation
scheduling

Oto40

1
100

3 to 4

5 to 10
2

All combinations
1 or 2

10 to 20
NA°

10
30

20
10

Relative
1

Same as application in
preceding column.

Laboratory controlled
(gravimetric samples) .

Real-time values
essential for
operational systems,
not needed for
research.

CCT and images.

New computing
developments for
operational systems.

Aircraft.

° Not applicable.

ORIGINAL PAGE B
10F POOR QUAIOT



ACTIVE MICROWAVE REMOTE SENSING OF EARTH/LAND 131

TABLE 2-IX.—Relative Probabilities of
Conditions Restricting Photography

in World Environments

Environment type

Wet Tropics

Midlatitude west coast

Arid Tropics

Arctic

Midlatitude
continental areas ..

Relative probability of
adverse imaging condition

for visible and/or IR
High probability of persistent

clouds, haze, and rain.
Seasonally high probability of

fog, clouds, and rain.
Seasonally medium

probability of dust.
High probability of long-term

darkness, clouds, and snow.

Medium probability of clouds.

involved and when progressive change is a
key element in land-use analysis. This pur-
pose may be described as the provision of key
time data in which active microwave remote
sensing is essential for the effective func-
tioning of the monitoring system. Certainty
of data acquisition will frequently be the
deciding factor in a decision to initiate a
satellite remote-sensing monitoring system.
Just as a manufacturing plant at the mercy
of irregular supplies of key materials incurs
high costs and may be forced to operate
below peak efficiency, an information system
subject to sporadic arrivals of data, long
time gaps, partial data at a single time, and
similar problems would be forced to operate
at low efficiency or, possibly, go out of
business.

3. In areas of persistent cloud cover (such
as parts of western Europe, wet Tropics, and
Northwest United States), in areas of rain
and fog, or in high latitude during winter,
the active microwave systems will be the
only sensors on which a rational program can
be built. For such areas, the active micro-
wave sensor is obligatory.

4. In land-use (including agricultural
areas) data acquisition programs that use
multistage sample designs, it is commonplace
to find that these designs are not strong in
the face of missing data. A purpose of active
microwave sensors may be to provide key
complementary information.

If imaging radar systems are provided to
meet the short-term data-gathering require-
ments previously outlined for disaster moni-
toring (2 hr to 10 days) and for midterm
land-use monitoring, updating, and regula-
tory management (11 to 100 days), the
opportunity will also occur to use active
microwave sensors for other, less time-de-
pendent, but system-essential roles. These
additional roles mainly involve once-a-year
surveillance at a key time of the year. The
long-term monitoring programs (100 days
or more), though required infrequently, may
nevertheless have critical time-dependent
features that restrict the period of data
acquisition. The usefulness of active micro-
wave sensing will be proved by its applica-
bility to short-term and midterm land-use
monitoring. Once the decision is made to
use them, many secondary opportunities in
land use will occur, principally the long-term-
monitoring type providing backup to visible-
region sensors.

Demonstrated Remote-Sensing Observations

To compare performance to objectives for
several sensors, two approaches will be used:
(1) the ability of a given sensor to obtain the
data needed by sensor type and resolution,
independent of considerations of weather and
timeliness, and (2) the ability of the sensors
to obtain data rapidly (2 hr to 10 days) and
under less severe time constraints (greater
than 100 days). These time periods respec-
tively relate to disasters, land use, regulatory
monitoring programs, and annual (or longer)
updating programs.

The ERTS-l.—The ERTS-1 has demon-
strated a high-level capability to update
land-use maps at levels I and II of the An-
derson et al. classification system (ref.
2-133) shown in table 2-X. The usefulness
of data at this level varies from State to
State, depending on its size and land-use
characteristics. With few exceptions, all
categories were .identified in one or more
studies as shown ip table 2-^XI. The land-use
classification (ref. 2-133) in level II is still
highly generalized, and many States find
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TABLE 2-X.—Land-Use Classification System
for Use With Remote Sensor Data "

Level I
Urban and built-up

land.

Agricultural land ...

Rangeland

Forest land

Water

Nonfcrested wetland.

Barren land

Tundra
Permanent snow and

icefields.

Level II
Residential.
Commercial and services.
Industrial
Extractive.
Transportation, communica-

tions, and utilities.
Institutional.
Strip and clustered

settlement.
Mixed.
Open and other.
Cropland and pasture.
Orchards, groves, bush

fruits, vineyards, and
horticultural areas.

Feeding operations.
Other.
Grass.
Savannas (palmetto

prairies).
Chaparral.
Desert shrub.
Deciduous.
Evergreen

(coniferous and other).
Mixed.
Streams and waterways.
Lakes.
Reservoirs.
Bays and estuaries.
Other.
Vegetated.
Bare.
Salt flats.
Beaches.
Sand other than beaches.
Bare exposed rock.
Other.
Tundra.
Permanent snow and icefields.

0 Classification system denned in ref. 2-133.

either that data at this level are unacceptable
for State planning purposes or that the data
require extensive support data.

The question of the accuracy of land-use
determination using the ERTS-1 is still
under review because few investigations have
reported quantitative results. In some situa-
tions, accuracies at level I are 90 percent or

better. Generally, accuracies drop to as low
as 60 percent at level II. Accuracies are not
assessable at level III.

In several studies, level III categories were
distinguished, but the number varies from
State to State, depending on the particular
natural land use and cultural patterns of the
area. No consistent nationwide or statewide
level III identification system could be based
on ERTS-1 data. Nevertheless, the situation
is much better than was anticipated for
ERTS-1 imagery because the data were ex-
pected to be useful only for level I. The
ERTS-1 has performed better than antici-
pated, which is encouraging for future
spacecraft sensing.

Additional land cover/use categories2

(level III categories) identified in ERTS-1
studies (in addition to level II categories
contained in ref. 2-133) are as follows: mo-
bile homes, parking lots, unimproved open
space (bare), improved open space (irri-
gated) , unimproved open space (with trees),
low-density residential, high-density residen-
tial, developed open space (urban), rural
open land, rights-of-way in forest, rural
settlements, wooded rangeland, soybeans,
corn, exposed soil, winter ryegrass, and
stubble. Other categories were high-density
single family, low-density single family,
mixed multiple and single family, agricul-
tural (plowed), agricultural (nonplowed),
extractive (mines), extractive (tailing
pipes), extractive (basins), extractive
(gravel pits), sanitary landfill, water (nat-
ural basin), water (excavated basin), wet-
lands (northern bogs), wetlands (southern
perennial), wetlands (southern seasonal),
low-income residential, middle-income resi-
dential, coastal strand, coastal salt marsh,
coastal sage, woodland savanna, and riparian
vegetarian.

