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INTRODUCTION 

1.1 The ERTS-I Satellite 

lligh above the earth's sur.face, at an altitude of 914 kilo~etersj 

the NASA Earth Resources Technology Satellite (ERTS-I) is surveying our 

planet enabling us to learn more about our resources and thus manage 

them better through remote sensing. Launched by NASA on July 23, 1972, 

ERTS-I is the first spacecraft designed specifically for monitoring 

natural resources, environmental quality, and the activities of man. 

From its celestial vantage point, the 891 kilogram (1964 pounds) 

moth:-shaped satellite orbits the earth in a nearly circular orbit (912 

kilometers apogee al d 917 kilometers perogee) every 103 minutes , sens-

ing185-kilomcter-wide strips of the earth's surface. More than 6.5 

million square kilometers (2.5 million square miles) of the earth's 

surface are "photographed" by the satellite each day. 

In its sun-synchronous orbit. ERTS-I "views" virt.ually the same 

slice of the earth every eighteen days at about tTi.e saIlletimeof day 

(09:30 local sun time for Alabama). The orbit inclination allows the 

orbit plane to advance one deg.·ee per da! so that the orbit plane rela

tive to the sun is maint'ained. The lighting conditions .. are thus nearly 
. '. 

the same for all images of the same area, considering, of course .weather 

1 
and seasonal changes, Three ,1l5-milestripsof l(orth .Am~rica are 

mapped each day along with another eleven such striPs in selected 

" ,j -I 
1· 

~ . 
-: ) . 

Ij 
I 
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areas of the rest of the ~orld. ERTS-I coverage of the continental 

United States i.8 displayed in Figure 1. Similar strips on the 

next day are contiguous to the strips taken on the previous day, thus 

providing systematic, repetitive coverage of the land surfac'e on a 

global scale, while at the same time maintaining maximum consistency. 

Figure 2 illustrates the ground coverage pattern. 

During its first seven months in orbit, ERTS-I imaged every major' 

landmass at least once and all of North America ten times. It had 

taken approximately 33,000 separate scenes as of Ma~ch 9, 1973, from 

wItich the NASA Data Processing Facility (NDPF) at the Goddard Space 

Flight Center Produced over 1,440,659 images. 

Each ERTS-I scene, representing approximately 34,251 square kilo

meters (13,225 square miles), approximates'a true cartographic map2 

meeting or, in some instances, exceeding Natio,nal Hap Accuracy Stan-

dards (NMAS) *. This accuracy, along with ERTS-I' s ability to view vast 

areas of tne earth's surface in minutes, has shown the spacecraft to be 

a very, economical instrument for inventorying natural resources. 

ERTS-I derives its capabilities from a pair of imaging systems-

the multispectral scanner (MSS) and return beam vidicon (RBV) camera. 

Both sensor systems are equipped to "photograph" t1:J.e earth in ,three 

spectral bands (green, red, and infrared). The MSS system alsp 

possesses a fourth band further into the infrared portion of t1:J.g ("pec-

trum. A more detailed discussion of the sensors. abo,ard ERTS:-I wil1 

be given in a subsequent pqrtion of this chapter. 

'*At l:l,oOo,ooo scale, a system-corrected (bulk.) MSS 1magiishould 
meet NHAS, but at 1:500,000, the erro:.: may be about twicethetqlerance 
of NMAS. 
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ERTS-I :I.a also equipped wich a D,ata Collection System (DCS) which 

acquires data from ground based, sensing platforms distributed over North 

Marica. Seven Dats Collection Platforms (oo1'\s), loc.ated along the 

BlaCK Wardo!: River, and in Mobile Bay (Figure 3) monitor water quality 

par8lueters (pH, temperatl,tre, conductivity, and dissolved oxygen) and 

telemeter that information to ERTS-I as it passes overhead for ultimate 

transmission to thu NASA/Goddard SpaceFlight Center, Greenbelt, Maryland. 

Figure 4 illustrates the ERTS-I satellite. 

At the present time, only the MSS sensors are being operated. ~he 

RBV system was shut down shortly after launch beca)lse of two unexplained 

anomalies. The first was, concerned with one of the two tape recorders 

aboard which is used to record images when the satellite is not over 

North America. The second recorder is operating satisfactorily in its 

place, however. The second anomaly affected the power supply circuitry 

for the RBV cameras. In the event of the demise of the MSS sensors, 

however, the RBV system could be activated and used in conjunction with 

3 
the one remaining video tape recorder. 

Information gathe:ced by the MSS system as well as DCS measurements 

are transmitted to th~ee ~round receiving stations in the United States 

(Goldstone, California; Fairbanks, Alaska; Greenbelt, Maryland) and to 

a Canadian station in Saskatchewan. There, the ERrS-I signals are 

recorded on tapes which are I:hen converted into images. 

1.2 ERTS-I.Sensors 

As previotlsly stated,: ERXS":'I ia equipped with two separate reDIClte 

aensing systems. This d\lplicity of sensors, first considered by mallY 
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to be redundant, was demonstrated worthWhile When, after a ~yaterious 

power surge swept through the spacecraft shortly after launch, the 

RBV syatem had to be shut down. ..t . . . 
Even though RBV data was unavailable' for use in this investigation, 

due t:o its untimely demise. there is good, re~aon t:o believe that: the RBV 

sensors are fully operabie and will be,aqtiv!!>ted should the MSS system 

faU. For this reason, a brief descrfpti.bn or the RBV system is 

'warranted; 

The Two-Inch RetuJ:aneam Vidico~ ~hree-Camera Subsystem consists 
. ' "I 

of three coordinated camer~senBors ~h:i.ch;;v':[ew: the identical scene on 

the earth' s surface,' 1>ut~ach' in a different spectral band (blue-green, 
. . • . l . 

(l.475t:o 

0.690 to 

0,.575 microns; red, 0.580 tOO.6801llidrons; and infrared, 

• '4 0.830 microns). Since'theBe:camer~s receive reflected energy, 

the RBV is intended for, use emiy in daylight. 

The area viewe;dby the RBV, meal>ur:!.~~ 185 by 185 kilometers square, 

is stored on the camera tube's: photoseps;!.tive surface. After the simul

taneous shuttering of the three independent cameras, the :UnBge is 
" "-',', --. :., "; " , "-. ' . :- . - - -

scanli:ecfbY an electron beam to ',prod~ce a video signal output. The RBV 

cameras are reshuttered every twenty-five seconds to render overlapping 

. 5 
:Unagesc'along the satell:!.te· s ground track. Figure 5 illustrates 

the orientation of the three camera heads. 

T~e multispectral scanner, which has absorbed the observational 

slack left by the shutdown of theRBV system, cQnsists primarily of a 

line-scanning apparatus uaing an oscillating mirror to continuously 

scan the surface normal to the sat.ellite 1 s ground track as shoWn in 

Figure 6. A diagrammatic sketch of the scanner, contained in Figure 
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Figure 6. MSS System f or Imaging Ground Cover. 
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7, ahows the scannex: elements relative to the orbit. Earth ill down-

ward and the nominally southbound velocity vector ill away from the 

reader. 

The scanner's flat, elliptically-shaped nine by 13 inch mirror 

is oriented 45 degrees with respect to the telescope axis and nadir 

line. The mirror rotates + 2.9 degrees about the velocity vector thus 

scanning a line across the 185 kilometer (115 miles) wide swath. sweep-

ing that same line across the teleocope focus. The forward movement of 

ERTS-l is such that during the time required tll scan across the 185-

kilometer-wide swath, the spacecraft has advanced six fields of view. 

Therefore, six lines, instead of just one, are imaged in each of four 

spectral bands during each sweep. By the time the mirror has returned 

for the 'next sweep, the sateUite has advanced sufficiently (1554 feet) 

6 
so that the next six lines scanned are contiguous to the previous. six. 

MSS sensors "catch" varying amounts of reflected and emitted 

electromagnetic energy from the earth in four spectral bands ranging 

from 0.5 to 1.1 mi.crons. Figure 8 contrasts the spectral response of 

the MSS sensors to that of the RBV sensors. 

On board the spacecraft. the energy readings are converted into 

electrical signals in the four bands, digitized, and transmitted back 

to earth in real time or stored in one of two on-board wide band video 

. tape reco.rders (WBVTR) for transmission to a ground receiving station 

at a later time. 
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1.3 ERTS-I Imagery 

The basic product produced by NASA (Goddard Space Flight Center) 

from ERTS-I data is known as systemwcorrected (bulk) imagery. It is 

available 1n two different formats, as 70 mm transparencies (ppsitive 

or negative) at a scale of 1:3,369,000 or in a 9.5 by 9.5 inch (240 mm 
I 

nominal) transparencies and prints (positive or negative) at a Bcale 

of 1:1,000,000. 

A sample of the MES bulk image format, including registration 

lIlarks, tick marks, gray scale, and alphanumeric annotation, is shown 

III Figure 9. Four registration marks beyond the corners of the image 

(two are shown) facilitate the alignment of spectral images of the 

Bame scene and date but of different spectral bands. Exact alignment 

of the registrat.ion marks of two or more images of the s=e date and 

scene will cause the contents of these images to be registered. 

Tick marks indj.cating latitude and longitude at intervals of 30 

a.rc minutes are found just outside the edge of the image. The geo-

graphic reference marks are appropriately annotated in degree-minutes 

and direction. 

The alphanumeric annotation shown near the bottom of Figure 9 con-

tains information concerning geographic location and time of exposure 

of the scene to which it is attached. The following paragraphs explain 

the alphanumeric annotation of Figure 9. 7 

1) l60CT72: Day, month, and year of picture exposure. 

2) C N3l-46/W086-l3: Format center; latitude and longitude in 

degrees and minutes at the center of the MES image format 
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Figure 9. An ERTS-l Scene of the Montgomery Area 
lliustrating the Alphanumeric Annotation. 
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(point of intersection of diagonalsconuecting regis-

tration marks). 

3) N N3l:-42!W086-l0: Latitude and longitude of the nadir (the 

intersection with the earth's surface of a line from 

the satellite perpendicular to the earth ellipsoid) in 

• degrees and minutas. 

4) MSS 6: Sensor and NDPF spectral band identification code. 

S) D: "D" indicates direct (real time) transmission. 

6) SUN EL42 AZ145: The sun elevation angle and sun azimuth 

angle measured clockwise from true north at the mid...; 

point of MSS frame to the nearest degree. 

7) 190-ll84-N-l: "190" is the satellite heading to the neitrest 

orbit number: "N" refers to the ground recording station 

(NTTF): 1 means the image as full size. 

8} N-D-2L: "N" indicates normal processing procedures were 

used: "D" indicates definitive or best fit ephemeris was 

used: "2" indicates a compressed mode of MSS signal pro-

cessing prior to transmission :trom satellite to ground 

statior.: "L" refers to low gain. 

9) NASA ERTS: Agency and project. 

10) E-I085-l5501-6: "E" stands for Encoded Project Identifier: 

"I" refers to ERTS-I: "085" gives the number of days 

after launch: "IS" gives the number of hours at time of 

exposure: "50" gives minutes at time of exposure: "I" 

gives tens of seconds at time of exposure (Greenwich mean 

time): "6" is the NDPF identification code for MSS 6. 
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Directly beneath the alphanumeric annotation block is exposed a 

fifteenstepgl:"ay-scale.. It .has been sUbjecl:ed.tothe.samei copying and 

processing as. the image to which it isattMlled.· The gray .. sca1e denotes 

the.relat:l..orishi1' between .. ;;. •. ·leve1 of gray .onthe :illlage.aIld.~he electron 

berundensityused to eXpose: the original image.whic);i., in t:llrn, is 

re1atedin:itial1y to the e1.ectromagIletic energyincideri't .On: the MSS 

sensor aboal:d the satellite. 

~heimages can :,e e:ither b:rack-and-white r~1':r6d1icti()ns of the 

scene in each of the four spectral bands, or a color composite of any 

combination of bands, referred to as a "false-color" photograph. 

Exam:l.nation of the imagcs contained in Figure 10 (a-d) demonstrates how 

fea'cures on the ground can appear quite different in each spectral band. 

Forested areas appear dark in MSS bands four and five and relatively 

light in band seven. Interstate highl~ays which are very prominent on 

thevisibl" hands four and five disappear on bands six 8ndseven. Like

wise; both free-flowing and impounded water appears black on bands six 

and seven because of the. •• a1most 'Cotal absorption by water of electro-

magnetic energy in the infrared portion of .tli.espectruffi; .yet, water is 

almost impopsible to detect using spectral bandsCfour and five. In 

add:!:,tion, cities and towns which .arevisib1e as pale shades of gray on 

bands four and five aredark.er and not. as reaclilyappar/?:nton !lands six 

and seven • 

Although lnost of the analysis and interpretation of ERTS-I imagery 

in this investigation was accomplished using individual black-and-white 

images in the: fOl1rspectral bands, a composite image often rendered 

geographic and interpretive infonnation that otherwise would not have 
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been obtained. The coJ,or composite images used were produce.d both 

photographically 

and locally with 

(Model 6000). 

by the EROS data Center, Sio~ Falls, South Dakota, 

2 the use of an I S Mini-Addcol color-additive viewer 

Color composite images are produced by projecting colored light 

through black-and-white transparencies andsuper:tmposing the resultant 

images. Two to four images may be used w:it",varYirighues and light 
,",- .'.' .. -, 

intensities thereby highlighting or subduing certainphys:i.~a1 or cul-

tural features. in the scene .. 

The sceneS represented in Figure 10 a, b, and. d (MSS, bands four, 

five, and seven) were combined photographically to. produce Figure 11. 

Three standard process colors were assigned to the bands, in the order 

of the spectrum (band four, yellow; band five, magent1t;bencf,seven, 

cyan). The synthetic color representations pf th.eteal world colors 

result in the green portion, of the.spectrum (0.5 toO.6mici9ns, band 

four) beingiulagcd as yellow; the red pOrtion of the Spectrl11lt.(O. 6 to 

0.7 microns, band five) being imaged as magenta; and the:i.nfra:red por-

tion of the spectrum (0.8 to 1.1 microns ,band seven)bein'g. imaged as 

blue. 

The extensive red areas in Figure 11 result from the fact that 

growing vegetation occupying these'ilreas radiates strongly in band 

seven and therefore is rendered as red because of the absence of cyan. 

Consequently, the intensity of red coloration is indicative of the 

degree of vigor of the green vegetation. Large urban areas assume a 

characteristic blue-green appearance due to the fact that these urban 
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Figure 11. A False-Color Composite of the Montgomery Area 
Using MSS 3ands Four, Five, and Seven. 
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fore, both yellow and magenta are attenuated and the urban complex 

appears in shndos of blue. 
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PROJEcT BACKGROUND 

2.1 Alabama ERTS Project. 

The University of Alabama, in con:iunction with the Geological 

Survey of Alabama and the· George C. Marshall Space Flight C~nter ,is 

conducting a vig·orous program to determine the feasibility of using 

remotely sensed data from ERTS-I for (1) mapping f~nd use mid detec-

ting land-use change, (2) the inventory and management of natural 

resources, and (3) the improvement of environmental quality in 

Alabama.
S 

The realization of these goals requires the successful 

completion of the following: 9 

1) Identification and educat10n of users regarding the poten-

tial benefits of space-acquired data. 

2) Timely interpretation and dissemination of· information to 

users in a form most amenable to their application. 

3) Analysis of whether or not information gathered from ERTS-I 

imagery offers an improvement over more conventional sources 

of information relating to the user's decisions and actions 

in the management of natural resources and iinprovement of 

environmental quality. 

Through a series of pUbHcand priVate meetings beginning in mid-

1971 and continuing up to the present time, lia:isonwas estabi:Lshed 

with representatives of both private industries and public agencies 
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representing a wide spectrum of disciplines. These professionals (Table 

I) all expressed an interest in using remotely sensed data from ERTS-I. 

Public awareness is only the first step however, and must be followed by 

a conclusive demonstration that ERrS products are advantageous over 

aJ.ternative sources of information. This continuing process of demon-

strating the usefulness of ERrS-I imagery, the prime consideration of 

the University of Alabama ERrS Project, is in itself the only criterion 

which will stimulate and sustain the demand for ERrS-I products. 

To this end, the Alabama ERTS Project is subdivided into five 

distinct yet closely related research teams each led by an authority 

in his field and staffed by graduate and undergraduate research ass is-

tants. The individual research efforts are as follows: 

1) Land use, mineral exploration, and geology: Professor Reynold 

Q. Shotts. 

2) EnvironmentaJ, hydrology, and water resources: Dr. George P. 

Whittle 

3) Marine science: Dr. C. Everett Brett. 

4) Date processing and data management: Dr. Edmond T. Miller. 

5) Economics and user liaison: Dr. J. F. Vallery. 

In addition, Mr. C. T. N. Paludan and Mr. Robert Cummings of the 

George C. Marshall Space Flight Center are working with ERTS in the areas 

of environmental considerations and data processing, respectively. From 

The Geological Survey of Alabama, Dr. James Drahovza1 and colleagues are 

investigating the usefulness of ERrS-I imagery in the areas of geology, 

hydrology, water resources, geography, change detection, and energy 
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TABLE I 

Professionals Expressing an Interest 
in Using ERTS-I Data 

Urban Planners Civil Engineers 

Regional Planners Chemical Engineers 

Foresters Agricultural Engineers 

Geologists Mining Engin".ers 

Ecologists Geographers 

Hydrologists Limnologists 

Agronomi sts Entomologists 

Biologists Architects 

Physicists Archaeologis ts 

Astronomers Demographers 

Chemists Lawyers 

Agriculturists University Faculty Members 
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resources. Close liaison has been established and maintained throughout 

this iuv1.lstigatiou between members of these three msjor research org~ni

~ations. The results have bern complementary. 

2.2 Concurrent Investigations 

2.2.1 Importance 

Throughout the course of this investigation, especially since the 

launch of ERrS-I, information regarding the practical aspects of ERrS 

imagery was being received by the writer on almost a daily basis. In 

addition, he attended several symposia in order to become cognizant of 

what others were doing in applying ERTS-I data, and remotely-sensed data 

in general, to solving problems of the environment. Through correspon-

denee, personal visits, formal meetings, and attendance at these sym_ 

POSi!I, he learned not only What otherll were doing, but also if what 

they wllrG do ing dnd how thay wart! doing it could bl! ut:l.l:I.z!l.d :l.n th:l.s 

investigation. Many fruitful meetings were held with personnel of vari-

ous planning and research agencies during the investigative period. 

Since the significant results of these meetings will be covered in the 

followinr, section (2.3, Project Development), this section will pri-

marily be a discussion of what other researchers were and a.~ doing on 

investigations similar to ours. 

2.2.2 Land-Use Studies 

It was learned from presentations at the September 29, 1972, 

ERTS··I Symposium at the Goddard Space Flight Center, that MSS Bands 

four, five, and seven were the best suited for the production of a color 
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composite. Furthermore, through the interpretation of such a composite, 

many individual crop types and associated soil cond1tions could be 

identified. lO 

The study plan formulated for use in this investigation by which 

a full-frame analysis would be made prior to a detailed survey was 

i f d b th t th ~ 11, 12 Morely (1972) reported re n orce y 0 ers a e. sympos~um. 

good results in identifying vegetation types in the McKenzie Delta using 

MSS bands five and six, an important criteria in mapping marketable 

13 forest reserves. Simpson (1972) reported mapping land use in eight 

14 separate categories at the rate of thirty square miles per hour. Eveu 

after enlarging the ERTS-1 image four times, to a Bcale of 1:250,000, 

his claim of discriminating single-family from multi-family dwellings 

and commercial from industrial developJJlents seemed somewhat extrava-

gant. Nevertheless, some of his discoveries were encouraging at that 

stage in this investigation. 

Many of the researchers stressed the importance of the 1
2

S Mini-

Addcol color-additive viewer in their investigations; and demonstra-

tions of its potentials w~re impressive. The lack of equipment funds 

prohibi ted its use l.n this effort however, although limited access to 

2 an I S Model 6000 Addcol vie,~er was obtained from the Marsha~l Space 

Flight Center, Huntsville, Alabama. Because of this lack of more 

sophisticated equipment, a literature survey was conducted to ascertain 

a suitable analytical procedure for use with ERTS-1 imagery. 

Simonett and Coiner (1971), using a grid overlay on simulated 

ERTS images, first attempted to record land use density by counting the 

number of gray levels within each cell. After determining this to be 
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unrealistic, land-use categories were defined and the number of land-

use types per cell were recorded. They concluded from their study that 

ERTS would be most effective in areas where human impact is less and 

15 where large areas of homogeneous land use occur. Aldrich, ~.al 

(1970), used a dot grid to inventory forest cover using space-acq~ired 

data. 16 Similarly, Simpson, Yuill, and Lindgren (1972) described a pro

cedure for coding land use off of RB-57 imagery using a grid over1ay.17 

The procedure described therein was immediately recognized as being 

applicable to the analysis of ERTS-I imagery. Simpson (1970). offered 

many valuable techniques in the interpretation of high-altitude photo-

18 graphs for land-use mapping. Many of his procedures especially 

those of orienting the grid, were significant in the development of the 

procedure used in this study for mapping both historic and ERTS-I 1and-

use data. 

Anderson (1973), using ERTS-I imagery to map wetlands in Georgia 

used photographic techniques to enlarge ERTS images up to a scale of 

1:24,000 which he found suitable for thematic mapPing. 19 Scale dis-

tortion and cost of photographic processing were judged to be too pro-

hibitive for this investigation however. 

F. C. ;~estin (1973) also used a mylar grid overlay to extl"act 

soils and land-use information from ERTS-I imagery.20 He reported 

excellent correlation of soil associations mapped from ERTS and known 

ground truth. 

Simpson (1973) reinforced the techniques used in thi.s investi

gation.
21 

Although he used ERTS-I imagery enlarged to a scale of 
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1:250,000, instead of the standard 1:1,000,000 image under magnifica-

tion, his procedure of alig?ing the grid was very similar to that used 

here. 

2.2.3 ~ange-Detection Studies 

Most of the investigations cited in the previous section not only 

dealt with land use, but also with land-use chan~e. The two are almost 

inseparable, especially when older maps or photographs are used for 

comparison. One of ERTS-I's attributes is its synoptic coverage which, 

when compared to previously taken scenes of the same area, may in itself 

demonstrate changing features and land-use patterns. 

To date, most of the papers dealing with land-use change and 

change detection have been confined to urban change or change in a very 

22 23 
small system.' Few have ventured forth to measure land-use deve10p-

ments on a regional scale. Two who have, however, were Fitzpatrick and 

Lins (1972). They selected sites from ERTS-I imagery covering a 1600-

24 
square-mile area which they believed to be sites undergoing change. 

In most cases, they were correct; yet, even this study was limited to 

detecting spectral anomalies within the image, and did not venture into 

trend prediction. 

