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Preface

In this report, we attempt to develop concepts, value judgments, and
background on potential uses of remote sensing in agriculture and for-
estry and to give a technical appraisal of state-of-the-art sensors and
diserimination techniques.

For resources to be managed wisely, there must be accurate and
timely information, and remote sensing from aerospace platforms can
provide quantitative data from which large amounts of needed infor-
mation can be extracted. Much of this can be made available not only
to responsible officials but also to the public at large.

We hope that this report will aid communication among physical
scientists, data-processing specialists, agricultural scientists, and for-
esters, Technical and mathematical details are minimal; only those
essential for accuracy and clarity are included. Some original research
is reported, and much of the information is derived from reports of
limited distribution.

Although the book emphasizes applications of remote sensing to agri-
culture and forestry, it has implications for all earth resource fields.
Geologists, for example, are concerned with plants and soils as clues
to geological composition and formation. Hydrologists wish to know the
extent and amount of rainfall, depth and density of snowpack, and
levels of rivers, lakes, and irrigation reservoirs. Oceanographers are in-
terested in chlorophyll content and surface temperatures of ocean fish-

v
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ing areas. And geographers need continually updated information on
dynamic use of land, especially for urbanization planning.

We acknowledge with gratitude the support and encouragement
received from Dale Jenkins of the National Aeronautics and Space
Administration and from Howard B. Sprague, formerly Executive Sec-
retary of the Agricultural Board. We also wish to thank Mrs. Hilda
Taft, Willow Run Laboratories, The University of Michigan, for her
help in preparing the final manuscript.

J. R. SHAY, Chairman
Committee on Remote Sensing
for Agricultural Purposes
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Uses, Potentialities, and Needs
in Agriculture and Forestry

Percy R. LuNey and Henry W. DiLL, Jr. Eco-
nomic Research Service, U.S. Department of Agri-
culture, Washington, D. C.

INTRODUCTION

“Remote sensing”’ is the term currently used by a number of scientists
for the study of remote objects (earth, lunar, and planetary surfaces
and atmospheres, stellar and galactic phenomena, etc.) from great dis-
tances. Broadly defined and as used here, remote sensing denotes the
joint effects of employing modern sensors, data-processing equipment,
information theory and processing methodology, communications
theory and devices, space and airborne vehicles, and large-systems
theory and practice for the purposes of carrying out aerial or space
surveys of the earth’s surface. It is this view of remote sensing that
appears to warrant the current enthusiasm about it.!

Remote sensing has the potential for revolutionizing the detection
and characterization of many agricultural and forestry phenomena.
Recent studies indicate that remote-sensing techniques can be used in
the ultraviolet, visible, infrared, and microwave regions of the electro-
magnetic spectrum to collect data that give a measure of the reflectance,
emittance, dielectric constant, surface geometry, and equivalent black-
body temperature of plants, soils, and water. With a minimum amount
of ground sampling, these data will permit (a) identification and arca
measurements of the major agricultural crop types; (b) mapping of
soil and water temperatures; (c) mapping of surface water, including

1
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2 Remote Sensing

snowpack; (d) mapping of disease and insect invasion; (e) mapping of
gross forest types; (f) mapping of forest-fire boundaries; (g) assess-
ment of crop and timber-stand vigor; (h) determination of soil char-
acteristics and soil moisture condition; (i) delineation of rangeland
productivity; (j) mapping of areas of high potential forest-fire hazard;
and (k) mapping of major soil boundaries. ,

Effective management of our agric¢ultural and forestry-resources calls
for large masses of current information. Much of the existing informa-
tion is inadequate, but much that is needed has never even been col-
lected, and the job of collecting it is time-consuming and extremely
expensive. Although remote sensing cannot acquire all types of infor-
mation needed, it does appear capable of doing much of the job satis-
factorily. It has the potential for providing accurate and timely
information on which to base important economic decisions.

Land, with all its various features (soils, vegetation, geology,
topography, and surface and subsurface water), constitutes the resource
base for both agriculture and forestry. The physical phenomena of
these two sectors are, however, so different that the following discussion
treats them separately.

AGRICULTURE

Description of the Agricultural Sector

As a basis for discussion, the term “agriculture” is here defined to in-
clude the activities of planning, producing, and marketing crops and
livestock, and miscellancous by-products derived from plant and ani-
mal sources. The primary objectives of modern agriculture are to
cultivate the soil in such a manner that it will produce more abundantly
and, at the same time, to protect it from deterioration and misuse. In
countries with modern agricultural programs, colleges and government
agencies attempt to increase output by disseminating knowledge of im-
proved agricultural practices, such as rotation of crops, fertilization,
pest control, irrigation, erosion control, reclamation of land, and plant
and animal brecding.

The world agricultural enterprise is vast; it comprises some 10 bil-
lion acres of arable land, land under tree crops, meadow, and pasture.
Brown? has divided world agricultural production into seven geo-
graphic regions. In Figure 1, these regions are indicated, and the acre-
age of arable and tree-crop land, the permanent meadow and pasture,
and the grain included in arable land and land under tree crops are
noted for each region. The grain crops (wheat, rice, corn, millet and
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4 Remote Sensing

sorghum, barley, oats, and rye) occupy about 1.7 billion acres. Sig-
nificant acreages of grains are grown in all seven of the geographic
regions, ranging from 21 million acres in the Oceania region of Australia
and New Zealand to 674 million acres in Asia. Within the seven regions,
the best and most extensive areas of cropland are in the plains. Plains,
however, occupy only about 30 percent of the land.? Hilly lands of fairly
low altitude (600-3,000 ft) are next in importance. Locally, terraces and
valleys in mountainous terrain may be farmed intensively to meet the
food needs of the native people.

Agricultural crop production is also diverse. The principal crops of
the world and their acreages are listed in Table 1. About 96 percent of
the crop area is occupied by annual crops—those planted and harvested
within a year. The other 4 percent is occupied by perennial plants such
as fruits, sugarcane, beverage crops, and rubber—all of which are im-
portant export crops. Crop production is a year-round operation. The
planting dates of certain crops in the Northern Hemisphere coincide
with the harvest periods of these crops in areas of the Southern Hemi-
sphere. Corn, for example, is planted in May and harvested in No-
vember in the Corn Belt of the United States; in central Brazil corn is
planted in November and harvested in May. In regions of mild climate,
two or three successive crops of the same species may be grown. Dates
of planting and harvesting of a specific crop within each hemisphere are
dependent upon latitude or elevation. The advance of wheat harvest
northward from early June in Texas to late August in the Canadian
provinces is a well-known example.

Agricultural crop production in a given region is variable from year
to year. The yield variations emphasize the fact that crop production
is primarily a biological system, with its operations carried out in open-
air environments that are subject to little control by the farmer. As in
any biological system, the crop organisms are subject to devastation by
climatic extremes such as heat, cold, drought, hail, and flooding, and by
such biological pests as weeds, insects, fungi, bacteria, viruses, and
nematodes. Climatic extremes often occur with little forewarning, and
damage can be quite extensive. Damage from hail, frosts, and floods is
well known. Also, insect and disease agents can multiply rapidly when
the environment is favorable and cause dramatically severe losses.
Wheat rusts and leaf-spot diseases may cause a yield reduction of 50
percent or more when extended cool wet periods occur after flowering.
However, the onset of dry weather during this period stops progress of
these diseases, and further yield reductions do not occur. Even so, foliage
destruction may be sufficient to incur yield losses of 15-20 percent over
extensive acreages.

Copyright © National Academy of Sciences. All rights reserved.
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TaBLE 1 Harvested Area of Principal Crops of the World, 19641

Share of Total
Crop Area Cultivated Area
(1,000 acres) (%)
Grains 1.689.979 72.8
Wheat 529,802 22.8
Rice 306,168 13.2
Corn 278,492 12.0
Millet and sorghum 255,016 11.0
Barley 174,459 7.5
QOats 76,110 3.3
Rye 69,932 3.0
Oilseeds 165.345 7.1
Soybean 70,994 3.1
Peanut 42,384 1.8
Rapeseed 19,522 0.8
Sunflower 18,113 0.8
Sesame 14,332 0.6
Roots and Tubers 123,061 5.3
Potatoes 60,542 2.6
Sweet potatoes and yams 40,279 1.7
Cassava 22,240 1.0
Pulses 94,643 4.1
Fibers 98,375 4.2
Cotton 85,500 3.6
Flax 4,992 0.2
Jute 6,153 0.3
Hemp 1,730 0.1
Fruits and Vegetables 84,463 3.6
Sugar 44,348 1.9
Sugarcane 23,690 1.0
Sugar beet 20,658 0.9
Beverage Crops 16,492 0.7
Coffee? 11,562 0.5
Cocoa® 1.774 0.1
Tea 3,156 0.1
Tobacco 9,464 0.4
Rubber 5,585 0.2
Total 2,322,291¢ 100.04

eFigure from Brown.?

sFor major producing countries.

<This total refers to the area of the main crops only.
dBecause of rounding, totals do not add to 100.
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Uses, Potentialities, and Needs 7

Because of the size, remoteness, diversity, variability, and vulnerabil-
ity of the world’s crops, accurate information on production during and
following the crop season is limited to the crops grown in the more
advanced countries. Even for these, the need for increased accuracy,
timeliness, and frequency and degree of detail of crop information is
continually growing. :

One promising mearfs of meetmg the current and future needs for
crop information is through remote sensing by a system of operational
observation satellites. Such satellites, equipped with multiband sensors,
offer the potential of providing macroscopic surveys of the earth on a
synoptic basis and detailed observations of selected areas. Ideally, these
satellites would be programmed to provide required agricultiral data
routinely, much as the Tiros and Nlmbus satellltes of today provxde
weather information.

World Food-Population Disparity o -

When the characteristics of crop production in agriculture are viewed
in light of the objective of ehrmnatmg human starvation, the magnitude
of the, task ahead is impressive. The world food—population disparity
has been growing since World War I1. Figure 2 shows the diet-deficit
areas of the world, where the problem is coniplicated by rapidly grow-
ing populations. The gains in food production are literally being eaten
up as fast as they are made. The result is actual reduction in per capita
food production in many already hungry nations. The Food and Agri-
culture Organization of the United Nations estimates that the areas of
the world that have lagged behind in per capita food production con-
tain two thirds of the world’s population. By the year 2000, it is esti-

- mated that the world’s population will be over 6 billion; today it stands

at about 3 billion. Most of this increase will occur in Asia, Afrlca and
Latin America.5 Within the next 30 years, the challenge that face<
mankind is to double the entire food-production capability that has

~been achieved since time began.

A more optimistic note, however, is that man,y areas of the world
have untapped agncultural resources. As depicted in Figure 3, only

- abouf 10 percent of the world’s land is cultivated; an additional 21

percent is potentially cultivable. Although many of these areas are

- plagued with inhospitable climates, difficult access, debilitating diseases,

and other obstacles, there is evidence that they may be cultivated when
sufficient need, ingenuity, or investment is brought to bear.

In the face of the world problem of our times—to manipulate the
world’s resources and environments to gain a better life—there is need

Copyright © National Academy of Sciences. All rights reserved.
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Uses, Potentialities, and Needs 9

to accelerate the preparation of natural-resource inventories to assist
national and international groups. If man is to plan and operate an
efficient and highly industrialized society, he needs more accurate,
timely, and detailed information on the use of the terrain and its po-
tential. Initial inventorying and mapping of many areas will lead to
agricultural and geological resource interpretations to assist in the
search for unused but potentially arable areas, construction materials,
water, fuel, and other elements. Synoptic data on slopes, vegetation,
floods, lithology, and depth of bedrock would provide the basic
parameters for estimating arable land resources.

The use of remote-sensing techniques applied to a global program of
assessing unused but potentially arable land resources could hasten
the attainment of a better balance between food requirements and food
production for the world. In most countries, and especially in the de-
veloping countries, there are few reliable statistics on unused but poten-
tially arable land. Synoptic surveys of agricultural land from space
altitudes should permit the identification of present use of the land and
show population-settlement patterns and road and transportation net-
works. These surveys should also permit the identification of land
characteristics, such as major soil types, drainage, and topographical
relief patterns, as a basis for evaluating the best potential use of the
land.

Specific Uses of Remote Sensors for Taking Agricultural Data

Remote sensors are currently used in many phases of agriculture. The
sensor most employed is the aerial camera, which provides black-and-
white panchromatic, black-and-white infrared, Ektachrome Infrared,
and color photographs.* A recent study of the use of airphotos in a
sample of countries throughout the world indicates that they are being
used to an increasing extent, particularly in the larger countries and in
the developing areas, to aid in agricultural planning, development, and
administration.® The reasons generally given for their use include the
need (a) to gather up-to-date information, (b) to survey large areas,
(c) to accelerate development of agriculture, and (d) to provide for
the most efficient utilization of trained scientists, a scarce commodity.
An additional reason is that much of the present agricultural develop-
ment is on a project basis, involving a natural land unit such as a river
floodplain or watershed rather than a political unit (e.g., country, dis-
trict, or province). The data, however, are collected by political units.

*For a discussion of types of film, see Chapter 2.
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Since many projects cut across political boundaries, air surveys of the
natural unit must be carried out if data on both sides of a political
boundary are to be obtained.

The use of multiband sensing in providing agricultural data would
appear to be most appropriate in the categories discussed below, where
airphotos are now being used.