Regarding the two principal areas of con-
cern—disaster monitoring and land-use
change and regulatory monitoring—ERTS-1
has performed the following:

1. A limited, but not satisfactory, role in
disaster monitoring, being severely limited

- Unpublished data from M. T. Heinz et al.
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TABLE 2-XI.—A Sample of Experiments Delineating Land-Use Categories
From ERTS-1 Data0

Experiment

Wray/census cities
Simpson/New England . . .
Henry/ Alabama
Erb/Houston
Sweet/Ohio
Ingles/Mississippi
Sizer/Minnesota
Thomas/Maryland
Raji/Los Angeles County. .
Houston/ Wyoming
Sattinger/Michigan
Colwell/California

Total number
of land cover/user

categories delineated
11
11
6

32
19
13
34

6
12
19
9

17

Level of categories
involved

I, II, III
I, II, III
I
I, II
I, II
I, II
I, II, III
I
I, II, III
I, II, III
I, II
I, II, III

Technique
used

Automated/manual.
Manual.
Manual.
Automated/manual.
Manual.
Automated.
Manual.
Manual.
Automated.
Automated/manual.
Automated.
Manual.

° Unpublished data from M. T. Heinz et al.

(by weather, timing, and resolution) to oc-
casional usefulness in long-term persistent
floods in less cloudy areas

2. A limited, but not fully satisfactory,
role in land-use monitoring and regulatory
processes, being limited by cloud cover, tim-
ing, resolution, and ambiguities in identifica-
tion

The Skylab Program.—A recently com-
pleted study (ref. 2-134) concerns Skylab
instrument performance in land-use map-
ping. The instruments studied were the
S192 multispectral scanner, the S190A
camera, and the S190B Earth terrain camera.
Comparisons were made with land-use data
in the Washington-Baltimore area and the
Eastern Shore of Maryland to level IV and,
in some cases, to level V. Modifications of
existing classifications and a new classifica-
tion developed for the study were used.

The Earth terrain camera was extraor-
dinarily valuable; it was capable of enlarge-
ment to 1:24 000 scale (enlargements to
1:10 000 are possible), and updating of land-
use classes with virtually no (or very low)
ambiguity was possible. In addition, the
results of mapping with S190B data com-
pared very favorably with land-use mapping
using high-altitude color IR aircraft photog-
raphy (RB-57). When mapping was pre-
pared with aircraft data, updating by using

Earth-terrain-camera data for longer detec-
tion proved readily feasible, particularly
for classes involving land clearing for urban
development, for which the resolution was
good enough that peripheral information
enabling separation of plowed land from land
cleared for development could be obtained.
These results suggest the following applica-
tions :

1. For disaster monitoring (2 hr to 10
days), a future shuttle spacecraft could
obtain excellent data in noncloudy areas,
especially if resolutions better than the 2 m
of S190B were obtained. Such data would
be calibrated against radar imagery for use
when radar is the only data available. Under
all inclement or night conditions, the camera
and scanners of Skylab (except thermal IR
at night) would be of no use.

2. For land-use monitoring (11 to 100
days), high-resolution photography on a
shuttle-type vehicle would be invaluable for
updating land-use data in arid and semiarid
areas where the probability of obtaining
data is high. In all other environments, to
insure orderly provision of data, radar
imaging would at least equal the photog-
raphy, and, in the more humid environments,
it would be the obligatory sensor.

Active microwave results.—The principal
studies with imaging radar concerning the
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identification of land-use classes comparable
to those found in levels I and II (ref. 2-133)
are those described in references 2-28, 2-102,
2-119, 2-133, and 2-135 to 2-151.

In addition, extensive but unpublished
studies have been used in the assessment of
current and projected capabilities of radar
images in land-use mapping. The studies
were performed in Brazil during Project
Radar of the Amazon and in New Guinea by
D. S. Simonett, who used X- and Ka-bands,
respectively; in Michigan by M. L. Bryan,
who used X- and L-band multiple-polariza-
tion data; and in Kansas by R. K. Moore, who
used a three-frequency multiple-polarization
system for crop identification studies.

Summarizing the results of this literature
review and analysis of the unpublished data,
the following conclusions were reached:

1. A single-frequency radar with single
polarization in X- or Ka-bands and with 15-m
resolution could distinguish all level I and II
categories (table 2-X) virtually without
ambiguity.

2. Improvement of the radar system by
adding polarizations and, especially, addi-
tional frequencies in the range of 1 to 50 cm
will make many categories at level III and
several categories at level IV distinguishable.

3. Improvement of spatial resolution to
approximately 8 m would make the multi-
polarization, polychromatic radar system
highly competitive with color photography
in shape and content evaluation and identi-
fication and would make many identification
classes superior because of the wider multi-
spectral capability.

4. Because of the wavelengths of radar (1
to 50 cm in the areas under consideration)
and the spatial frequencies and geometries of
natural and artificial land-use features,
multifrequency, multipolarization radar is
expected to have a high land-use-information
content, probably as high as any multifre-
quency system in the visible region. The
strongest indications of this assumption are
in the unpublished data of M. L. Bryan and
R. K. Moore.

In summary, the evidence strongly sup-

ports the view that multispectral sensing in
the radar region will probably be at least
as successful as that in the visible and near-
IR regions with, of course, different strong
and weak areas.

All the studies previously listed are em-
pirical, and most are quantitative or semi-
quantitative. Thus, although issues of theory
and modeling have been bypassed, the general
area of measurement and quantification of
identification accuracies with manual, digital,
and statistical analyses has been addressed.
The research completed is sufficient to pro-
vide a good quantitative base for judgment.

Functional Requirements for Active Micro-
wave Investigations of Land Use

The main variables within functional
requirements are the timing of data gather-
ing and the return of data to the user. These
variables tend to govern the data storage,
transmission, and processing techniques
used. If an active microwave system is
designed to provide optimal data for the
broadest spectrum of actual users, then the
functional requirements for short-term ap-
plications will dictate the optimal microwave
system for land-use analysis. The functional
requirements for midterm and long-term
applications comprise the greatest applica-
tions area for active microwave systems.

Short-term events (floods, earthquakes,
etc.) often require data collection under
cloudy, foggy, or smoky conditions. Short-
term events require data within a 12- to 48-hr
period. Rapid data transmission to the user
is mandatory. To be of practical value, data
should be made available from within a few
hours (near real time) to 1 day. Data
acquisition should be possible at any time
of the day or night and during any time of
the year. A satellite system should have
the option to take data on command and
perhaps to acquire very-high-resolution data
of 50- by 50-km areas. Shuttle systems
should have the option of modifying mission
plans to allow for data acquisition within
a 2-hr period.