2.2.4 Optimum-Site-Location 
Studies 

Very little has been done in using data acquired through remote 

sensing for optimum-site-10cation of a particular industry. The Federa-

tion of Rocky Mountain States, Incorporated, D~nver, Colorado, has 
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developed a composite mapping program for optimum-site-location and has 

designed a software "p:ceprocessor" to provide a "translator link" 

25 
between interpreted remote sensor imsgery and cellular maps. 

2.3 Project Development 

Many of the obje~tives, procedures, and understandings of this 

investigation were developed through the daily operation of the research 

and close liais?n with other investigators during the entire course of 

this study. To fully understand tllis developmental process and how it 

resulted in the obj ectives and procedures which will be described later, 

some history of this investigation's development will be given. 

The first two weeks of January, 1972, were used to become familiar-

ized with the project's purpose and scope and to decide on an approach 

to the initial task of preparing a land-use map of Alabama to be used 

as a base map on ~hich to superimpose ERTS-I data. It was discovered 

at this point that no land-use maps were available for the entire State 

of Alabama. Those maps that did exist were of many different scales 

and land-use classifications ,,:\d were, for the most part, outdated. 

Hence, it t1aS decided to use part of an eight-month grant awarded in 

January, 1972, by the NASA/Marshall Space Flight Center in the prep a-

ration of a consistent, detailed, and accurate land-use inventory fc~ 

all 67 counties in Alabama. 

On Januarj 11, 1972, a meeting t1aS held with officiale of the 

Soil Conservation Service (S.C.S.) at Auburn, Alabama,.for the dual 

purpose of investigating the mechanics by which the S.C.S. was pre-

paring its land-use maps and to establish close liaison with that 

6-29 

"" . 

J 

I ; I 
j 

i 
1 ;, : ...• 
I" 

r 
1;) 

1 
1 
1 
I 



i I I 
I I 

i ~ 

I 
I I I 

H r I 
~; 
I 
l: 

I I , 
I 

\'1·" ;: 
I , 

agency. Their rectangular cell shape and size later proved inconvenient 

and their computer mapping program (MIADS) was too restricted for our 

purposes. The S.C.S. procedure of plotting land-use data from air photo 

mosaics onto transparent grid overlays did prove feasible however, and 

I 
I , I ! 

Was employed in preparing the base map. 

On February 3, a meeting was held with officials of NASA's Marshall 

i .' I ! 
Space Flight Center to investigate their procedure of land-use mapping 

I 
I' 

L 
I 

I 1 
I 

I' , . 

and computer applications. It was learned there that NASA employed the 

Universal Transversa Mercator (UTM) coordinate system and that ERTS 

I": 
I 

, 
I 
I I 
\", 
I; 

data would be referenced to UTH coordinates. Therefore, it was decided 

to utilize the UTM system in our state-wide land-use survey. It was 
I 

l: I \': 
I , 

also resolved to <:ode land use using categories which were compatible 

! ; 

i l' 1" --..J....... 

with expected ERTS resolution capabilities. The five primary land-use 

categories tentatively agreed upon at the meeting inclu~~~. ~1) urban 
, ~ 
I' 

(-

T I 
t'; ,. 
I' -~.J 

and built up, (2) agricultural, (3) forestland, ~4) water, and (~) 

, 
I' 

V 

J I 

:t,l I' t,b 
i' 

barren land. 

The next two weeks were devoted to devf.loping the grid and cell 

I 
I 

f-' T I .~ 

L· 

size to overlay the air photo mosaics. A square cell representing one 

square kilometer was agreed upon. In addition, a procedure for accu-
l" i; rat ely orienting the grid on the air photo mosaics was developed. The 
I' 

" , 
,.;\ 

~q". 

• 
procedure, to be detailed later, involved overlaying the grid on a 

'I county highway map to derive the UTM coordinates and reference points, 
o- r I 
I 

~ : "?,P 
I' .::. 
I· J:-

and then positioning the grid over the mosaic of the same county such 

" ii 
coo that the reference points plotted on the grid corresponded to those 

1'1 
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features on the air photo mosaic. 
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To facilitate this procedure, the UTM parallele and meridians 

~ere plotted on all 67 county highway maps. This process was completed 

on April 3, 1972. Coding of land UBe from U. S. Department of Agri-

culture air photo mosaics began on April 4, 1972, and was completed on 

October 6, 1972. 

On November 9, the writer formulated and submitted three tenta-

tive thesis objectives. These were based in large measure on the 

preparatory ~1Ork completed on the BRTS Proj ect as of that date and 

before ERTS-I imagery had been received and analyzed. 

Shortly thereafter, the first images from ERTS-I were recei,red. 

These scenes were of the "L" orbit and were acquried by the satellite 

on September 11, 1972. The quality of this first set of data was dis-

appointing and ultimately led to a meeting on November 15, 1972, with 

personnel of the Marshall Space Flight Center. It was determined that 

stricter and more consistent control of image duplication was required 

to resolve the data quality problem. Image quality thereafter was 

somewhat improved. 

An initial analysis of the ERTS imagery was conducted; and, even 

though poor in quality, the images yielded more information than origi-

nally thought possible. There were even instances of surprising detail, 

allOWing definition of a number of interesting and even significant 

features. 

The analysis of ERTS-I imagery began on a systematic basis in late 

January, 1973. Scene analyses were first undertaken in order to provide 

an overview of the entire scene and to indicate potentially troublesome 

areas before the cell-by-cell coding of land use was initiated. , 
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A symposium dealing with practical applications of ERTS-I imagel'y 

was held March 5-9, 1973, at New Carrolton. Maryland. Many of the papers 

presented were of great interest and reinforced the methodology of this 

investigation. From this symposium'and from the results of this investi-

gat ion , it was clearly ~vident that mapping land use from ERTS-I imagery 

was indeed feasible. 

To demonstrate both the feasibility of extracting land-use informa-

tion from ERTS-I data and also its practicality, it was decided in late 

March, 1973, to formulate a composite mapping program using timely land-

use data from ERTS-I in locating optimum sites for industries and/or 

services. A meeting was held on May 30, 1973, with personnel of the 

offices of State Planning and Industrial Development of the Alabama 

Development Office in Montgomery, Alabama. Although they had not pro-

gressed in the direction of a composite mapping program for optimum-site 

location, they expressed a keen interest in its development. They were 

of some help in determining which industries were best suited for the 

I target study area, tentatively envisioned at that time as containing 

approximately ten to twelve counties in southeastern Alabama. They were, 

however, unable to suggest which criteria most affected the location of 

industrial sites. 

In a meeting on May 31 with Dr. J. F. Vallery and Dr. Larry Davis 

of Economics and Finance, College of Commerce and Business Administra-

tion, The University of Alabama, it was suggested and thereupon agreed 

that the basic criteria in optimum site location by the computer com-

posite mapping program should be restricted to those physical parameters 

detectable by ErrTS-I (proximity to urban centers, access routes, ground 
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cover, water availability, etc.) and to relegate socio-economic factors 

to supplemental secondary information. ~t was felt that the value and 

I 
I 

practicality of ERTS-I imagery would be maximized by applying it to 

the location of the most suitable sites for industrial, municipal, and 

I 

I recreational developments. 

2.4 Project Objectives 

The objectives of this investigation were designed specifically 

to be in conjunction w:!.th the over-all goals of The University of 

Alabama ERTS Project discussed it!. Section 2.1. Objectives were chosen 

which would not only demonstrate the feasibility of gathering land-use 

information from ERTS-I data, but which ,~ould also demonstrate its 

practicality and even preferability over other forms and sources of 

data. The reader should realize that thesc objectives were not spon-

taneous1y written, but were composed, edited, written, and rewritten 

. 
I many times over a period of almost seven months. From the;l.r conception 

", j in late 1972, the objectives were developed, defined, and redefined as 

~ the project gained momentum. Only after detailed analysis of the first 

ERTS-I images had been completed were the objectives of this effort 

clearly ~nvisioned. 

The first of this project's objectives was to produce an accurate 

and timely land-use inventory of a predetermined target study area 

using photographic interpretation techniques in ass~ooing multispectral 

scanner data from ERTS-I. This objective was intended to test the 

feasibility of gathering accurate, timely land-use data from ERTS-I 

imagery for comparison w:!.th.and update of the historic data gathered in 

the pre-launch phase of the project. 
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Since change in any area could have far-reaching effects, it is 

imperative that we be able to understand', monitor, and thus predict 

,patterns of change. Realizing that general land use is an excellent 

26 
indicator of the nature and degree of regional change, the second 

objective of this investigation was to produce maps of change for any 

land-use category or combination of categories by comparing historical 

land use data with that obtained from ERrS-I. Achievement of this 

objective would hopefully reveal specific patterns of development, on 

the basis of which, certain trends and recommended courses of action 

could be determined. 

The third objective, that of obtaining spectral signatures of 

both phYSical and cultural features through the correlation of ERrS-I 

data with existing ground-truth information, is actually a by-product 

of and part of the basic structure of the entire study. At the heart 

of any analysis of remotely sensed data is a clear understanding of the 

sensor's resolution capability, the general types of ground cover 

imaged, and the ultimate purpose of the analysis. Deterndning spectral 

signatures of objects on the ground is not merely the process of 

assigning a certain level of gray to a feature forever more to be 

associated with that feature. Topography, climatic conditions, sun 

angle, and image processing all play a significant role in determining 

what a feature's spectral response will be; hence, the same features 

even just a few kilometers apart may possess very different spectral 

signatures. It is, rather, the response of features relative to that 

of the surrounding ground cover which is 80 important. 
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The fourth and final objective of this investigation depends upon 

the successful completion of the first three objectives and yet, is 

considered the most important of the four. The objective is to demon-

strate the usefulness of the Earth Resources Technology Satellite as 

a tool in land-use inventory, management, and planning. Successful com-

pletion of this objective via the afore-me~tioned composite mapping 

program for optimum-site location would not only demonstrate the practi-

cality of the ERTS-I program, but would also be of significant benefit 

to public planning agencies, private industries, and policy makers in 

their planning and regulatory functions. 

2.5 Target Study Area 

2.5.1 Geographical Description 

The target study area for this investigation consists of nineteen 

counties in the southeastern corner of Alabama (See Figure l2). These 

are: Autauga, Elmore, Macon, Lee, Lowndes, Montgomery, Bullock, 

Russell, But.Ler, Crenshaw, Pike, Barbour, Conecuh, Covington, Coffee, 

Dale, Geneva, Henry, and Houston counties. The total area of all nine-

teen counties comprises over 25 percent of Alabams's entire land area 

of 135,289 square kilometers as given in Table II. 

Four State Planning and Development Districts (5, 7, 9, and lO) 

of the Alabama Development Office (ADO) are represented in whole as well 

as one county from District 6, Conecuh County, Figure 13 illu,;trates 

the configuration of the four districts within the target study area. 

Conecuh County was included aD that the target study area would encompass 
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County 

Autauga 

Barbour 

Bullock 

Bulter 

Coffee 

Conecuh 

Covington 

Crenshaw 

Dale 

-- Elmore 

Geneva 

Henry 

Hous ton 

Lee 

Lowndes 

Macon 

Montgomery 

P~ke 

Russell 

1 

TABLE II 

Areal Data on Nineteen-County 
Target Study Area 

Area (kllh 
Percent 

of Target Area 

1583 4.67 

2361 6.96 

1634 4.82 

2015 5.94 

1743 5.14 

2124 6.26 

2734 8.06 

1590 4.69 

1393 4.11 

1672 4.93 

1441 4.25 

1527 4 . 50 

1542 4.55 

1604 4.73 

1872 5.52 

1617 4.77 

2055 6.06 

1710 5.04 

1694 5.00 

6-37 

Percent 
of State Area 

1.17 

1. 74 

1.20 

1.49 

1.29 

1.57 

2.02 

1.18 

1.03 

1.24 

1.06 

1.13 

1.14 

1.18 

1.38 

1.20 

1.52 

1.26 

1.25 

) 
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5. South Central Alabama Development Commission 

6. Alabama and Tombigbee Rivers Regional 

Planning and Development Commission. 

7. Southeast Alabama Regional Planning and 

Development Commission 

9 . Central Alabama Regional Planning and 

Development Commission 

10. Lee County Council of Local Governments 

Figure 13. Alabama Development Office State Planning 

Jistricts Corresponding to the Target Study Area. 
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all of the Alabama State Plannill!!, and Industrial Development Board Area 

Number 2 as given in Figure 14. An obvious effort was made to include 

as many state planning districts as possible in the target study area 

for the purpose of establishing a working relationship with those dis-

tricts and to demonstrate to them the applicability of ERTS-I data in 

their own area~. In addition, three U.S.D.A. Soil Conservation Service 

Arpqs are represented. All counties of Area 5 are included as are 

seven counties of Area 4, and one county of Area 6 (See Figure 15). 

Most of the nineteen-county area is covered by ERTS-I scene K-3 

(See Figure 16). Three additional scenes were required for ~omplete 

coverage, however: K-2, L-3, and J-3. These four scenes are repre-

sented in mosaic form in Figure 17. 

2.4.2 Regional Description 

The area under investigation lies almost entirely within the 

coastal plain of Alabruna, characterized primarily by a moderate topo-

":',-

graphy (10 to 25 percent slope) (See Figure 18). Subsurface geology 

includes Mesozoic shales, clays, and sandstones in the no·rthern por-

tion and Cenozoic limestones, sandstones, and loose agglomerates in 

the southern portion. Paleozoic metamorphic and igneous rocks are 

I 
• 

1 
1 1 

I I I 

I ] 
confined to the northern halves of Elmore and Lee counties. 

In areas underlain by relatively easily-eroded shales, clays, and 
; :-, . 
i 

chalks, cleared agricultural land prevails with forests lining the I. 
rivers and streams. Conversely, in areas overlying the more resistant I~ 

sandstones, uninterrupted forest crown cover occupying the ridges stands 

out vividly in contrast to the cleared agricultural land occupying the 

surrounding valleys. 
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Development Board Area No.2. 
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The Alabama, Conecuh, Tallapoosa, Choctawhatchee, Coosa, and 

Chatahoochee rivers dominate the area's drainage system and were clearly 

visible on the ERTS-I images in Figure 17. In addition, many smaller 

rivers were inferred from dendritic drainage patterns. Many multi-

purpose lakes have been formed along these river~ including Lake 

Mitchell on the Coosa River in Autauga County; Lake Martin on the 

Tallapoosa River in Elmore County; Lake Harding and W. F. George Reser-

voir on the Chatahoochee River in Lee and Henry Counties respectively; 

and smaller lakes such as Point "A" Lake and Gantt Reservoir on the 

Conecuh River in Covington County and Lake Tholocco on a tributary of 

the Choctawhatchee River in Dale County. 

A preliminary evaluation of the ERTS-I scenes covering most of the 
27 28 target study area' revealed the major urban areas of Montgomery, 

Dothan, Auburn-Opelika, as well as the smaller towns of Andalusia, and 

Tuskegee. Connecting routes between many of these cities evident on 

ERTS imagery included 1-65, 1-85, U8-23l, US-80, and U8-29. Other 

cities outside these scenes which were easily detected were Phoenix City 

and Eufaul4 on the Chatahoochee River. 

The great diversity of land-use types was a prime consideration 

in the selection of southeastern Alabama as the target study area. All 

-land uses detectable by ERT8-I are represented. In addition, industrial 

grOt,th in the area over the past ten years, a critical factor in urban 
29 growth, was very substantial. This was also significant in the choice 

of target study areas, in that rapid urban grOt,th as well as the increas-

ing cultivation of previously forested areas facilitate change detection 

on a regional scale. Another important factor in its selection was 

previous personal experience in the area. 8 
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LAND-USE COMPILATION 

3.1 Purpose of Land-Use 

Compilation 

To make competent decisions, Alabama state planners and policy-

makers "-ust have 'accurate, timely information on the msny interrelated 

aspects of their activities. Land use is just one of these aspects, but 

one which in recent years has become progressively more important in 

solving the problems of urban sprawl, forest depletion, strip-mining, 

and other problems of the total environment. Land use reflects man's 

impact on the environment in a readily discernable and vivid way. 

Land development and use in the United States has historically 

been haphazard at best with no apparent planning or forethought. The 

land-use plans that were formulated and even s.dopted by various levels 

of government often were not implemented or otherwise failed. 30 To 

initiate wise land-use planning practices and thus improve the economy 

and environmental quality of the area, it is imperative that planners 

and policy-makers understand land-use trends and be able to monitor 

and predict patterns of land-use change. 

Extraction of land use data from two different time frames with 

subsequent comparison of the data sets facilitates the detection of 

land-use change, especially on a regional basis. The purpose of compil-

ing a historic inventory of land-use information for the entire State of 
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Alabama for the time period 1961 to 1971 was actually twofold: (1) it 

provided the state with its first state-wide accurate, consistent, and 

timely land-usc maps, and (2) it provided the heretofore almost non-

existent "historic" land use data base for subsequent comparison with 

land-use data later extracted from ERTS-I imagery. 

The extraction of land-use data from ERTS-I imagery served a 

plural function. It provided a means of determining the feasibility of 

performing such an extraction accurately and efficiently, while at the 

same time rendering timely information concerning the utilization of 

our greatest natural resource, the land. The inventory of land use 

from ERTS-I scenes also provided a means of assessing land-use change 

when compared with historic data and will in itself serve as a data 

base with ,.hich to compare subsequent data from ERTS-I and its descen-

dents. 

3.2 Land-Use Classification 
Scheme 

No id~al classification ef land use has yet been developed or 

probably ever will be. Each land-use classification in existence today 

was designed with a specific purpose, a certain need, in mind. A 

classification system so designed must meet most of tr.e needs of the 

users or face rejection. 

In developing their land-use classification scheme for use with 

remotely sensed data, Anderson, et.a1 (1972), made the distinction 

between "land use" and "land cover.,,31 Land use refers to man's activi-

ties on land directly relating to the land while land cover denotes the 

the natural vegetation and cultural construction on the surface. 
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Obviously, some of man's activities directly influence the type of land 

cover, e.g., agriculture, urban growth, st.rip~ning, and wat~r manage-

ment. Other activities, however, such as hunting and fishing cannot be 

determined by remote sensing; and an area utilized by hunters and fisher-

men would better be classified as forests and lakes. Land cover there-

fore is the basic criterion in the first and second levels of the 1and-

use classification described by Anderson and used in this investigation. 

All primary levels in Anderson' s c1as.~ification would seem to be 

distinct and separate entities in themselves, but even such a supposedly 

obvious feature as a water-land interface can become impossible to map 

in areas of periodic flooding or in marshes. Equally difficult to 

delineate is the urban-rural interface in winter when the barren agri-

cultural fields give much the same spectral response as paved parking 

lots and streets. Problems of this type are inherent in any c1assifi-

cation scheme and must be considered in the final analysis. 

Anderson's land-use classification system was adopted for use in 

this study because (1) it provided continuity with the majority of 

other researchers in the Unitec. States, (2) the classification was con-

sidered compatible with the resolution capabilities of the sensors 

aboard ERTS-I, and (3) the scheme simplified identification, reduced 

interpretation errors, and provided a format which could easily be ruodi-

fied in order to make it compatible with other land-use classification 

systems. The land-use classification produced by Anderson, ~.a~, for 

the Inter-Agency Steering Committee on Land Use Information and C1assi-

fication is represented in Figure 19. 
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First Level 

Urban and Built- up 

Agricultural 

Rangeland 

Forestland 

Water 

Nonforested Wetland 

Barren Land 

Tundra 

Permanent Show and 
Ice Fields 

Second Level 

Residential 
Commercial and Services 
Industrill1 
Extrsctive 
Major Trans port Routes and Areas 
Institutional 
Strip and Clustered Settlement 
Mixed 
Open and Other 

Cropland and Pasture 
Orchards, Groves, Bush Fruits, 

Vineyards and Rorticulutral Areas 
Feeding Operations 
Other 

Grass 
Savannas (Palmetto Prairies) 
Chaparral 
Desert Shrub 

Deciduous 
Evergreen (Coniferous and Other) 
}lixed 

Streams and Waterways 
Lakes 
Reservoirs 
Bays and Estuaries 
Other 

Vegetated 
Bare 

Salt Flats 
Sand (other than beaches) 
Bare Exposed Rock 
Beaches 
Other 

Tundra 

Permanent Snow and Ice Fields 

Figure 19. Anderson's (1972) Land-Use Class ification Scheme. 
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All land use in Alabama, both past and present, was classified 

according to six of the first level cat1lgories in Figure 19, n!!llle1y: 

urban, agricultural, forest, water, barren land, and nonforestad wet-

land. Restricting the classification to these six categories facilitate 

sccuracy, consistency, and 6peed. 

The afocementioned six Level I land-use categories are further 

defined below it, order to provide the reader w.lth a better understand-

ing of wat was considered as being in each .of these six 1and...,use cate-

gories. As preViously mentioned, the same six categories representing 

a somewhat generalized level of classification and interpretation were 

utilized in coding land-use information from both air photo mosaics 

st a scale of 1:63,360 and ERTS-I imsgery at a scale of 1:1,000,000. 

For the former, the classification undoubtedly could have been much 

more refined, including sub-categories in Level II and even Level III; 

snd for the latter, great effort was often involved in discriminating 

between even the Level I land-use categories. 

Each of the following definitions necessarily was conceived 

early in the land-use coding phase of the project. The process did not 

stop there however; the land-use categories were scrutinized and rede-

fined on a daily basis as problem areas were encountered. Liket,ise, 

the initial analysis of ERTS-I imagery imposed new stresses on the 

classifications of land cover and in some cases reduced the number of 

Level I categories detectable to four while at the same time rendering 

information about second and even third level land use. The number of 

land-use categories used or imposed was due to the geographic area 

under study, the atmospheric conditions at time of acquisition by the 
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satellite, the level of land-use complexity per cell, the amount of 

distortion and "noise" due to data transmission and photographic aber-

ations, and the purpose for Hhich the analysis was being made. 

The Urban and Built-Up land-use cate .. -ry includes all areas of 

intense structural development such as cities, towns, villages, ribbon 

devalopments along roads and HaterHays, pOHer plants, and small clus-

tered developments around major highHay interchanges. Areas lying 

within an urban area, which otherHise would have been classified accord-

ing to another of the Level I categories, i.e., forest land, were coded 

as urban and considered to be parks or low density residential areas. 

High\~ays were not included in any of the land-use categories and were 

not coded. The patterns of other land uses, however, \~hich were to 

some extent dependent on highway development, did indicate the highway's 

presence. 

Agricultural land "as a category gIven to almost all nonforested 

land not occupied by cities, Hater, or extractive industries. In Some 

instances, a distinction could be made bet"een croplands and other non-

forested land on the 0asis of their geometric shapes. 

Forest lands "ere perhaps the least difficult of all the land 

uses, with the exception of water, to recognize; although delineation of 

the forest.-nonforest interface "as often very difficult. Also included 

I 
I 

in this category "ere areas devoid of trees but located in the midst of 

expansive forests. This is particularly true in Alabama .. here large 

blocks of forest land are cut and replanted every t"enty to thirty years. 