Land-Use Inventories Up-to-date information on major land use,
acreage, and distribution of crops is a basic need in agriculture
throughout the world. In both the developed and the developing coun-
tries, these data are essential for efficient management of agricultural
resources. The historical continuity in the collection, compilation, and
interpretation of data on use of land in the United States has proved
invaluable in the study of present land-resource problems. Planning for
future growth is greatly enhanced because reasonably uniform infor-
mation exists about major land use since about 1920. Information on
the present extent, location, and productivity of land used for different
purposes is needed for analysis. The present concern with area redevel-
opment is an example of the need for careful examination of regional
difference in utilization of resources. Competition for use of land is
currently attracting much attention. Urban development, need for more
recreation areas (particularly near large centers of urban population),
and the preservation of wildlife habitats are matters of great interest to
those concerned with use of land resources.

Historically, land-use data have been compiled by census interview
or by field mapping. In some countries, major classes of land use are
mapped in the field and published, usually on a small scale. For most
countries, land-use inventory data consist of data compiled by census
from personal interview, mail questionnaire, study of sample areas, or
some combinations of these means. Generally, these methods take a
relatively long time because the number of trained scientists is limited
or because the number of less-well-trained people required is large.
These factors account for the relatively long intervals between census
projects in many countries.

Pressing needs for land-use inventory in many of the developed coun-
tries and in some of the developing countries have already prompted
the use of remote sensing (black-and-white airphotos from recent over-
flights) to provide up-to-date information.

Airphotos are used to make maps designed to show distribution of
major land use and specific crops in many countries. Measurements
from these airphoto maps provide data on acreage of cropland, pasture,
and other categories of agricultural use. In the more developed areas,
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airphotos are used frequently to provide up-to-date information on land
use where agricultural changes are taking place.” By comparison of
recent airphotos with older coverage (Figure 4), such changes as urban
development, reversion of farmland to forest, and development of new
farmland by clearing, draining, or irrigation can be ascertained.

Other remote-sensing technology offers considerable potential for ob-
taining significantly improved rural and urban land-use data. The
synoptic coverage afforded by orbital height will materially reduce
data-handling problems, and most area coverage will be continuous. A
single image will provide an effective mosaic that would normally re-
quire many man-hours to assemble from conventional contact prints.
Other advantages of an orbiting spacecraft are repeated coverage,
reduced data-acquisition time, reduced cost (in light of repeated cover-
age) and, in some cases, higher quality data.

Soil Surveys Information about soils is basic for efficient sustained
agricultural production. Soil characteristics, although they can be mod-
ified to some extent, generally determine the type of crop that can be
grown and the production potential of that crop. The need for classifi-
cation and mapping as a base for optimum utilization emphasizes the
requirement for increasing knowledge about soils. Information on soils
is particularly important in an area in which new land is being brought
into production. In many areas, pressing agricultural development took
place without the essential data on soils needed for assessing the poten-
tial for successful development. There are many examples of failures
in draining or irrigating land not suitable for drainage and irrigation.
In other situations, land suitable for forest was cleared, put into
agricultural production, and then found to be too erodible for crop
production.?

Before 1930, soil surveys in the United States took a long time and
required many trained scientists working in the field both to classify
the soil and to make the base maps. Need for some means of obtaining
soil information more quickly and efficiently prompted the use of air-
photos for field-survey work.?

Although present-day soil surveyors have become adjusted to discern-
ing nuances in the gray scale on conventional aerial panchromatic pho-
tographs to differentiate soil boundaries, these photographs fall short of
the ideal surface-mapping base for generalizing about slight differences
in topographic, geologic, and ecologic features. By utilizing data from
a multiband remote-sensing system, soil mapping may be quicker and
more efficient than with panchromatic airphotos alone. Not only would
these data provide improved coverage, but also additional information
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c D

Fieure 4 Airphotos showing changes in the use of agricultural lands in the United
States. A (1956) and B (1964): new farmland being developed by clearing and
draining forestland in Madison Parish, Louisiana. The smoke in B is from burning
windrows of trees pushed over and piled with a bulldozer. C (1951) and D (1963):
farmland shifting to residential use in Montgomery County, Maryland.
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about the soil landscape should require taking fewer soil samples and
would thus provide an expanded soil-mapping program with little or
no increase in manpower requirements.

Crop Condition Estimates and Yield Forecasting Data on crop yields
as well as forecasts during the growing season are of vital importance
to agriculture. These data affect all phases of agricultural production,
as well as the processing, storage, and disposal of agricultural products.
In the United States, forecasting and estimating yields has been carried
on for a long period, and yield and production forecasting of nationally
important crops is done at monthly intervals, often beginning two
months or longer before harvest.1® Statistical methods are discussed in
Chapter 8.

The main types of data obtained are: (1) data for making forecasts
of crop production during the growing season and (2) annual estimates
of crop production. The forecast is a statement of the most likely yield
or production on the basis of known facts on a given date. It assumes
that weather conditions and damage from insects or other pests during
the growing season will be about the same as the average of previous
years when the reported condition on the given data was similar to the
present reported condition. These forecasts are generally based on
grower appraisals of crop condition and expected yield, with persistent
bias removed by charting. These forecasts have been quite satisfactory
over the years, as shown in the case of wheat for 1965 in Table 2. Occa-
sionally, however, in seasons when unusually large changes in crop
conditions are encountered, they may not be fully reflected in the sub-
jective appraisals.

As part of a program for improving crop-estimating methods, ex-
ploratory work was initiated to develop procedures for basing forecasts
and estimates on objective counts and measurements. In keeping with
the bench-mark data provided by the enumerative surveys, objective
estimates of yield of comparable precision were contemplated, and fore-
casting counts and measurements that would be independent of judg-
ment appraisals were sought. Forecasting yield before the crop is
mature, and even before the fruit has been set by the plant, was recog-
nized as being more difficult. The necessity for breaking yield into
components that are predictable was evident, so the factors of plant
numbers, fruit numbers, and fruit development in conjunction with
plant maturity were studied. Forecasting models for cotton, corn,
wheat, and soybeans have been developed and are being used.

Forecasts and end-of-year estimates of yield per acre for major crops
in many states are based also on objective yield-survey indications.
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In the objective yield survey, during the growing season and after
harvest, trained enumerators visit selected sample fields that are chosen
with known probability to get counts and measurement of crop-growth
characteristics on small plots. From these samples, probable and final
yield estimates are derived with a computable degree of probability and
are available to the Crop Reporting Board of the U.S. Department of
Agriculture when it makes yield estimates.

Although in the United States forecasting and estimating yields of
major crops has been carried on for a hundred years, present methods
produce results that are often at variance with the real situation. The
use of multiband sensing techniques in conjunction with repetitive over-
flights to provide data on crops more rapidly may reduce the lag be-
tween observation and data reduction by at least 50 percent and
improve accuracy. Further, a remote-sensing system will permit quick
response to any major disaster that calls for an adjustment in the
forecast.

Acreage Estimates of Specific Crops Acreage estimates are an essen-
tial part of agricultural programs throughout the world because they
provide basic data for research, program planning, and administration.
Surveys on intentions to plant and estimates of acreage help farmers
plan their plantings, serve as direct measures of land utilization, and
are prime indicators of the future demand for various farm supplies and
labor. The successive data needed annually include prospective plant-
ings, actual plantings, acreage for harvest, and actual harvested
acreage.

In the United States, acreage estimates are generally based on two
types of information: (1) absolute-acreage data or bench-mark data
from complete enumeration, and (2) acreage indications of change in
crops from year to year obtained by questionnaire (either mail or per-
sonal enumeration) from samples of farmers. Complete enumeration is
the ideal method, but the time, personnel, and expense involved have
limited this procedure, for example, to five-year intervals. In addition,
the time required to process the data precludes its use for current-year
forecasts. The agricultural census data in the United States do not
become available until a year or more after they are taken and are
therefore used for bench marks for future years and for “truing-up”
historical estimates.

To overcome the problems-of timing, personnel, and expense of com-
plete enumeration, remote sensing is being used in some countries to
obtain crop-acreage data. Black-and-white airphotos are used for both
actual field surveys and as inputs for stereoscopic interpretation. Crop-
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acreage data are compiled by measurement of the areas identified on
the airphotos, which also record the distribution pattern and location.
Although the data so obtained from airphoto interpretation have great
value, it is difficult or impossible to identify many of the major crops
by this means, particularly the cereals, as well as to distinguish be-
tween corn, potatoes, and soybeans at all stages in the growing season.

Use of remote multiband sensing appears to hold considerable po-
tential in providing current data on crop acreages. Research at Purdue
University has demonstrated the feasibility of in-flight recording of
spectral signatures of several crop species, including wheat, oats, corn,
soybeans, alfalfa, red clover, and rye.}? These data may be digitized and
computer-processed into a map-type display from which both the spe-
cies and the acreage can be derived.

Disaster Location and Mapping Locating and mapping natural disas-
ters present problems in management of agricultural resources. Floods,
hurricanes, fires, and severe epidemics of insects and disease occur
rapidly; many disrupt normal channels of communication and present
complex problems in assessing damages and planning programs of sal-
vage and restoration to normal conditions. In several situations, use of
aerial survey and interpretation of airphotos has provided data that
could be used as a basis for action while the event was taking place,
as well as providing information on areas potentially subject to
damage.13

During floods, airphotos may indicate areas from which people and
livestock should be rescued before being isolated or swept away by
flood crests. Airphotos taken while floods are receding can provide data
on areas that have been inundated. In these areas the direct damage
to crops and the degree of silting or flood scour can be shown. Damage
to farm buildings, roads, and other facilities can also be determined.
Although airphotos can provide a great deal of information, they are
generally not available for analysis immediately following natural dis-
asters. Since most disasters occur swiftly, time does not permit quick
coverage by aircraft. In addition, weather conditions accompanying
most natural disasters prohibit aerial photography. Nevertheless, dis-
aster applications as weather conditions permit are highly rewarding
uses of remote sensing.

Detection of Crop Insect Pests and Diseases Detection and control of
crop disease and plant insect-pest infestation is an important phase of
agricultural management throughout the world. Plant disease and
insect pests not only have devastating effects on crop yield but also
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reduce the quality and market value of products. Damage may begin
at the time the crop is planted, continue throughout its growing period,
and persist after harvest, when products are transported and placed in
storage. Unless pests are prevented or controlled, there can be no
sustained improvement in agricultural productivity.

The economic benefits of early detection of disease or infestation of
crops are tantamount to increasing agricultural productivity. Even in
developed countries, losses in crop value caused by insects and diseases
are high. In the United States, the average annual losses caused by
plant diseases are estimated at about $3.7 billion.!* Average annual
losses from crop insect pests amount to $3.8 billion. Even larger losses
occur elsewhere, particularly in the developing countries. No total
estimate is available for the world, but a few examples from surveys
by the UN Food and Agriculture Organization follow. In the United
Arab Republic, it is estimated that the annual loss to major crops from
disease and insects amounts to $168 million. The desert locust, which
invades the northern half of Africa and the Near East to India and
Pakistan, caused losses totaling $42 million during the nine-year period
1949-1957, in spite of intensive and costly control programs.

Control measures have improved greatly in recent years, but costs
of application are high, and many countries cannot afford to establish
a plant-protection service to survey the distribution and prevalence of
disease and insect pests. Again, the lack of good communication to
transmit information and provide assistance to farmers hampers con-
trol efforts in many areas. The need for early detection and control of
diseases or pests in new environments cannot be overemphasized. This
is illustrated by the spectacular occurrence of the maize rust in Africa
and the Far East. The rust apparently never caused much loss in its
native area (probably North or South America), but when it was found
in Sierra Leone in 1949, its destructiveness caused great alarm. From
Sierra Leone it spread rapidly across central Africa, in several years
reaching Kenya and Rhodesia; finally it crossed the Indian Ocean to
Southeast Asia. Its effect on maize was so devastating that the west
African countries had to import maize to make up for the losses that
resulted.1®

Up to 1965 very little use had been made of multiband sensing to
overcome the problems of survey and detection of crop disease and
insect infestation. Since that time black-and-white infrared and Ekta-
chrome Infrared photographs have been used experimentally to detect
plant diseases. Other experiments indicate that certain plant diseases
can be detected by a remote sensor before they can be detected through
visible means. Although precise signatures for crop disease have not
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yet been established, the detected loss in vigor calls attention to the
possibility that a pathogen is present.

Currently, the U.S. Agricultural Research Service is spending about
$3 million annually in survey work to detect plant diseases and insect
outbreaks.* A remote-sensing system could provide for earlier detection
of the presence of diseases and insects than is possible by current
methods.

Wildlife Management Wildlife is more difficult to inventory than
domestic farm animals. Indirect estimates of migrating secretive ani-
mals are necessarily inaccurate. Lack of accurate counts handicaps
scientific study and resources management. The U.S. Fish and Wildlife
Service takes an annual census of many kinds of animals, ranging from
antelope to waterfowl, and from sea lions to salmon. In the past, wild-
life censuses have been taken by estimating the numbers or by direct
counting from a photograph taken from the ground. In recent years,
aerial photography has been used on an experimental basis for taking
these censuses. According to evaluations by the Fish and Wildlife
Service, these experiments have revealed a considerable potential for
the use of aerial photography (remote-sensing data) in wildlife manage-
ment. For example, remote-sensing data could be used at frequent
intervals to monitor wildlife conditions.