An active microwave system used in this
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application should be broadband and use the
3- to 30-cm wavelength region of the spec-
trum. The system should be multispectral;
however, multispectral (multifrequency)
radars will have to be tested in spacecraft
and aircraft to determine optimal bandpass.
A multiple-polarization capability is impor-
tant, and HH, vertical transmit/vertical re-
ceive (VV), and cross-polarizations should
be available. Instantaneous coverage on a
synoptic level (100 by 100 km) will be de-
sirable for monitoring; however, high-
resolution coverage of small areas may be
desirable on a command basis.

Worldwide repetitive coverage on a de-
mand basis will encompass the largest user
community. The desired resolution of 15 m
is allowable if a narrow strip of very-high-
resolution data can be embedded in lower
resolution data. A 50-dB dynamic range in
2-dB steps would be desirable for gray-scale
resolution. Design of the active microwave
system should approach a — 30-dB scattering
coefficient. Ground truth, together with
very-high-resolution color photography to
calibrate active microwave interpretive pro-
cedures, should be acquired in selected areas.
Data storage, transmission, analysis, and
dissemination should be a key development
area. Multispectral analysis techniques, both
optical and manual, and computer processing
must be used. Multistage data analysis and
cross-comparative data analysis will be an
important functional requirement.

Data reduction and analysis.—As dis-
cussed later, the spacecraft and aircraft
radar data are expected to be in three prin-
cipal formats that will govern the data
reduction and analysis processes: black-and-
white image format, color-combined images,
and CCT's.

The CCT data would enable multispectral
pattern analysis and digital image enhance-
ment and should be considered in precisely
the same way as multispectral scanner data
for processing and analysis options. These
options will include the use of time-con-
gruenced digital images for areas of very low
relief.

Color-combined and black-and-white im-
ages will be interpreted manually to provide
major land-use boundaries, which may then
be registered to the CCT's by using inter-
active terminals (graph tablet, light pen,
etc.). Within these manually determined
boundaries, detailed multispectral classifica-
tion will be conducted by using computer
classification. Within the next 10 yr, parallel
processing will cause a sharp reduction in
the cost per pixel classification and will result
in interactive identification and mapping
programs.

Display and distribution timeliness.—Data
needed for disaster monitoring are required
within 12 to 48 hr, preferably 12 hr. Data
for land use and regulatory monitoring
should be obtained within 1 week of acquisi-
tion. Data for longer term monitoring should
be obtained within 2 weeks to 1 month,
preferably 2 weeks.

Formats.—The data obtained from air-
craft and spacecraft imaging systems will be
in the form of CCT's and images prepared
from the digital tapes, which include en-
hanced preprocessed images.

Scales and projections.—All images de-
rived from the CCT's should be outputted
on universal transverse Mercator (UTM)
projection, with indexing to UTM coordi-
nates and latitude/longitude coordinates.
Scales may be variable, but a recommended
group of scales would be 1:24 000, 1:50 000,
and 1:100 000.

Ground truth.—Ground truth should be
obtained (mainly in the form of field observa-
tions of land-use categories) during the
experimental phases of the aircraft testing
needed to define the limits of data interpreta-
bility. During spacecraft research and de-
velopment and later operational missions,
training sets should be established and up-
dated regularly as small samples for extrap-
olation. Studies are needed on the propor-
tions and types of ground truth essential for
regulatory monitoring and disaster, situa-
tions.

Accuracy of calibration.—Two forms of
calibration are required: absolute calibration
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to 2 dB and relative calibration to 1 dB.
Ground calibration with corner reflectors
may be needed in some instances.

Unique Justification of Microwave Sensing

The unique justifications of microwave
sensing are as follows:

1. Disaster monitoring (2 hr to 10 days) :
Radar is the only sensor capable of monitor-
ing the progress of a disaster under inclement
conditions.

2. Land-use monitoring (11 days to 100
days) : Radar is the only sensor that can
guarantee data acquisition and thus is essen-
tial to the effective initiation and functioning
of a truly responsive monitoring system.

3. Long-term land-use update (100 days
or more) : Radar does not have a uniqufe role
in this area; it is secondary or supportive.

Anticipated Active Microwave Results and
Accuracies Within 5 to 10 Yr

The results and accuracies shown in tables
2-XII and 2-XIII might be anticipated be-
tween 1978 and 1984, if a prompt commit-
ment is made to construct a flexible aircraft
research radar system capable of testing
resolution, wavelength, polarization, band-
width, swath width, depression-angle effects,
and azimuth-angle effects on the radar return
with completion before June 1977, and if a
systematic testing program is initiated.

Value of disaster monitoring.—The annual
loss of life resulting from disasters is large,
and the annual monetary cost of such dis-

TABLE 2-XII.—All-Weather Monitoring of
Disaster Areas, Intensities, Persistencies,

and Effects

TABLE 2-XIII.—All-Weather Monitoring of
Land-Use Change, Regulatory Monitoring,

and Updating of Land-Use Classes

Disaster characteristics

Flood area
Flood area and time by class of

land use
Fire damage (large area) . .
Wind damage
Earthquake damage
Blizzard effects .

Syr

95

90
80
60
30
60

10 yr

98

95
85
70
50
70

Percent accuracy

Category

Level I . . . .
Level II . . . .
Level III
Level IV (accuracy based on

good identification, 90 percent
of a small number of classes) .

Percent accuracy

5 yr

95
92
60

10

10 yr

98
96
80

15

asters is roughly estimated to be $300 million
in the United States and $10 billion on a
worldwide basis. The degree to which these
losses could be reduced through the introduc-
tion of a quick monitoring system, which
could be used to direct relief operations,
recovery, land management practices, etc., is
largely unknown and will require a sys-
tematic and thorough analysis. Savings of 1
percent in the United States and 2 percent
on a worldwide basis for areas of poor
communications would total $3 million and
$200 million, respectively.

The cost of testing a disaster-monitoring
system using a standby shuttle vehicle and a
multifrequency radar system is estimated at
less than $25 million per year, which does
not include development costs of the system
or systems.

Value of land-use monitoring.—To deci-
sionmakers, the value of an integrated geo-
based land use information system using
radar for systematically updating to level III
is estimated to be $6 million annually.
Throughout the world, such a system might
be worth 10 times that amount. If borne
exclusively by a single land-use monitoring
program, the cost of operating the multi-
frequency system would probably exceed $20
million annually. The problem of double
counting for both cost and benefits will arise
when the same data serve multiple purposes.

Cost/Benefit Considerations

The complexity of cost/benefit analysis is
evidenced in the studies now being conducted
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for the U.S. Department of the Interior.
These studies indicate the types of analyses
required and the difficulty of pinpointing the
benefits for the United States and other
parts of the world.