No distinction "as made as to "hether the trees .. ere deciduous or ever-

greens, although this distinction was sometimes feasible. 
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All areas coded as Water include areas that are persistently inun-

dated. Streams not actually visible but only inferred were not coded as 

such but were included within the land use in which they were found. No 

distinction was made between fresh and saline water or between natural 

lakes and man-made reservoirs, nor was the intended use of the water 

body or strElam indicated. 

Nonforested wetland referred to those areaS where little or no 

forest crown was visible and where standing water was evident or 

strongly inferred. This category was usually deleted in the actual cod-

ing process since it "as contained in only a few of the southern-most 

counties. 

The Barren Land category was restricted to beaches and sand bars, 

bare rock exposures, strip-mined areas, borrow pits, and rock quarries. 

Land lhat was b<lr.cn due to agricultural tillage and urban expansion was 

not included in lhis category. 

Many Level 1 I and even Level III categories were detectable on 

ERTS-I images at a scale of 1:1,000,000, but were classified according 

to their resp~ctive Level I categories to facilitate land-use mapping 

and change detection on a regional scale. While the classification 

used was very broad and helpful, it did not take into consideration 

some of the characteristics peculiar to ERTS-I imaf,ery. Therefore, the 

classification scheme contained in Figure 20 was developed for use with 

II 1 
':, ,j 

n I'j 

ERTS imagery at least on local levels. 

This classification was formulated directly ont of this investi-

gat ion of ERTS-I imagery and considers only those land-use features 

which are re~dily recognizable. It also provides a means of 

r 
I: 
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1. URBAN 

A. Urban Core 

B. NOllcore (rcaitltmlia1) 

11. RESOURCE PRODUCTION 

A. Agricu1tra1 

B. Forest 

1. Continuous 

2. Discontinuous 

C. Extraction 

Ill. TRANSPORTATION 

A. Motoring 

1. Primary 

2.. Secondary 

B. Railroads (?) 

C. Airports 

IV. WATER RESOURCES 

A. Rivers and Lakes 

1. Fresh 

2. Saline 

3. Turbid 

4. Transitional 

B. Marshland 

Figure 20. A Feasibile Land-Use Classification Scheme 
for Use with ERrS Imagery. 
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I , I, ! discriminating between turbid water (either fresh or saline) and oon-
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turbid water, " condition which is very apparent on MSS 4 (spectral 

green) and MSS 5 (spectral red) as the ERTS-I scene of Mobile Bay 

, 

,I I 

! 
I 

depicted in Figure 21 clearly indicates. 

I , 
I i : 

! 

Classifying airports as a third level land-use category, was con-

sidered misleading considering their size and importance, and hence, 

\ : 1 i 
j , 

: 

they were classified under the general heading of transportation in 

Figure 20. A question mark I~as placed after railroads under "trans-

f-" \.,; ! ... ] 

portation," because to date, no railroad lines have definately been 

: , 
, 
! I, 

identified. They are included here, however, in the event that they 

are detected later using more- sophisticated equipment. 

~~ I 3.3 Grid System and ~ell Size 

1;' 

I L- ~ 

One of the primary accomplishments of the entire Alabama ERTS 

, I :, 
',(" 

Project has been to summarize quantitat;vely the land-use information 

from the air photo mosaics and ERTS-I images in as clear and useful a 

i,> I l~' 

I 

form as possible. It was obvious at the start that the first step had 

to be the definition of an area or a series of areas (cells) and to 

(. I describe them in terms of land-use information. Various grids were 

"." 
L· 

I 
i'. 
~.~. r , 

available for use: arbitrary grids based on a certain number of acres, 

square miles, or a portion of a topographic map, the Alabama state plane 

\, T 
! y' 

L 
~~J 

coordinate system, or the Universal Transverse Mercator grid. 

For the purposes of this investigation, the selection of the Uni-
, 

l' 1- 6 versa 1 Transverse Mercator (UTM) grid system was a fairly easy one. 

; , 
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The Alabama state plane coordinate system was considered unduly awkward 

for two reasons: (1) the state was divided into two separate zones, and 

I' 

I .~ , 
H I , , .. .;; ;.' 
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Figure 21. Monitoring of Turbidity in 
Mobile Bay by ERTS-I. 
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(2) the grid was measured in feet. In contrast, the UTH grid fits 

Alabama entirely into one zone (Zone 16, see Figure 22). The UTH grid 

within each zone is referenced to a central meridian which, for Zone 16, 

is 87 dcgrc\cs west longitude designr..ted as the SOD ,000 meter meridian. 

Values of meridians west of this line within Zone 16 decrease, while 

values of those east of the 500,000 meter base line increase. The values 

of the UTH parallels increase from zero at the equator northward. Figure 

23 illest rates the UTH, Zone 16 grid system supeximposed on a map of 

Alabama. Within this system, almost any size of grid cell can be selec-

32 
ted. Another attraction of the UTM system is its world-wide appli-

cation, an important feature should the metric system be adopted in 

this country. Furthermore, each UTH grid unit is square and of con-

stant size which facili tates computer analysis and display. The fact 

that remotely sensed data from ERTS-I was to be referenced according to 

the UTM system was also a prime consideration in its selection. 

After selecting the grid system to be used, the exact cell size 

was determined. The prime consiaerations in determining optimum cell 

size were the amount of infor:nation required, minimum resolution of 

ERTS-I imagery, and the amount of time required. For the purpose of 

coding land-use information from air photo mosaics at a scale of 

1:63,360, a one square kilometer cell size was selected (15.8 milli-

meters square at that scale). This size of cell allowed technicians 

to pencil in twelve digits comfortably while at the same time not 

compromising the amount of information coded by enlarging the cell size. 

The one square kilometer cell size was again employed in gathering land-

use data from ERTS-I imagery. The scale of the imagery and its minimum 
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resolution of about 300 feet restricted the size of a workable- cell to 

not less than one square kilometer. Therefore, to facilitate compnri-

son with the historic unta and to maintain consistency, a cell size 

representing one square kilometer (one square millimeter on the 9.5 inch 

image) was used. At one square kilometer, the entire State of Alabama 

contains 135,289 cells. 

3.4 The Role of Ground Truth 
and Other Supplementary 
Information 

Ground truth refers to a collection of ground measurements and 

observations about the type, size, condition, and any other charateris-

tics of importance concerning the materials on the earth's surface being 

33 remotely sensed. Ground truth and other supplementary information 

were used in this study as described below. 

In the acquisition of historic land-use data from V.S.D.A. air 

photo mosaics, supplementary information was obtained from Alabama 

county highway maps, U.S.G.S. topographic maps, geologic maps, and land-

use maps of the area under study, as well as from ground truth obtained 

from visits to the area. All of these helped to determine percentages 

of various land uses contained in each square kilometer. Supplementary 

infonnation "as essential in establishing this relatively accurate hi8-

torie uata base \~ith "hich to compare land-use data derived from ERTS-I. 

In analyzing ERTS-I data supplemental information consisted of the 

sources mentioned "hove including the air photo mosaics, but '.-las neCl'S-

sari.ly restricted to thc location and registration of the grid overlay 

because of limitations imposed by time and the scope of this study. 
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Trans,.arent line maps of Alabama at the same scale as the ERTS images 

were u!'ied 0:0 verify the registration. Furthermore, by not prejudlcing 

the a""lyst's decision by using extensive supplemental information to 

determi nc the type of land use being coded, the first step tm~ard test-

ing th" f,'aslblJ.iLy of mapping land uS(' frum ERTS lmagery usinr, a mlni-

mum of ground truth could h" lnitiatl'd. HlIbsequent studies hopefully 

will compare the ERTS-dcrivl,d land-use information from this study to 

accurate ground truth of the area to establish confidence limits for 

ERIS land-use data. Establishing this confidence through statistical 

comparisons and analyses will facilitate mapping land use directly 

off of ERTS imagery with a minimum use of ground truth. Until the 

accuracy of land-use interpretations from ERTS-I imagery can be deter-

mined, it should be recognized that comparisons of ERTS-derived land-

URe data to lh,' hlHtorlc data h;we may fah;e1y hldicate Home appaTt'nL 

chan[les which may not have becll changes at all. 

3.5 Extraction of Ilistoric 
Land-Use Data 

3.5.1 Tuchniques 

The historic data for this study were taken from standard b1ack-

and-white U. S. Department of Agriculture air photo mosaics, an example 

of which is given in Figure 24. Hosaics for the nineteen counties in 

the target study area dated from Harch, 1964, to January, 1969 (Figure 

25), and were at a scale of 1:63,360 or one inch to one mile. 
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Figure 25 . Dates of Airphoto Mosaics, from Which 
Historic Data Base was Obtained . 
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Land-Use information was recorded by pencil onto transparent grid 

overlays (Figure 26) prepared at the Marshall Space Flight Center. The 

grid cells each represented one square kilometer on the ground and mea-

aured 15.8 millimeters square thus corresponding to the scale of the 

air photo mosaics. 

Several preparatory steps had to be taken prior to actual land use 

coding. First of all, it was necessary to transfer the DIM grid system 

from U.S.G.S. topographic maps at a scale of 1:250,000 to the one.inch 

to a mile county highway maps. This was accomplished by measuring the 

distance between parallels and meridians of the Alabama state plane 

coordinate system and UTM system on the U.S.G.S. maps and then measur-

ing off these same distances from the Alabama state plane coordinate 

system on the county highway maps employing a scale conversion factor 

of 1:3.94. 

The next step involved positioning the t~ansparent grid overlay 

on the county highway maps so as to be aligned with the UTM parallels 

0 •• and meridians previously plotted on the map. lhe grid was then labeled 

accordingly. When properly aligned, prominent road junctions, river 

meanders, and other features, along with county borders, were outlined 

on the grid. The grid was then transferred from the county highway map 

to the air photo mosaic. The outlines on the grid overlay of features 

~xtracted from the county highway map were aligned Inth those same 

features contained in the air photo mosaic. In this manner, the UTM 

system and grid were correctly positioned on the mosaic. 

A total of twelve numerical digits were penciled into each 15.8 

millimeter square cell. Referring to Figure 27, th,! first digit in each 
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Figure 26. Sample of the Mylar Grid Used in Gathering 
Historic Land-Use Information. 
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cell was placed in the upper left-hand corner and indicated an outstand-

ing feature of particular interest. If there Were none, a zero was 

rlcordcd in that position. For 8xample, every cell containing any part 

of a particular town may have been given the number "1," and any cell 

containing any part of a navigable stream in the same county as the town 

may have been given the number "2," etc. A cell containing both the city 

and the river would have been given the number corresponding to the city. 

This code was different for each county depending on the nnnber of towns 

over 2500 population according to the 1970 U. S. Census and the number 

of large lakes and navigable streams. 

The next six digits recorded referred to the location of the lower 

left-hand corner of the cell according to the UTM grid system. The 

first three digits refer to the meridian and the last three to the paral-

leI comprising the left-hand and bottom sides of the cell, respectively. 

The reader should note that in recording the UTM cell coordinate, an 

abbreviated form was used. For example, the vertical line (meridian or 

easting) listed in Figure 27 as 500,000 is abbreviated in the cell to 

500. Likewise, the horizontal line (parallel or northing) listed as 

3,540,000, indicated that the parallel was 3,540,000 meters north of 

the equator; and appeared in the cell as 540, since the first \igH "3" 

is constant through the entire length of the State. 

The last five digits at the bottom of the cell indicate the per-

centages of each land use contained within the cell. The numbers were 

given in the same order of land-use cateJories as follows: urban, 

agricultural, forestland, water, and barren land. A sixth digit repre-

senting nonforested wetland was recorded when necessary. Each digit 
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represented tens of percent of one square kilometer occupied by each 

land use. Hence, the five digits given in Figure 27 indicates that the 

cell contained zero percent urban land, 20 percent agricultural land, 

70 percent forestland, zero percent surface water, and ten percent 

barren land. 100 rercent of any land use per cell was designated by a 

n+;" therefore, a cell containing nothing but forestland was given the 

following land-use code: 0 0 + 0 O. 

Although it took almost seven months to analyze and record the, 

1.6 million bits of information for the State of Alabama's 135,389 

square kilometers, the methodology utilized makes it the most sophisti-

cated inventory of this magnitude ever attempted in Alabama. In addi-

tion, the care with which land-use data was extracted along with the 

many checks imposed for accuracy and consistency makes it one of the 

m~nt accurate and useful in existence. 

, The historic land-use mapping Iqas done j'1, considerable detail 

relative to the extent to which land uses were evident on the air photo 

mosaics. The result of this compilation was an accurate but complex 

data base which served both as a product in itself and as a historic 

reference with which to compare ERTS-I data. 

Two computer mapping programs for pictorial display of the digital 

data, MIADS and SYMAP, were investigated in detail and ultimately found 

to be too restrictive in either cell size and scale limitation or lack 

34 of combinatorial capability and required computer time, r~spectively. 

Therefore, a program w'as developed by Dr. E. T. Miller of the Department 
, 

of Civil and }lineral Engineering, The University of Alabama, for ana-

35 lyzing and displaying the land-use inventory data. Through this pro-

gram, termed ERTSMAP, computer maps were generated which depicted the 
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percent of a certain land use per cell according to an eleven step 

density scale. Figures 2~ through 32 illustrate in reduced form the 

type of maps generated for each of the five categories of land use in 

Montgomery County. Similarly, the program was able to generate maps of 

dominant land use per cell. A map of dominant land use per cell for 

Montgomery County is given in Figure 33. 

3.5.2 Feature Recognition 

At the first level of land-use categories used for compilation of 

the data, little if any magnification was necessary except in trouble-

some, extremely complex areas. Accuracy of interpretation was for the 

moat part dependent on the technicians understanding of the classifi-

cation and, to a lesser degree, a function of the technician's skill 

and experience in air photo interpretation. Swanson (1969) makes a 

distinction between "interpretation" and "recognition.,,36 Recognition 

ia actually an instantsnenus reaction, while interpretation involves 

more "thought and consideration of the local environment anel/or related 

structures." Not only did technicians have to interpret what was on 

the ground, but also how much of what was recognized occurred in each 

cell. It was estimated that between 20 to 30 seconds were required for 

interpretation, estimation, and recording of the data per cell. Inter-

pretation, of course, was more time consuming when consulting between 

technicians was necessary. 

Tone and texture were the primary considerations in land-use 

interpretation. Geometric configuration was of lesser importance, but 

was helpful in distinguishing between nonforested agricultural land and 
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land undergoing extraction. Impoundments of water also aided in the 

location of sand pits and quarries. Since all 19 counties in the target 

study area were photographed in late Autumn or early Spring, most agri-
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cultural (ields "'eTe devoid of growth and therefore were readily dis-
Of: c J 

tinguishable from forestland. 

3.6 Extraction of I.a"d-U"l' nara 
1 

----"--_ ... _--------------
From ERTS-l Im.1llery 

3.6.1 Techniques 

Timely land-use data were compiled from ERTS-I images using HSS 

bands four, five, and seven. Data compilation was achieved in much the 

sarne manlier as in the compilation of historic data. Instead of per-

centages of each land use being coded [or each cell, only dominant land 

use per cell was rl'curd"d due to the small scale and resolution of the 

ERTS-l images. Th,' 11I131'("s were at II scale of 1:1,000,000 so that a 

one millimeter ~qllan .. ~ grId (~t'] 1 repreH('nl(~d Olll' Bqll;tl."l~ klJonlC'tcr on 

the ground. 

Again, there was some preparation required before actual land-use 

infol'l\lation could be extracted from the imagery. "QUick-look" scene 

analyses depicting cultural and physical features "'thin an entire 

ERTS-I scene, although highly generalized, provided the preliminary 

evaluation necessary for more detailed invest1.gation later. Specific 

problenl ar('as and interesting phenomena were often uncovered and 

resolved before embarking on a more systematic evaluation. Besides 

merely indicating possible problems areas, the scene analy.es may in 

themselves provid~ needed information and inSight to planning agencies !' 

1>-70; 
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and policy makers. Fieure 34 (a-c) illustrates the type of product 

contained in a scene analysis. 

Following the preliminary analysis, a more detailed, cell-by-ce11 

land-usc inventory was initiated. First of all, an outline map of all 

19 counties Was prepared on semi-transparent millimeter graph pape, 

using the boundaries established for the historic data base. These 

county outlines were at the same scale as the ERTS-I imagery facili-

tating overlay. In this case, however, the grid was placed underneath 

the ERTS-I positive transparency. The semi-transparent grid served to 

diffuse light from the light table more evenly and was less grainy 

than the glass of the light table. In addition, the grid indicated 

what areas of the image corresponded to the cells in each county. 

The next procedure involved positioning the image correctly on 

the millimeter grid containing the county outlines and labeled accord-

ing to the UTM system. At least three natural or cultural features 

were &elected from each scene utilized. They were selected on the 

basis of temporal stability, detectability on ERTP--I imagery, and loca-

tion relative to each other. Since the UTM coordinates of the cells 

containing the features were taken from four to seven year old air 

photo mosaics, features which may have changed location during that 

time, such as river meanders and stn\> pits, were unacceptable. The 

features selected as locational references nec~~~~ri1y had to be 

clearly defined on the scene to be registered. Finally, the feature" 

'T 
, '-~i; :.1 

were chosen so as to form as large a polygon as possible within the 

k 1,1 f:o';', 
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scene. Overlapping scenes always had at least one common reference 

point, thus providing continuity and accuracy. Reference points 
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Figure 31'a. Hap Shm1in8 Drainage Patterns as Intf.orpreted 

from ERTS Frame E-l13S-1S501. 
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Figura 34b. Map of Transportation Arteries and Urban Areas as 
Interpreted from ERTS Frame E-I-1085-1550L 
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1 - Urban 

2 - Agriculture 

3 - Forest Land 

Figure 34 c. Land Us e Frame E 1as1 Interpreted f __ 085-15501. rom ERTS 
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selected included the intersection of two runways at an airport, the j 
1 

confluence of two rivers, small lakes, and darns. Features which could 

have been used include the intersection of major highways, geologic and 

geomorphic features, and persistent, stationary, industrial sources of 

smoke plumes. 

After deciding what the locational feat'ues would be, their UTH 

designation was taken from the air photo mosaiLs. This cell was then 

outlined on the millimeter grid. It was then a simple matter to align 

the features in the image with their corresponding cells on the grid. 

When properly aligned, the center of each registration mark at the four 

corners of the image was indicated on the grid to facilitate rapid and 

accurate registration of different spectral bands of the same image 

without having to repeat the process of feature alignment. 

With the county grid and image correctly aligned, a transparent, 

acetate, "working" grid, at the same scale as the first grid and the 

image, was placed over the image and aligned with the grid underneath. 

This point-grid possessed only a dot in each corner of every millimeter 

square grid cell and therefore d1.d not obliterate any of the detail in 

the scene itself. Pens especially adapted to writing on acetate were 

used to indicate signif1.cant features and coding progress on the grid 

overlay. 

MSS band seven (0.8 to 1.1 microns) was used to code the cells in 

each county which were dominated by surface water. This initial step 

was necessary in order to forego the possibility of erroneously classi-

fying a lake or reservo:f.r as some other form of land use when viewing 

MSS band four and five (visible bands). After color-coding these 
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water-dominated cells, the acetate "working grid" was applied to the 

same scene in band four (spectral gr,'en) and band five (spectral red). 

Beginning at the top-most left-hand corner of the county, each 

row of cells was coded from left to right for dominant land use per cell. 

Using a hand-held 5X magnifier, the dominant land use was determined 

and communicated to a technician who then recorded that information in 

the corresponding space on a blank computer printout of that particular 

county. In this manner, the land-use information for an entire county 

was recorded in approximately one and one-half hours and in a form 

ideally suited for subsequent computerization. 

After land-use compilation was completed for each county, the data 

was put into computer format and stored for future comparison with and 

update of the historic data base. Dominant land-use maps, similar to 

that contained in Figure 33, "ere generated from this information. 

3.6.2 Feature Recognition 

Water features "ere best delineated on the t"o infrared bands, 

MSS six an.d MSS seven, because of the water' s total absorption of 

electromagnetic energy in that portion of the spectrum (700 to 1100 

nanometers), Due to the small scale of t1,.;. imagery, small rivers were 

barely visible and could only be inferred from land-use patterns. 

Small ponds, often less than 100 meters wide, were visible on band 

seven however. 

MSS five (spectral red) was of great value in the recognition 

and delineation of certain cultural features because of its high con-

trast ratio. Urban areas, visible as pale gray tones, were evident, 
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although care had to be taken not to confuse the urban fringe with agri-

cultural land. \~ere the city was surrounded by darker-toned forest 

land, the urban-rural interface was readily apparent. Interstate high-

ways as well as some secondary roads were clearly distinguishable. By 

following these transportation routes, it was possible to locate other 

urban areas not immediatel) ·llTident. 

Although most of the land-use information was extracted from MSS 

five, no single MSS band was sufficient in itself. Therefore, supple-

mental information in the form of 1:250,000 U.S.G.S. topographic maps 

and 1:63,360 county highway maps was employed. This information was 

used on:,y to verify the location of a town already coded and was not 

used to locate urban developments prior to the coding process. Further-

more, whenever ground truth negated the existence of a town in a cell 

which had been coded as urban, the urban classification was retained. 

By not "doctoring" the land-use data from ERTS-I in such a manner, a 

more realistic evaluatlon of ERTS's potential was obtained. 
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CHANGE DETECTION 

4.1 Comparison of Historic to 
ERTS-I Land-Use Data Bases 

4.1.1 Historic Data Base 

The historic land-use information was compiled accordin~ to the 

procedure previously given in Section 3.5.1. To facilitate comparison 

of this data to land-use data acquired from ERTS-I, it was necessary to 

modify the ruapping algorithm to produce maps portraying dominant land 

use per square kilometer. For example, a cell originally containing 

10 percent urban, 40 percent agricultural, and fifty percent forestland 

would be represented on the ~~ill~nant land-use map simply as forest-

land. 

As can be seen from Table III, most of the cells in each county 

contained no more than two land use categories. In a few of the cells 

containing two or more categories, the domL~al'ce was shared by two 

categories, e.g., a cel1 containing 50 percent urban and 50 percent 

agricultural land. When th!.s occurred, a "tie-breaker" was included in 

the mapping program to assign priorities to the six classes of land use. 