Water-Supply Information and Management Freshwater in lakes and
streams, and underground is a moving resource required by man and
animals for their existence and for the production of food and fiber.
The current problem of freshwater is one of distribution in space and
time. Gross maldistributions of freshwater are manifested in floods
and droughts.

The tasks of water-resource management are to find freshwater at
low cost, to forecast the future supply, and to control the location,
quantity, quality, and timing of that supply. Measurable hydrologic
phenomena consist of two kinds: (1) worldwide or regional conditions
that change rather slowly and (2) those rapidly fluctuating processes
that govern the short-term water balance of the earth. Measurement
of the first kind, which may vary daily or weekly, is useful for pre-
diction of hydrologic conditions up to several months ahead. Measur-
able elements in this group are the quantity and distribution of snow
and ice in terrestrial snowpacks and extent and depth of frozen soil and

*Personal communication. 1967. US. Department of Agriculture, Agricultural
Research Service.
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of unfrozen soil over permafrost. The rapidly fluctuating conditions
that can change within hours are the conditions that affect water bal-
ance at the earth's surface, variations in soil moisture, and surface
temperature of lakes and streams.

Snow-depth measurements are important to irrigated areas in the
western part of the United States and to some unirrigated areas in the
northeastern part of the country where planning for water use in the
summer is becoming more dependent on snow cover. For the irrigated
regions of the country, an estimate of equivalent water volume from
snow cover is already a major part of the water-supply prediction
problem. In the western states, measurement of the snow cover, which
is a good indication of later soil-moisture condition, assists greatly in
assessing the coming season’s crop-growing conditions and in forecast-
ing and estimating the wheat crop yield. The Soil Conservation Service
of the Department of Agriculture issues a water-supply forecast an-
nually about mid-April for the western states.

The quantity and distribution of water stored in the mountain snow-
pack is determined by snow surveyors, who measure the water content
and estimate the acre-feet of runoff from each mountain watershed.
The snow-survey courses are invariably located in remote mountain
areas inaccessible by ground transportation. In the early days of snow
surveys, several days would be necessary to survey one course. Today,
both helicopters and aerial surveying are used to speed the process.
Helicopters are used mainly to transport personnel to and from the
courses. Aerial photography, used since the early 1950’s, appears to be
cheaper and easier. In the aerial surveys, markers bearing a ladderlike
series of crossbars are placed adjacent to a regular snow course. Over-
flight photographs of the markers are compared with form drawings to
obtain snow depth. For each marker, the snow density is estimated from
previous ground measurements. By this method, several basins, each
with many snow courses, can be photographed in one day, with result-
ant savings.

Utilization of groundwater and surface water for agricultural pur-
poses in the 21 humid-area states has been increasing in recent years.
This water is used for the irrigation of crops whose per-acre value is
high. In a research project by the Indiana Department of Conservation
in cooperation with Purdue University, a procedure has been developed
for using aerial photography to locate groundwater supplies.’® This
research indicates a strong relationship between areas of groundwater-
bearing formations and terrain characteristies, such as the pattern of
each “wrinkle” of the earth, the shapes of gullies, the patterns of
streams and their tributaries, the tonality of the photograph of an
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area, and other recognizable features, many of which can be evaluated
from aerial photography.

Irrigation Management TForecasts of available water resources have
substantial economic value to irrigation farmers who must plan the
coming season’s crops, to power companies whose schedules of water
release from reservoirs become increasingly efficient with better knowl-
edge, and to many other water users. The value of good forecasts in-
creases as freshwater becomes scarce and as floodplain occupancy be-
comes more intensive.

A remote-sensing system can materially assist in the maintenance
and operation of existing irrigation systems. About one half of the
water is lost between the dam head of a canal-system input and the
crop in the field, most of it apparently by leakage from the canals and
ditches. Remote sensing of water and wet—dry boundaries would appear
to be an ideal method of monitoring leaks and breaks as change in
wetlands or vegetation cover adjacent to canals is noted.

Remote-sensing techniques could also be used to advise farmers on
irrigation timing and water quantity. For a known soil and drainage
condition, it appears probable that certain remote sensors will be able
to detect the changes in surface moisture with enough confidence that
water-table depths can be deduced.!” If this information is available,
farmers can avoid overapplication or underapplication of irrigation
water. If the water table is too low, plants suffer from lack of moisture.
If the water table is too high, irrigation water is lost through evapora-
tion at the surface with the coincidental deposits of dissolved salts in
the soil, a condition that, if permitted to continue, renders the soil
totally unfit for agriculture.

Weather Forecasting Of the many factors affecting the success or
failure of agricultural production, none plays a more decisive role than
weather. Weather manifests its influence in agricultural production
through its effects on the soil (plant growth, development, yield, and
composition) and on practically every phase of animal growth and
production.

In the more developed countries, farming has become heavily de-
pendent upon machines and chemicals. These, along with irrigation
and improved cultural practices, have given some measure of “weather-
proofing” to agricultural production. But each farming operation that
has to be repeated and each washed-off chemical application that has
to be replaced because of adverse weather conditions adds to the pro-
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duction cost. Each seed that is planted at the wrong time and rots in a
cold wet soil adds to farm inefficiency.

Weather affects farm animals directly through its influence on appe-
tite and general well-being and indirectly through its influence on the
incidence of disease, parasites, and food supply of all kinds. Weather
also plays a major role at calving, farrowing, and lambing time, and
frequently determines the number of surviving young.

Thus, throughout the year, farmers must make many decisions on
the basis of weather forecasts. Good forecasts enable the farmer both
to avoid losses caused by growing certain crops under unfavorable
conditions and to exploit favorable conditions when they occur. If
adverse weather is predicted, a farmer can weigh the cost of protection
against the probable weather-caused loss. Some enterprises can be
protected against the effects of adverse weather, but such protective
measures may be expensive. Crops may be protected from drought by
irrigation and by harvesting in advance of predicted severe weather.
Livestock can be moved from the open range to shelters in advance of
blizzards or other severe weather. Fruit trees may be protected from
frost by orchard heaters. The employment of such protective measures
can be justified only on the basis of increased profits or decreased
losses.

In the United States, direct weather-caused losses in crop output
alone are estimated to be between $1 billion and $2 billion per year.
Advance weather information could reduce or eliminate much of this.
Even a 5 percent reduction in weather damage to crops would yield
benefits between $50 million and $100 million per year.

In recent years the U.S. Department of Commerce has become in-
creasingly aware of agriculture’s need for specialized weather forecasts.
In 12 areas in which there are valuable concentrations of weather-
sensitive crops, that department’s Weather Bureau provides specialized
forecasts and advisories. The areas are: (1) New Jersey; (2) an area
including northern Virginia, northeastern West Virginia, western and
central Maryland, and south central Pennsylvania; (3) South Caro-
lina; (4) a tri-state area including southern Georgia, southern Ala-
bama, and northwestern Florida; (5) the Mid-South, including north-
ern Mississippi, western Tennessee, Arkansas, northeastern Louisiana,
and the Boot Heel of Missouri; (6) the Lower Rio Grande Valley of
Texas; (7) western Lower Michigan; (8) southern Idaho; (9) Oregon;
(10) the High Plains area of Texas; (11) Indiana; and (12) Kentucky.

The forecasts are divided into several different categories, depending
on valid time targets:
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1. A 1-6-hour forecast using radar data (reasonably accurate).

2. The 2-day general agricultural weather forecast, with an outlook
for the third day (not as accurate as item 1 above).

3. The 5-day outlook (not as accurate as item 2 above).

4. The 30-day outlook (the least accurate).

In addition, specialized agricultural advisories (state and federal),
designed with the immediate problems of the local area in mind, are
prepared in support of such critical operations as pest control, irriga-
tion, harvesting, and defoliation. Throughout the remainder of the
United States the agricultural managers must, with few exceptions,
plan and carry out their operations on the basis of forecasts and advi-
sories that are designed to serve the general public.18

If improved weather forecasting, e.g., a 5-7-day forecast, were avail-
able and used, agricultural managers might be able to avoid such costly
repetitions as relocating livestock, reseeding, refertilizing, and respray-
ing for pests. Such potential benefits are recognized by the agribusiness
community. On a worldwide scale, accurate forecast of rainfall would
aid in planning future food requirements; a crop loss in one hemisphere
might be compensated for by additional plantings in the other
hemisphere.

The use of satellite-borne remote sensors in the Tiros and Nimbus
programs to observe the earth’s weather is perhaps the earliest and
best-known application of remote sensing from orbital altitudes to
earth-related problems. Recent investigations of the National Aero-
nautics and Space Administration and the Environmental Science
Services Administration have demonstrated that useful weather data
may be obtained by visual and infrared imaging of the cloud patterns.
Use of the collected qualitative data by the meteorologist has sig-
nificantly improved the accuracy of the day-to-day forecasting. Also,
recent advances in improving the computational stability of numerical
models of the atmospheric circulation, along with expected improve-
ments in speed of electronic computers, should make it possible in the
next 5-10 years for meteorologists to forecast large-scale weather (large
storms) up to two weeks in advance.*

Rangeland Management Information on condition of rangeland and
forecasts of future condition are important items in the economics of

*Personal communication. 1968. Environmental Science Services Administration,
Washington, D. C.
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many parts of the world. In the United States, the reported condition
of range feed, cattle and calves, and sheep and lambs in 17 states (the
western states, North Dakota, South Dakota, Nebraska, Kansas, Okla-
homa, and Texas) is issued each month. These reports include deserip-
tive comments for each state on range-feed conditions, feed prospects,
moisture conditions, livestock conditions, and other matters.

In addition, special reports are made on the capacity of the several
wheat-pasture areas of Kansas, Oklahoma, and Texas. In the wheat-
pasture area, data are collected showing: (1) percent of seeded wheat
with sufficient growth to pasture; (2) percent of seeded wheat being
pastured; and (3) areas of wheat pasture required to carry a 400-lb
calf through the fall and winter. The relative condition of top growth
available for grazing is indicated on a map that shows the rating of
winter wheat pasture as excellent, good, fair, or poor. Data for this
report are provided by wheat growers, ranchers, and farmers.

The carrying capacity of rangeland often may be increased two- or
threefold by more intensive management. Because of the extensive
nature of rangelands, remote sensing appears to be the most efficient
and economical means for providing accurate and up-to-date inven-
tories of the plant communities and continuing appraisals of range
conditions.

Color-infrared photography and infrared scanning are among the
most promising sensing means for these inventories. Soil and foliage
temperatures appear to be related to transpiration rates, soil moisture,
relative humidity, thermal capacity of the soil and vegetation, etc.
When these parameters are coupled with the loss of reflected infrared
in the vegetation, certain predictive capabilities for range assessment
appear.

The feasibility of using remote sensing (e.g., Gemini IV color pho-
tography) to redefine an existing vegetation-resource map of an arid
region has already been demonstrated by Poulton, as shown in Figure
5 and Plate 1.1° Thus it appears that good-quality color photographs
taken from space platforms and interpreted in conjunction with ade-
quate ground study can provide much of the data needed to improve
small-scale vegetation-resource maps in arid and semiarid regions.
The data that can be extracted from synoptic small-scale space-plat-
form photographs will be especially useful in broad county, state, and
national planning and in natural resource policy formulation.

Livestock Surveys Use of airphotos in making livestock inventories
is still in the research stage, and although this practice appears prom-
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ising, it has not resulted in substantial modification of, present inven-
tory methods. The inventory data desired present problems for remote
sensing because they include counts in each field by kind of animal
(e.g., sheep, cattle), use (e.g., dairy, beef), breed, sex, age, and vigor.
It is expected that airphotos at scales smaller than 1 : 12,000 will be
useful for livestock surveys when keys and other aids are developed
and when special photography is obtained (see Chapter 4).

FORESTRY

Description of the Forestry Sector

Forestry, in general, is the management of forests and forestlands for
wood, forage, water, wildlife, and recreation. Because the major forest
product is wood, modern forestry is concerned chiefly with timber
management (especially reforestation), with maintenance and improve-
ment of the existing forest stands, and with fire control. Wood is one
of the world’s principal natural resources; it is renewable, and nearly
all countries possess it or have the potential to create it. The necessity
for government supervision has long been recognized and is employed
in varying degrees in all countries. In forested areas the basic rule of
management is to cut each year a volume of timber no greater than the
volume of wood that grew during that year on standing trees.

Forestlands, as distinguished from agricultural lands, are defined by
the UN Food and Agriculture Organization as “all lands bearing vege-
tative associations dominated by trees of any size, exploited or not,
capable of producing wood or of exerting an influence on the local
climate or on the water regime.”?° Lands from which forests have re-
cently been clear-cut or burned out but that will be reforested in the
near future are included. Brushland, groups of trees outside the forest,
or trees along roads, on agricultural lands (such as orchards), and in
parks are not included.

Forests of one type or another cover nearly a third of the world’s
land area, as shown in Figure 6. They range from scrub and thorn
equatorial swamp to mountain rainforest, and from homogeneous
plantations to luxuriant jungles. The forests are distributed very un-
evenly throughout the world, and their usefulness varies from provid-
ing raw material for a growing variety of industries to yielding poles
and firewood for domestic consumption, and from regulating the water
regime to protecting wildlife and satisfying recreational demands.