Conclusions and Recommendations

The principal conclusions of the panel re-
garding presently demonstrated feasibility is
that published and unpublished studies
strongly support the view that radar imagery
at one or two frequencies and several polar-
izations can be used satisfactorily for map-
ping and updating land use to level II in the
Anderson et al. (ref. 2-133) land-use
classification system.

The present capability leads to the con-
sideration of a full-scale multifrequency,
multipolarization, digitally recorded, syn-
thetic aperture, 8-m resolution system as a
candidate for spacecraft use in disaster and
land-use monitoring. The development of a
polychromatic system is important because
land-use data at level III (not considered in
the Anderson et al. paper (ref. 2-133)), and
possibly at level IV, are much more useful
for State-level geobase information system
functioning and for disaster monitoring,
when penetration of tree cover is important
and a diversity of wavelengths up to 50 cm
(short of the limiting region of Faraday
effects) is required.

Research is needed in the scanning of
detailed land-use classes to level III and the
scanning of disaster areas in a systematic
testing program with a flexible polychromatic
radar system. The detection of land-use
change for regulatory monitoring and the
interaction between disaster and detailed
land-use classes constitute the basis of the
experiments needed in which the following
radar parameters should be systematically
and repeatedly examined against these
classes.

1. Wavelength: 1 to 50 cm; 4 to 5 bands.
2. Polarization: Linear, HH, VV, HV.
3. Bandwidth: One band of greater than

usual bandwidth (e.g., !/•> octave).
4. Resolution: Experiment with one band

of very-high-resolution, narrow-swath-width
imagery embedded in moderate resolution.

5. Swath width: 20 to 100 km.
6. Depression angles: 50° to 80°.
7. Azimuth angles: Multiple flight direc-

tions.
8. Stereoscopy: 60 percent sidelap.

Recommendations on data gathering for
which imaging radar is the obligatory sen-
sor.—A class of management and policy
decisions exists in both public and private
sectors that requires timely rapid-response
data under inclement conditions of night,
cloud, rain, fog, smog, dust, and smoke.
Many of these decisions relate to national and
especially international emergencies caused
by great storms, earthquakes, fires, volcanic
eruptions, blizzards, floods, tidal waves,
landslides, oilspills, and related events. Only
active microwave sensors can meet these
needs. Timely data on the interaction be-
tween these events and land uses in time
and space will be critical in defining the
areas affected, the types of property damage
anticipated, emergency operations, the prog-
ress of flood recession, and so forth, espe-
cially for developing countries.

The development of an emergency pre-
paredness system including the following
components is necessary.

1. Single- or dual-frequency radar space-
craft imaging system.

2. Digital onboard processing of wide
bandwidth transmission to a central facility
in the United States.

3. Rapid-analysis teams at the central
facility.

4. Provision of alternative information to
emergency headquarters and field teams by
means of—

a. Provision of hardcopy images.
b. Multicolor-enhanced interpreted

images.
c. Commercial satellite television

transmission of enhanced interpreted
images.

Recommendation 1: A significant effort
should be initiated by NASA to define the
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most effective radar system to image the
diverse group of areas and emergency con-
ditions. This effort should explore multiple
resolutions, wavelengths, bandwidths, polar-
izations, incident angles, azimuth angles, and
swath widths by theoretical analyses and
aircraft data gathering.

Recommendation 2: For the purpose of
defining a radar system for emergency con-
ditions and for many other less-time-depend-
ent uses of radar imagers, NASA should
develop a flexible aircraft multiplex radar
system (or systems) in which the interre-
lationships between system parameters and
target response may be systematically ex-
amined.

The aircraft system (or systems) should
have the capability to explore basic questions
on target and background radar response
with variations in resolution, wavelength,
bandwidth, polarization, depression angle,
azimuth angle, and swath width.

Recommendation 3: With the aircraft
system (or systems) of recommendation 2
available, NASA should examine to at least
level III in the Anderson et al. (ref. 2-133)
land-use classification system the target/
background interactions before, during, and
following major hurricanes and similar dis-
asters in the United States. These data will
set bounds on interpretability, decisions,
management options, etc., and will define the
spacecraft radar designs.

Recommendation 4: Following successful
research analysis and development through
the previous recommendations, NASA, the
European Space Research Organization, and
the United Nations should take the steps
necessary to establish emergency interpreta-
tion and data dissemination facilities and to
explore the methods and techniques of hard-
copy and television transmissions.

Recommendations on data gathering for
which radar is required for effective func-
tioning of a land-use monitoring and change
detection system.—Many States are con-
cerned with monitoring land-use changes
(1) for compliance with regulations at both
the State and Federal level, (2) for the nor-

mal updating needed in a geobase informa-
tion system, (3) for using changing land-use
data to level III as a basis for economic and
forecasting models, (4) for maintenance of
planning options, and (5) for anticipation
and planning of new public and private
sector cooperative planning of utility sites
and routes, development works, population
shifts, and related matters. In many cases,
the original decision to establish a remote-
sensing satellite-based monitoring system
will be conditioned on the ability of the sys-
tem to reliably and orderly supply data and
information as needed to facilitate key land-
use management decisions. The value of
active microwave sensors in insuring that
the ^ystem will function independently of
weather conditions should not be deempha-
sized. Radar imagery will probably meet
many, if not all, monitoring needs. Visible-
region sensing will be adequate in some
subhumid and arid areas but will benefit
significantly from radar support in cloudy
areas.

URBAN AND TRANSPORTATION
APPLICATIONS

A series of Government-sponsored ongoing
research programs concerned with the col-
lection and use of data from urban areas is
underway. Many of these programs are
concerned primarily with using a set of re-
mote sensors, including multiband photog-
raphy, multispectral scanners, and SLAR
mounted either in aircraft or spacecraft.
Most data that have been properly collected,
analyzed, and used in application programs
for decisionmaking have been confined to the
visible and IR portions of the electromagnetic
spectrum. The microwave portion of the
spectrum has been sparingly used as a viable
data source for urban information.

Some uses of active microwave imaging
systems, specifically SLAR, for urban data
collection are discussed in this section. The
usefulness of SLAR data is compared with
data collected by other sensors, and the
applications of these SLAR data for urban
studies are identified. Therefore, this dis-
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cussion is a continuation and extension of
previous work by NASA (ref. 2-152) in
identifying Earth resources from space, with
specific emphasis on urbanized areas and
active microwave sensors. The objectives
of such programs are as follows:

1. To determine the capabilities of various
remote sensors to record physical data, both
natural and cultural, about the atmosphere,
oceans, and terrain of the Earth.

2. To identify potential applications of
these data in scientific and resource manage-
ment fields.

3. To design information systems based on
both the needs of users and the capabilities
of forthcoming remote-sensing satellites.