The order of preference was offered by officials of the Alabama Develop-

ment Office to correspond to the cell's potential fur urbanization. The 

order of preference is as follows: urban, barren land, wetland, agri-

cultural, forest, and water. In other words, a cell in which barren land 
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TABLE III 

The Number of Cell,; (in Percent) Contain.ing 
a Certa III Number of. Land-Usc Categories 

County Number of Lilad-Use Categories Per Cell 
] 2 3 4 5 6 --_._--

Cone-cull '\0.88 68.2/ 0.8'5 0.00 0.00 0.00 

Covington JI,. lI, 6~.~] 1.64 0.07 0.00 (J.OO 

Crenshaw 28.36 70.82 0.82 0.00 0.00 0.00 

Dale 15.04 81.97 2.99 0.00 0.00 0.00 

Elmore 25.90 66.21 7.42 0.48 0.00 0.00 

Autauga 19.71 74.35 5.81 0.12 0.00 0.00 

Barbour 22.02 74.16 3.22 0.59 0.00 0.00 

Bullock 15.79 83.35 0.86 0.00 0.00 0.00 

Butler 26.95 71.32 1. 74 0.00 O.vU 0.00 

Geneva 8.82 86.76 4.28 0.13 0.00 0.00 

Henry 19.19 77.73 3.01 0.06 0.00 0.00 

Houston 14.01 81. 71 4.28 0.00 0.00 0.00 

L(-!c 26.87 69. 10 3.30 0.12 0.00 0.00 

Lownd,'" 21.10 7(,.10 7.83 O.OS 0.00 0.00 

Macon 22.70 74.13 2.90 0.06 0.00 0.00 

Montgomery 24.90 66.81 8.09 0.19 0.00 0.00 

Pike 10.47 87.13 2.40 0.00 0.00 0.00 

Russell 23.57 71. 86 4.20 0.36 0.00 0.00 

Coffee 18.30 79.75 1.95 0.00 0.00 0.00 
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and forest sharH the dominance, the cell would appear simply as barren 

land on the map of dominant land use. 

Although the dominant land-use maps facilitate comparison with 

ERTS-I data, care ~ust be exercised in their interpretation. For 

example, a small community may occupy a portion of four cells but domi-

nate none and, therefore, not be displayed, on a dominant land-use map. 

Likewise, a cell may contain three different land-use types where none 

of the three constitute even fifty percent of the cell (e.g., 30 percent 

urban, 30 percent agricultural, 40 percent forestland), but because 

forestland is the dominant land use in the cell, although not even half 

the area, the cell appears as totally forest on the dominant land-use 

map. 

From Table IV it can be seen that most of the counties are pre-

dominantly forestland in a forest to agriculture ratio of roughly two 

to one. Geneva and Houston counties reverse this relationship and are 

mostly agricultural by a ratio of two to one over forestland. Montgomery 

County contains only slightly more agri,cultural land than forestland. 

Urban areas constitute just slightly more than one percent of the area 

according to the historic data. Of course, this reflects only those 

communities which dominate one square kilometer or more on the grid; 

hencc, many smaller communities were not represented. 

Notice that in Table IV, the seventh column applies to "bad cells." 

This is somewhat of a misnomer in that, in most cases, "bad cells" were 

intentionally coded as such to provide a means of identifying military 

installations and reserves. Indeed" the occurrence of only a few ran-

domly spaced "l>ad cells" indicate what the name implies, that is, the 
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TABLE IV 

The Distribution (in Percent) of L~nd Use Types in 
Each County According to the Historic Data Base 

and Using Dominant Land Use in Each Cell 

County Urban Agri. Forest Water Barren Wetland 

Autauga 0.63 24.19 74.86 0.32 0.00 0.00 

Barbour 0.64 30.20 67.55 1.3(, 0.21 0.00 

Bullock 0.24 43.15 56.61 0.00 0.00 0.00 

Butler 0.50 17.86 81.19 0.15 0.00 0.25 

Coffee 1.15 39.35 59.50 0.00 0.00 0.00 

Conecuh 0.24 13.09 86.67 0.00 0.00 0.00 

Covington 0.70 27.94 71.07 0.29 0.00 0.00 

Crenshaw 0.19 23.02 76.79 0.00 0.00 0.00 

Dale 0.79 29.94 58.07 0.00 0.00 0.00 

Elmore 0.90 29.96 65.07 4 '()7 0.00 0.00 

Geneva 0.71 66.78 32.38 0.00 0.00 0.13 

Henry 0.46 41.13 56.97 1.44 0.00 0.00 

Houston 3.18 65.50 30.35 0.32 0.00 0.00 

Lee 2.25 23.50 73.13 1.06 0.00 0.00 

Lowndes 0.16 43.06 55.60 0.00 0.00 0.00 

Macon 0.86 38.47 60.67 0.00 0.00 0.00 

Hontgomery 4.43 53.10 42.04 0.14 0.29 0.00 

Pike 0.94 39.65 59.36 0.00 0.00 0.00 

Russell 2.01 28.46 66.29 1.59 0.06 0.00 
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presence of an anomaly in either coding or key-punching. The presence 

of un agglomeration of "bad cells" in anyone area, however, always 

ir,dicates the presen,ce of a military installation. Examples of this ara 

in Russell County (27 bad cells corresponding to Fort Benning Military 

Reservation) and in Dale County (156 bad cells corresponding to Fort 

Rucker). A more appropriate title for these cells, rsther than "bad 

cells," would be the term "other," denoting a cell dominated by a land 

use other than the standard six classifications. 

4.1.2 ERTS-I Data Base 

The compilation of land-use information from ERTS-I imagery was 

previously described in Section 2.6.1. This dominant land use per 

square Idlometer was computerized and entered into the data file to 

allow internal correlation and comparison of data acquired by ERTS-I 

with the historic data discussed in the previous section. 

Table V contains the results of the land-use survey from ERTS-I 

imagery. As in Table IV, this survey indicates that forestland is still 

the dominant land use in most of the counties. Unlike Table IV, how-

ever, no barren or wetland was recorded in Table V. 

"Bad cells" in Table V indicate card-punch or computer printout 

errors and not military reserves as in the historic data base. Military 

bases appeared as urban or forest areas on ERTS-I imagery and were coded 

as such which accounts for the relatively low percentage of "bad cells" 

in Table V. Accordingly, ~he coding of forestland inside the bounds of 

a military reserve previously coded as "bad cells" would account for an 

apparent increase in forestland in a county when in actuality, the total 
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T!IlILE V 

The Distribution (in Percent) of Land Use Types 
in Each County According to ERTS-I Data 

County Urban Agri. Forest Water Barren Wetland 

Autauga 1. 70 37.40 59.13 1.77 0.00 0.00 

Ba oour 3.22 36.51 59.13 1.69 0.00 0.00 

Bullock 1.65 35.01 62.42 0.00 0.00 0.00 

Butler 1.69 25.21 70.97 0.00 0.00 0.00 

Coffee 1. 78 40.39 57.83 O.C" 0.00 0.00 

Conecuh 1.27 23.59 75.14 0.00 0.00 0.00 

Covington 1.13 29.63 68.84 0.40 0.00 0.00 

Crenshaw 2.58 40.25 57.17 0.00 0.00 0.00 

Dale 3.73 32.95 63.03 0.29 0.00 fLOO 

Elmore 4.13 39.59 50.96 5.32 0,:00 0.00 

Geneva 2.79 5/,.25 42.96 0.00 O.UO 0.00 

Henry 1.89 51. 74 44.73 1.64 0.00 0.00 

Houston 7.98 68.68 23.34 0.00 0.00 0.00 

Lee 5.92 23.07 69.01 2.00 0.00 0.00 

Lowndes 1.44 43.48 54.97 0.00 0.00 0.00 

Macon 3.59 40.26 56.15 0.00 0.00 0.00 

Montgomery 9.00 58.30 32.70 0.00 0.00 0.00 

Pike 2.98 54.15 42.69 0.00 0.00 0.00 

Russell 4.96 43.56 51.13 0.35 0.00 0.00 
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number of acres in forests may have decreased. Dale County is an excel-

lent example. While most counties increased in agricultural land at the 

expense of forestland, Dale County increased in both categories as well 

as in urban. According to ERTS-I imagery, Fort Rucker WaS not coded as 

"bad cells" but was coded as urban and forested. 

4.2 Results 

4.2.1 Regional Change 

Table VI illustrates the change in each land-use category as a 

percent of the total county area. As would be expected, urban land use 

increased in all nineteen counties. Also to be expected was the spread 

of agri.cultural areas at the expense of previously forested land. This 

was true for sixteen of the nineteen counties in the target study area. 

Likew:l.se, in most of the cot:.:1ties experiencing agricultural growth, 

there was a corresponding decrease in forestland. Surface water 

increased or decreased very little in any of the nineteen counties; and 

where changes in this category were noted in Table VI, they were pro-

bably due to a slight misalignment of the grid during the coding process 

or a failure to detect the water body on the ERTS-I imagery. 

4.2.2 Urban Change 

One broad goal of this study was to evaluate the utility of ERTS-I 

data to problems of land-use management. There is no greater need for 

management and planning than in the field of urban development. Urban 

a~eas are usually the most dynamic of the six primary land use cate-

gories and are excellent indicators of the economic and social climate 
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of the region. It is obvious, therefore, that the continuous monitoring 

1 of these urban areas and periodic mapping of their growth would facili-

I 
tate the resolution of many regional planning problems. Despite the 

necessity of information concerning the location and extent of cities 

I and towns, however, previous sources of such information represent the 

results of a variety of ad hoc procedures that have developed over the 

I years. In contrast, ERTS-I provides regional planners with timely and 

I 
synoptic information concerning the urban expansion within ti:eir areas. 

Figure 35 is an example of the type of urban change maps that can 
--j 

I" I be generated by comparing ERTS-I data to an accurate historic base map. J , 

By putting the urban change maps for all nineteen counties together to 

1 form a mosaic such as Figure 35, regional urban growth trends are more 

t-: , 

1: 
t,. , 
r- ,-,' 

likely to become apparent. 

Figure 35 i.ndicates that many towns not displayed on the historic 

'.; . 

" 
dominant land-us", maps were evident for the first time according to 

; 

j 
. ,. . 

ERTi:~-l imagery shOl,ing substantial growth of smaller as well as larger 

j 

i 
urban areas. The causes of this urban grOl,th and its resulting growth 

\ 
j'c trends will be discussed further in Section 4.3. 

4.2.3 Rural Change 

The data in Table VI indicates that the dominant transition to 

rural land use in the target study area was from forest to agriculture. 

Bullock, Geneva, and Lee counties, however, experienced a decline in 

agricultural land with all but Lee County exhibiting a corresponding 

increase in forestland. In Lee County, the loss of agricultural land 

was not substantial (less than one percent) and can be attributed to 
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either an error in coding or th," ;;ransgrebd.on of previously farmed and 

fo.' . ted lands by the expanding Auburn-Opelika urban area. The decrease 

of <i..;.:icultural "( ~ivity ;n (;,,[\{!va County is partly due to the expanding 

practice of gr"pi ug tree" for pulp-,;ood and to errors inherent in the 

production of dominant land-use maps. For example, in Geneva County, 

farm fields tend to aggregate between wooded dendritic stream patterns. 

The areas surrounding even smaller tributaries are often swampy and 

unsuitable for agricultural activity and are thus wooded. Therefore, 

most fields are contiguous with forested areas surrounding fingerling 

stream') or larger rivers. These forested areas did not constitute the 

dominant form of land use in most of the cells in the histJric data 

base, however, and the cells were coded as predominantly agricultural. 

When using ERTS-I data (dated September, 1972), however, many of the 

fields still contained vegetation, which, along with the fact that the 

dark forested areas tended to overshadow and blur the lighter-toned 

agriculutral fields, accounts for the apparent decrease in cultivated 

land and an apparent increase in forested land. The situation in 

Bullock County was somewhat more intriguing and proved to be a valuable 

lesson in the compilation of land use from low-resolution imagery as 

well as a commendation of the seasonal coverage afforded by ERrS-I. 

The apparent decrease in agricultural land and increase in forestland 

was not so much the result of an error in interpretation, per se, as it 

was the failure of the NSS sensors aboard ERrS-I to discriminate betlo/een 

growing vegetation in farm fields and natural forest crown cover sur-

rounding them. Inspection of January ERTS-I imagery of the same area 

indi"'lt ed that IT,any of ~he fields, then devoid of vegetation, had been 
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erroneously coded as forestland using September imagery. This drru>!atic-

ally demonstrated to the writer the great benefits of the seasonal 

coverage rendered by ERTS-I. 

4.3 Trend Detection and 
Analysi~ 

Jo'i gil rt, 'HI, a n'I'/"lI,'ntlll lOll 01 tIl(> urhiln information contaillt'd in 

Table VI, illustrates, on a county-by-county basis, the major centers of 

urban growth in southeastern Alabama. According to Figure 36, Mongomery 

and Houston counties have exhibited the greatest amount of urban growth 

over the past nine and five years, respectively, followed closely by 

Elmore and Lee counties. Macon, Crenshaw, Pike, Barbour, Dale, and 

Geneva counties Here next in line with an urban expansion of between two 

and three percent of the total county areas. 

Some definite regional trends in urban development are evident 

from I'i~,ul"l'" 35 and 36, 1 t ('an h~ s('en thilt th" city of Montgomery 

(Montgomery County) apparently is the h"!> of at least three and possibly 

four emerging groHth corridors. For example, Dale and Pike counties 

constitute an apparent growth corridor betHeen the cities of Montgomery 

and Dothan (Houston County). This corridor, as in most cases, seems 

to follOl< the major transportation artery linking the tHO cities. Urban 

development along the route (US-23l) has been heavy. Completion of con-

struction making the route a four-lane divided highHay ~lill certainly 

tend to accelerate the construction of ribbon de\Telopments' and will 

probably help to attract light industry to tOlms "ith direct acceSS to 

the highHay. In addition, the tOlro of Ozark in Dale County has expanded 

southHard along Alabama highHay 85 tOHard the small to~m of Pleasant 
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Hill which in turn is developing toward Fort Rucker. The commercial and 

industrial market at Fort Rucker ad well as the aesthetic appeal of 

nearby Lake Tholocco no doubt played a major role in this expansion. 

Macon C(o'.''1ty, which increased over tl"O and one-half percent in 

urban area since 1964, is a definite expansion corridor for the cities 

of Montgomery and A'lburn-Opelika (Lee County). This corridor fo1101"8 

I-8j running ea~tward from ~!ontgomery County up through the Auburn-

Opelika area and further along U5-43l toward Phoenix Cj ty. Auburn and 

Opelika have grown together along this route and t.ogether are extending 

along 1-85 in the direction of Montgomery. Gruwth of the city of 

Tuskegee as well as of other tOl.tllS in Hacon County are also believed to 

have bC'ncfitcd from this higll1my. Increased trade and travel between 

the commercial, industrial, and governmental center of Montgomery, the 

educational center at Auburn, and the markets of Atlallta, Georgia, 

should stjmulate further growth in the area. 

A substantial urban growth in Elmore County may indicate the 

development of an urban thrust from the city of Montgomery toward the 

commercial and industrial center in Jefferson County to the north. The 

development of urban areas along 1-65 would seem to reinforce ~his 

observation, but further detailed analysis involving more of the northern 

counties would be required to determine its actual existence. 

A fourth growth corridor is indicated by urban development in 

Lowndes, Butler, and Conecuh counties. Again, a major transportation 

artery is the center line of this corridor "hich follows 1-65 from 

Hontgomery to Hobile. 36 The establishment of a "superport" off the 

coast of Alabama should give this corridor one of the highest growtl! 

potentials in the State. 
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A possible expansion corridor seems to be developing between 

Dothan and the Phoenix City (Russell County) area along the Chata-

hoochee River a~ indicated by a substantial urban increase in Barbour 

County, primarily at Eufaula on the W. F. George Reservoir. Unlike 

the previously discussed expansion corridors which followed major 

transportation route~ linking population centers, the Dothan-Eufsula

Phoenix City corridor would seem to owe its urban growth more to the 

multi-use potential of the IV. F. George Reservoir and the Chatahoochee 

River; US-431 would also playa significant role. 

Several second~ry urban expansion corridors are indicated by 

Figure 35. For example, US-82 between Montgomery and Midway in 

Bullock County and Comer, Batesville, and Spring Hill in Barbour County. 

The growth of these towns may indicate a possible secondary growth 

corridor. An interesting pattern of urban growth has developed psral-

leI to the corridor just described. It lies for the most' part in 

Macon County along Alabama highway 26 and the Seaboard Air Line Rail-

road running eastward out of Montgomery. In Russell County, this ribbon 

of urban developmentr. continues to follow highway 26 which is now paral-

leled by the Central of Georgia Railroad line heading up to Phoenix 

City and Columbus, Geor6ia. 

Finally, urban expansion along Alabama highway 52 from Dothan to 

to Geneva (Geneva County) warrants attention as a possible growth corri-

dar between Dothan and the military and resort center of Pensacola, 

Florida. All of these primary and secondary corridors as detected from 

ERTS-I data are represented in Figure 37. 
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Figure 37. Urban Expansion L;oll:idors Detected 

from ER'fS-I Imagery. 
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Figure 35 ia a graphic demonstration of ERrS-I'a ability to moni-

tor and detect land-usc change accurately and at a cost much less than 

by conventional methods. Urban and regioual planners, armed with this 

timely and comprehensive information, will be better able to make vital 

decisions quickly and efficiently. 

6-99 

I 
I 

J 

1 I , 
f 

I I , 
I , 

I ! 
>~ 

I 
1 , 

I .'" 

! , 

I I 
.J , 

1 
I 
i 
\ 

~ ! 
"'.'"" , 

1 

:1 

:l 
it 
:1 
'j 
!.j 

I 
" ;{ 

~ , , 
J ;,! 

,; 

• : ! 
, : 

,~ 

j:, 



-

~, 

I 
i 
I 
I , 
f 

I , 
I 
I 

I -~ 
" 

I 
I i 

I 
I 
i 
I 

! 
I 

I 
I ~; 
i 

I ~i 

I-
I 

f. 
I 

! , 
" y 
i 

i : ; -. 

1--, 
!. 
l 

t , , 
i 
i '. ' 

;~) 
'i)·; 
I , , . 

1--.1 
I , 
~' iI; I; 
1 i 
! 
I 
I i , , 
\-1 , 1 

I i 
I ' , I 
1 :i 

I: 
I' 
II 
U 

... 
'lJ!! 

~ 

I 
~ 

! 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
t 
'f,'.' J:; 

THE FEASIBILITY OF OPTI}rnM SITE LOCATION 
USING LAND-USE DATA FROM ERTS-I 

5.1 Background 

Confrontations between developers and environmentalists have 

increased over the past ten years and are sure to continue as the 

demands of a growing population are satisfied. In the past, these con-

frontations have resulted in either developing an area beyond its capa-

bilities or prohibiting any development in the area. To resolve this 

dilemma, regional planners and indust~ial developers need an analytical 

techniqup. which will allow them to investigate suitable development 

alternatives. 

This chapter describes such a technique using ERTS-I imagery as 

the basic data source. It involves a "macro" or regional location 

search procedure to find the most favorable reglonal locations for an 

ii,Qustrial development. Such an analysis has been performed by the 

Four Corners Regional Commission over large areas of Arizona, Utah, New 

38 Mexico, and Colorado using a computer composite mapping system. No 

such analysis has as yet been accomplished using satellite imagery as 

the basic source of information. It .. as the purpose of this chapter, 

therefore, to determine the usefulness of ERTS-I imagery by applying 

it to an optimum site location procedure. 

In locating a new plant site, an industry must identify a specific 

set of requirements which are important to that industry. For example, 
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industries may require certain raw materials in the near proximity, IJ j 
11 

1 
1 

i! 
1 n 1 

a specific type of labor market, or accessibility by truck, train or 

barge. Eac~ industry will have its own set of vital elements and rela-

tive costs or weights. 

To satisfy these industrial location requirements and to affect 

sound regional planning, the multiple factor search for optimum loca-

i! I 
: I ~ 
~" .l 

~ 
tion must first be done on " macro scale, a region or even an entire 

state. All too often, however, an industry simply considers only a few 
, 

sites within the region and then negotiates with local officials for ! 
additional improvements. By using timely land-use information from 1 

, 
i , 

ERTS-I, however, industries can now systematically scrutinize an entire 

area easily and efficiently. Once this process has detected apparent 

suitable sites on the large scale or regional level, the search pro-
i 
! '-' cess can shift to a more detailed "micro" evaluation using socio- , 

economic data and physical parameters not detectable by ERTS-I. j 
~ , 
1 

1 
1 

5.2 Choice of Paramcters 
" , , 
~ 
1 
1 In demon"trnting the usefulncss of ERTS-I imagery through an , 
~ 

j optimum site location program, it waS first necessary to define a 
, 
I 

1 
1 
1 

] 
-~ 
1 

suitable cell size, the type of "test" industry, and the locational 

criteria. The procedure was applied to a 20,800 square kilometer area 

lying entirely "Iithin the 'lineteen county target study area (Figure 38). 

A ten by ten kilometer square cell size was selected. On a 

regional level, a smaller cell size would have been inappropriate, 
I 

I 
i 
1 

requiring a more exacting local or "micro" analysis of the environment 

far beyond ERTS-I's capabilities. Conversely, a larger cell size would 

T ! 
r 
1 
I 
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1 
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have generalized the information to such an extent that it would have !J 
been self-defeating. 

r I 
For demonstration purposes, an industry type ~laS selected which 

>:--1 
, I I I , would utilize as many ERTS-I detectable parameters as poss:'.b1e. Since 

the target study area had primarily an agricultural economy, the obvious 

choice was that of an "agro-industria1" development which would utilize II 
, , 

~ ! I 
I l I 

1 

many types,of farm products. This development would be an agglomeration 

of industries, some of which would use farm produce as their chief raw 

material while others would produce goods for use on the farm. 

The 10cationa1 criteria were chosen which would best demonstrate 

ERTS-I's value in th' '" type of procedure. For the most part, these 

physical parameters are applicable to almost every industrial deve10p-

ment, thus suggesting ERTS-I's versatility. The weights given to each 

of these parameters IOould change from industry to industry and from 

region to region. 

The fn11olOing parameters were chosen: 

1) Harket and Labor Availability 

2) Agricultural Rating 

3) Plant Site Availability 

4) Availability of Surface Water 

5) GrOl.th Potential 

6) Accessibility by Roads 

7) Accessibility by Railroads 

Market and labor availability is important to any industry and 

1 
an agricultural industry is no exception. Urban centers must be of 

sufficient size to supply the required fac:f.1ities to the company as well 

) 
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as a trained labor force. This involves a broad tax base and community 

acceptance and also well equipped vocational and high schools. These 

socio-economic factors would, of course, only be applied on the local 

level. Therefore, the number of urban cells per macro cell (100 square 

kilometers) was taken to represent an available market and labor poten-

tislo 

The agricultural rating of each macro cell was important to the 

agro-industrial development used in this demonstration. It referred to 

the number of dominant agricultural cells in the macro cell. It was 

important that this type of development be close to the agricultural 

activity because of the perishable nature of the raw materials and 

because services offered by the development would be needed as quickly 

as possible, especially during critical seasons of the year. 

The availability of plant sites is another important consideration. 

In an agri,cu1tura1 region, farm land is at a premium; therefore, indus-

tries using farm products should strive to be close to the farms and 

yet nvt displace the agricultural activity. Since urban and agricu1-

tural land are already in production and water and wetland are unsuit-

able for the location of an industry, forest dominated cells in eac~ 

macro cell were considered to represent suitable construction sites. 