Little is known quantitatively about the world’s forests. Over large
parts of the world, forests have not been surveyed, and all that can be
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reported on a national or regional scale is the area of the forests and
major forest conditions. Generally speaking, it is only for the temper-
ate forests that useful estimates can be made of the aggregate volume
of growing stock and of the total annual volume increment of the
forests.?!

A world estimate of forestland by regions, as reported by the UN
Food and Agriculture Organization, is shown in Table 3.

According to the 1963 World Forest Inventory, about one third of
the world’s forest is coniferous. It is located mainly in the Temperate
Zone of the Northern Hemisphere, with 45 percent being located in the
USSR and 36 percent in North America. The remaining two thirds is
broad-leaved and is mainly in South America and Africa, which conti-
nents have about 75 percent of the world’s broad-leaved stand.

The distribution, magnitude, and condition of forests are related to
the historical development of the regions containing them. In Europe,
the USSR, North America, and Japan, the regions where most wood is
consumed, the forests are predominantly coniferous, and the mixed
forests of these regions have a large coniferous content.

In the tropics, the greater part of the volume of wood is found con-
centrated in rainforests (which contain the largest volume of the
world’s broad-leaved woods). These forests have been little used or
managed for the production of wood, mainly because they are concen-
trated in regions of relatively sparse population at an early stage of
development. Examples are the Amazon basin in South America, West
Central Africa, and Southeast Asia. These forests usually contain a

TaBLE 3 Land Categories??

Forest- Total
land Land Area Forestland as
(millions (millions Percentage of Total
Region of acres) of acres) Land Area
North America 1,853 4,633 40
Central America 188 672 28
South America 2,199 4,349 51
Africa 1,754 7.339 24
Europe 356 1,164 31
USSR 2,249 5,298 42
Asia 1.359 6,672 20
Pacific area 235 2,081 11
World 10,193 32,208 32
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wide variety of broad-leaved species, ranging from the extremely hard,
heavy, and slow-growing type to the very soft, light, and quick-growing
type. The UN Food and Agriculture Organization has estimated that
there are some 2,100 million acres of tropical forests carrying roughly
4,414 billion cubic feet (gross volume) of wood. This is about the same
as the volume on the much larger areas of north-temperate forests, but
relatively little of this volume is of usable sizes, and even less is in
commercially accepted species.

The remaining forests consist mainly of dry open woodlands such as
savanna. These forests occupy wide areas of South America, Southern
Asia, and Africa. They contain very low volumes per acre, mostly in
small trees of species with little commercial value.

It is estimated that about 40 percent of the world’s forest is unpro-
ductive because of ecological conditions favoring growth of unwanted
cover (tundra, maquis, chaparral, etc.) and also because of low eco-
nomic productivity and prohibitively high transportation cost. Most
of this vast vegetated unproductive area is considered wildland or
undeveloped land, although some has suitable soil for growing food
crops.

As indicated in the above discussion, forests constitute a principal
form of land use, and as such have a number of highly important func-
tions, including protection and recreation, as well as wood production.
The demand for wood is rising and, as a result, there is a severe strain
on the capacity of many of the traditional sources of supply. For
example, because the world’s softwood resources are largely unmanaged,
they are proving inadequate to meet current requirements without
continued overcutting.

Population pressures are forcing forest production off more accessible
sites to make room for urban growth and additional cropland. Although
forests are a renewable resource, the land base on which they must be
produced is vulnerable. As this land base must meet increasing require-
ments, information about its total area and distribution becomes in-
creasingly important.

Sustained use of forest resources includes two main objectives: effec-
tive management for production and preservation of the resource by
adequate controls. Effective management of forest resources requires
good inventory data. No accurate inventory of the forest resources of
the world has ever been completed. Attempts have been made, but time
lapse between start and finish has made it impossible to compare or
collate the data in a single time frame. The UN Food and Agriculture
Organization is continually attempting to evaluate the world forest
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resource. It publishes periodic estimates, but high costs, poor records,
and refusal of cooperation by some governments have left many gaps.

Specific Uses of Remote Sensors for Taking Forestry Inventory Data

The most pressing need in forestry is a worldwide inventory to round
out our knowledge concerning (1) forest location and distribution
(mapping), (2) tree size, (3) tree quality, (4) tree growth rate, and
(5) site quality. To meet this need, remote-sensing methods have begun
to be employed in the United States and in other parts of the world.
To date, the chief instrument has been the camera; panchromatic,
infrared, and Ektachrome Infrared airphotos have been taken for use
in field mapping and stereoscopic interpretation. Airphotos save time
and money and permit coverage of large, and often inaccessible, areas.
In addition, airphotos facilitate maximum use of trained personnel,
who are scarce.

The following paragraphs outline a few of the possibilities for uti-
lizing remote sensing to obtain information in the five categories named
above. For details and examples, see Chapter 4.

Mapping Information on the location and distribution of forests is a
basic need in management, particularly information about the distri-
bution of species within an area. Aerial photographing followed by
stereoscopic interpretation, usually with some field checking, is the
most common method, and has been used throughout the world. How-
ever, even use of airphotos does not eliminate the problem of costs and
time, and many areas remain unsurveyed.

Aerial cameras or other remote sensors mounted in an orbiting space-
craft could record the forest cover of the earth in a short enough time
to allow for completion of a world vegetation map. Ground resolution
of 50-100 ft would be adequate in most cases, and species determination
would be facilitated if simultaneous panchromatic color and color-
infrared imagery were obtained.

Tree-Size Measurement A conventional forest inventory includes the
following items relevant to tree size: species, diameter (of bole or
crown), density (number of trees per acre or degree of crown closure),
height (merchantable or total), and age of the stand. Determination
of tree height can be carried out by stereoscopic analysis of airphotos.
Tree height controls the amount and type of product that can be cut
from a forest.
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A great deal of information can be obtained on the above items from
airphotos. They appear to provide the most-needed data, especially
measurement of tree height by differential parallax measurement on
stereoscopic pairs of airphotos. However, the cost of aerial coverage is
high. Multiband sensing for forest inventory is under study and appears
to have some potential for adding to the precision of surveys.

Tree Quality The quality of concern is the number of crooked, dam-
aged, or diseased trees that will affect yield. In the past, it has been
necessary to get this information by ground surveys. Whether multi-
band sensing has any practical potential for differentiating between
sound and unsound trees remains to be researched.

Tree Growth Rate Growth rate, a valuable management parameter,
is estimated by associating measurements of volume at different points
in time with tree-size determination. It is usually based on whole stands
rather than on individual trees and has been obtained by calculations
from ground measurements. It is highly possible that series photographs
or serial information taken by sensors other than cameras at pre-
determined intervals will provide more accurate growth-rate data.

Site Quality Determination of site quality is suggested by tree size,
volume per unit area, soil type, and other factors, but no consistently
applicable index of quality has been standardized. Foresters generally
use total height at a designated age as a “site index,” but such indices
are applicable only to single species for a limited geographic area. To
date, site quality has also been determined by ground measurements
alone. Further study is needed to determine whether remote sensing,
either directly, or indirectly by calculation, can give meaningful site-
quality information.

Specific Uses of Remote Sensors for Taking Forest-Fire Detection Data

Fire detection and control is a vital aspect of forest management, and
any improvement in methods of early detection and surveillance of
going fires would provide large benefits. Losses from fire are significant
throughout the world. Conservative estimates for annual loss in the
United States range from $300 million to $500 million. For the rest of
the world, with much less effective fire-detection systems, it is estimated
that the annual loss amounts to at least $400 million.?2

Fire detection poses distinct types of problems: (1) surveillance or
mapping of large fires or several active fires close enough together to
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coalesce and create a large fire; (2) detection of small (diameter of
20 ft) fires; and (3) detection of “‘sleeper” (incipient) fires that smoul-
der inside the bark or roots of a tree after a lightning strike.

der inside the bark or roots of a tree after a lightning strike.

A recently developed airborne thermal-infrared scanner is now being
instantaneous and precise mapping of fire lines day or night, and
through dense smoke. When fully operational, this system will save
millions of dollars annually in control costs and resource values and
should reduce the toll of human injury and death. A refinement of this
system that is now being studied would detect and pinpoint very small
fires automatically.

Detection of fires from orbiting spacecraft containing infrared scan-
ners or passive microwave sensors has been proposed. The primary
advantage of an orbiting sensing system would be the large-area syn-
optic view. Remote sensors, particularly infrared scanners, would
achieve better resolution from aircraft altitudes than from orbit. In
addition, the fixed orbital path of the satellite renders the fire a target
of opportunity. It is obvious that a geosynchronous orbiting system
would be necessary for continuous monitoring, and eventually, sensors
may be developed that could detect large fires in remote areas.

Specific Uses of Remote Sensors for Taking Insect-Pest and Disease-
Detection Data in Forestry

Pest-caused losses to forest resources and forest products far exceed
those from fire both in the United States and throughout the world.
Although figures for U.S. losses are the principal ones available, world
losses from insects and disease are believed comparable. In just one
and one half years (October 1962 to April 1964), the southern pine
beetle killed 50 percent of the pine timber on 2.5 million acres in
Honduras, Central America.?* Before the epidemic subsided, about 8.7
billion board-feet of pine was killed over an area of 4.2 million acres.
In the United States, the annual insect-caused mortality of standing
timber is high; for example, the monetary loss was estimated to be
$579 million in 1965. In addition to the direct loss of standing timber,
related losses from reduced growth, lowered quality of timber, and
impaired forest reproduction are difficult to estimate.

These disastrous losses not only demonstrate the dynamic nature of
the increase in the beetle population, but also point to the importance
of early detection of outbreaks.

Annual losses from disease are estimated to be about $82.6 million.
Of this amount, about $53 million represents growth loss and lower
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quality, and $29 million, loss of standing timber. For example, heart
rots are of particular importance, since they attack all species of
timber and cause heavy losses from cull and lowered quality of re-
maining wood.

In addition to the direct loss of standing timber, related losses from
reduced growth, lowered quality of timber, and impaired forest repro-
duction are difficult to estimate. Color transparencies and Ektachrome
Infrared airphotos have been used successfully in the United States to
estimate tree losses and to locate infestations for salvage and control
operations. It is possible that mass killing of coniferous timber, such as
occurred in Honduras during 1962-1964, could be monitored successfully
by color photography from satellites.

SuMMARY

The earth’s resources are being depleted by exponential population
growth and the increasing level of per capita consumption. Effective
management calls for large masses of current information on existing
agricultural and forestry resources. The information generally available
in the United States is, in many respects, far from adequate. In other
countries, particularly the developing nations, the available informa-
tion is inadequate or nonexistent, and the job of collecting such infor-
mation from “on-the-ground” observations would be time-consuming
and expensive. Fortunately, many of the data needs are amenable to
aerial-survey techniques. Although aerial surveys cannot acquire all
types of information needed, they are capable of doing much of the
job in a satisfactory manner.

Today, aerial photographs (see Chapter 2) are indispensable in mak-
ing land-use inventories, soil surveys, acreage allotments, farm-conser-
vation plans, disaster evaluations, assessment of water supplies, and
forest maps. They are invaluable in forest-fire detection and have a
host of other uses.

Recent advances in remote-sensing techniques, particularly multi-
band sensing (see Chapter 3), may stimulate an increase in the use of
aerial surveys and facilitate the extrapolation of aerial-survey tech-
niques to space. The use of spacecraft, with its capacity for repetitive
global coverage and simultaneous large-area coverage, can provide data
never before available.

Specific applications of remote sensing in taking agricultural and
forestry data are discussed in Chapters 4, 6, and 7. Chapter 9 is con-
cerned with future research and development.
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Imaging with
Photographic Sensors

RoBertr C. HELLER U.S. Department of Agricul-
ture, Forest Service, Berkeley, California

INTRODUCTION

This chapter deals mainly with aerial photographic developments since
1960 and those physical and technical factors that appear relevant to
photography as a means of remote sensing. For illustrations of par-
ticular applications see Chapters 4 and 6.

The present review of photographic films, techniques, or past appli-
cations is not exhaustive; these subjects have been covered extensively
in the literature. The Manual of Photographic Interpretation,® pub-
lished in 1960 by the American Society of Photogrammetry, has com-
prehensive coverage of the many uses to which aerial photography is
being applied. Chapters 2, 3, 5, and 11 in that volume are directed
particularly to agriculture and forestry and might profitably be re-
viewed by the reader.

Early balloon experimenters first pointed out the usefulness of cou-
pling the camera with the airborne platform. With the development of
stable aircraft, improvements in aerial photography and its application
to military and civil uses have advanced to a highly sophisticated
state. From all indications, photography will continue to be one of the
most valuable and useful sensors for agriculturalists and foresters,
whether it is used on the ground, from aircraft, or from orbital satel-
lites.

35
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FACTORS AFFECTING QUALITY OF AERIAL IMAGERY

The factors that have a direct bearing on the quality of photographic
imagery from aerial cameras include: (1) physical factors, such as
ground luminance and reflectance, atmospheric scattering of light,
angle of sun, and spectral quality of sunlight; (2) film, emulsion, and
filter properties; (3) camera and equipment factors, such as lens char-
acteristics, image motion-compensation devices, shutter mechanisms,
and multispectral techniques. The right combination will produce high-
quality photographs that resolve fine detail and provide good tonal or
color differentiation. If any one of these factors is not optimal, the
imagery will be degraded. Agricultural and forestry photography
could be upgraded markedly by use of modern precision aerial cameras.