Work on these objectives has not pro-
gressed as a unit. Usually, after completing
a functional data collection system, the data
collected by the system are subjected only
to modest analysis. In urban studies, this
type analysis is especially relevant because
the problems are only partially within the
immediate domain of technology. Social
problems, which are not really amenable to
the technologist's approach or to the scien-
tific method (ref. 2-153), are an integral
part of the problem that must be solved
before stating the usefulness of active micro-
wave sensor data.

Definition of Subject and Problem

Urban studies measure three parameters:
population density, functional use, and
morphology. Population density is often
measured and expressed by housing density
and population size and density. The rural/
urban fringe is delineated by using popula-
tion density. Another means for delineating
the fringe is by counting street intersections
per square kilometer. Normally, the sources
of these data are Federal, State, and local
census-gathering projects, aerial photo-
graphs, and topographic maps. However,
some measurements, especially street inter-
sections per square kilometer, could be in-
terpreted from radar imagery.

Functional boundaries within a city are

also defined primarily by census-type data
and high-resolution aerial photographs.
These data would be more difficult to derive
from existing SLAR systems, although sev-
eral studies indicate that this can be accom-
plished at relatively low levels of accuracy.

Defining morphological regions is difficult
because the definitions vary from region to
region. Generally, the information wanted
is the shape and texture of features such as
the central business district, the alinement
of street patterns, or the pattern of com-
mercial development. As will be documented
later in this chapter, active microwave sen-
sors can provide part of these data.

Transportation, a key to urbanism, must
also be considered because, without the
ability to move people and goods quickly and
cheaply, urban centers would not exist. The
fact that streets occupy from 10 to 20 per-
cent of the surface in urban areas is proof of
their importance.

Determination of transportation network
and site usage has importance for land plan-
ning and management at all levels of govern-
ment. Conventional photographic techniques
are limited by (1) the requirement for
repetitive coverage at large scales (1:6000)
and high resolutions, (2) weather conditions,
(3) daytime observation, and (4) vegetative
cover. Active microwave sensors may pro-
vide accurate data, especially if they can
result in the identification of moving (tran-
sient) subjects.

Land-Use Classification

In urban areas, where most of the surface
is covered by artificial construction, the
determination of actual land use is difficult
under any circumstances. Asphalt and other
petroleum derivatives are used for race-
tracks, roads, parking lots, driveways, and
roofs. The actual use of the asphalt is
determined by the original intent, age, and
changing spatial context. The use may also
be multipurpose, with each use being valid
and possibly time dependent (e.g., a parking
lot during business hours may become a
recreational area at night and on weekends).
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Using photographic remote sensing, which
detects only the surfaces (e.g., the tops of
trees, roofs, or bottoms of gravel pits), the
functional uses of these surfaces or of the
surfaces they obscure from view are difficult
to determine.

Existing systems for classification of urban
land use are separated into levels of gener-
alization based on the amount of detail
described. The level of generalization is
usually dependent on the scale and target
detection capabilities of the imagery. Also,
the level of generalization of urban land-use
data may be determined by the requirements
of the user. Map users at the national scale
would normally require only the highest level
of generalization, whereas users at the local
scale would need detailed information avail-
able at a second or third level in a land-use
classification system. Table 2-XIV shows the
relationship of user needs to levels of gen-
eralization in urban land-use classifications
(refs. 2-133 and 2-154).

Urban land-use classification systems are
similar at the first level of generalization but
vary to suit conditions as more detail is
added. Urban land-use maps based on radar
imagery at aircraft altitudes show that im-
agery of urban areas can be classified ade-
quately to produce maps that include most
level II categories shown in table 2-XV. In
a few instances, a refinement to a level III
category has been possible (i.e., relative

TABLE 2-XIV.—Land-Use/Scale
Relationships a

TABLE 2-XV.—Land-Use Classification
System for Use With Remote Sensor

Data"

User scale
National

State

Local (city or
county) .

Level of
generalization
I"

I and II

III and IV "

Source of
information

Satellite
imagery and
high-altitude
photography.

Same as for
"National."

Medium- and
low-altitude
photography.

Level I
01. Urban and

built-up land.

Level II
01.
02.
03.
04.
05.

06.
07.

08.
09.

Residential.
Commercial and services.
Industrial.
Extractive.
Transportation, commu-

nications, and utilities.
Institutional.
Strip and clustered

settlement.
Mixed.
Open and other.

1 Refs. 2-133 and 2-154.
' Most generalized.
; Most detailed.

0 Ref. 2-133.

residential densities and relative ages of
residential areas).

Demonstrated Remote-Sensing Observations

Present methods of collecting data about
urban areas and the analysis of these data
are time consuming, costly, and rather in-
efficient. Normally, these methods involve
extensive fieldwork, interviews, and similar
operations (e.g., census data and origin-
destination studies). To provide management
and decisionmakers with current informa-
tion, emphasis has been placed on the devel-
opment of new systems and analysis tech-
niques, which include exploring the potential
of remotely sensed data, including SLAR.
Most previous research in remote-sensing
data-collection analysis and management has
used photographic systems (black and white,
color, color-IR, and multilens cameras).
Thermal imagery and radar have received
relatively minor attention (ref. 2-155).

Photography and ERTS.—Urban land-use
data from aerial photographs are feasible on
both a block and parcel basis; however,
mapping parcels usually requires supple-
mental data (ref. 2-156). Block mapping
can be accomplished on photographs at scales
as small as 1:100000. By using ERTS
imagery, eight major land-use categories
have been mapped in Rhode Island at a level
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to meet standards set in State land-use maps
published in 1960 (ref. 2-155).

Aerial photographs are standard tools in
transportation studies. Highway depart-
ments use photogrammetric and interpretive
techniques for route selection, road design,
and recording the various stages of con-
struction. Mapping traffic-flow patterns,
planning future parking facilities, and deter-
mining necessary road maintenance are
other demonstrated applications of aerial
photographs.

Current high-resolution large-scale photo-
graphs can provide accurate data on tran-
sient events by repetitive aircraft overflights.
Though more cost effective than ground sur-
veys, this approach is still expensive in terms
of time and money, because (1) repetitive
coverage over small areas at low altitudes is
required and (2) large volumes of data must
be analyzed by conventional photointerpre-
tive methods. Current quasi-operational
satellites (ERTS) do not have the resolution
or repetitive frequency required for detection
and identification of transient subjects.

Other urban-oriented applications of aerial
photographs are as follows:

1. Planning collection routes (e.g., gar-
bage, sewage, and buses) and zoning changes.

2. Establishing the rights-of-way for
powerlines and pipelines.

3. Monitoring atmospheric pollution.
4. Determining dwelling units and esti-

mating population.
5. Determining housing quality.