Since this region has an abundant water supply underground as well 

as on the surface, the availability of surface water was not a critical 

factor. Nevertheless, water is readily detectable on ERTS-I imagery 

alld could be important to an industry requiring supplemental amounts 

of water for its processes. Aesthetic appeal of a nearby lake or reser-

voir and the economic benefits of a navigable stream would, in some 

6-104 



\ 

, 

',-, 

.' 

,r ' 1 '," 

cases, be important. Therefore, the number of water dominated cells 

per macro cell was included. 

The growth potential of the area was considered to be one of the 

most important criteria. Referring back to Figure 36, the primary 

corridors were given the highest rating, the secondary corridors the 

next highest, and all other areas were given a value of zero. These 

growth co~ridors, detected by an analysis of ERTS-I imagery, were 

indicative of an expanding urban economy which is a prerequisite to 

urban development. 

Transportation, whether by truck or train, greatly influences the 

location of an industry ,by affecting a compromise between locating near 

39 the market and ncar the source of raw materials. In this case, 

interstate high",ays ",ere weighted heavier than railroad lines. 

Of the seven parameters listed previously, information concern-

ing the first five was extracted directly from ERTS-I images or pro-

ducts thereof. The sixth and seventh parameters ~lere taken from 

U.S.G.S. 1:250,000 topographic maps, although the routes or several new 

interstate higlmays had previously been plotted on the maps using ERTS-I 

imagery. 

5.3 Data Handling 

Data for each of the 100-square kilometer macro cells werc collec-

ted from dominant land-use maps described in chapter four, Section 4.1.2. 

In gathering the data, a template enclosing one square macro cell was 

laid over the ER'fS-I dominant land-use map of the county corresponding 

to that part of the region being scrutinized. The number of cells of 
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each land use was then counted and recorded under the appropriate head-

ing. For instance, a total of three urban cells would give the macro 

cell containing them a market and labor supply rating of three percent. 

In such a manner, a map of the first four parameters with each macro 

cell containing the value of a particular parameter. A map of growth 

potential for the area was generated by a~signing a value of "100" to a 

macro cell contained in a primary corridor, "50" to a macro cell in a 

secondary corridor, and "zero" to all other cells. Urban areas in 

Figure 36 were also given the value of zero since their potential for 

additional urbanization was zero. Data concerning the last two cate-

gories, highways and railroads, were gathered by counting the number of 

cells per macro cell which contained a primary state or federal highway 

or railroad line. The value ~n each cell was then multiplied by a 

numeric weight corresponding to one of the seven parameters. The 

resulting weighted ~a1ues of the same cell in all seven categories were 

then summed and divided by "20," the sum of the weights, to obtain a 

numerical value representing that macro cell's suitability for the loca-

tion of an agro-industria1 development. The weights imposed on each of 

the seven cr:l.teria are given below: 

1) Market and Labor Availbility 

2) 

3) 

4) 

5) 

6) 

7) 

Agricultural Rating • • 

Plant Site Availability 

Availability of Surface Water 

Growth Potential . . . 
Accessibility by Roads 

Accessibility by Railroads 
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Although the procedure outlined above was accomplished manually 

f'Jr this investigation, it was designed specifically for future computer 

application. The same land-use data used in the change detection analy-

sis of the preceding chapter and already in the computer data file could 

be utilized in a location search technique based upon ,qeighted computer-

ized map combinations. Information concerning access routes ao well as 

socio-economic factors will also have to be entered into the data file 

to facilitate subsequent micro cell evaluations. With such data in 

computer format and with ERTS-I providing synoptic updating of the land-

use data file, it will be a simple matter to supply industries, public 

services, and state planning agencies with optimum location meps based 

upon their sets of weighted criteria. In addition, elimination of 

manual compilation and comparison of data will. facilitate inspection of 

regional or state-wide areas using even smaller macro cC!lls than used 

in this demonstration at less time and cost. 

5.4 Results 

The results of the procedure discussed in the previous section are 

contained in Figure 39. Each of the two digit numbers lies at the cen-

ter of a macro cell and designates that cells "suitabilit}·' for the 

location of an agro-industrial development • 

It is evident from Figure 39 that there are two "optimum" macro 

cells in the test area. The first has a UTM designation of 530520 and 

contains the city of Greenville, in Butler County. The second has a 

m'H location of 620470 and contains the small town of Pleasant Hill. as 
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well as the southern most portion of the city of Ozark. Both macro 

c~lls contain major transportation arteries and lie in primbry urbaG 

growth corridors. 

It is obvic.s that the locating of such optimum areas greatly 

simplifies the problem of industrial location. With such a tool, indus-

trip.d could immediately identify the areas best suited to their needs 

and then consider just those areas on a local level.. State planning 

agencies could initiate wise regional planning by restricting the indus-

trial site location process to certain areas or growth corridors thereby 

promoting, restricting, or prohibiting urban growth according to the 

region's capabilities. 
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CONCLUSIONS AND RECOMMENDATIONS 

6.1 General 

ERTS-I was lauched as an experimental model to test its sensing 

and telemetry systems and to determine its usefulness as a tool in 

solving environmental problems. The results of this investigation 

indicate ~hat using ERTS-I imagery for land-use inventory and planning 

on the rebional level is not only feasible, it is preferable over more 

conventional sources of information. Detailed local urban planning 

would, of course, require large scale, low altituce imagery and sub-

stantial ground truth. On the other hand, data compilation for an 

entire state or region using large scale imagery would prove prohibi-

tive in both time am: money. For example, land-use information was 

extracted from ERTS-I imagery for an entire county in about one and one-

half hours. This compares to a period of fifteen hours required for the 

land-use inventory of the same area using air photo mosaics. It is 

evident, therefore, that a complete and timely land-use inventory could 

be accomplished for all 67 counties in A1a~inna after each four day pass 

of the satellite and b~ifore the next sequence of passes eighteen days 

later. This constitutes a significant achievement over the seven months 

required using conventional air photo mosaics which were, at best, two 

years old. 

Ii 
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Although the emphasis of this study was on regional land-use 

inventory and planning, results of other investigations also demonstrate 

the utility and versatility of ERTS-I data. It is the opinion of the 

writer, however, that ERTS-I has its greatest potential in the field of 

regional planning. 

5.2 Recommendations for 
Further Study 

Cities and to~s can be mapped from ERTS-I imagery dnd then com-

pared to histori.c data to detect the amount of areal change that has 

occurred. A study comparing population growth to this areal growth 

would benefit city planners in predicting future urban sprat,l based on 

population grot,th statistics. Conversely, such a study might result in 

a method of predicting a town's population and population increase by 

its geographic extent as detected by ERTS-I. 

It is important to remember that ERTS-I is not a solution in 

itself, but only a tool to be used in solving problems of the environ-

ment. Therefore, a study should be initiated to investigate thE' 

"applied" resolution capabilities of the satellite's sensors; i.e., at 

what scale and for what purposes are ERTS-! images preferable over other 

sources of datil and "hen are they not. This study might also reveal the 

accuracy with "hich land-usc can be extracted from ERTS-I imagery. 

Although trends in .land-use development "an be predicted accurately on 

the regional level from land-use change maps, it is important that the 

type of change and the accuracy of ERTS-I in detecting it on the local 

level be kne>wn. 
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investigate local changes in grollnd cover among the four seaSOUH of 

the year. It ~1as previously stated that agricultural land was more 

easily d,-lineated on January imagery when the fields were barren than 

on September imagery when the fields were still supporting a vegetative 

cover. This type of study may furnish a J1rocedure whereby certain 

types of land use are mapped using imagery from the best suited season 

of the year. 

After the land-use inventory using ERTs··r imagery is complete for 

the entire state, the data file should be expanded to include trans-

portation arteries and selected socio~economic factors. This would 

enable optimum site location analyses to be run for any region in the 

state. Likewise, the urban trend analysis described in chapter four 

should be expanded to the rest of Alabama. 

Finally, an industrial air pollution survey should be attempted. 

This would involve detecting smoke plumes on ERTS-I imagery, pinpoint-

ing their sources and mapping their extent, thereby providing a means 

of determining the areas most affected by air pollution and perhaps 

modeling the dissemination patterns. 

6.3 Conclusions 

This investigation has demonstrated the feasibility of efficiently 

collecting timely land-use data over large regions of the state. Fur-

thermore, it is evident from the preceding chapters that change detec-

tion using ERTS-I imagery, at least on the regional level, is possiLle, 

and that growth trends based upon these changes will be of significant 
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benefit to regional planners and policy makers. Finally, it has been 

shown that industrial developments and/or public facilities can be 

quickly and efficiently furnished with optimum construction. areas using, 

to some degree, parameters derived from ERTS-I data. Computerization of 

the technique described in chapter five will greatly enhance this pro-

cedure and will allow' its expansion to co~posite maps of many pertinent 

variables important to a particular development. It is the writer's 

concluSion, therefore, that not only the feasibility, but also the 

practicality and preferability of the ERTS-I satellite has been demon-

strated but that its full potential will not be realized for many years 

to come. 
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CHAPTER I 

INTRODUCTION 

1.1 G.:!n.:!l-al 

A n~" :md comprehensive vie" of Earth is needed to cope with 

environm~ntal problems, as well as with difficulties caused by an 

expanding population and the depletion of natural resources. Earth 

:ust be vie"ed in its entirety as problems with the air-ocean-land 

syste:u are global in extent. Earth-orbiting satellites, including the 

~rth Resources Technology Satellite (ERTS), have been developed which 

are able to remotely sense the Earth's features as well as the data 

collected by specifically designed data collection platforms (DCP).l 

1.2 The Alabama ERTS Project 

The University of Alabama, with the participa~aon of the Geological 

Survey of Alabama and the Marshall Space Flight Center, hes undertaken 

a study of the feasibility of applying remotely sensed data to the 

management of natural resources and to the improvement of environmental 

quality in Alabama. The accomplishment of this purpose will require the 

following: 

(1) 

" 

Identification and education of USers with regard to the 
potential benefits to be deriv~d from space-acquired data. 

Timely interpretation and dissemination of beneficial infor
mation to ultimate users, especial,ly policy makers and regula
tory agencies. 

" 
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.... : .... :y:. ::. ~L \\·: ... ·t~:...::..· .;':.' .~0t infor:n'~1tion fr(j;'~ rC!:i!Otcly :::;C::1se:d 

I.l.:::.~ rl.':-;ult:i in .1. ~:l~ui(~c.lr.l i':11n·ovc~!o:.'nr: of the:. uzcr'c 
... k~Lti..:.. .. -'n-m~lkine ,'""!billt.y an'J action:) reIn ted to ma.naz~:r.C!nt 
vi natur~l rusourccs nnd environmental qunlity.2 

11,,, vv",oall objoOctivcs of the Alabama ERTS project arc sum;::arized 

in ou[linoO form in '£able 1. In addicion, Tables II and III chow, respec-

tively, ;},",,;}s of ;}pplication of ERTS data and professional people who 

co~ld doOriv" benefits from ERTS data. 

BoOcausoO '''at''r is one of the major natural resources and plays an 

ioportant role in the development of other resources, particular 8mpha-

sis is giv"n to water resl)urces both as to quantity and quality in the 

Alaba~ ERTS project. 3 Therefore, one of the primary purposes of th8 

enviror.mental.phase of this project is to test the feasibility of using 

remo~ely sensed data in conjunction with ground truth daca to monitor, 

predicc, and manage water quantity and quality in our waterways. 

There are several applications for this concept to the monicoring 

:mJ I:l.:-.n.:lr.l.!mcnt of enviromnt.~nt:ll qunlity. One application is concerned 

with the f~st and accurate acquisition of data necessary to meet the 

needs of water resource managers, which include both regulatory ag<onc::'es 

and private industries. 4 Results from data collection platforms stra-

[egically placed in a water basin, togethe~ with satellite icage:-y, ;;.3y 

be USed to characrerize environmental factors and provide means ~o ~cc~rc 

C~~~3~S in environmental quality. In addition, the ERTS data fro~ the 

~C? ~~y be a~?loyad in monitoring environmental changes with cegard to 

enforCing sta~e and federal regulations. The collected data may be 

scored in an inforI:lation system which would allow access to specific 

data according to the needs of the user.2 
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TfIIlLE I 
CBJECTIVES OF ALARI\l"l~ ERTS PROJECT3 

A. TO L'ETE~\1HIE THE JiPPLICABILIlY OF IB'Dl'dY SENSED DATA 

FID'.1 ERTS FOR: ii : 

CD LNlD USE 

(2) INI;8'HORY AND fi\~NAGEfo'OO OF NATURAL RESOURCES 

(3) If'PRO\UENT OF TIlE QmulY OF ENVlRONf~&lT 

'i .-

B. TO DISSEf>1INATE INFDRJ¥.TIo.~ IN FORYS r·'DST SUITJlBLE FOR 

ULTIt1~TE USErs: 

(1) PUBLIC POLIa' TEC~NICIftNS 

(2) IHiSIQ~ rljU,~RS 

(3) PRIVATE INDUSTRIES 

(4) PRIVATE CITIZENS 
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PESTICIDE STUDIES \'lATER QUALIlY fWlAGEVEl~T 
I 

URBflN JlND REGICJ.I!Al PI~NNING 

" 
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TABLE III 

POTENTIAL USERS OF ERTS DATK 

UR3l\N PlA"lNERS CIVIL ENGINEERS 

ltGIITiL\L PlA"lNERS GmI CL\L HIGINEERS 
• 

FOltSTERS AGRIQJLTURAL ENGINEERS 

a:OlDGISTS f1INING 8~GINEERS 

ECOlDGISTS GEOGRAPHERS 
, 

HYDROLOGISTS Uf'NOLOGISTS 
,. 

AGRCNOI'lI STS ENTOn)lDGISTS 

BIOlDGISTS ARGl1TECfS 

PHYSICISTS ARGlN:OLOGISTS 
, 

ASTRa~a\'ERS 1E1JGRAPHERS 

01811STS il.A';lYERS 
, 

I\GR1 CULTUR1STS rnlVERSITY FAQJLTY fH'BERS 

i 
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In order to monitor ~l wnt~r bnsin in an cffDctive and optil:.u:~ 

r,:,:t:\\~l'> it i~ n~~,'~$"ry that the locations of the datil collectiun plat-

i .. H::~iS hI.! ~cl",~ClL!J such. th;lt nH~a.:.;urcmcnts of water qunlity parc.1f.1c::te::rs at 

th~"" l.:>c,1tions "ill b~ indicntive of "atet quality over the entire 

b:t$ in, l11is study is concerned "ith developing methodol0l:Y for selec-

::i,,:\ "r tll"5o. optimum monitoring sites as specifically noted in the 

0bjt.!~tiVC$ given below. 

1.3 Objl:!ctivcs 

TIle objo.ctives of this study were: 

(1) 

(2) 

(3) 

to develop the methodology, based upon a systematic investi
gntion, for selection of desirable locations for placing 
remote sensing deVices (data collection platforms) in a 
wnten;ay such that the data collected will be indicative 
of the water quality over the entire bas~n. 

to select desirable locations for placing data collection 
platforms in a portion of the Black,Warrior River basin. 

to develop a mathematical model which may be employed to 
predict water quality in the Black Warrior basin • 
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CHAPTER II 

HONITORING SYSTnlS 

2.1 C0nv~ntional Automated 
~'!oni tors 

Changes in water quality, such as those caused by storms, industrial 

spills" and flow changes from impoundments, often occur suddenly and 

aifect the concentration of many substances of particular interest. For 

t~is reason, continuous monitoring of water quality is advantageous in 

situations where these abrupt changes are likely to occur. Because of 

the t'anpoHer and time requirement involved in standard manual sampling 

and analysis, testing in water pollution contrpl work has been moving 

more toward instrumentation. 

A typical installation utilizing a cont~nuous, automated monitor is 

" shown in Figure 1. Most automatic monitors have three basic components--

sensor system, analyzer phase, and output phase. The sensing element, 

which is the part of the system in contact with the sample, may be either 

ir;-Cllersed in the stream or set in £101; cell~ through 'which the sample is 

pumped. Because of advantages in design and maintenance, most systems 

use the flow cell principle; however, when the sensor is directly in the 

stream, the sample is not affected by pumping, temperature changes, or 

time of travel through the instrument. 
, 

The types of sensors currently available fall into several cate-

gories: (1) electrochemical sensors,' (2) J'ensors based on colorimetric or 
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li~~ht-:h!"lttt.·ril\~ tnL'a:.alL-,,·lIll'ntn, (3) !icnsor~ measuring temperature through 

\.l!h! o( .. 1. thL'1.·mocuupllJ;, nnu ('I) scn~:;ors mcnsurine physicnl parameters 

such ~s v~lucity. 

The 3n"lyzcl- phase of the monitoring instrumcnt converts the signal 

h-olu the sellsor into a voltage to apply to the output phase. The allaly-

Z(!r may b(! desiglled to receive signals from one or more than one sensing 

e:lcmi!n t. 

Th" output 'phase of the instrument presents the measured value in 

th" n(!cessary units--pH units, milligrams per liter, micromhos, etc.--

and racords it permanently. This component normally has a meter panel 

on the race of the instrument to indicate output to the recording 

devices. 

~nere a number of monitoring devices are interconnected to provide 

a simultaneous evaluation of water quality in a river system, a tele-

m~try system td provide remote handling of 'the data has almost beco~e a 

requirament due to the need for speedy collection and analysis of the 

data. 6 

2.2 Descrintion of ERTS Data 
Collection RlatIOn;s----

The instrumentation used in the ERTS p~ogram for monitoring water 

quality, while in some respects similar to conventional instrumentation, 

embodies some innovative features in its de$ign and construction_ 

Figure 2 shows a sketch of one of the data collection platforrrs to 

be used in the Alabama ERTS project. 'Its ptimary components consfsc of 

the radio transmitter inside the uppet housing, the antenna located on 

top of the housing, and the sensors, which are included in the lower 
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PRIHARY COHPONENTS: 

1 - N.:.::al Pole (support) 

2 - Sliding Fastener 

3 Housing for Analyzer Unit, 
Battery, and Electronic 
Unit 

4 Antenna 

5 Co~nector from Sensor to 
Analyzer Unit in Housing 

6 - Quick Release Pin 

7 Sensor 

5 

4 

3 

-----6 _____ _ 

\ 
I I 
II 
I I 
I I 

7 7 7 7 

Figure 2. ERTS Data Collection Platform7 
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""t~·,,,,,i."y "f 1.h" DCI'. Th" inotrun",ntation of the DC? will be: faotcned 

t.> ;J. "'''tal pol" which has bnnn driven securely into the river bouom. 

Tho.! i'::lst~ni:!r \"ill allow v~rtical movement: of the instrument alone the 

p"le. ["cilit"ting its removal for recalibration and other servicing. 

The DCI' will be submergnd eltcept for the antenna and a small portion of 

th., hl.'lusinC. allol<ing monitoring at a five-foot depth. Another attrac-

tiv" ic"ture of the sliding fastener mentioned above is that it will 

allo\~ the DCI' to float and maintain the five-foot. monitoring depth 

regardless of changes in the water level. 

The DCP will be one of three basic units in the overall data collec-. 

tion system, the other two being the ERTS satellite and the ground receiv-

ing station. As now planned, the DCI' will be activated by a timer 

shortly before the satellite is due to pass ,over in any of several adjac-

en;: orbits within a line of sight of the DCI'. The DCP will remain opera-

tiona1 until the satellite has passed overhead, after which the instru-

ment "ill be deactivated. The water quality measurements taken dUring 

chis period of operation are immediately beamed to the satellite by 

means of a radio transmitter and antenna 'I~Lich are part of the DC? 

itself. Computers on board the satellite will correlate this daca 

received from the DCPs with imagery taken at the same time by so1'histi-

cated scanners on board the satellite and transmit the data to the receiv-

ing stations on the ground. 7 

Two requir'ements regarding instailatiori of the DCP are that it be 

(1) near the shore, where possible damage by contact with river traffic 

in the main channel, will be minimized. and ~2) in a, pOSition such' that 

the line of sight to r~e satellite may be maintained. This latter 
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2.3 f~ ... ~:::~.11jJ!..'.~ ~ .£!~ ER'1'S lbt:l 
S~t.:'~~~ Pl:ltform~ ~·it:!!. 
C .. ·m\·~·~1.::io!l;11 Automrttcd 
~!0ni tvl"S 

In ''''''':1'i1>ing b.:>th the conventional automated monitor and the DC? 

:.:> "" u,;e.! in the ERTS program, several advantages of using the DCI' 

system became apparent. The primary advantage of the DCP is that it 

al101<'; immediate correlation of water quality data with imagery taken 

from the ERTS satellite, in order that a methodology might be developed 

for detecting the occurrence of significant changes in the quality of 

wa~er. Ano~her advantage is that this DCl' data could be used for develop-

ing means of detecting changes in basin characteristics and the cons tit-

uents of runoff from the ERTS imagery. 

Another attractive feature of the DCP is that after the satellite 

co::;"s down there is a possiblity that the IiCP could be utl1h"d in the 

same ~nner as the conventional automated monitor. 

2.4 Paramecers !1unitored 

In the selection of water quality parameters to be monitored, it is 
" 

imporcant to select those which would be of the most benefit to the ulti-

mate users. It was decided that in the Warrior River basin the parame
I 

ters dissolved oxygen, temperature, pH, and specific conductance would 

provide the most beneficial information for the management of basin wa~er 

quality.2 Table IV, which lis ts parameter,\,. according to frequency of 

usage in state water quality standards, in~.icates that. with the excep-

tion of conductance. which is used less than 20 percent of the time, the 
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l'R~QU~~CY OF l'AI~~m'n:1l USAGll IN HA'rl-:R QUALITY CRITERIA 
Ol~ S1'ATE'STANDARDS6 

UnifOl"Jll 
(100;~) 

DO 

pH 

Coliform 

Flo:lting Solids 
(Oil-Grease) 

Settleable Solids 

J,'requant 
(99-50%) 

Radioactivity 

Public Health 
Service Drink
ing Water Stds. 

Total Dissolved 
Solids 

Turbidity and/or Color 

Taste-Odor 

Toxic Substances 

7-13 

Infrequent 
(49-20%) 

Arsenic 

Barium 

Cadmium 

Chromium (+6) 

Fluoride 

Lead 

Selenium 

SiJ:v'er, 

Suspended 
Solige 

Turbidity 

Chl'oride 

Co,!?per 

Nit~ate 

Phenols 

I 
Phosp.hate 

I' 
Sulfate 

Color 
I, 

Cyanide 

Rare 
(19-07.) 

Bottom Deposits 

Chromium (+3) 

Electrical 
Conductance 

Ammonia 

Acidity 

Alkalinity 

CCE 

Hydrogen Sulfide 

.Pesticides 

Sodium 

Iron 

Plankton 

Foar.ling 
Substances 

Boron 

Manganese 

Hardness 
" 

BOD 

MBAS 

Zinc 
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.;;u •• lit)' critl!rin. In vi",. of thc fact that stntc rCilulatory and plan-

ning ng.:mdl!s nrL! anticipated to bc one of the principal users of ERTS 

\'J.tL!r quality datn, the choice of thesc ,four parametc):s appca):s to be 

~dv:m tngcous • 
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CHAPTER III 

SELECTION OF TIlE WATER BASIN AREA 

3.1 B ;\ ~kl!ro\Jnd 

Th~ origi nal plans for this study called for the use o f ten DCPs in 

~~nit~ring the water quality of several river basins on a sta lewide basis. 