Physical Factors

Illumination and Reflectance Illumination can be defined as light
(luminous flux) falling on a given area. For purposes of aerial pho-
tography, it is made up of sunlight penetrating the atmosphere and of
skylight that results from atmospheric scattering and reflection.

The luminous reflectance from ground targets varies immensely.
Carman and Carruthers? measured reflectance from ground objects and
found, for example, that black asphalt reflects only 2 percent, timber-
land 3 percent, open grassland 6 percent, concrete 36 percent, and snow
80 percent. Ground-contrast ratios can go as high as 1,000 : 1 in bright
sunlight when an asphalt road adjoins an area of snow; however, these
contrasts do not hold for high-altitude photography. Seldom does the
contrast ratio exceed 10 : 1 over cities and towns; and for very-high-
altitude photography, it would more likely be 5 : 1. Agricultural and
forest lands have relatively low reflectance, as indicated above—par-
ticularly when the vegetation completely covers the soil. At medium
scales of photography (1 : 20,000), bare soil, irrigation ditches, field
boundaries, rock outcrops, crop foliage, and water surfaces are typical
objects that furnish contrast in agricultural and forest photographs.
These contrasts or tonal differences permit the photo interpreter to
make judgments about the vegetation he is viewing.

Scattering of Light Light is scattered both as it passes through the
atmosphere and as it is reflected from the earth’s surface. The amount
of scattering depends on both the number of gas molecules and the
number of larger particles (Mie particles) present, the latter consisting
of dust, water, smoke, etc. The gas molecules are suspended in the air
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to altitudes of 30,000 ft, but the Mie particles seldom rise above 15,000
ft. The gas molecules scatter light at a rate inversely proportional to
the fourth power of the wavelength (Rayleigh effect; see Chapter 3),
which affects sensing of the ultraviolet and blue portions of the spec-
trum more than sensing of the longer wavelengths (red and near infra-
red). This explains why most panchromatic aerial photography is ex-
posed through a filter such as the minus blue (Wratten No. 12), or
amber (Wratten No. 15), to reduce the fogging effects that haze causes
on aerial exposures. Because the Mie particles are made up of many
differing elements and concentrations, it is difficult to estimate their
total effect on the aerial photograph. High concentrations of Mie par-
ticles, as around cities during inversion conditions, will, however,
degrade the imagery taken through them.

Angle of the Sun The angle at which the sun strikes the earth’s sur-
face affects not only the quantity (lumens) of light being reflected to
the aerial camera but also the spectral quality.

According to charts of natural illumination plotted by Brown? in
clear weather, illumination drops off as latitude increases north or
south from the equator, by season of the year, and by hours before or
after local apparent noon. For example, at lat. 40°N, illumination at
noon can drop from 11,000 fc in June to 5,000 fc in December. A similar
dropoff occurs in June, 4 hours before or after local apparent noon.
Because many agricultural or forest lands are poor reflectors, they
should normally be photographed within 2 hours of local apparent noon.

Specht et al.* discuss the effect that sun angle has on aerial camera
exposure. From microdensitometer measurements on aerial panchro-
matic film of rural and urban scenes, they computed values of mini-
mum apparent scene luminance as influenced by solar altitude. Their
data show that the greatest dropoff in luminance takes place below 20°
solar altitude. These findings were incorporated into a revised (1966)
Kodak Aerial Exposure Computer, which takes solar altitude into
account.

Spectral Sensitivity The sun’s energy and the spectral sensitivity of
the human eye peak in the green portion of the visible spectrum. Sky-
light is essentially blue. Daylight appears to be white but varies with
sun angle. At low angles, the blue portion of sunlight is almost com-
pletely scattered because of the extreme depth of atmosphere that the
light must penetrate; this scattering makes the sun appear reddish in
early morning and late afternoon. For both optimum illumination and
complete spectral distribution, air photographs, whether panchromatic,
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infrared, or in color, should be exposed at midday. For more details
see Condit and Gumm.5

To avoid specular reflection from water surfaces, the Coast and
Geodetic Survey, U.S. Department of Commerce, is practicing an ex-
ception to midday exposure.® The bright sunspot reflected back to the
camera during midday photography washes out needed underwater
detail on aerial color transparencies. Consequently, on coastal water
missions, color photography by the Coast and Geodetic Survey is ex-
posed at low sun angles, with film having high emulsion speeds. Except
in large areas flooded for rice production or areas adjacent to large
bodies of water where vegetational detail is needed along shorelines,
specular reflection is probably not a serious problem to agriculturalists
or foresters.

Spectral energy of sunlight on a clear day approximates very closely
that of a blackbody heated to 6,000° K and peaks in the visible portion
of the spectrum.* Most aerial film is sensitive to wavelengths from
0.36 to 0.72 u, with aerial infrared films extending the range to 0.9 p
(Figures 1 and 2), a range that coincides with the spectral energy peak
of sunlight. The lower (blue) end of the film-sensitivity range is deter-
mined by the cutoff range of optical glass (0.36 p), and the red or near-
infrared end is determined by the spectral sensitivity of aerial film.

Film and Emulsion Properties

Panchromatic Film Most black-and-white aerial film ranges in spec-
tral sensitivity from 0.36 to 0.72 . This is a red range extended beyond
most panchromatic film used on the ground.

A comparison of several aerial films developed by Eastman Kodak
Company demonstrates some of the properties of aerial film commer-
cially available and those under development.

The accompanying wedge spectrograms (Figure 1) show that the
high-definition (resolution) and fine-grain film is more sensitive to the
red end of the spectrum and less to the blue than are Plus X or Super
XX aerial film. The minus blue filter commonly used during aerial
photography to cut off blue light below 0.5 u reduces film sensitivity
more on the faster film than it does on the fine-grain film. Increased
red sensitivity reduces the filter factor required (sce Table 1).

Plus X aerial film (3401) resolves fewer lines per millimeter than
high-definition aerial film, but its relative sensitivity is 33 times as

*The reader should refer to Table 1 (Chapter 3) to compare the sensitivities of
various sensors with respect to the regions of the electromagnetic spectrum,
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Fiaure 2 Spectral sensitivity of Kodak Infrared Aerographic film (Type 5424)
and comparison with Kodak Super XX Aerographic film (Type 5425) at various
wavelengths. Note the effect of the minus blue filter and the cutoff wavelengths for
both films.

TABLE 1 Comparison of Aerial Panchromatic Films®

Resolu- Speed
tion (line Relative Granu- Wratten No.
pairs/ to Type larity 12 Filter
Name Type mm)® 3404 Values Factor
High-definition 3404 550 1 0.023 1.5
aerial
High-definition S0-243 440 1.2 0.016 1.6
aerial
Special fine-grain SO-190 180 3.7 — 1.5
aerial
Panatonic X aerial 3400 150 9.0 0.052 1.9
Plus X aerial 3401 100 33.0 0.088 1.7
Super XX aerial 5425 75 41.0 — 2.0
® Courtesy of East Kodak C

b Average difference in target luminance 6.3 : 1
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great (Table 1). For example, Plus X (3401) is normally exposed under
aerial conditions at apertures of about f/5.6 to f/8 at 1/500 sec. To re-
solve images, high-definition aerial film type 3404 would require wider
lens apertures and slower shutter speeds than are available (or desir-
able) on modern aerial cameras. Thus, in spite of the high definition
possible with newer films like this, their slow speeds may preclude their
use except under the most ideal conditions.

Infrared Film The only infrared aerial emulsion film available in
the United States is manufactured by the Eastman Kodak Company.
Spectral sensitivities of infrared film extend from 0.36 x to 0.9 p (Figure
2). Infrared film is less sensitive to the green part of the spectrum than
panchromatic film, but its sensitivity extends beyond the red into the
reflective portion of the infrared. Unless filters that cut out the blue
or blue-green wavelengths are used in conjunction with infrared film,
there is little advantage in using it instead of panchromatic film. Reso-
lution capabilities of infrared film are lower than those of Super XX
aerial film—about 55 line pairs/mm at 6.3 : 1 target luminance.

When infrared film is used with either a Wratten 25A (red) or 89B
(dark red) filter, broad-leaved vegetation (angiosperms) appears
lighter in tone, whereas water, streams, and moist soil appear darker
in tone on positive prints. Broad-leaved plants that are diseased or
losing vigor show up to be darker than their healthier neighbors. These
are some of the uses that appeal to agriculturalists and foresters. They
are illustrated in Chapters 4 and 6 of this book and in Chapter 2 of the
Manual of Photographic Interpretation.!

Because the blue end of the spectrum is effectively cut off by filters,
infrared film has superior haze-cutting capabilities. One drawback,
however, is the degradation of contrast in the prints, which show little
tonal gradation because of poor shadow penetration. For this reason,
cartographers avoid using infrared film because of the difficulty in see-
ing the ground in forested areas through their mapping instruments.

Granularity Granularity of photographic emulsions increases directly
with increased film sensitivity or speed; high-speed films are more
granular than slow-speed films. Brock et al.” suggest that granularity be
measured with a microdensitometer equipped with a small aperture
(24 p). The difference between films is expressed in the size of the
standard deviation about a specified density level (e.g., 1.0 above base
fog). For example, Plus X has a standard deviation about 4 times
greater than 3404, and this increased granularity is directly related to
lower resolution (Table 1).
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Acutance Acutance is a term used to define edge sharpness of images
on film and paper. With microimage scanning instruments, this film
property can be evaluated quantitatively, and sharpness does not have
to be diagnosed by subjective visual perception.

Often two different films will resolve an equal number of lines per
millimeter, but one film appears to record image detail—large and
small—better than the other film. This apparent difference is meas-
urable by exposing film to a knife edge laid in contact with the emul-
sion. After processing, the film is scanned with a microdensitometer,
and the acutance is calculated from the density-distance curve ob-
tained. Knife-edge traces of an ideal emulsion and of two different
typical emulsions are shown schematically in Figure 3. Films exhibit-
ing both high resolving power and acutance are desirable for vegetation
analysis.

Color Film Vast improvements that have been made in both color and
false-color aerial films since 1960 include better resolution, increased
emulsion sensitivity, shorter processing times, coating on glass plates
and polyester film base, and finally, improvement in the color-coupling

Ideal Film
Film1
r Film 2
7]
4
w
(a]
DISTANCE

Figure 3 Density—distance trace made by a microdensi-
tometer across a knife-edge exposure of a theoretically
ideal film emulsion and of two different emulsions more
representative of actual practice.
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dyes for fidelity and stability. The reader is referred to a recent publi-
cation, Manual of Color Aerial Photography,® which is comprehensive
in its treatment of color film and its use in the study of earth resources.

Color film is of three types: (1) color-positive, (2) color-infrared,
and (3) color-negative. Color-positive film is sensitized to three pri-
mary colors: blue, green, and red. When exposed and processed, it
produces transparencies that, when viewed by white light, appear simi-
lar to the original scene. Fritz® developed a table that shows clearly
the principles of operation for color-positive and color-infrared film
(Table 2).

Two film manufacturers produce most of the acrial color film in the
United States: Eastman Kodak Company and General Aniline and
Film Corporation (GaF). In addition, Agfa Aktiengesellschaft in Lever-
kusen, West Germany, supplies a small amount of the aerial color film
used in the United States.

The spectral sensitivity of Anscochrome D/200 film (caF) to light
of equal intensity at all wavelengths is shown in Figure 4. Figure 5
shows the transmission curves of Anscochrome dyes. As in panchro-
matic film, the spectral sensitivity ranges from the cutoff by optical
glass at 0.36 x in the blue to 0.7 u in the red. Kodak Ektachrome Aero
film (E-3 process) exhibits very similar spectral sensitivities. The
resolution qualities and recommended film speed for proper aerial
exposure are shown in Table 3.

Gray-scale values or photographic tones provide the only measure-

TABLE 2 Principles of Operation for Normal Color Film (Type 8442)
and Infrared-Sensitive Color Film (Type 8443)°

Normal color film
Spectral region Blue Green Red Infrared
Normal sensitivities Blue Green Red —
Color of dye layers Yellow Magenta Cyan —
Resulting color in photographs  Blue Green Red —
Infrared-sensitive color filme
Kodak Ektachrome Infrared Blue Green Red Infrared
Aero (E-3 process)
Sensitivities with Wratten — (ireen Red Infrared
No. 12 yellow filter
Color of dye layers — Yellow Magenta Cyan
Resulting color in photographs — Blue (ireen Red

© Note that the blue-sensitive layer is masked by the yellow filter and that dye couplers (dye layers)
are shifted one colot band to the right and linked with the green-, red-, and infrared-scnsitive layers.
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Ficure 5 Spectral transmission curves for Anscochrome
dyes.
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TABLE 3 Resolving Power and Speeds of Modern Color Film

Resolving Power (line pairs/mm)
Targets with

Film High Contrast Low Contrast Film Speed, asa
Anscochrome 1) /500 125 40 500
Anscochrome 1D /200 125 40 160-200
Kodak Ektachrome

Aero (E-3 process) Not published 160°

Kodak Ektachrome
Infrared Aero (E-3
process) with Wratten
No. 12 filter Not published 160

¢ Determined from repeated flights over vegetation, with Weston Lixposure Meter aimed vertically
from plane. Eastman Kodak Company recommends use of Kodak Aerial Exposure Computer with the
index set at 25 for Ektachrome Aero and at 10 for Ektachrome Infrared Aero.

ments available to separate objects on black-and-white films; color
film offers the two additional dimensions of hue (color) and chroma
(strength of color). These two dimensions can be quantified by use of
a Munsell Color System!® or by the International Commission on
Illumination (1c1) system.