Active microwave.—Radar imagery has
been used much less frequently than aerial
photography. However, published reports
indicate that radar imagery is a potential
source of urban data. Radar has been used
to map land-use patterns within urban areas
(refs. 2-28, 2-148, and 2-149). An example
of this application is shown in imagery of
San Diego, Calif, (fig. 2-37). Industrial,
commercial, and residential zones and vacant
lots were delimited in all cases. Finer
divisions were possible in a smaller and less
complex urban area; parks, cemeteries, golf

courses, and relative ages of residential
regions were delineated.

The relationship between population and
the radar-derived area of urban regions has
been studied and tentatively established (ref.
2-151). Settlement detection was evaluated
for 100 percent of the cities with a population
larger than 7000, for 80 percent of the towns
with populations between 800 and 7000, and
for 50 percent of the villages with popula-
tions between 150 and 800 (ref. 2-146).
Differentiating rural from urban areas was
found to be consistently possible.

Other studies (refs. 2-148 and 2-137)
have evaluated polarization schemes for
detecting cultural features. Polarization is
important in the delineation schemes for de-
tecting cultural features. Polarization is im-
portant in the delineation of railroads and
powerlines (fig. 2-38), the separation of
parks from urban areas, the distinction be-
tween residential areas differing in age or
building materials, and the detection of
bridges. Bryan (ref. 2-147) recently con-
ducted similar studies using a two-frequency,
two-polarization imaging radar system. His
studies concentrated on two areas in the De-
troit metropolitan area: one was near the
central city with heavy industries and large
railroad yards, and the other was a suburb
composed primarily of residential areas. The
residential areas and the heavy industrial
areas (fig. 2-39) on this 10-m-resolution
imagery were clearly and accurately delim-
ited. Generally, the accuracies of identifica-
tion of the residential areas were approxi-
mately 75 percent correct, whereas industrial
areas were discriminated with accuracies of
approximately 63 percent. These accuracies
may appear to be low; however, they were
made solely on the basis of the existing SLAR
imagery.

Anticipated Microwave Results

Because most urban changes do not occur
within a 2-day timespan when cloud cover or
daylight could be critical and because most
urban areas are concentrated in the well-
developed countries, radar imagery is in com-
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FIGURE 2-37.—Imagery of San Diego, Calif., showing separation of residential, park,
and business areas by using two radar polarizations, (a) An HH polarization, (b)
An HV polarization.
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FIGURE 2-38.—Imagery showing delineation of railroads and powerlines near Bountiful,
Utah, using two radar polarizations, (a) An HH polarization. (6) An HV
polarization.

petition with aerial photography as a source
of data. Existing active microwave systems
may provide the technology necessary for
frequency-of-use analysis based on identifica-
tion of transient subjects. Microwave sys-
tems with resolutions of 10 m (with different
polarizations and with moving-subject an-
alysis) may possibly be used to identify the
transient subjects previously outlined. Mov-
ing-target analysis using active microwave
sensors has been proved feasible. Radar may
also provide data on (1) short-term phenom-
ena, such as urban flooding related to high-

intensity rainfall; (2) nighttime-related ac-
tivities; and (3) urban or commercial
activities in the tropics and underdeveloped
countries. The near-all-weather capability of
active microwave sensors makes possible the
collection of such short-term information
without the loss of critically timed data.

Active microwave sensors aboard a space-
craft could produce imagery capable of map-
ping to a level of generalization suitable to
users at a national and regional scale; that is,
level I. Furthermore, radar imagery from a
satellite should enable mapping of certain in-



144 ACTIVE MICROWAVE WORKSHOP REPORT

FIGURE 2-39.—Four-channel simultaneous SLAR
imagery of a portion of Detroit, Mich, (a) An
X-band, HH polarization, (b) An X-band, HV
polarization, (c) An L-band, HH polarization, (d)
An L-band, HV polarization.

formation at level II in the classification
system.

Other time- and place-dependent data can
also be obtained from radar imagery.

1. Monitoring traffic on waterways.
2. Search-and-rescue operations in coastal

and fluvial environments.
3. Nighttime surveillance of movement

across borders and possible contraband.
4. Monitoring use of recreation facilities

during periods of inclement weather.
5. Documenting urban flooding related to

local weather conditions.
6. Supplying local, State, and Federal agen-

cies with timely information on traffic-flow
patterns, concentrations of activity in urban
and rural areas, recreational site usage, and
so forth, so that management plans can be
developed to maximize land use and to mini-
mize the negative effect of people on the
environment.

Functional Requirements

The following requirements are recom-
mended for use of active microwave sensor
data for study of urban scenes:

1. Resolution: A 5-m resolution is recom-

mended; 10-m resolution is acceptable (fig.
2-40).

2. Swath width: A width of approximately
15 to 20 km is required.

3. Repetition: One pass over each scene
every 14 days is required.

4. Wavelength: Two wavelengths, col-
lected simultaneously, are recommended:
shorter wavelength in the Ka- or X-band (1
to 3 cm), longer wavelength in the L-band
(20 to 30 cm).

5. Polarizations: The HH and HV polari-
zations are strongly recommended and should
be available for each wavelength.

6. Depression angles: Depression angles
should range from 20° to 60°. The actual
image swath should be centered within this
range.

7. Timeliness: For nonemergency studies,
data should be delivered to the users within 2
weeks of data collection. For emergency stud-
ies (e.g., floods, hurricanes, and disaster as-
sessments) , data should be delivered within
2 hr of collection.

8. Processing: Onboard processing is de-
sirable for aircraft and Space Shuttle. Digital
tapes are required for later processing to en-
hance data. Low-altitude aircraft under-
flights are required for documentation of
ground conditions and for calibrations. Un-
manned satellite data are to be telemetered
and processed at data collection centers.

9. Format to user: Formats will be raw
imagery at time intervals, a map format
showing frequency of use, and printouts
showing inventory of transient subjects in
specified areas.

10. Unique justification for active micro-
wave : Active microwave sensing can iden-
tify moving subjects and make nighttime and
all-weather observations possible.

11. Identification of users: No independ-
ent evaluation of the potential users of SLAR
imagery from urban areas has been con-
ducted. However, a brief review of the litera-
ture indicates some potential users.

In a series of discussions (ref. 2-157) con-
cerning urban planning and data needs for
the Denver, Colo., metropolitan area plan-
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ning community, the following potential
users were identified:

1. State Planning Office
2. State Land Use Commission
3. Denver Council of Governments
4. State Highway Commission
5. City of Denver Planning Office
6. City Engineer's Office
7. Urban Drainage and Flood Control

Commission
8. Traffic Engineer's Office
9. Zoning Board

10. Assessor's Office
11. City Water Board
12. Urban Renewal Authority

13. Model Cities Program
14. Community Renewal Program
15. Office of Economic Opportunity
16. Colorado Water Conservation Board
17. Regional Transportation District

The following applications for remote
sensing were identified as having the highest
potential (ref. 2-158) :

1. Natural resources and economic de-
velopment.

2. Recreation and culture.
3. Agriculture.
4. Transportation.
5. State planning agencies.
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6. Regional planning agencies.
7. Local city and county planning agen-

cies.