Later developments indicated that the numb er of available DCPs would be 

r~ducej to the five nOw allotted to this portion of the Alaba~~ ERTS 

investigation. Based on this reduction, it was felt that the invectiga-

tion should be confined to a single river basin to avoid a t hin covera~e 

of a ~ultiple basin erea, where the data collected would be : rom rela-

tively isolated and unrelated points. Also, simultaneous evaluation of 

water quality with ERTS imagery over a large geographical area would be 

less significant than that produced for a smaller and more extensiVely 

monitored area. 8 

3.2 Rive" Basin Selected 
fo r Investigation 

The sector of the Black Warrior River from r iver mile 385.0 to river 

~< le 335.0 was chosen for evaluation i n t esting th~ ~tility of the DCP 

concept for monitoring water qual i ty. ' Shown in Figure 3, this stretch 

of the river extends from t he confluence of ' the Locust ~~d Mulberry =orks 

eownstream to a point approximately three miles below Oliver Lock ane 

Da~. These limi t s were selected, in part, Because they cover &11 '8ig-

nificant pollutionsl effluanta receivad by the Black Watrior River from 
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thl..~ l\l:~~hly In .. tuHtri.:lli!!t.'u .arc.;\ in the vicinity of l'uscnloosa. Another 

l"\i~u" l.~.::tor conccrninG this scct;or is that the relative quality of the 

water both upstrenm and UOImstrcam of these limits is good while portions 

of tho:! arca considered arc grossly polluted, especially during the low 

flow po:!riods occurring in the summer months. 

The reasons for choosing the Warrior River Basin for the study are 

su~"~rized as follows: 

(1) overall convenience of the basin in regard to data collection 

(2) 

(3) 

(4) 

(5) 

and maintenance of DCPs to the primary investigating groups 

at The University of Alabama, the Geological Survey of Ala-

barna, and Marshall Space Flight Center. 

relatively unrestricted use of the river as a receiving body 

for disposal of sewage and indus1trial wastes. 

location on the river of several'maj?r industries, such as 

chemical, petrochemical, iron pr'oducts, coking, pulp and 

paper, and asphalt operations, which discharge wastewaters 

with varied constitutents. 

location of several dams and hydroelectric power generation 

facilities at Bankhead, Hoit, ana Oliver, which would allow 

the investigation of their effects on the quality of water in 

an impoundment. 

presence of both stratified and 'unstratified conditions in 

the reservoirs, primarily due to the deep, slol;-moving waters 

in Bankhead and Holt pools and the shallow, swifter waters in 

Oliver and Warrior pools. 
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(0) IH·L'~"'·llCC of both r~d.ativl,.·ly unpollutt:!d waters, such :i!i 

lkml,hoacl Pool, and grossly polluted areas, allowing com-

llarative modeling techniques for various degrees of water 

quality. 

(7) potential for additional investigations. such as evaluating 

the moderating effect of a clean stream (Mulberry Fork) join-

ing a relatively polluted stream <Locust Fork). 

The. above reasons for selecting the Black Harrior River point out 

the numerous advantages inherent in selection of this area for investiga-

tion during this part of the environmental phase of the Alabama ERTS 

project. 
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CHAPTER IV 

REVIEl~ OF LITERATURE 

Since the ERTS remote-sensing concept involving correlations of 

i~agary t~ken from the satellite with water quality data obtained by the 

DCPc is new and unprecedented, reliance must be placed on previously 

ra?()rtcd methods for selection of DCP locations and for the development 

of stre~m quality models. 

4.1 Dissolved Oxygen Hodels for 
Flo\,ing Streams and Impoundments 

The _first dissolved oxygen model for predicting oxygen balance in 

a flo"ing stream "as developed by Streeter and 'Phelps9 in 1925. Tne 

formulas, ~hich are based upon two velocity constants, describe the OA7-

gen balance in a stream as a function of distance (or time) f~om a waste 

load discharge point. These two parameters'are kl • the deoxygenation 

velocity constant, and k2. the reaeration velocity constant. These con-

stants describe the activity in the strea~ in an all-encompassing fash-

ion, with the effects of several kno"n interacting factors such as 

photosynthesis and bottom depOSits considered as being included in the 

kl and k2 values. 

Other investigators have proposed models which differ somewhat, but 

all employ the original Streeter-Phelps formulation as the basis of their 

work. GoodmanlO was one of these subsequent investigators who developed 

a mathematical model to apply to flowing streams containing no reservoirs 

and not influenced by estuaries. This partiCUlar effort tOWard water 
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l'h"ll'!l~qu.lri.m 'll\d cOll!liderecl cli""olvecl oxycen concentracion aG the 

pria.:ip .. l1 crit~riull of $tr.;!.:lJll qunlity. Thcne cqutltionc determinine 

-!h~Hl~~\..'~~ in. B~lD .. tHU DO rl~quiru input vnlucn for dcoxyecnation and Tc:al.!ra-

tiCll v,'locity constants, sectlinc out of BOD to bot:com deposits.' resus-

p~:~sion of BOD from bottom deposits, and oxygenation by photosynthetic 

proccssas. 

~!cre recent work involving modeling of flowing streams has been 

reported by the Texas Water Development Board. The result of this work· 

was the ?evelopment of a computer program called QUAL_Ill that is capable 

of producing a time history and spatial distribution of not only EOD and 

DO ~ut also cemperature and as many as three minerals. This is accom-

plished within che framework of a completely-mixed, 'branching scream or 

canal syscem wich multiple waste inputs and wi~hdrawals. In addicion, 

this agency has developed the DOSAG-I12 program, which is used to simu-

late the spatial and temporal variations in BOD and DO under various 

conditions of temperature and headwater flow. 

One, of the more useful recent studies 'aone on the subject of'model

ing dissolved oxygen was conducted by Pyatt,13 who developed equations 

for predicting organic matter and DO deficit not only for a free-flowing 

stream but also for an impounded waterway. These formulations ar~ based 

on the original Streeter-Phelps equations with added "error" terms to 

account for th~ usually omitted factors such as bottom deposits and 

photosynthesis which affect the deoxygenation and reaeration rates in a 

scream environment. 

The modeling of the reservoir-type situation is particularly note-

worthy since relatively few investigators have even attempted such a 
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(::,,:n~~pll!tt:! mixing \oIas nt1$uU\ud for the rcsarvoirs, although this is not 

a.::tu~tll~' th.:. c~sc in mos t iml'0unl!mcnts. 

Churchill and Nicholas 14 also investigated the changes occurring in 

the quality of water during its passage through Tennessee River reser-

voirs and during long storage in impoundments. However, these studies 

~.::~e priIT~rily observations in which no attempt was made toward develop-

ing generalized equations for predicting changes in impoundments • 

4.2 Hater Quality Monitoring 
Svstems 

Quite a number of investigating groups have undert~ken to set up 

syste~s to monitor and control water pollution. Describing all of these 

in Getail would be a formidable task; therefore, only the ones' considered 

applicable to this study are reviewed. 

McCormack and Perlis15 developed a method of optimizing the number 

and locations of measurement stations needed for a particular monitoring 

program. In developing this procedure they" applied theories of system 

optimization to a polluted stream model in which the primary dependent 

variable was dissolved oxygen. The stream models were subject to random 

variations and environmental changes. Measurement er·ror was a function 

of the number and position of the meas'urements, the sample size, and the 

time between measurements. The developed policy minimized an illtegral- ' 

type function involving mean square error and actual measurement cost. 

Other studies, which may not be directly concerned with optimizing 

locations'of monitors, are strongly related to the use of water quality 

data in water resources management and therefore pertinent to the entire 

ERTS pr~ject. A Harvard research teaml6 on 'the Lehigh River was the 
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S)':1 t\..':~\$ ,:ul.:tlysis tcchniquc~. In recent years t both federal accncic:n and 

u!\iv~r!iiti0$ have used systems analysis on river ban ins, including water 

qU.:llicy studies on both the Columbia and the Delaware river sys tems. 

Another group to enter this field of basin management was the Ohio 

River V.:llley Hater S.:lnit.:ltion Commission (ORSIINCO)17 which in 1960 built: 

om 'lUtor.l.:ltic field monitor and a central rec~iving station to aid in 

l"-.:ln.:lgnm.:mt of l~ater quality in the river basin. Later, more field moni-

tors and data processing facilities were added to make up the integrated 

system now in operation. 

Testerman18 reported on a system for recording and transmitting 

digital data at a remote water quality monitoring station that is unat-

tenced. Signals from transducers, which measure water quality chatac-

teristics, are converted to digital signals and, recorded on magnetic 

tape. This unit can be contacted from a central unit for playback of 

the day's recording with the transmitted clata being recorded by teletype 

at the central station. The techniques developed in this study hold 

promise for making water quality measuremedts in remote areas and 'at 

numerous sites and reporting to one central station. 

The United States Army Corps 'of EngineerS 6 has also conducted an 

incerest:ing study involving the control of impoundments to augment flow 

based on infor~ation reported by a monitoring station concerning dilution 

requirements. 
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CHIIPTER V 

DEVELOPHENT OF TIlE MODEL 

5.1 General 

The steps outlined in this chapter were undertaken to develop a 

technique which would ultimately lead to the selection of the desirable 

sites for placing the ERTS data collection platforms. It was intended 

that the methodology developed in this study would find general applica-

tion for the placement of remotely-sensed monitoring stations. 

Since dissolved oxygen is normally considered to be the most i:por-

cant parameter in defining watec quality, it was decided that the pro-

cedure for selecting DCP monitoring sites would be oriented toward locat-
," 

ing the critical dissolved oxygen concentrations in the river basin. 

For this reason, the modeling technique considered in this study was 

h 

centered around Simulating the dissolved oxygen concentrations normally 

found in the river. 

While dissolved oxygen is considered to be the principal parameter 

of interest, the additional parameters of pH, temperature, and conduc-

tivity are also to be monitorcd. Factors such as mine drainage 'and run-

off from agricultural lands, which'would affect these latter thrce 

parameters, were also considered in developing the methodology for 

selecting the monitoring sites. 
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1n uo.!..::iding tu th.·,b.'~:t lut'"cloll:' of rnouitur1nt £itc:s baaed on t.he 

::'.J"c ""n"icivc points [or dissolved oxygen, it was felt that the major 

t1ii\!ct$ on tht1 other three pnrnmctcrs could also be detected at these· 

S..1"\e lo.::ations. The opposite of this, thl is, selecting locations 

based primarily on monitoring pH, temperature, and conductivity would 

110C necessarily produce locations of meaningful dissolved oxygcn con-

c.:!ntracions. The reasoning here was that while dissolved oxygen content: 

is very mu.::h dcpendent on t:ime (and therefore distance), factors t:hat: 

"ould be indicative of changes in pH, temperature, and conductivity, 

such as dissolved solids content, are largely independent of t:ime of 

flow, depending instead on the amount of dilution received. 

For t:he reasons discussed above, the technique developed in this 

scucy does not simulate pH, temperature, or conductivity, but it does 

include the capability of receiving inputs for ~actors affecting these 

par&~eters should it become desirable to include these values in model-

ing studies. 

5.2 Factors Affectit)g Oxygen 
3alance in Streams 

The factors responsible for the occurrence of oxygen variat:ions in 

st:reams as well as for t:he magnitudes of these variations are listed by 

Good~~nlO as: (1) deoxygenation, (2) reaerat:ion, (3) algal activity, 

(!.) benchal demand. (5) settling and rcsuspension of BOD, (6) cc:n?cracure, 

(7) screamflow, and (8) sunlight. • The factors which serve to effect a 
) .. 

decrease in dissolved oxygen conc~ntration are deoxygenation due to 

oxidacion of organic matter, benthal demand (bottom deposits), resuspen-

sion of organic matter having an oxygen demand, an increase in tempera-

ture of the wat:er, and a decrease in streamflow. Conversely, those 
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m:" l""""l"<\cion, the \lhoco.:ynthetic nctivity of alr,ac in combination with 

$m\li~:ht. n~ttlil\~ of Ori~al\ic ma,tccr. hnvlng nn oxyr,cn demand, n decrease: 

in t""'l'cr.:ltlll:e, nnd thc diluting effect: of an increase in streamflow. 

In l'i~urc I, a diag1"am is presented depicting activitics which would exert 

soma mensuro of influence on the BOD and DO systcms of the I:otal river 

environment. 

5.3 Streeter-Phelps Eguation 

The first attempt to mathematically relate the factors affecting 

the oxygen balance in a natural stream was performed in 1925 by Streeter 

.:1:1,0 Ph,,,lps.9 These investigators combined all the factors adversely 

affecting dissolved 0~7gen into a basic deor.ygenation equation, while 

those rae tors contributing to an increase in dissolved or.ygen were con-

bined into a basic 7,aeration equation. These" two equations are shown 
'. 

below in both their differential and their integrated forms. 

dL 
- .. -klL dt 

dD 
- - -k2D dt 

(1) 

(la) 

(2) 

(2a) 

! 
In the above equations L(t) and net) are, respectively, the concen-

tration of organic matter remaining at time t and the dissolved oxygen 

deficit at time t. ~he terms La and Da are, respectively, the concentra

tion of organic matter and the dissolved or.ygen deficit at t - D, '\olhila 

7-25 

ORlulNAL PAGE IS 
OF POOR QUALITY 

, 

1 

I 
1 
1 
1 

J 

I 
l 

j 



r --~'-~:---::-. , . 

! 

r 
-.) 

I 
I 

i 

I 
I 

-..I 
I 

N 

'" 

l~ 

. _. __ " -A'! _ 

~ 
Physical al1G l{ydraulic 

Characteristics 

( 

BOD 5yst":-. ---, ~\ 

Effluent 
Waste Loads 

Streae: BOD ".-,.. ..... ____ Hater Temperature 

,?=-fl""'" 
,.-' 

Relative 
Sunlight 7-~ Photosynthesis Photosynthesis 

Source 

J Water 
Temp. 

-. 

SYstem 

Photosynthesis 
"r!Production 

System 

System 

Hater Bottom 
Temperature Deposit 

Organic SYSte.l1 
Material 

DO System J 

Other 
Sources 
Sinks 

~) Decay System 

Figure 4. Factors Affecting Dissoh.ctl Oxygen 

• -t~-:_:--:-_-J 

Physical and Hydraulic 
Characteristics 

OJ.ygen Level 
r-------------~--~~ 

Syste:n 

Saturation 
Syste;Js 

( 

l---"-

~ 

~.l'~_""'; .... ~ ·" ..... 'bl· • aU - MI'),",. """"""' .. ,~""~,...,,",,,,,"~~~:€, __ 
~-~ "'~'~~"""'-"'),"""""""'"'''''''''~''"'-''''''''~~~~---".~-~~'''';' ¢'" r".. >- t· .. ,;00' ' ...... '. '& .. " l' -l 'OM'" ~ 



I 
I 

~'".. 

/' 

~ 
-

L 
j; 

i 

I.. 

I 
I 
~. 

I 
I 
I 
I 
I 
I 
I 
L 
T 
".'G 

T 
~~ 

'-f • ' . .-' 

.-:-' 
l' 

Equations (101) lind (2u) wern combined to give the well-known dis-

s~lv~d oAyg~n sug equution shown below in Equation (3). 

D(t) (3) 

This cquntion, developed for the case of a free-flowing, non-impounded 

stream, hns remained the basis of nearly all water quality research 

related to dissolved oxygen. 

5.4 }!odifications of the Original 
S"reeter-Phelps Equation E2 
Pyatt 

While the original dissolved oxygen sag equation developed by 

Streeter and Phelps has remained largely unchan$ed, some investigators 

such as pyatt13 have attempted to make refinements, particularly in the 

area of altering the rate constants to account for factors such as photo-

synthesis and bottom deposits in some manner other than grossly cOlI\bin
I 

ing them all together in the kl and kz rate constants. 

Pyatt has proposed accounting for the additional factors in the 

form of certain "error" terms. He has added a factor r, the deoxygena-

tion error term, to the general deoxygenatior. equation to obtain: 

dL 
- =-klL + r 
dt .' 

which, when properly integrated, gives: 

L(t) .. (La - .L) 
~l 
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$i:;: i l,H'ly, l'Y<lt C \W,; add,,,1 u [ncLo); '" c .. llo<1 Chl! rc:oxygenal:ion C!rror 

ccr:\\, to the dissolved oxygen SIlg: cquOotion to obtain: 

(6) 

which, when integrllted gives: 

The error terms rand s are usually set equal to 0.005. All other 

variables in Equations (4) through (7) are as previously defined. 

One drawback to the use of Equations (5) and (7) is that they are 

limited to use 'with a flowing stream. RecognOizing this limitation, as 

well as the fact that most streams are now regulated to some ex~ent, 

Pyatt sought to develop equations for the concentration of organic mat-

ter and the DO deficit in an impoundment. His efforts resulted in the 

following equations: 

D(t) -

(9) 

where the variables are defined as follows: 

La • concentration of organic matter in. the reservoir before the 
inptlt of waste flow from upstream' 
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Lill ~ incoming concentration of organic matter 

Din ~ illcollling dissolved oxygen deficit 

\~ u outflow , 
.... volume 

Z c inflolJ' " volume 

k3 c deoxygenation rate constant for sludge deposits on bottom 
of reservoir 

One limitatioa of Equations (8) and (9) is that complete mixing in 

the r~sarvoir reust be assumed, although this is often not the actual 

case. Even with this bUilt-in source of error, which would probably 

cause predicted values of dissolved oxygen concentrations to be Slightly 

lOIJar than t:hose actually found, these equations have been found to be 

particularly useful in simulating the dissolved oxygen profile ox'a 

stream. Pyatt utilized these equations in simulating the DO profile in 

an actual river basin containing impoundments. showing that the formulae 

developed in his study do provide accurate results., 

5,5 Application £f Formulas 
!£ Harrior River 

\~henconsidering the stretch of the Warrior River with which this 

phase of the Alabama ER',rS proj ect is conceriLed', it became apparent that" 

no single equat~on can be applied over the entire run of the river' from 

(:he confluence of the Locust and Mulberry forks to several miles below 

Oliver Locik and'Dam~ ; . 
Tnis area of the river, which includes ~ll of the Holt and Oltver 

pools and portions of the Bankhead and'Warrfor pools, is, in the 

I 
.. 1 , 
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1 
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! 
I 
1 

I 
i 
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!'..,-,/1 

""uaciOllS (8) nil.:! (9), developed for usa with impoundmants, should ba 

US<ld tOl' this cntire stratch of tl\a rivar. '11\is l~ould cartainly hold 

true for the Bankhcad and 110lt pools, wh,ich, in addition to containing 

ehe deal', slo;~-moving waters charactaristic of impounded seraams, are 

also regulatcd entirely by eha relaasa of water from Bankhaad and Holt 

da:ns. Hmmver. in the case of Oliver Pool and the portion of the Warrior 

Pool includad in this study, the waters are s~alldwer and faster-moving 

than in Holt and Bankhead pools upstream. Another factor to be con-

sidered is that Oliver Dam is a free-flow da~ With the water flowing 

over the crest. As a result, these waters are subjected to much less 

regulation than that found at Bankhead and Holt dams, which are not of 

the frae-flow type. 
:, 

For the reasons enumerated above, it was felt that Bankhead and 

Holt pools are' impoundments requiring' the &e of Equations (8) an:' (9) 

for dissolved oxygen simulation. However. the Oliver and Warrior pools, 

though technically impoundments, more' near]!y approach the conditions of' 

a flowing stream, and warrant the use of Equations (5) and (7) which 

were developed ,'for free-flowing conditions.' 

It should be emphasized that this step is of plramount importance, 

requiring careful, consideration of the stream unde r investigation 'before 

selacting tha appropriate cquations for use in simulating the dissolved 

oxygen profile: 

5.6 Reach Concept Applied 

.££.~ Model 

\, 

Due to an absence of industries and other such inputs along the 

impoundments modeled by Pyatt, each of the 1nlpounded areas was considared 
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~~:~ .. '.\02- r .. '~\ch 1.1t" :i"'~~m""\lt 11;lving no :.uhtllvisions. 'I'his approach lackQd 

''<II' fi.:i.mt <I.,c.li1 to 1II0del a complClc basin such as the Harrior; howeve·r. 

th.· m.'J"litl!1 "quat ions developed by Pyatt can be applied to the Warrior 

Rivt!l" by subdividing each impoundment into smaller reaches that are 

capable of describing additional inputs. 

This concept essentially involves separating the entire lcmgth of 

.h" river under consideration into a number of smaller reaches, such 

that each reach contains only one input, if any. and also to insure that 

the phy.sical characteristics of the river remain the same throughout 

each individual reach. 

In order to follow the above gUidelines, a new reach is begun when-

ever one of the follotving events or structures is encountered: 

(1) entrance of a major tributary 

(2) the discharge of an industry or a qomestic treatment facility 

(3) an industrial withdrawal 

(4) a dam or other flow-controlling structure. 

The first'three categories are necessary in order to reflect changes 

in the quality of water downstream that result from the input of a oajo~ 

tributary or an industrial discharge or withdrawal. The fourth c~tegory 

is necessary due to the nonavailnbility of a technique for predicting the 

dissolved oxygen and organic matter below a dam based on the values of 

these same variables above the dam. A regression method was employed in 

this study using observed values of organic matter and dissolved o~~gen 

both above and below the dams; however, the correlation coefficient Was 

too small to warrant placing much confidence in the calculated line of 

best fit through the data. As a result, the alternative is that a new 
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l:1.· .. '.t:~1 b!"~ cr~.al~u ~lt \.~ach ..1':1In, '\7ith ubtH!rvcd values of organic matter and 

diS$olv"J ol.:y!~"n input into tha modal balow aach dam. 

This inability to simulata tha affact of a dam requires that the 

model daveloped herein ra-start the simulation process at the upstream 

i)ud of each impoundment. leaving a gap in the simulated profile al: each 

of the darns along the river. 

5.7 N\Jc~$sarv Input for 
Each Typ.: of Reach 

The four criteria outlined in Section 5.6 for designating a new 

reach result in seven different types of reaches that mighl: he eneoun-

t.:r.:d, with the following distinguishing characteristics: 

(1) SD--~tream~iseharging into the river in a polluted condition 

(2) SDH--~tream ~ischarging into the 'river ana containing High
quality water 

(3) 

(4) 

(5) 

(6) 

(7) 

R--Restriccion to flow, such as a dam or other flow-control
ling structure (this reach is normally given a length of 
0.6 mile) 

N--No input (reach occurs immediately below a dam and is 
designated as a new reach so that BOD and DO values may be 
input at downstream end of ,type R reach) 

ID--Industry Discharging into the river . (sewage treatment 
faci'lities also placed in this category) 

TI~--Industry Rithdrawing water ftbm the river 

mC--Industry Hithdrawing water {rom the river very Close to 
the discharge point (this r,each given a length of zero yet 
stili designated as a new reach in order to remain separated 
from the discharge) 

Due to the differing characteristics of the input to each of the 

reaches (withdrawal is considered as a; negat~v'r input). each type 9£ 

r"ach will require that different data'be i~i>ut to the model in order 

ch~t the effect of that input might be properly evaluated. Table V 
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,::"""l.,tS 01 a ""mmary or the <.lata that would be needed to sufficiently 

.::h.lractari2e the input for each of thc sevcn typcs 'of rcachcs. 