Photo interpreters are accustomed to identifying objects not only
by shape and form but also by color. An agriculturalist or forester
trained to recognize plants by morphological features also associates
a color with a plant. Therefore, color in photographs gives him one
more factor on which to base his judgment. More training is required
for an interpreter to be able to recognize objects by tones (values) of
gray than by the normal colors he associates with the object. For ex-
ample, the accuracies of photo interpretation of tree species were 17
percent higher on large-scale color transparencies than on panchro-
matic prints at the same scale.1!

According to Evans,'? the human eye can separate more than 100
times more color combinations (hues, values, and chromas) than gray-
scale values (ratio of 20,000 to 200). Color film can match a ground
scene very closely, but colorimetric measurements on film do not neces-
sarily match spectral measurements on the ground.!® Although the eye
can separate 20,000 color combinations, color film cannot discriminate
to that degree. Nevertheless, color film has been very effective in sepa-
rating rock types,'* identifying tree species,!® locating insect-damaged
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timber,!%18 and locating underwater obstructions.'” Generally speak-
ing, it compares favorably with the other sensing media in the multi-
spectral tool kit.

False-Color Film False-color film is so named because objects do not
appear on the transparencies of prints in the same colors as they do in
nature. In the United States, Kodak Ektachrome Infrared Aero film
(E-3 process) is such a film. This film may be referred to by any of
the following synonymous names elsewhere in this book: “Infrared
Aero Ektachrome,” “camouflage-detection film,” ‘“false-color film,”
“infrared-color film,” and “color-infrared film.” Its three layers are
sensitized to three colors—infrared (to 0.9 n), green, and red. The film
is always used with a yellow filter (Wratten No. 12), which prevents
blue light from exposing the film; thus, only reflected green, red, and
infrared wavelengths reach the emulsion. One of the greatest assets
of this film is its ability to penetrate haze. Fritz’s chart® (Table 2)
depicts the sensitivities of the emulsion, the color of the dye layers,
and the resulting colors on the transparencies. The spectral-sensitivity
curves and spectral densities of the dyes of Kodak Ektachrome Infra-
red Aero film (E-3 process) are shown in Figure 6. According to Tark-
ington and Sorem,'3 the present emulsion released in 1962 is a much-
improved version, has better resolution, is three times as fast as the old
emulsion, and has less granularity.

One poorly understood concept of subtractive reversal color film
(both color and false-color) is that the dye responses when the film is
processed are inversely proportional to the exposure of the respective
layers (or wavelengths) (Figure 6). This fact explains why the cyan-
coupled dye, which is linked to the infrared-sensitive layer, produces
little or no cyan dye on the film when viewed over white light. Instead,
the green- and red-sensitive layers that are coupled with the yellow and
magenta dyes come through strongly, and this combination makes
healthy vegetation, which is highly infrared-reflective, appear reddish.

Another way to understand subtractive color films is in relation to
the colors absorbed or subtracted through the coupled complementary
dyes in the processed film. In the above case, when color-infrared trans-
parencies are viewed over white light, healthy vegetation appears
red. This is because the large amounts of yellow and magenta dyes sub-
tract blue and green light from white light, respectively. The lack of
cyan dye permits red light to be transmitted to the eye. In addition,
the reflectance of healthy vegetation in the green and red portions of
the spectrum is considerably lower than the infrared reflectance (about
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FiGure 6 Spectral sensitivity curves (top) and spectral density
curves (bottom) of Kodak Ektachrome Infrared Aero film (E-3
process). (Courtesy Eastman Kodak Co.)
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5 times on spectrophotometer curves), which induces a strong yellow
and magenta dye response because of the inverse relationship described
above.

When vegetation begins to die, it loses infrared reflectance; this
causes more of the cyan and less of the yellow and magenta to show.
In addition to the near-infrared phenomenon, a stronger color contrast
occurs on false-color film than on normal color film and frequently
makes identification of diseased vegetation easier.

The predecessor to this film was known as camouflage-detection
film. Developed during World War II, it was produced to detect painted
targets that were camouflaged to look like vegetation. Because healthy
vegetation is a much stronger reflector in the near infrared than in the
green portion of the spectrum, vegetation appears in various hues of
red on the film; objects painted green appear blue and can be dis-
tinguished immediately. As on black-and-white infrared film, when
vegetation in the angiosperm group loses vigor through internal or
external disease manifestations or soil salinity (Plate 19), it reflects
less infrared light and first shows up as a darker red to black on infra-
red-color film (Plate 12). In cases of plants affected by moisture loss,
infrared reflectance is reduced while the visible portion of the spectrum
remains unchanged; here the infrared-color film shows stressed leaves
as a lighter red to white color. In some cases, plants under stress show
up on this film before symptoms of decadence or death are visible on
the ground.

Plants in the gymnosperm group (pine, spruce, fir, etc.) display
somewhat different color characteristics. Loss of infrared reflectance
usually does not show up before visible signs of death occur. Dying
needles of conifers, which appear yellow-green on color transparencies,
assume a pink hue on Ektachrome Infrared transparencies; yellow
trees appear whitish; and yellow-red and red trees show up yellow on
the infrared-color film (Plate 2). Once a photo interpreter translates
what the false colors represent in terms of vegetation and natural re-
sources, he frequently finds this the fastest way to discriminate such
things as conifers from hardwoods, dying from healthy broad-leaved
plants (angiosperms), and presence of soil moisture from dry earth.

Russian film makers also produce both normal- and false-color
films. Figure 7, copied from a translation by Mikhailov,'” shows the
sensitivity of the Soviet two-layer film called SN-2. Often referred to
as “spectrozonal” film, this is a combination of one panchromatic and
one infrachromatic layer on a common base. During developing, color
dyes are introduced into both layers to produce images in various
colors.
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FiGure 7 Spectral sensitivity of Russian spectrozonal aerial film (SN-2).

Because the dyes in spectrozonal film are different from the three
dyes used in Ektachrome Infrared Aero film (E-3 process), vegetation
and other natural features appear in colors different from those of the
Kodak product. For example, coniferous species appear green, broad-
leaf tree species, yellow and orange, and bare soil, blue on the SN-2
film, whereas the same objects on Ektachrome Infrared Aero film (E-3
process), appear reddish-brown, bright-red, and green to blue, respec-
tively.

Mikhailov!® reports that the SN-2 film is 50 to 100 percent faster
than the Russian color film (CN) and that Russian analysts of terrain
and vegetation have fully accepted spectrozonal film because the arbi-
trary colors make the identification of detail much easier. Further-
more, because the film is used with haze-cutting filters, spectrozonal
pictures can be taken from higher altitudes than normal-color pictures.

Color-Negative Film Negative-type color film is produced by two
manufacturers: Ektacolor Aero film by Eastman Kodak Company,
and Agfacolor by Agfa Aktiengesellschaft in West Germany. These
color films have the dye-coupler components incorporated in the emul-
sion layers at the time of manufacture. After color developing and
bleaching away of the silver images, the remaining dye images are not
only negative to the tone gradations of the subject (as with black-and-
white emulsions) but also are complementary colors of the original
scene. For example, a green tree would appear magenta on the negative
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film, but on Ektacolor Aero film the complementary colors are masked
by an over-all amber gelatin layer so that the complementary colors
are not easily distinguishable.

Theoretically, this kind of color material is exceptionally versatile—
color prints, color transparencies, and black-and-white prints and
transparencies all can be made from one negative. Unfortunately, there
are several drawbacks to the use of color-negative film for aerial pho-
tography; poor resolution is the most serious. Furthermore, color
prints made from negative aerial film are much inferior in resolution
to color transparencies. In addition, Cooper and Smith!® found that
their color balance was not entirely satisfactory, particularly in the
greens and blues, which are so critical in vegetation analysis. Manipu-
lation of filters during exposure of prints may restore color balance
somewhat if it is lacking in the original negative, but this is a ques-
tionable procedure for accurate vegetation identification. The film
lends itself better to portrait or snapshot photography in which color
balance can be altered in the darkroom to produce a pleasing picture
rather than to provide accurate color representation needed in the
analysis of natural resources.

Another disadvantage is a low asA (American Standards Associa-
tion) film-speed rating, 40, which reduces usefulness under low light
conditions. In comparison with positive aerial film (asa 160-200),
negative aerial film requires about three times as much exposure.
When the two are exposed under identical light conditions, negative
aerial film requires a slower shutter speed—a factor that contributes
to image movement and loss of resolution. Finally, only short lengths
(40 ft) can be processed in wind-rewind developing:equipment® be-
cause the developing solution becomes exhausted by longer lengths.
(Short film lengths create space and handling problems in aircraft—
and would be more serious in spacecraft.)

In March 1966, Eastman Kodak Company announced a new aerial
color-negative product, Kodak Aero-Neg Color System (Kodak
Ektachrome MS Aerographic, Estar Base, 2448). According to the man-
ufacturer, this color negative has true complementary colors and all
the theoretical advantages of the Ektacolor Aero film. It has better
resolution, higher speed sensitivity, and is available in normal lengths.

In March 1967, General Aniline and Film Corporation reported the
development of a new color film, Anscochrome D/500, having an Asa

*Morse B-5A or Zeiss wind-and-rewind processing equipment is commonly used
for developing aerial films and can accommodate only limited quantities of solu-
tions (5% and 8 gallons, respectively).
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rating of 500 and a capability of doubling the sensitivity to an asa of
1,000 by developing the film longer in the first solution. This film can
also be processed to either a positive or a negative transparency. In
spring 1969, this company produced a color film without a blue-sensitive
emulsion layer; it is designed to be exposed from high altitudes, and it
responds to reflectivities in the green and red portions of the spectrum.
Its usefulness for agricultural and forestry application has not yet
been demonstrated.

Plate 3 is a display of four kinds of aerial film commonly used for
resource photography. These aerial photographs were taken July 30,
1967, over color test panels set up on the University of California
campus at Davis. The reader may compare two color emulsions, the
infrared color and a color-negative film over the same site. The re-
sponse of the hardwood shade trees, grass, and color panels on the
infrared and color-negative films is particularly interesting and should
be compared with the natural three-color films.

Physical Characteristics of Film How is film affected by low atmos-
pheric pressure, radiation, relative humidity, processing, and tempera-
ture? What is its tear resistance and strength?

Harvey and Myskowski!? report that if film is reconditioned in a nor-
mal atmposphere after being subjected to a low-pressure atmosphere, no
loss of dimensional stability or serious effect (blistering or cracking) to
the emulsion results.

Photographic emulsions are sensitive to both ultraviolet radiation
and penetrating radiation from x rays, gamma rays, and high-energy
particles. The earth’s atmposphere provides some shielding from ultra-
violet radiation for conventional aerial photography. Outside the
atmosphere extra care is needed to prevent stray light from entering
camera systems because the ultraviolet energy level is considerably
higher there.

Alpha and beta particles also cause exposure of sensitized silver
halide crystals; in fact, film aboard artificial earth satellites has traced
their frequency and occurrence. Fortunately, though film is highly
sensitive to these particles, it is protected easily by normal camera
construction and by the thin metal surrounding aerial-film canisters.

In space, x rays and gamma rays are more penetrating than in the
atmosphere, and the shielding required for film must probably be as
effective as that required for human radiation protection. All forms of
hard radiation produce similar effects on film: a decrease in film speed,
loss of resolution, a decrease in gamma (loss of sensitivity), an increase
in fog level, and an increase in granularity.
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Dimensional stability of films has been improved greatly by the
development of polyester materials to support the emulsion. For ex-
ample, shrinkage resulting from processing is about one fifth as great
on polyester-base film (0.02 percent) as on cellulose-triacetate-base
film (0.10 percent). Relative humidity also has less effect on polyester-
base film than on cellulose triacetate. This improved dimensional sta-
bility is important to photogrammetrists who are interested in keeping
images in their proper spatial orientation. It will be doubly important
when synoptic photographs are taken from space, so that displacement
of objects is kept to a minimum.

Tear resistance, tensile strength, and break strength for polyester
film bases are also greater than for the cellulose-triacetate bases. These
are important qualities to consider for both aircraft and spacecraft
photography when access to camera magazines is often difficult and
the opportunity to capture imagery is lost because of delays in main-
taining operational capability. Complete specifications and properties
of aerial and polyester-base films are described in two pamphlets avail-
able from Eastman Kodak Company.20-2!

Filters Used in Aerial Photography

Filters provide a means of selecting, amplifying, or eliminating por-
tions of the electromagnetic spectrum in which photosensitive ma-
terials respond. Mention has been made of filters that reduce some of
the degrading photographic effects of atmospheric scattering of light
in the ultraviolet and blue end of the spectrum. The spectral-transmis-
sion curves of the haze-cutting filters most commonly used by com-
mercial and map-making agencies when exposing aerial films are
reproduced here by permission of Eastman Kodak Company.2? The
caption to each figure (Figures 8-13) describes the film used with each
filter and the approximate filter factor. Note that the filter factor is
often different for panchromatic and infrared emulsions.