In the present context, the last four items
are of special interest. To state definitively
the complete listing of possible users would
be an extensive task and would, in essence,
identify all individuals, groups, agencies, and
offices that are involved in various aspects of
the structure, morphology, and extent of the
urbanized area.

One metropolitan area should be selected
as an example, and, within the selected area,
all potential user agencies for SLAR should
be identified. It is assumed that other States
would have, within the same general cate-
gories, the same or similar organizational
hierarchies, which would fit the general for-
mat of the original test case.

Recommendations

As previously noted, visual interpretation
of SLAR data will probably provide the
greatest immediate benefits. Later benefits
will be derived from both visual and machine
analysis because photographic interpretation
techniques are indispensable for identifying
those areas that cause confusion during vis-
ual interpretation.

Because only a few studies of the micro-
wave response of urban landscapes have been
accomplished, a well-documented and sus-
tained program should be developed to ex-
plore sensor capabilities. The following se-
quence is suggested:

1. Identify study areas that include a com-
plete spectrum of urban conditions.

2. Collect relevant SLAR imagery using a
system comparable to that selected for satel-
lite development.

3. Interpret the data by concentrating on
the following items:

a. Develop optimum land-use classifi-
cations with consideration of those clas-
sifications that are presently being used
by the local planning and land-use agen-
cies.

b. Document the interpretation ac-

curacies for combinations of wave-
lengths, polarizations, and resolutions.

Active microwave instrumentation should
be developed with a multifrequency, multi-
polarization, and multiresolution capability;
thus, aircraft and Space Shuttle missions can
be flown to define the optimal resolutions, fre-
quencies, and polarizations required to detect
and identify transient phenomena. Data-
processing techniques should be developed to
further aid identification of transient sub-
jects by moving-subject analysis.

SUMMARY AND RECOMMENDATIONS

A reliable and timely update of changes in
a data base is a major need in land-use plan-
ning. These changes may be considered in a
very short term period, such as disasters, and
in mid- and long-term periods, such as de-
velopmental change. For each of these needs,
active microwave sensors can be important.

For disaster sensing, radar is the only sen-
sor that can obtain data with certainty on
demand, regardless of obscuration. Radar
can rapidly provide complete coverage and
monitoring of the extent and progress of
floods, hurricanes with destructive winds,
coastal inundations, great fires, tidal waves,
volcanic eruptions, earthquakes, landslides,
and blizzards. To be timely, data on these
events must be independent of night, clouds,
rain, smoke, or fog; and only radar can pro-
vide that independence.

In the developmental change of land use, the
urgency of timely coverage is reduced, and
the status of radar becomes coequal or, in
some cases, subordinate to sensors of the visi-
ble wavelengths. In these applications, active
microwave sensors will provide missing data
in areas partially obscured by clouds and will
assure an orderly and systematic continuity
of data. The assurance of complete data is a
key consideration when monitoring regula-
tion of progressive land-use change is prac-
ticed. In cloudy environments (even in the
United States), imaging radar would provide
strong support to aerial photography in the
management of land use. In very cloudy
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areas, active microwave sensors would per-
force become the obligatory sensor for a
monitoring program. In many such situa-
tions, the decision to establish the ground in-
formation system will be made possible only
by the assurance of data acquisition, which is
given by the active microwave sensor com-
ponents of the monitoring system.

The obligatory role of active microwave
sensors in the monitoring of disasters re-
quires that data be acquired at high resolu-
tion (8 to 10 m) over a wide swath (5.0 to
100 km) using a wavelength that is certain
to penetrate clouds (3 to 10 cm). Further-
more, the data must be provided to the user
within a few hours (12 to 48 hr) in a hard-
image format.

The supportive use of radar for land-use
data collection requires identification of
surface cover by active microwave multi-
spectral, multipolarization, multistage analy-
ses. Therefore, instruments with 1-, 3-, and
10-cm wavelengths should be used together
with combinations of polarizations. The data
should be available to the user in intervals of
a few weeks in both hardcopy and digital
tape. Lower resolution (10 to 20 m) would
be acceptable, but a high-resolution strip em-
bedded within approximately 5 percent of the
coverage would be highly advantageous.

A basic need for the development of an ac-
tive microwave land-use change information
system is a determination of optimum radar

system parameters. For this purpose, a flexi-
ble variable-parameter aircraft radar system
(or systems) should be developed, and a re-
search program should be initiated to deter-
mine the radar and target interactions with
respect to variations in resolution, wave-
length, bandwidth, polarization, depression
angle, azimuth angle, and swath width. The
research will help determine the limits of in-
terpretability and the spacecraft radar de-
signs. Ultimately, the research program
should initiate development of national and
international emergency data dissemination
facilities. Experiments are needed to define
the abilities of radar imagery for detection,
identification, and mapping of land uses to
level III of the Anderson et al. land-use clas-
sification system (ref. 2-133).

A land-use monitoring system will require
the same aircraft testing of land-use category
mapping and inventory to level III, system-
atically viewed against variable radar-instru-
ment parameters of wavelength, polarization,
bandwidth, resolution, depression angle,
azimuth angle, and swath width, which were
previously listed for disaster monitoring.

Each category to level III should be sys-
tematically reviewed by repeated flights in
representative areas of the United States to
define radar performance in multispectral
digital pattern recognition, manual updating,
and interactive identification.
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APPENDIX 2A

EARTHQUAKE MECHANISMS AND CRUSTAL MOTION

To be competitive, a new system for crustal
motion measurements must have at least one
advantage over conventional geodesy; it must
be more accurate, be more economical, or be
capable of reaching inaccessible areas. There-
fore, it is necessary first to ascertain the state
of the art of conventional geodesy. The Na-
tional Geodetic Survey claims a very high de-
gree of accuracy and economy; therefore, cor-
respondingly high standards must be set as
criteria that a system must attain to be
worth building.