5.S IHvi~ic1n of I~arrior 
Rivt..1t' in tORC.1Chcs 

Follal,ing the outline set forth in the previous sections for the 

.:stablishm.:lnt of n.:lW rcaches, the section of the Warrior Rivcr from river 

~lilc 385.0 to rivcr milc 335.0 was segmented into 25 different reacncs 

to be consider.:ld in simulating the dissolved oxygcn profile of the river. 

Table VI contains a listing of these 25 reaches as well as upstream and 

downstream bolmdarics and the major input for each reach. 

The actual river mile locations for these reaches were obtained 

from navig:ttion ch:trts of the Warrior River published by tha Corps of 

Engineers. 20 It should be pointed out that the numbering convention used 

with the simulation technique employed in ·th'is,study involves numbering 

reaches at the upstream end of t~e stretch under consideration arid 

proceeding dOlmstream. 

Another convention adopted in this study is, where possible, to 

subdivide the' river such that the type R reaches begin 0.5 mile above 

the dam and erid 0.1 mile below the dam. The reasoning here is that 

those conditions wh:i.ch would set apart the~waters around a dam from 

waters in othe'r sections of the river 'are: (1) large bottom deposits 

in the forebay, extending perhaps as'far a~ 0.5 mile above the dam, and 

(2) swift tailrace currents, whose velocities might be maintained for' 

a distance of 0.1 mile below the dam. 

In some instances, however, the above policy cannot be kept. Such 

is the case around Oliver Lock and Dam, where to extend the reach 0.5 

eile above the dam would include the discharge from the Northport sewage 

········7~.········· 
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1A 
:!..\ 
3A 
4A 
SA 
6A 
7:\ 
SA 
ilA 

lOA 
103 
10C 
II..\. 

I1B 
HC 
12A 
13A 
14A 
15A 
16A 
17A 
18A 
19A 
20A 
2lA 

'l'AULE VI 

llliACIll::S 010' l'I1E WARRIOR RIV£R USED IN 

SI}ruLATION OF DISSOLVED OXYGEN 

Upstrt:!nm 
R. H. 

385.00 
382.00 
367.50 
366.00 
365.40 
361.50 
347.50 
346.90 
346.30 
345.70 
345.70 
345.20 
3/14.40 

344.40 
344.39 
343.70 
343.50 
343.00 
3/12. SO 
341.60 
338.41 
338.39 
338.,10 
337.00 
336.70 

Downstream 
R. M. 

382.00 
367.50 
366.00 
365.40 
361.50 
347.50 
346.90 
346.30 
345.70 
345.70 
345.20 
344.40 
344.40 

344.39 
343.70 
343.50 
343.00 
342.50 
341.60 
338.41 
338.39 
338.10 
337.00 
336.70 
335.00 
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Inpu'.: 

Locust & Mulberry Forks 
Vallcy Creck 
Yellow Creek 
Bankhead Locl< & Dam 
None 
Davis Creel, 
Holt Lock & Dam 
None 
Hurricane Creek 
Reichhold Chemieal Co. Intake 
Reichhold Discharge 
A. B. C. Discharge 
Int:ake for ~7arrior Asphalt Co. 

.& Empire Coke Co. 
Warrior Asphalt Discharge 
Empire Coke Co. Discharge 
North River 
Central Foundry Discharge 
Gulf States Intake 
Gulf States Discharge 
Tuscaloosa WTP Discharge 
Ji!orthport STP Discharge 
O'liver Lock and Dam 
None 
Hunt Oil Co. Intake 
RUnt Oil Discharge 
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£':>1' .).~.:h l'.)a"h could not be met. To circumvent this problem, the treat-

m.:.nt plant .:.fflu.:.nt was included in a reach of length 0.02 mile and the 

reach containing the dam was restructured so as to extend 0.3 mile above 

tho dam and 0.1 milo belmy the dam. This solution provided that each of 

the tt~O reaches would contain only one input. 

5.9 Ad.~itional Equations Used 

In developing a method for simulating the dissolved oxygen profile 

of a stream, the most important equations are those which actually pre-

dict the concentration of organic matter and the dissolved oxygen 

deficit. However, there are quite a number of other formulae utilized 

in providing input values to the final equations. These supporting 

equations are briefly described in the following sections. 
:i • 

5.9.1 ~elocitv ~ Constants 

The three rate constants are comprised of the biodegradation coef-

ficients kl and k3 and the reaeration coefficient k2' Commonly, the 

value of kl • the constant pertaining to deoxygenation of suspended 
• I 

organic matter, is obtained as the slope of a semileg plot of organic 
I 

=atter remaining versus time. However, in quite a few instances during . ' 

this study, when any BOD measurements at all had been taken, they usually 
~ 1 I 

consisted only of BODS and BOD20 (La)' In such cases the value of kl , . 
(base 10) was found by utilizing Equation (10): 

(10) 

which could be modified to the form of Equation (11)., 
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(11) 

In those CAses where no nOD measuroments had been taken by some of the 

industries. the author was foreed to rely on some typical kl values 

given by Eckcnfelder21 for certain types of industrial wastes. 

According to pYAtt13 the value of k3. the deoxygenation rate con-

stant for bottom deposits in reservoirs. can be safely assumed to equal 

0.005. 

Quite a fe\~ empirical formulas have been developed for calculating 

k2. the reaeration coefficient. Most are of the general form: 

cvm 
k2 - - (12) dn I, 

~ihere V is the mean velocity. d is the mean depth, and C. m, and n are 

coefficients varying according tg the use of each investigator. 

The particular formula providing best results with a certain strea~ 
1 

varies aecording to the charaeteristics peculiar to that stream. Results 

obtained in this study indicated that the equation developed by O'Connor 

and DObbins 22 : 
" 

k2 - (13) 

provided the most accurate values for. k2 in' the Warrior River. 

5.9.2 Correct:ions for 
Ter.lDerature 

.' 

All of the above methods for calculati~g the velocity rate con-
11 

stants result in values accurate only at a temperature of 20 °c anA. 
" 

l.J 
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c.,;\:;.,.;""llt1y, lh":;,, va1U"1l :aU:lt lh! adjuated to the temperature of the 

water; 

( ) (20) . ~1.047;l. T-20 Itl T .. kl L.: J (14) 

(15) 

(16) 

In addition, the value of the ultimate BOD (La) must be eor,ected 

to the proper temperature: 

La{T) m La (20) ~.02T + O.~ (17) 

In each case, Equations (14) through (17) reprepcnt the commonly 
.. 

used methods of correcting that particular parameter for temperature.12 

5.9.3 Disso~ .Q?fYgen Saturation 

In order to determine the dissolved oxygen deficit in each reach 

of the riVer, it was necessary to knew the saturation coneentratidn of 

dissolved oxygen for the water in the main stream of the river as well 

as in the inputs of various tributaries and industrial wastes. 
, 

Quite a few references contain tables showing the saturation values 

of DO at various temperatures; however, in a simulation technique, the 
.1 4 • 

saturation values are needed in an equation form which is more easily 

adaptable to computer programming. The particular empirical formula 

employed in this investigation for calculating the saturation concen-

r " .' tration of dissolved oxygen in water at a certain temperature was 

.~--.----
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.kv~l':>l'~d "')' 'l'VA- and is :;l!own below: 

DOsat a 14.65 - 0.41 T + 0.008 T~- 0.00008 T3. (18) 

5.9.4 C0,ractions for 
Chal1f\es i:!!. PlON 

.~ each new reach is encountered and the particular input for that 

reach is added to the·flow from the reach immediately upstream, it was 

necessary to correct values of kl , dissolved oxygen deficit, and con

centration of organic matter for the mixed flow. The dilution method 

is employed in each case: 

kl Qup + kl Qin 

kl .. Qup + Qin 

D .. 
D Qup + D Qin 

Qup + Qin 

(19) 

(20) 

,. 
(21) 

" j' 

where Qup is the flow leaving the reach immediately upstream and Qin 

is the additional floW entering at the head of the particular reach 

under consideration. 

,: 
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CllAPTBR VI 

COLLECTION OF DATA 

6.1 

As previously stated, the primary purpose of this investigation 

was to locate the optimum monitoring sites for DCPs based upon critical 

dissolved oxygen concentration levels. The most promising technique to 

be employed for meeting this objective appeared to be a simulation of 

the dissolved oxygen profile of the river. It became evident that the 

period of the year which would present the lowest, and therefore most 

critical, values for dissolved o~~gen would be the summer months of June 

through September, when the volume of flow i' lowest and the temperature 

of the water is highest. It also appeared logical that the simulation 

technique and subsequent selection of DCP sites should be based upon the 

critical monthly average values for dissolved oxygen rather than upon 

critical daily values, since the monthly values are less subject to 

variations with respect to location that would normally be encoun'tered 

With daily values. In addition, the data collected was obtained during 

the months of the previous summer, in order to assure that the data 

reflected any recent developments which might cause cha~ges in the water 

quality of the river. 

The nature of' a study of this rype requires the acquisition of large 

amounts of data for many parameters in order to characterize adequately 
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th., \:Il,llit.y .,( til\! ImCer .til a rive," :1Ilt! in the mlljor inputs. MAny 

s.:>m·C\lS of inforl11:l cion were investiented in searching for thCl data 

needed to develop thCl model. Information was obtained from interviews 

l~ith representatives of tb'l various industries., STORET, the Environmental 

Pr.:>tcction Agency's data acquisition system, and river surveys Clonducted 

b~' Alabama POl~er company24 and Gulf States Paper corporation. 2S 

It was hoped that STORET, a computer-oriented system devised by EPA 

for storage and retrieval of \~ater quality data,26 would be one of the 

principal sources of information. However, as a result of studying a 

report by Miller and Halters27 on the use of STORET in water quality , 

canag~~ent and gaining some experience with the mechanics of using the 

system, it was concluded that the data available for the Harrior River 
, 

was not recent, and therefore of little value in providing input to the 

model. , . 

The remaining sections of this chapter1are devoted to a general 

discussion of the sourcClS of information resorted to in the search'for 

each type of input data. A detailed listing of the data sources and all 

data gathe,red for each reach of the river is presented in Appendixin. 

6.2 Velocity Rate Constants 

Values of kl , the overall deoA~genation constant, are necessary for . . 
each input of industrial waste or discharge from a polluted scream. as . , 
well as kl values for the stream flow below each of the dams on thCl 

river. The kl values imrnediatClly below the -darns were obtained from BODS 

and BOD20 values, measur.ed at these locations: by Gulf States Paper Corpora

tion during their summer river surveys.?5 I;n those cases where BOno and 

BOD20 values were obtained by some of. the industries on the river, such 

---~~- -----
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with l:o!prilS"tlt'ltives of the particular induiitry. When such values were 

not klhwn, typical kl values given by Allen llnd Bodcnheimer29 for paper 

lllill \J.l,. te :md by llckcnfelder21 for other tyljes of waste were assumed to 

app1)' for tho industries in question. 

TI,,, r"o."ro.tiotl rate constant for eaeh reach was computed by the 

O'C"nnor-DobbillS formula given in Section 5.9.1, while values for the 

"thar ~onst.lnts--lt3' r, and s--were all assumed to be 0.005. 13 

6.3 Di%olv.:!d Oxvgen ~ BOD 
i:l t:hc Rivar and its 
Triimtarics --

The major portion of the data for the parameters ~as obtained from 

the previously mentioned river quality, surv<7Ys conducted during the 

su~~er of 1972 by Gulf States Paper Corporation25 and Alabama Power 

Cor.:pany.24 Additional information was obtained from ttY'O publicat~ons by 

the Geological Survey of Alabama pertaining to stream quality.30,3l 

6.4 Industrial Hithdrawals 
and Discharges 

The primary source of data on withdrawals from the river for use by 

industries was an interview with Horn32 followed by a perusal of the dis-

charge permits on file with the Alabama Water Improvement Commission. 

Data concerninb the quantities and characteristics of the wastes 

discharged by t:ha various industries were lArgely gat:hered from personal 

contacts with representatives of the indust:ries--Fuller,25 Davis,28 

Woods,33 Witherspoon34 and Sandifer35--while some addit:ional dat:a was 

o!:>t:ained from the AHIC files and from historic'al dat:a tabulated by 

v Cl 36 .. e ure. 
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?rincipnl sources of dntn regarding avernge rates of flow in the 

l~nrrior River ,~ere provided by Bowers37 and by an impact study covering 

the effect of the Holt Dam on the water quality of the river. 24 

Information concerning rates of flow in the trlbutaries to the 

l~arrior River was found in the USGS publication of flow data in Alabama 

for 197138 and in two publicatiOns of a similar nature which were 

rele~sed i..)' the Geological Survey of Alabama. 31, 39 Information on dis-

charge rates from the Tuscaloosa Water Treatment Plant were obtained 

from records kept at the plant. 40 

6.6 l~ater Temoeraturos in the 
River ~ ~ TributarieS " 

Data regarding temperatures of the water in the river were found to 

be plentiful in the previously noted river 'quality surveys condudted by 

Alabama Power company24 and Gulf States Paper Corporation25 during the' 

summer of 1972; Similar data for the tribtitaries were found in Circular 

36,30 a .publication by the GeologicaJ Survey of Alabama regarding sUr- ., 

face water quality in Alabama • " 

. , 

6.7 Cross-Sectional Areas 

The only recorded measurement ofl;toss-sectional area of the 

Warrior R;i.ver 'Jas taken above Ol;i.ver ~oclt ll:ud Dam by the USGS. 38 Judging 

from valu~s of width and depth given at this section, it appeared ,that ~ 

trapezoidal cross-section could be as~umed for the river With the ,top 

l-1idth appro"ima.tely twice the bottom Width at that particular sect;i0n. 

Since no measurements of cross-sectional area were taken at other 
~ .' 

locations and ~so as there was a lack of information indi~ating uhe 
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t-' .I,'ply <w"r Lh" cntil'e ;;crctch of the river considered in the study. 

ll.ls"J _'Il this a""umption. tha area of each reach was calculated by the 

iilllo"'inS equations: 

(22) 

"hich simplifies to: 

A - 3/4 x d x WT (22a) 

"here A is the cross-scctiona:L area, d is the mean depth, and W'f is the 

width ilf the water surface. 

Values of t~e width at the water surface at normal pool elevation 

... .:lr.:l scaled off navigation charts of the river published by the Corps of 

Engin".:lrs. 20 

Xean depth for each reach was taken as the difference between nor-

mal pool elevation in the particula,r reservoir containing that reach and 

the el.:lvation 0·£ the river bottom in the reach. Normal pool elevatiol'ls 

were taken from a pamphlet published by the Corps of Engineers41 on the 

Slack W'arrior and Tombigbee rivers. Elevations o,f the river botto::l for 

each reach were taken from in,forma·tion. provided by Bowers. 37. 
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7.1 

CIIAPTER VII 

DISCUSSION OF RESULTS 

CL1"lIl:l'Cison. "'f Sinlulated 
i!lli! Ol>servedDO ;;.P,;;.r",o,;;.f,::;i",l",es", 

The results of applying the developed simulation technique to the 

Warrior River are shown in Appendix I in a tabular form printed by the 

computer program developed by the author for this model. In order to 

facilitate evaluation of these results, the simulated dissolved oxygen 

values in Tables VII through X of Appendix I we1"e plotted in. Figures S 

th1"OU8h 8 and compared with the profiles based on observed conditions in 

the sllllle stretch of the river. These measured,values of dissolved oxy-

gen. were taken from the river surveys conducted by Alabama Power Company24 

and Gulf States Paper Corpot'8tion. 2S 

Based upon a ViSll;;! comparison of the simulated and observed pro-

£11eo;, the results, which showed an e~ror of less than 10 percent' in 

most places, indicated that the developed mbdel does p1"ovide acceptable 

. I accuracy in the prediction o·f dissolved oxygen content of the river. 

Some factors contribu·ting to the differences between observed and si::>.u-

lated profiles 'were: (1) the highly variatiJ.e nature of dissolved oxy-

gen content ina stream, (2) the assumpUoh of complete miAing used by 

Pyatt in developing his dissolved oxygen prediction equations for iJ:lyound-

ments, and (3) . the. errors inherent in the liIeasured values, which are 

monthly averages of observed values at one j)oint in the cross-section 

1 
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l'lh' la,zk 01' "b9Clrv<ld data lit each point was such that the results 

statistical allalysis would have been inconclusive. However, 

in vicw of the fact that observed values varied from the means at each 

p.>int by 01:1 much as 10 percent and considerillg that in most cases the 

simulated values fall within plus or minus 10 .percent of the observed 

valuoils, the res'ults of the Simulation certainly seem to be adequate. 

In those cases where the profiles differed by more than 10 percent, 

the discr;!pancy can be explained from a physical standpoint. In the 

3ankh.:lad 1'001 the simula·ted profiles for each month exhibited the same 

i:.:lna:-;ll downward trend (proceeding downstream) shown by the observed 

praf1les; however, the simulat:ed values were somewhat lowe~ _han t:he 

corrasponding observed values. This slight dis~repancy is considered t:o 

hOI du;! to the complete mixing assumption employed in the DO predict:ion 

equation by Pyatt, Equatio\1 (9), which was applied in the highly-strati-

fied Bankhead Pool. As a result, the simulltted values represent mo·re of 

an average o·f the higher observed values near the su·rface and the lower 

abserved values at greate·r depths. 

A sharp difference between simulated and observed profiles is 

nated in the Holt Pool near river mile 362. The observed profiles show 

an al",ost: linear increase in DO between Bankhead Lock and Dam and He-lt 

Lock and Dall", while the simulated profiles exhibit a much shaX'per 

increase in DO immediately below the Bankhead Lock and Dam. l'11is is 

followed by a more moderate increase 1,1 DO from river mii.l·~ 362 to the 

Holt Lock and Dam. The difff.l"ence between the two prof.iles is proliably 

duo to the manner in which the profiles were 'drawn, "hat 1.11. bl' 
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by str:libht lille sC(;Dlcnts il\ whieh the dissolved oxygen values between 

-,;';'?'ll'atcd points is not elucid.lced. 1'hc hieher simu14ted dissolved 

OXYSill\ value near river mile 362 is what one would intuitively expect 

as a result of the oXYlien-depleted waters released from Bankhead Dam 

"nderS>1>ins a much more rapid dissolved oxycen recovery than that shown 

in tho:! >1>lIso:!rvcd profile due to the larce oxygen deficit at this point 

and the _corro:!sponding high ra,te of reaeration. 

In Oliver Pool the two proU'les ma'tch quite well, With the siClu

lated values slightly higher in most places. The above situation P,laY 

be attributed to the use of tIle Streeter-Phelps equation fo·r free-'flow-

ing conditions, Equation (7), which would be expected to yield m()der-

ately higher valu~,' of 00 in a semi-impounded reservoir such as Oliver 

Excellent results were obtained in that portion of the Warrior Pool 

studied, where the simulated and observed values agreed quite well. 

In general, the model seems to work quite satisfactorily in pre-

dieting the dissolved oxygen profile of the 'Wa'rrior River and it is 

anticipated that both this modeling technique and the supplementary com-

puter p';ogram also developed in this study could be successfully applied 

to any river baSin. 

7.2 S,o_l"c_tililn of Locatililns 
PrOViding Optimum W_ater 
Qu_al1ty ~ -

Since the primary purpose of the:analysis performed in this study 

was to select those points which woul4. prov~de the optimum water quality 

data With particular rasaI'd to the dissolved oxygen content, the aimulated 
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"';,,, ""lo:lction of ch<l following points for placemento·f the anticipated 

iiv,;, DC1's was considerild lUost advantageous from the standpoint of pro-

vi.Un~ uSilful information: 

(1) R. H. 385.0 (below the confluence of Locust and Mulberry 

Forks)--this point would provide data that could be used to 

evaluate the quality o,f water entering the section o·f the 

Ilarrior River considered in this investigation. Placement 

of a DCP here would provide for collection of data that is 

necessary as the initial input for the system in'lO the 

develo?e,j model • 

(2) R. ~I. 365.0 (one-half mile below Bankhead Dam)--monitoring 

at this location would give an indication of the quality of 

water entering the Holt Pool as 'wel~ as monitoring the point 

of lowest dissolved oxygen' content in that reservoir. 

(3) R. M. 346.5 (one-half mile below Holt Dam)--Since Oliver Pool 

(4) 

contains almost all the inputs from industries in the stretch 

of the river studied, a knbwledge of the quality of the Water 

entering this area would be of Jital importance to effective 

managemen't and control o,f this highly used water resource. 

'!lased on this reasoning, the placement of a DCP at thiS par-

ticular location would permit evaluation of the water quality 

before reaching the highlY'industrialized sector of the river 

further downstream in the Oliver Pool. 

R. If. 33:8.2 (forcbay of Oliver Dam)--A DCP placed at this 

location would serve a two-fold purpose. First, it would 
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vl th" p",jnt of lowest DO concentra-

tillm in the Oliver 1'001. Second, due to the Ileneral downwa,rd 

trend of the DO profile from Holt Dam to Oliver Dam, it would 

provide .:lssur.:lnce that an improvement in water quality at 

this point would be indicative of improved quality in the 

entire reservoir. 

(5) R. ~I. 335.0 (approximately three miles below, Oliver D .. m)--

Uonito,ring performed at this location woul.' provide data to 

be used for evaluation of the quality of water leaving the 

investigated area as well as for comparison with data col-

lected at the entry point to the system for which the model 

was developed. 

A map of the entire length of the river studied showing the selec-

Eed DCP location sites is shown in Figure 9.' Iletalled WlpS of the river 

showing the segments used in modeling, the tributaries to the river, 

the locations of all significant waste discharges and the DCP locations 

are presented in Appendix III. 

In addition to the reasons discussed above, these particular loca-

tions were selected to provide the initial input values of dissolved 

oxygen for each reservoir required in the developed mathematical model. 

Thus, values of dissolved oxygen (and other parameters) obtained fro::l a 

relatively few critical locations may be utilized in the developed model 

, ' I 
to simulate and prediCt water quality over the entire re'lch of the river 

selacted. As an example, values of diS801ved oxygen measured by the 

DCP l ·~.ted just below Holt Lock and Dam (R. M. 346.5) may be used to 

\ pr,lldict DO values in tha Oliver Pool .s a function of the quantities 

i 
, 

ar.d characteristics of the waltea discharge'd into thia segment. of the 
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til" ill""l"Iallti,," provided would a.:sillt in determinine the amountli and 

.:h,u'actcri,Hic,; of wat.:lr to be released through the (Jam for a e1ven set 

0: wasto inputs such that the desired water quality will DC maintained. 