Haze-cutting filters for color films are less dense than those for
black-and-white films, so the proper color balance can be maintained.
Should dense filters be used, an aerial color transparency will assume
an over-all hue similar to that of the filter. There are several instances
in which aerial transparencies taken from pressurized aircraft have
had an over-all bluish cast. The discoloration was traced to bluish,
optically flat glass used between the camera lens and ground targets
to maintain aircraft pressurization. Excessive filtration of color film
reduces the contrast of all other hues normally present and should be
avoided if possible.
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Ficure 8 Wratten No. 1A filter (skylight). No reduction in exposure required.
Used with Anscochrome color films (D/200, D/500, Ultraspeed, D/100) with light
haze and altitudes to 10,000 ft. (Courtesy Eastman Kodak Co.)
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Figure 9 Wratten No. 2A filter. No reduction in exposure required. Used with
Anscochrome color films (D/500, D/200, Ultraspeed, D/100) with moderate to
heavy haze and altitudes above 10,000 ft. (Courtesy Eastman Kodak Co.)
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Frgure 10 Wratten No. 12 filter (minus blue). Used with both panchromatic
and infrared emulsions (including Ektachrome Infrared Aero) to reduce atmos-
pheric scattering of blue light. Filter factor is 2.0 with panchromatic film, 1.5
with infrared. (Courtesy Eastman Kodak Co.)
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Figure 11 Wratten No. 15G filter (deep yellow). Filter factor is 2.0 with panchro-
matic and infrared emulsions to reduce heavy haze. (Courtesy Eastman Kodak
Co.)
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Ficure 12 Wratten No. 25A filter (light red). Special effects to accentuate yellow-
to-red objects on ground with panchromatic film. Strong haze-cutting ability ; used
also with infrared film. Filter factor is 4.0 with panchromatic film and 2.0 with
infrared film. (Courtesy Eastman Kodak Co.)

Kodak packs emulsion-correction filters with Ektachrome Aero film
(E-3 process) to restore color balance if the latter is lacking, and in-
cludes instructions about appropriate haze filters, depending on alti-
tude and haze conditions encountered.

Sharp-cutting filters have been used to break up the visible and
near-infrared portions of the spectrum into 9 to 16 nonoverlapping
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Ficure 13 Wratten No. 89B filter (dark red). Cuts out all visible wavelengths.

Used exclusively with infrared film. Filter factor is 3.0. (Courtesy Eastman Kodak
Co.)
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bands. The photography is by a special camera having 9 or 16 matched
lenses, each covered by a different filter. A simultaneous exposure is
made by means of a focal-plane shutter. The resulting print—made up
of 9 to 16 separate photos—is called a multispectral photograph (see
Figure 9, Chapter 4). Marked tonal differences usually occur in at
least 3 or 4 of the photos, but less information appears available from
the other bands. By computing density differences of these 3 or 4 sig-
nificant bands and manipulating processing techniques in the darkroom,
a single color print can be made on which all images are registered.
This enhanced photo, while not representative of actual conditions,
may show up subtle differences in images not detectable by conven-
tional photography.

One disadvantage in the use of this technique is that sharp-cutting
filters that mask out some wavelengths and transmit within narrow
limits are usually quite dense. Therefore, long exposures are needed, and
this introduces blurring and loss of resolution.

Aerial Cameras, Aerial Lenses, and Image Motion

Aerial Cameras and Lenses Aerial cameras have been developed for
specific purposes such as mapping and reconnaissance. They may also
be classified as to angular field of coverage, focal length, or type (frame,
strip, panoramic, and infrared).

Mapping cameras are designed to produce maximum positional
accuracy with reasonably good resolution capabilities, whereas recon-
naissance cameras should provide maximum image resolution and mod-
erately good positional accuracy.

The Manual of Photogrammetry?® provides an excellent discussion
of aerial cameras and lists 25 single-lens mapping cameras, 19 of them
having a 229 X 229-mm (9 X 9-in.) format and the remaining ones
a 178 X 178-mm (7 X 7-in.) format. It also lists 23 single-lens-frame
reconnaissance cameras with formats varying in size from 57 X 57 mm
(214 X 2Y4 in.) on 70-mm film to 229 X 457 mm (9 X 18 in.) on 221-
mm (9%;-in.) film.

The C. Zeiss and Wild Heerbrugg precision cameras and lenses de-
serve special mention. Their lens designs accept color, infrared, and
panchromatic films without the focal-length changes that are required
by many other camera systems. The wide-angle 152-mm (6-in.) Pleo-
gon A (Zeiss) and Universal Aviogon (Wild) lenses can be used both
for reconnaissance and for mapping missions because of their low-
distortion and high-resolution (40 line pairs/mm) qualities. The Zeiss
camera has an electrically operated between-the-lens shutter with
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speeds to 1/1,000 sec; the RC-8 Wild Heerbrugg camera has shutter
speeds to 1/700 sec. Two American-made lenses, the Geocon I and
Geocon IV (designed by J. G. Baker), also can be used with all types
of film and have been successfully mounted in two Fairchild cameras,
KC-4 and KC-6A, respectively; resolution and distortion parameters
are similar to those of the Zeiss and Wild cameras.

Forestry and agricultural users of aerial photography should specify
precision cameras and lenses in aerial photographic work that requires
high-quality imagery. The 1 : 20,000 photography available to most
agriculturalists has been taken with cameras having relatively low-
resolution capabilities. Indeed, some recent aerial photographs exhibit
poorer image quality than some taken 20 years ago. Such factors as
camera vibration, poor printing, and improper processing techniques
may contribute to this decline in standards, but all future photographs
should be taken with a high-resolution system. In flat-to-rolling ter-
rain, a 152-mm (6-in.) focal length is adequate; a 210-mm (8Y4-in.)
focal-length precision lens is available and would be more desirable for
photography in mountainous areas. Should scales of 1 : 12,000 or larger
be used in rough terrain, a 305-mm (12-in.) focal-length lens is needed.
C. Zeiss manufactures a 305-mm (12-in.) precision camera that has an
average weighted area resolution (AwAR) of 40 line pairs/mm and is
comparable with the above-mentioned lenses. Perkin-Elmer has just
designed and produced an advanced 152-mm (6-in.) lens that resolves
100 line pairs/mm.

Aerial cameras used for reconnaissance photography should be
equipped with spectral sensitometric wedges to permit quantification
of reflected solar energy. No commercially available cameras are so
equipped. By exposing an 18-step gray-scale wedge through the lens
and shutter system and imprinting the scale along the edge of the film
at the time of exposure, standards of absolute irradiance could be
established. Tonal values of a particular crop, for example, could be
related to a position on the 18-step wedge. If solar-energy inputs were
different from one flight to the next, they would be reflected in the gray
scale. Adjustments could be made also during the printing operation
to establish uniform prints whose tonal values would be closely related.

Manufacturers of thermal sensors found a similar standardization
procedure necessary to relate gray-scale values to temperature. Gray
scales are incorporated, for example, in the Barnes Engineering Com-
pany Model 12-600 infrared camera. A calibrated heat source is used
also in the thermal optical-mechanical scanners developed by a sub-
division of The University of Michigan (see Chapter 3).

A second-step wedge illuminated by an artificial light of calibrated
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intensity within the camera would be useful to standardize film de-
velopment. Thus, if film were overexposed but properly developed, the
spectral sensitometric wedge would be darker than normal, but the
processing wedge would match other standards previously established.
Such spectral wedges would be extremely useful for both color and
black-and-white films.

Panoramic aerial cameras attempt to combine wide angular coverage
and high resolution in one sensor. Sometimes the coverage is horizon
to horizon in a direction normal (perpendicular) to the aircraft flight
line. The panoramic principle has been used by commercial photog-
raphers for many years to get pictures of large groups of people who
are arranged in slightly semicircular (or straight) lines about the
camera. The camera then rotates mechanically about its vertical axis.
The resulting photograph is long and narrow but of good quality. In
the air, the panoramic cameras transfer images to the focal plane by
rotating a prism or lens. The forward motion of the aircraft requires
either rapid advancement of film between exposures or continuous film
movement to obtain complete coverage along the line of flight (Figure
14).

Optical transforming printers are available to relieve positional dis-
tortion from the original panoramic negative. Six panoramic cameras
are listed in the Manual of Photogrammetry?® and have formats from
57 X 254 mm (214 X 10 in.) to 108 X 1041 mm (414 X 41 in.). All
these cameras can operate at high shutter speeds, some to 1/10,000 sec;
and one has image-motion compensation capability. For agricultural
or forest coverage, simpler solutions for determining area of coverage
and identification of crops or trees are available with vertical pho-
tography. Too often, forest vegetation would be hidden in the oblique
portion of the picture in rolling or mountainous terrain if taken at
medium photographic scales (1 :20,000). If panoramic cameras are
used from spacecraft, terrain features would have little effect in blank-
ing out areas because of the narrow angle of view.

Aerial strip cameras or ‘“Sonne” cameras were perfected during
World War II to provide maximum information along a narrow strip
by low-flying, high-speed aircraft. Strip cameras move film past an
adjustable shutterless opening at an image speed on the focal plane
that is commensurate with aireraft ground speed. This kind of camera
has been used mainly for military reconnaissance. Distortion along the
line of flight can often be serious even though images are sharp and
identifiable. Again, for vegetation analysis, single-frame photography
taken from slow aircraft with cameras having fast shutters is preferable
to “Sonne” strip photography.
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B8

FiGure 14 Panoramic photograph of vineyards in the San Joaquin Valley. Cali-
fornia, taken at scale 1:17,000 lens focal length — 12 in. Note sharpness of
enlarged portion (B); this high resolution is characteristic of panoramic pho-
tography. (Courtesy Itek Corp. and California Crop and Livestock Reporting
Service.)
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Image Motion The movement of the aerial platform produces some
movement at the focal plane of the camera. This movement, in turn,
induces blurring and degradation of the photographic image. The
amount of image motion for vertical photography can be calculated
as follows:

Image motion (ips) = 1.467Vf/H,
where 1.467 = conversion factor (1 mph = 1.467 fps)
= velocity (mph)
focal length of camera (in.)
= altitude above ground (ft)

o <
Il

The faster the platform moves, the longer the focal length; and the
lower the altitude, the higher the rates for image motion. For aircraft
flying more slowly than 200 mph and for scales of 1 : 5,000 or smaller,
cameras equipped with fast shutters (1/500 sec or faster) reduce image
motion to reasonable limits. Fast shutters also provide the cheapest and
most dependable way to cut down on image movement. Conversely,
at very high speeds or low altitudes, some means of moving the film or
images a proper amount at the focal plane must be employed to over-
come blurring. Methods to overcome image motion are discussed by
Heller et al.?* and are being used with modern cameras in jet aircraft;
Figure 15 illustrates the effectiveness of a fast shutter (1/1,000 sec) as
compared with shutter speeds (1/200 sec) commonly used with aerial
cameras.

Aerial cameras with focal lengths up to 6,096 mm (240 in.) have been
designed and successfully operated, but if such a camera were carried
on a satellite circling 120 nmi above the earth at 18,000 mph, the
pictures would scale about 1 : 36,000 and have 8.7 in. of image movement
per second. A shutter operating at 1/1,000 scc would be needed to reduce
image movement to barely tolerable limits—about 0.009 ips or about
4-5 line pairs/mm. This is scarcely sharp photography, and some form
of image-motion compensation would be desirable. Cameras with
shorter focal length operating from orbital altitudes would cut down
image motion, but the scale would be appreciably smaller; for example,
a camera with a 305-mm (12-in.) focal length would produce a scale
of about 1 : 730,000 (1 in. = 12 miles) and on standard 229 X 229-mm
(9 X 9-in.) photographs would cover 108 miles on a side, or about
11,000 square miles. The result would be truly synoptic photography,
useful for broad-area coverage. If resolution were as good as that of
World War II photography (on the average, 10 line pairs/mm), an in-
terpreter could resolve objects no smaller than 250 ft unless the object

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20260

Remote Sensing With Special Reference to Agriculture and Forestry
http://lwww.nap.edu/catalog.php?record_id=20260

Imaging with Photographic Sensors 61

Figure 15 Stereo pair (70 mm) of a parking lot made from Super Anscochrome
transparency. Upper pair was blurred by image motion which occurred while
normal shutter speed (1/200 sec) was used. Image motion was eliminated on lower
pair by a high-speed shutter (1/1,000 sec). Scale 1 : 500. Note lost detail of trees,
automobiles, and wires on upper photo. (Courtesy US. Forest Service.)
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were unusually long or had high luminance. With present-day equip-
ment and materials, resolution should be at least 4 times better than
that of World War II photography; this would permit objects of 60 ft
to be resolved.

Resolution

The factors described in the preceding sections contribute to the final
quality of aerial imagery. Under laboratory conditions, high resolution
values can be attained. However, aerial photographs are not taken
under such conditions. Aircraft or camera vibration, atmospheric haze,
sudden illumination changes that vary target luminance, and other
disturbances all contribute to a degradation of the image.

A standard U.S. Air Force bar target (Plate 4) is often used to
measure resolution; its bars are known to decrease in size as the sixth
root of 2.

Katz2?® reports that a reliable way to assess resolution is to assign
threshold values to the factors affecting image quality and then to sum
the reciprocals of these values in order to determine the resolution (R)
of the final image:

z
1 1 1 1 1
2 - Rﬂlm + + Rlonu + o ? ’

i=1 R]m.go R image motion 2

where z is the total number of factors.