Horizontal control and vertical control are
performed by independent techniques in con-
ventional geodesy, and the accuracies and
costs are therefore estimated separately.
First-order horizontal control is presently at-
tained by building networks of triangles, each
side of which is measured by a laser ranging
device. Each triangle is solved by a side-side-
side formula of plain trigonometry. This
technique replaces the use of theodolites and
an angle-side-angle formula working from a
single invar-taped baseline, and this tech-
nique is far less sensitive to errors produced
by horizontal refraction. Nevertheless, the
principal source of error is still the varying
index of refraction of the atmosphere. The
atmosphere increases the time of propagation
of a light pulse over what it would be in
vacuo; therefore, the range measurement is
increased by approximately one part in 3375
in the red wavelength characteristic of a
Model 8 Geodimeter (6328xlO-10 m). That

quantity, in turn, varies by approximately 1
part in 300 for every Kelvin of temperature
change along the line of sight and by approxi-
mately 1 part in 105 N/m2 change of atmos-
pheric pressure. Because it is not possible to
calibrate the atmosphere more accurately
than 1 K for a line of sight along the ground,
the net accuracy of laser ranging is not more
accurate than approximately 1 ppm—that is,
1 cm per 10 km (ref. 2A-1). The cost of
first-order horizontal work is approximately
$3000 per triangulation station occupied, re-
gardless of the spacing between stations.1

Vertical control is obtained by a technique
called differential leveling, which consists of
sighting on a graduated rod (called a stave)
by spirit level, reading the elevation, and
stepping through the countryside at approxi-
mately 50-m intervals. Measurements are
taken in both directions along the traverse—
that is, all lines are fore- and back-leveled.
Estimates of accuracy vary. In 1948, the In-
ternational Geodetic Association redefined
high-precision leveling as having a standard
deviation (in meters) of <r= (2.9xlO'3)L3/2,
where L is traverse length in kilometers (ref.
2A-1). This presumably includes both ran-
dom and systematic errors, which were
treated separately in an older definition.
However, there is some evidence that sys-

1 Private communication, H. Schmid and J. Bos-
sier, National Oceanographic and Atmospheric Ad-
ministration, National Geodetic Survey, Rockville,
Md., Dec. 1973.
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tematic effects may be larger than the defini-
tion implies. The National Oceanographic and
Atmospheric Administration, National Geo-
detic Survey, examined rates of vertical
crustal movement in the eastern part of the
United States by comparing the 1929 com-
bined level net of the United States and Can-
ada with the releveling performed at a mean
date of 1965. The discrepancy between these
results and the tide gage data along the At-
lantic coast totaled 4 mm/yr from Maine to
New Jersey, or approximately 144 mm in 36
yr over 500 km, which is one-half larger than
the definition would allow between two inde-
pendent first-order levelings. The Survey Di-
vision of the Los Angeles County Engineers
has stated that there is a discrepancy of ap-
proximately 1 mm/km (almost four times
what the definition would allow) revealed by
the failure to attain closure on the line be-
tween Long Beach and San Diego.

A serious limitation in conventional level-
ing is that it attains high accuracy only when
traversing flat country. But flat country in
the American Southwest typically connotes
intermontane regions filled with loosely con-
solidated alluvium, which may be expected to
display large vertical movements, depending
on the amount of underground water, and
which masks the important crustal move-
ments beneath. The greatest advantage that
a new system may offer, especially in its early
development when the cost may be high and
the accuracy low, is the location of stations
on bedrock in hilly or mountainous country.
Good strategy requires that developing such
capability be given high priority in the sys-
tem design.

The basic mathematical technique used for
the proposed system was developed by Rinner
(ref. 2A-2) and depends on what he called a
transfer network. In this case, grids of radar-
reflecting geodetic control points are flown so
no fewer than six can be viewed from the air-
plane system at one time. Rinner's equations
are used to solve simultaneously by multi-
lateration for the relative positions of the six
grids. The equations are then used to propa-
gate the solution along a chain, adding new

stations and dropping others as they pass
through the zone of visibility of the radar.

Unfortunately, Rinner restricted his ex-
amination to numerical analysis of multi-
lateration by using a high satellite; thus, it is
necessary to analyze a case using the low-
flying airplane. Nevertheless, a few generali-
zations from his work apply to this discus-
sion.

1. The smallest total error in the three-
dimensional positions of the geodetic control
points on the ground is obtained when the
height of the vehicle is approximately equal
to the separation between ground points.
Thus, for an aircraft flying at an altitude of
10 km, the control points should be placed at
10-km intervals.

2. It is not possible to solve for positions
from a single overpass of the aircraft. It is
necessary to make two overflights at different
altitudes so the equations of position will not
be singular. The errors in calculated position
decrease linearly with the separation in alti-
tude of the two passes.

3. The errors are approximately inversely
proportional to the square root of the number
of points that can be ranged at one time.

4. The horizontal errors increase with the
square root of the number of links in the
chain, but Rinner's numbers indicate that
the vertical sigmas increase linearly with the
chain length. This point must be carefully
checked because it implies that the rate of
propagation of vertical error in a system
would be unacceptably large. It will be nec-
essary to calculate the effect of Earth tides
on the ground points.

Several requirements are imposed on the
aircraft flight plans and on the distribution
of the ground markers by the mathematics of
multilateration. These requirements are sum-
marized in the following theorem: A simulta-
neous ranging system can obtain no unique
solution for marker coordinates if all the
markers lie on a plane curve of the second
order, or if all markers and aircraft ranging
positions lie on a surface of the second order.
Two implications of this theorem are as
follows:
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1. The aircraft must vary its altitude by a
large factor—for example, by a factor of 2—
during data acquisition, which can be done
most simply by having the aircraft overfly
the markers twice, once at high altitude and
once at a much lower altitude. This dual
overflight sets a strong upper limit to the
spacing between ground markers. Even if a
U-2 is used, which can fly one of the passes
at an altitude of 30 km, the second flight must
be performed at 15 km, and because little
weight is added to the solution by points at
elevation angles below 12°, there must be a
complete set of markers in a square of ap-
proximately 75 km on a side. This fact im-
plies that the ground markers (receivers)
must be spaced fairly evenly at an average
density of one every 30 km, even if the air-
craft is a U-2. If a commercial plane is used,
then the markers must be spaced at one every
15 km, because a minimum of six markers
must be simultaneously visible from the air-
craft to obtain a solution for relative coor-
dinates.

2. The aircraft must vary its groundpath
and altitude between the two passages. It
seems probable that the aircraft must fly pre-
assigned routes determined by computer
simulation, which will not be straight lines,
but the turning radii need not be smaller than
30km.

One of the most troublesome problems in
the system design is the detection of reason-
able-size targets observed by the signal re-
turning from the background landscape, and
the most important factor in detection is the
frequency of the system. The signal-to-noise
ratio is set by the "clutter," the reflection
from the countryside surrounding the target,
and it cannot be improved by increasing the
transmitted power because signal and "clut-
ter" rise proportionately. The signal-to-noise
ratio can be improved in only two ways: by
increasing the size and efficiency of the target
and by improving the resolution of the radar
so that the smallest distinguishable area of
the landscape is reduced to a minimum.

If the new system attains the accuracy of
3, 4, 6, and 10 cm, then the system will exceed
conventional leveling in accuracy for spacing
greater than 40, 60, 100, and 200 km, re-
spectively.
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