Kodak Plus X aerial film resolves 90 line pairs/mm at 6.3 : 1 target
luminance. A camera with a focal length of 152 mm (6 in.) and a
1/1,000-sec shutter in an aircraft moving at 200 mph, 10,000 ft above
the ground, would have image movement of about 0.0002 ips, which
computes to about 50 line pairs/mm. A Zeiss Pleogon A lens with a
152-mm (6-in.) focal length resolves 40 line pairs/mm on high-contrast
targets with panchromatic film. If these values are substituted into the
equation above,

= — + 5—10- + Il(-)- = ILS’ or ~ 18 line pairs/mm.

From this kind of analysis, one can calculate that each element has a
measurable effect on reducing resolution of the system. Obviously, the
interaction of all elements always produces a lower system resolution
than the poorest element in the system.
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The modulation-transfer function is another mathematical tool to
study the performance of a photographic system. Instead of using bar
targets to measure resolution, this function is obtained by making
exposures of test objects whose luminance varies sinusoidally with
distance. A microdensitometer is then used to measure the modulation
of the frequencies from the densities on the film. From these traces,
ratios are calculated between the amplitude of the modulations of the
test objects and those of the traces. The ratios represent the modulation
transfer at each frequency. A curve is then drawn comparing modula-
tion with frequency and is called the modulation-transfer function.
The advantages of this function over the use of threshold contrasts as
determined from bar targets is that the modulation-transfer function
shows the modulation at all frequencies. It is not as commonly used
as the bar target to determine resolution because of unavailability of
sinusoidal targets and of the need for a microdensitometer to carry out
the tests.

Despite all the possible degrading factors that enter into the produc-
tion of the photographic image on the emulsion, the aerial photograph
provides the greatest amount of information of any sensing system now
available. Katz25 has calculated that a 229 X 229-mm (9 X 9-in.)
aerial photograph has about 81 million bits of information available
if the photograph has resolution as low as 10 line pairs/mm based on
15 definable gray-scale values. Swanson?® states that positive color-
transparency film available today can, with proper handling, achieve
as high resolution as panchromatic emulsions. Thus, color film should
provide more information than black-and-white film because of the
addition of hues and chromas. Color films have shown themselves to be
surprisingly useful in the 70-mm Hasselblad photography taken by
the Gemini astronauts. According to White,2” water depth was deter-
mined roughly by the U.S. Navy Hydrographic Office in the upper Gulf
of California from one color photograph (Plate 5). Other space color
photography near the Salton Sea area of California (see Figure 17,
Chapter 4, for black-and-white reproduction) clearly defines agricul-
tural fields in the Imperial Valley and with simple rectification could
provide a small-scale map covering 8,000 square miles.

Scale

The scale of photography affects the resolution of the image. Photo-
graphic scale is expressed as a fraction or ratio, the numerator repre-
senting the photographic image size and the denominator, the object
size on the ground—always in the same units (fect, meters, inches,

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20260

Remote Sensing With Special Reference to Agriculture and Forestry
http://lwww.nap.edu/catalog.php?record_id=20260

64 Remote Sensing

ete.). The following adjectives are the author’s, but they may help the
reader to put scale in perspective:

1. Very large scale (obtained from helicopters, stationary towers,
cherry pickers, ete.): 1:100 to 1 : 500

2. Large scale: 1 : 600 to 1 : 2,000

3. Medium scale: 1 : 5,000

4. Normal scale: 1 : 12,000 to 1 : 20,000 (most common scales avail-
able to foresters and agriculturalists)

5. Small scale: 1 : 30,000 or less

6. Very small scale (taken from orbital altitudes): 1 : 100,000 to
1 : 2,500,000

In tests at Wright-Patterson Air Force Base, Katz?® found that
resolution was always best when scales (or images) were large.
By enlarging small-scale photography of test targets to the same
size as large-scale originals, he found that comparable resolutions
were not obtained. The large-scale originals were always vastly supe-
rior; perfect reciprocity does not exist, and thus scale and resolution
are not tradeable. If in doubt, “Always take the larger scale,” he
advises. Image enlargements should be made by optical means—
microscopes, magnifying stereoscopes, hand lenses, etc.—not photo-
graphically.

Scale is important to vegetation analysts, and the scale to be selected
depends upon the extent to which they must make accurate judgments
about the photographic images. For example, foresters can usually dis-
tinguish forest from nonforest land and tell something about tree height
and tree density on 1 : 20,000 photographs, but they can seldom identify
individual trees accurately until color film is used and scales approach
1 :1,584.11 Boundaries of agricultural fields can be well delineated on
normal-scale photographs, but the exact crop being grown is almost
impossible to differentiate among a variety. Colwell2® found, by using
various combinations of filters and films, that a number of crop species
responded variously in different regions of the electromagnetic spec-
trum. By comparing photographs of the same scene on color, infrared
color, infrared, and panchromatic film, he could discriminate several
crop species. This point is illustrated for rangelands in Chapter 4
(Figure 34) and in Plate 15. When this technique is extended by
images resolved by optical-mechanical scanners in other parts of the
electromagnetic spectrum, still more discrimination appears possible.
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INTERPRETATION OF PHOTOGRAPHIC IMAGERY

Subject-matter specialists have been responsible for gathering data
from aerial photographs, relating them to ground information, and
extrapolating their findings to broader areas. For example, from aerial
photographs, oceanographers study sea-ice patterns and ocean currents;
geologists pick out morphological structure of the terrain, rock types,
and stream patterns; soil scientists define zones of similar soil types
and parent material; agriculturalists map areas of farmland and de-
scribe crop acreages and expected yields; foresters delineate forest types
and make mensurational estimates of timber volume. These specialists
are trained in their own scientific disciplines. They have learned to use
aerial photographs as a tool to make their own work more efficient.

Except in cases where narrowly defined objectives are specified—
such as having less qualified persons make dot counts of agricultural
land—most photo-interpretation work requires a high level of deduc-
tive reasoning and association with past experience and earlier training.
The photo-interpretation literature! is documented with examples from
many disciplines of the scientist’s ability to cover more area and do
his job more effectively by using aerial photos than by using ground
methods alone. But whatever its efficiency, photo interpretation is time-
consuming, and the highly trained personnel needed for it are in short
supply. Therefore, investigations are under way to determine those
parts of the job that can be automated with scanners, computers, and
pattern-recognition techniques, those that require a man-machine
interface, and those that man must do alone (see Chapter 9). The
degree of success of this effort should be evident in a few years. Some
jobs defy automation and computer analysis. One task that automated
photo interpretation may be able to do is to reject large areas needing
no inspection by the human interpreter and to select for sampling the
areas that need deductive reasoning.

Human Photo Interpretation

The photo interpreter should have normal binocular vision, with little
or no color-vision defect—particularly when color photographs or trans-
parencies are part of the multispectral analysis. Also, he should be
trained in orientation and use of aerial photographs, stereoscopes, and
measuring equipment. He should be motivated to get maximum infor-
mation from the aerial photographs.
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Production output by photo interpreters depends entirely on the
objectives of a particular job. Suppose the mission is to search for and
count vehicles in the open or count discolored dying trees in a green
forest. The interpreter can accomplish this task at a faster rate than
if at the same time he has to identify and measure the length of the
vehicles or measure the heights and densities of the dying trees. Scale
of photography, resolution of the images, and photographic tone or
color contrast of the object against its background also affect the rate
at which interpretation can proceed. An example of the time required
for an interpreter to examine a 3,600-acre forested area for insect-
damaged timber on color transparencies is shown for three scales with
their accompanying accuracies:1®

Photo Total Time Accuracy
Scale Photos (hr) (%)
1:3,960 208 130 82
1:7,920 47 49 65
1:15,840 19 28 56

Another example can be cited from Aldrich’s unpublished study2® on
estimating timber volume from stereo and nonstereo viewing of Agri-
cultural Stabilization and Conservation Service 1 : 20,000 panchromatic
photography in 10 counties in North Carolina. In the nonstereo phase
of the study, interpreters used a erown diameter—crown density viewing
aid; in the stereo phase, they used the viewing aid but also measured
tree height with a Zeiss parallax bar under an old Delft scanning stereo-
scope. The interpretation time comparison:

Method Time (hr) Ratio
Nonstereo 24 —
Stereo 200 83:1

Thus, the addition of the tree-height measurement and stereo exam-
ination must provide an eightfold increase in accuracy of estimate to
be worth the added time differential. By way of comparison: if the
work were done by ground examination, an estimate of 2,600 hours
would not be unrealistic. The time needed to make the stereo estimate
is greater than that for the nonstereo, but much shorter than the time
required to gather the same data on the ground.

The reader should refer to Chapter 3 in the Manual of Photographic
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Interpretation® for a complete review of techniques, visual require-
ments, human factors, training, measuring techniques, equipment, and
psychological factors involved.

Automatic Photo Interpretation

The idea of having a machine that can work day and night scanning
and evaluating aerial photographs is very appealing, particularly when
one considers the volume of photographs or video tape that could be
turned out by an earth-circling satellite in good weather. Combining
the matrix of multispectral photographic data with advances in pho-
togrammetry, optical-electronic scanners, and computers would make
it possible to collect, interpret, and analyze detailed data from aerial
photographs on a mass scale.

Various instruments can scan images for differences in optical den-
sity. Moore et al.3° at the National Bureau of Standards adapted a
precision lathe with a photomultiplier tube to send data to an analog-
to-digital converter and thence to a magnetic-tape unit (Figure 16).
Rosenfeld®! compared six land-use classes by projecting a video trace
across photos and onto an oscilloscope, where they were photographed.
Doverspike et al.*? used a GaF-Ansco Model 4 microdensitometer with

FiGure 16 Scanning system developed by National Bureau of Standards to read
out density values from aerial photographs and record these values digitally on
magnetic tape. (Courtesy National Bureau of Standards.)
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Fioure 17 Computer printout (left) of an aerial photograph (right). Alphanumeric characters are used to approximate the original

density range. (Courtesy US. Forest Service.)
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appropriate filters to identify types of land use by reading densities
of the three dyes (red, green, and blue) incorporated in positive color
film. At 18M,33 reflected brightness values were read from the photo
and averaged into larger groupings to permit correlation of the digital
groupings from one photo to the next. Langley®* demonstrated that an
aerial photograph recorded from the National Bureau of Standards
scanner onto magnetic tape could be printed so that the digital image
was visible to the eye (Figure 17). This is the first phase of the system
that also includes: (1) rectification of the digital image from tilt dis-
placement, (2) rectification of the digital image from relief displace-
ment, and (3) analytical interpretation of the digital image map.
Colwell3® has summarized the advantages and disadvantages of using
human and mechanical data extraction from photos.

EvVALUATION OF PHOTOGRAPHIC SENSING SYSTEMS

The following discussion is not intended to favor photographic systems
over other sensing systems. In fact, a combination of sensors would
undoubtedly yield the most information to the resource specialist.
When discrimination-analysis techniques and accuracy parameters are
better established (see Chapters 3 and 9), the system that provides
the desired information fastest will be used. The advantages and dis-
advantages of photographic sensing relate to the present state of the
art; however, improvements in all systems can be expected.

Advantages

1. Photographic systems have superior resolution capabilities over
other systems such as television or optical-mechanical scanners. A
comparison of resolution in terms of object size is shown below for a
scale of 1 : 5,000 to 1 : 100,000:

Scale

Sensor 1: 5,000 1 : 100,000
Photographic at 50 line pairs/mm 2 in. (50 mm) 40 in. (1,000 mm)
Optical-mechanical scanner

1 mrad 5ft 100 ft

3 mrads 15 ft 300 ft
Television (19-in. receiver)

525 TV lines 15 ft 300 ft

5,000 TV lines 16 ft 321t
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To provide some perspective: Tiros (television infrared observation
satellite) has resolution capabilities of only 1-3 km. This resolution is
good enough for cloud studies but not for detecting life on earth; no
cultural features (roads, cities, etc.) show up. Part of the poor resolution
can be attributed to the altitude above the earth; for example, Tiros 10
is in an orbit 530 miles above the earth. The Apollo satellites are de-
signed to operate about 120 miles above the earth.

2. Photographs from precision cameras provide good spatial orienta-
tion and require little rectification.

3. Human interpreters can identify vegetation from normal scales,
make measurements on photographs, and may be able to make gross
third-order measurements on satellite photography.

4. Aerial photography and film processing are relatively simple
operations. They do not rely on complicated electronic circuitry and
test equipment.

5. Photographic systems require minimal electric power and space.

6. Data can be processed on a space vehicle by rapid-processing
techniques, or they can be rapidly processed on earth. Better resolution
is obtained if original film is returned to earth than if films are scanned
by television and retransmitted to earth.

7. Equipment is low in cost compared with that for other systems
and lends itself to automated interpretation.

Disadvantages

1. Clear weather—no clouds—and sunlight are required.

2. There may be a delay before film or photographs are processed;
this is not true of real-time systems, such as data transmission by
telemetering and by television systems.

3. Systems used in space vehicles must be shielded from radiation to
prevent fogging of film.

4. Procedures must be worked out for human interpretation and also
automatic scanning, as well as storing and computing—all for large
collections of data.

5. Since photography senses only in limited portions of the electro-
magnetic spectrum, use of instruments sensitive to other portions pro-
vides additional data sources.
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