Additionally, the measured DC. vllue and the resulting simulation model 

may be employed to predict the optimum point in time for discharge of 

impounded wastes by the industries in order that the water in the pool 

will not be degraded below the deaired levels. Similar examples may be 

given for the simulation and management of water conditions in the Holt 

and Bankhead pools based upon tha DO maasurements at the DCP locations. 

Extension of the modeling technique over the entire reach of the river 

may be performed since water quality date in an upstream segment serves 

as input conditions to the succes"sive downstream segments. 

Although the model developed in this study was based primarily on 

dissolve9 oxygen, for the reasons previously given, it is in a fOrD 

easily adaptable to simulating concentrations of dissolved constituents 

such as 'chlorides, sulfates, phosphates, and metals which might be pre-

sent as a result of drainage from mining operations and runoff from 

agricultural activities, The net effect of'many of these materia1s on 

the pH, conductivity, and temperature"of the receiving water will "be 

monitored by the DCPs and simulation elf these effects may be obtained 

by use of' portions of the developed model other than those applying to 

ehe DO prediction caquat1ons. For a dha:l.la4 study of these types of 

constitutents, 'the DCPs may be moved 1:0 a"propriata mon:l.tor:l.ng locat:l.ona. 
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As indicated previoucly. 

t:t~ Del' will detect :It its loc:ltion the residu<ll effect of upstream 

run~ff :lnd drainage from land-usc activities. 

In :lUm::l;lry. the DCPIi arc intended to provide input data to the model 
d~v~lo?~d for the river, enabling the model to be used as a valuable tool 
in formulating and implementing plans for the JDanagcment o·f water resou'rces 
and general environmental quality in a river basin. 
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CONCLUSIONS AND RECOMMENDATIONS 

t,1 

i! 

: I I· , 
S.l Cano::lu~ions 

The sitol for placement of DCP monitou in the length of the 

I! 
~ ./ ; ! 

\~arrior River from the confluence of the Locust and Mulberry Forks to 

d~"'\\,;trO:lm of tho Oliver Lock and Dam have been selected and proposed 
i I , 

, : I ~, ' 

as J""h'ablc 10C'ltiolls for the assetlsment of water quality. Dissolved 

oxygea was selected as the parameter of primary importance and the 

'I s.:ll.:lo::tioll of the DCP sites Was based on observed and predicted loca-

j 
'- To implement 1:he selection process, a mathematical modeling tech-

tions of critical dissolved oxygen concentrations. 

. , 
1 
J 

nique and supplement.ny computer program were developed for simulatiag 

dissalved oxygen profiles. The modeling technique, based on modi fica-

. -' tions of the original Streeter-Phelps Equation by Pyatt, was shoWn to 

predict values of dissolved oxygen ,",oncentration in the Warrior "River 

which either agreed quite well with the ol)served values or cO'Jld be 

.:lx?lained on the basis of actual river conditions. Based primarily on 

dissolved oxygen criteria, the following five locations were re<forn:nended 

for placem"nt of the five DCPs designated for use in the Alabama ERTS 

project. 

(1) R. M. 385.0--below the confluence of Locust and Mulberry Forks 

(2) R. M. 365.0--one-half mile below Bankhead Lock and Dal:l 

\, (3) R. M. 346. 5-one-half mile belbw 'Holt Lock and Dam 
> 

(4) R.~. 338.2-forebay of Oliv~r Lock and Dam 
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III .1,I<1itioll to monitorinr, dim:olvcd oxygen, it is anticipated that 

th" n..:\',: wi 11 ""l·V.:! co lII"II!.~or the ochcr parameter:: of pll, con<1,,\,:tivity. 

and t"r.:pcraturc to provide information concerning basin-wide land use 

.:tctivities. The portability feature of the DCl' will allow selection of 

other monitoring points for more detailed information concerning specific 

param~ters and their relationship to a var~ety of activities. 

The. selection of the spec":'fic monitoring sites in this study was 

designed to provide a basin-wide management capability in which the data 

obtained at a relatively few locations could be employed to simulate and 

predict water quality over an extensive river basin area. The selection 

methods proposed in this study were also developed for general applicability 

in the selection vf desirable DCF or conventi9nal monitoring sites in any 

water basin. 

8.2. Recommendations 

During the' course of this investigation several possibilities for 

further study, primarily concerned with operation of the DCl's after 

installation, have become evident: 

(1) Provide for the collection of SUJ:l.plementary dissolved oxygen 

data at locations where differences were obtained between simulated and 
" 

observed values, permitting modi~ication of the model to obtain better 
I 

a&reem~nt ,with actual observed conditions. 

.' 

(2) During the periods between overflights of the ERTS satellite. 

allow the DCP to operate as a conventional automated' monitor, transmitting 

data to a ,round receiving station. 
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I:;,":il":·i.n~ ,,~ <Iitiurunt dl.lll~h" or ~hu ::ivor. in ordor to evaluate the 

I.lxc.>nt .1Ilu "if.,cts of stratification in the reservoirs. 

" ) \ .. Since the DCPs are portable, consider possible relocation of 

on" or lll.:>rc of them in order co either expand or reduce the area of 

.::.:>\'"raS", su.::h as monitoring the ql.':llity of water in a clean stream 

(~!ulb"rry Fork) in order to obtain base-line data on non-polluted con-

ditians. 

(5) Nodify the DCP system for use as a network of conventional 

r..:>nitors after the ERTS satellite is removed from orbit. 
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ALl Gcn,-'"!ral 

'!'hc 3ctu3l computer progr3mminr: utilized in the implementation of 

the simu13tion technique developed during this study was performed in 

the PL/l programming langu3ge. 42 The IBM 360/50 computer installation 

at The University of Alabama was employed in running the program. 

The following sections contain information directly related to the 

pro<;rm:l tl:at would be ,useful to those interested in the llrogramming 

~c:hod ~nd. in' addition, examples arc given of output for the Warrior 

River during the summer of 1972 • 

..\1.2 Flol~ Dia!':!: am 

Shown in Figure 10 is a diagram indicating" the general path of logic 

followed by the model in simulating the dis~olved oxygen profile in a 

stream. It is intended to show the general nature of the process rather , 
than to show the specific calculations made by the program. 

Al.3 Program Output 

The output from the program is printed in a tabular form, with a 

separate table being used for the compilation of data predicte"d for each 

=onth. Examples of output containing simulated data for the area of the 

!~arrior Basin during the months of June, 1972, through September, 1972, 

are shown in Tabl,O$ VII through X. 

Al.4 ~afinition of Variables 

Sum=arized below are definitions for the variables used as input 

data to the program: 
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RE.llt) 
NO. tE~C1\E~, NO. ltntl'lOllS 
NO. MON~\\!o \(~(O:I " y 

INIUA~l.U. 
Q.,U, - 0) 1<,«d\ .. I.IP-O 
.OI:'_I.IP-O · eot)_~.t) 

REAC 
'TYPE Of' REACHl l'ION'T\! 

R~ACl\ Nc. 
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TAllJ.!> Vll 

, , I ' .. '- ·1 ~ '-} r ' -., 
\.. .. J C.l c .J 

RESULTS OF SIHULA'l'lCi;{ OF HlJ(!:lOH RIVEi\ (.m:],. 1972) 

R. H. 305.0 TO R. H. 335.0 

JUNE, 1972 

'tEA:!1 TYPE UDSr~f.4\i D~IINSTnEM: flOH RELEASE CSA TRhVEL Kl K2 D~ 

'10. R ..... t. H. (CFS) ICFS) (SQ. FT.) T! liE (BASE E) (OASE EI UP?!;? c~~) 

IDA~SI (P?M) 

III S!l 385.00 302.00 1895.0 46153 4.50 0.190 0.014 6.0 
2A SO 3ij2.00 367.50 1960.0 60294 44.30 0.196 0.006 5.6 
3/\ 5011 367.53 366.00 1970.0 78460 4.50 0.202 0.004 5.0 
4~ R 366.00 365.40 1970.0 1'910.0 92556 1.83 0.203 0.00/• 5.2 
511 N 365.40 3(01.50 1970.0 27787 3.40 0.176 0.046 3.7 

i 6A S!lll 361.50 347.50 1905.0 56265 20.51, 0.170 0.010 5.1 

II -.I 7t. It 347.50 3't6.90 1985.0 1000.0 86062 1.83 0.319 DeOO'. 5.3 
,j I SA N 346,,9.J) 346.30 IS80.0 12294 0.24 0.193 0.178 4.6 

0- 9A SO 346.30 345.70 1905.0 8587 0.16 0.192 0.137 4.5 
;; ~ lOA HIC 345.70 345.70 1904.3 4.6 
j lOS l!l 345.70 3'.5.20 1904.9 7161 0.12 0.198 0.180 4.6 

i 1:>: l!l' 345."z,Q .. 34A:.."tO 190'5.2 7761 0.20 0.196 0.180 4.6 
1111 Id: 344.40 344. /,0 1903.', 4.5 
11B II) 344."~ 3/t ft. 39 1903.7 7191. 0.00 0.195 O.lBO 4.5 

1 11:: n 344.39 343.70 190 / .. 7 'll91 0.16 0.195 0.160 4.5 
12~ SOil 343.70 343.50 1974.7 7462 0.04 0.167 0.lB8 4.5 
134 10 343.50 343.00 1960.1 7711 0.12 0.186 0.190 .... 6 
144 hI 343.00 342.50 19S2.2 9072 0.14 0.106 0.180 5.0 
154 10 342.50 341.60 1970.7 1462 0.21 0.191 0.169 4.9 
164 S'I! 3101.60 336.'.1 1971.3 15443 1.62 0.190 0.053 4.5 
171. 10 339.41 336.39 1971.7 17569 0.01 0.167 0.030 3.4 
164 R 336.39 ,38.10 1971.7 21~O.O 28912 0.29 0.125 0.020 3.4 
194 N 336.10 n7.1)1) 2150.0 9562 0.30 0.062 0.122 6.l> 
Zt>4 Id 337.00 336.70 21',9.3 7779 0.06 0.062 0.132 6.4 
21A 10 336.70 335.00 2150.0 6693 ·0.32 0.062 0.142 6." 

/~ 

.I 

,-.-"""' .... , ....... -~""'" .. ,-. 

C .J( L' .. '1 '- - 'J 

DO 
LO,~" E", 

(PH;) 

5.6 
5.0 
5.£ 
3.7 
5.1 
5.8 
4.6 
4.5 
4.6 
4.6 
4.6 
4.5 
4.5 
4.5 
.... 5 
4.0 
5.0 
4.9 
4.5 
3 .. ', 
3.4 
6.6 
6.~ 
6.4 
6.3 

10.'1&- _."" .... """""'.,_~,_'"" .... --'-'i..~~ • ... 'l.I_"'~""'-'_r~''''''-~'''~o.'''''''~ _____ ... ~.," ..... _-._,.,,~_"' •. "'"_~~" _,'~_, __ ~:._.'"",'~.-'-"~"",,.._'"__ .,'_ .. "_c._ ... _,,' ........ ___ ,'-' • ..,.,~"" ... " .......... , ........ ~~.-.~-'-'"~ - ~"'~,"-----.., __ ~,",~""""""""""""~ •.. ____ .~,_._~ .... 
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TAIlLJ: IX 

~" , f·-: >i'J .'1 , J 
.' .;: ~. J 

RESULTS OF SIlIULATIO:. OF \·:AltRlOit RIVi,., (AUGUST. 1972) 

~eA=~ TYPE, U.SnE~'1 nO~'1Sr~EhI: ·FLOII 
~O. ~. ~. ,. H. (CFSJ 

IA SD '385.00 382.00 1615.0 2A SO 3~2.00 367.50 171<;.0 34 SDK 367.50 366.00 1730.0 
U R 356.00 365.40 1730.0 
SA II 365.40 361.50 1730.0 
&4 5JH 361.50 31,7.50 17'.0. a 7A ~ 341.50 31.6.90 17 /tO.0 
8A II 346.90 346.30 1730.0 94 SO 346.30 345.10 1755.0 
10~ IIIC 345.70 345.70 1754.3 lOR 10 345.70 345.20 lT5',.9 10: l~ 345.20 344 • .(1'0 11%·.i 
11A HIC 344.40 344.40 1753.', 
110 10 344.40 34 th 39 1753.7 
11C 10 ~)44.39 3',3.70 1754.9 124 SOH 343.70 343.50 1661,. 9 
13A IJ 343 .. 50 343.00 1870.3 144 Ir/ 343.0D 342.5D lO/.2.'t 
156 10 342.50 341.60 1860.9 16A SOH 341.6~ 336.41 1061. 1, 174 II) 330.41 338.39 1861.9 
18A ~ 310.39 338.10 1061.9 194 Ii 33S.1~ 337.(10 2000.0 lliA It! 337.00 336.70 199Q.3 21( I!> 336.70 335.00 2000.0 

R. H. 385.0 TO R. '1. 335.0 

AUGUST, 1972 

RELEASE CSA 
ICFS) ISQ. FT.) 

46153 
6829', 
78460 

1730.0 925% 
27767 

,. 50265 
1730. a 86062 

12294 
8587 

7761 
7761 

1191 
7191 
7462 
77H 
9072 
7462 

15443 
17589 

2000.0 28912 
9562 
1779 
6693 

n/,YEL 
TillE 

(OAYSI 

6011 
44.30 
4.58 
3.66 
3.97 

28.51 
1.83 
0.26 
0.10 

0.13 
0.22 

0.00 
O.lT 
0.05 
0.12 
O.l~ 
0.22 
1.62 
0.01 
0.29 
0.33 
0.07 
0.35 

Y.1 
IUhSE EI 

0.218 
0.21S 
0.206 
0.209 
0.183 
0.186 
0.328 
0.207 
0.206 

0.210 
0.200 

0.207 
0.207 
0.19', 
0.193 
0.193 
0.194 
0.193 
0.193 
0.131 
0.065 
0.065 
0.065 

K2 
IBASE EI 

0.012 
0.007 
O.OOt, 
0.002 
0.044 
0.010 
0.00', 
0.177 
0.133 

0.176 
0.176 

0.176 
0.176 
0.184 
0.189 
0.162 
0.10/, 
00054 
0.028 
0.020 
0.118 
0.130 
0.137 

-~'-~-'-. ---"~- -.~---.-.,~--' ~------- - . 

C-· ,. 

DO 
uPP E? E:>O 

IPPII) 

6.6 
6.2 
6.1 
6.10 
5.1 
5.6 
~.9 
3.9 
3.6 
3.6 
3.6 
3.5 
3.3 
3.3 
3.3 
3.2 
3.6 
3.8 
3.7 
3.10 
2.4 
2.4 
5.4 
5.4 
5.4 

[ ] ( L 

DO 
lO~E~. E'

.(pr- ';) 

6.2 
6.1 
6.6 
5.1 
5.6 
5.9 
3.9 
3.6 
3.6 
3.6 
3.5 
3.3 
3.3 
3.3 
3.2 
3.6 
3.8 
3.7 
3.10 
2.4 
2.4 
5.4 
5.4 
5.4 
5.5 

J (- ~.1 

L ' 

(
'1 

L,l.. '. .,-:.: .... -~. ,,~~~~~_~.~~'--........... ~_~. _.~~.,~ .. ~ .. "._-.;.>-.. .... ~d_~~~~ ,. ~. -:-:.- ~."'-~.-:..:~ ••..• 
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l' TABLE ·X 

RESULTS OF SIHULATIQN OF HARRIOR RIVER (SEP'fE:111ER, 1972) 

~ ~ R. M. 395.0 TO R. H. 335.0 

SEPTEIl8ER, 1972 

:tFhtH TYPf UPSHEA'1 OG'dNS TRFAfl FlOlI RELEAse CSA TRAVEL Y.l K2 DO DO 
'10. It. ". =t. .... ICFS! ICFS! ISQ. FT.! TIllE IBAse E! (BASE EI U?PER e::o lOl:E~ ;:':-

I DAYS) IPPI:J IP~iiI 

lA SO 3BS.!>O 382.00 1915.0 46153 4.58 0.199 0.01'. 5.9 5.2 
2A SO 382.~0 ,61.50 2100.0 68294 29.53 0.203' O.OOb 5.2 5.0 

3" SOli 361.50 366.00 2110.0 7St.68 4.58 0.206 0.00/, 5.0 5.7 
4/\ ~ 366.00 365.',0 2UO.0 2110.0 92556 1.83 0.207 0.004 5.1 3.0 

5A ~ 365.40 361.50 2110.0 21701 3.40 0.180 0.046 3.0 4.4 

60\ SOH 361.50 347.50 2125.0 56265 28.51 0.183 0.010 4.4 5.0 

10\ II 341.5~ 346.90 2125.0 2040.0 ,. 86062 1.83 0.314 0.004 5.0 4.4 

I 
.., 8A N 346.91) 346.30 20 /.0.0 1229' • 0.22 0.201 0.190 4.4 4.2 
I 9 •• SO 346.30 345.70 2055.0 8587 0.15 0.206 0.1',.3 4.2 4.2 

0-.., IDA IdC 345.70 345.70 2054.3 "...? 4.2 

n t~B n >4S.70 345.20 205' .. 9 7161 O.ll 0.204 0.1.90 4.2 4.1 
~ 10: n 3 ft5.20 344.40 2055.2 7761 0.18 0.203 0.190 4.1 4.0 
" u lU Ide 344.40 3"4.41' 2053.4 It.O It.O 
!i ·HS 10 344."~- , 341t.~q 2053.1 119f· 0.00 0.201 0.190 4.0 4.0 , . .. n: I!I 344.39 343.10 2054.0 7191 0.15 0.201 0.190 4.0 It.O 

124 S)H 34,.70 143.51) 219' •• 0 ,7462 0.04 0.181 0.200 4.0 4.4 

134 II) 343.-;0 343.00 2200.2 7111 0.10 0.186 0.202 4.4 4.5 
HA 101 34 •• 00 342.50 2172.3 9012 0.13 0.186 0.192 4.5 4.4 

15~ If) 342.50 .41.60 2190.8 7462 0.18 ,0) .187 0.200 .... 4 4.4 

1M S:lH 341.6:> 338.41 2191.4 1544. 1.39 0.186 0.058 4.4 3.2 

174 10 338.',1 338.39 2192.1 17589 0.01 0.186 0.030 3.2 3.2 
18~ ~ 338.39 338.1r. 2192.1 2320.0 28912 :>.25 0.128 0.022 3.2 6.7 

l'lA ~ 33~.10 331.00 2320.0 9562 0.20 0.065 0.130 6.7 6.6 

20~ 1,/ 331.00 336.70 2319.3 7179 0.06 0.065 0.140 6.6 6.6 

2lA I" 336.70 335.00 2320.0 6693 0.30 0.065 0.150 6.6 6.5 

'\.:! 

~-. 
I • 

f
' '.' '---' , 

,! 

[(...:L_ ~ .. Jl"~P·:~~·=~=~~~' __ ili'~~."'_~~ •• ' ..•... u .•.• _".< .• __ ~.~~"".-...;'<"""'~.~.~~._~-_~.h. ___ ,,"_".''"''-.'''''''''''''~ '_~''---'-'--,~d ... ~L._~''''''''''-----''''"'''~'.-:;''"'~''~~_. 



'.~ 

"~;.J 

r,;;:-. 

I 
\.:.!! 

,~"' 

, ,~ w 

; i 

t 
":1 

i 
I '!':' 

i c " 

" 

.l 
'.<.'" 

'" 
"~.'F 

! 
, 

! .... i> 

;; 
I 
, 

, 
I, 
i .... '1', 

I " , ,[ ;, 

'\!l ";; ... 

'tJ 

~ 
I: 
I 

; It 
.i i, 

y 

LAl(S) 

DEFt (S) 

FOR}!(S) 

TYPE 

REACH 

NO:STH 

UPSTM 

Dl~NS1'M 

DISCH 

HTHDR 

REL 

RlVTEl1P 

D1TEl1P 

WIDTH 

DEPTH 

t~l . • l: U\ltU!Jl,':' uf l'(':'H~lH!u lnco which the rivc:r i::; 
~li v j . .IL,.l. 

numh"r of rccervoirs on the stretch of the river 
being modeled. 

numb,;,r of months f'1r which simulation is to be 
perform.'d. 

deoxygenation constant due to bottom deposits at 
20 0C. (base e), days-l. 

deoxygenation error term, days-l. 

-1 reaeration error term, days • 

concentration of organic matter in reservoir S 
before waste inputs from upstream are added, mgtl. 

concencration of dissolved oxygen in reservoir S 
before waste inputs from upstream are added, mgtl. 

type of equations used for predicting DO in reser
voir S, Streeter-Phelps or modification by Pyatt 
for reservoirs. 

category of input for t.h~ reach in question--SD. 
SDH, R, N, lD, lW, lWC. 

number of the reach. 

month for which the dat'a was taken. 

upstream boundary of the reach, river miles. 

downstream boundary of the reach, river miles. 

discharge of a tributary', cfs. 

discharge of an industry, mgd • 

amount of withdratval by an industry, mgd. 

amount' of flow released from a dam, cfs. 

temperature of the river water, °C. 

temperature of water in the input to a reach, °C. 
surface width of the river, ft. 

mean depth of the river in a reach, ft. 
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BOD D"'~ 

DO 

BOD5 <>f th.:. rJv.:.r water (20 °C'.) ill'Jllediately 
belol~ n dnm, mg/l. 

dissolved ohygen concentration in the input to 
a reach, ms/l. 

disso~ved oxygen concentration of the river water 
immediately below a dam, mg/l. 

deoxygenation constat.~ at 20 °C. for the river 
water or input to a reach (base 10), days- • 

,-\1.5 Listin~ ~ .!:h!l. Program 
Statements 

On the following pages the actual FL/l statements of the program are 

sholm. It is hoped that any potential user employing the information 

provided in the preceding sections of Appendix I, in addition to these 

program statements, could either utilize the program intact or easily 

adapt the programming te fit his particular ne~ds. 
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" ..... ~~: t,,·lf. ~vrl'I\:$Pt.\tN): 

l~o~~~'~ •• ~~~.~~ •• '~~y~~~~~'~6~~~~*~O~~~*O'~~O~O~¢.O~*O~¢O~C
4~~O~~~.O¢1 

IftO~~.O~~~~.~$~'~*~.*~~6~.O*~O~*
~~~~oO~O~~O~*~O~~OO~09ooooOD~~~~*

~O~~~1 

/ •• T,IIS "~)C'A~ SIMULATES OISSOLVEO OXYGEN IN A RIVER ENVIROCKEqT ¢oo/ 

I 0)" WI" \\ I). \\ '" 0:. ;) ~ Co .). '" .:r (I ,,'q.H'I!). ... '" 1,).':' .;.;0 ~"Q oQIllotli ~,(II) *-*,;. *""' b.;M.I:!GII:I(.IoCO vOOO(u:C*(,IO (.1(1;.(.10<-* I). "'. 0, I 

l.ft~ ••••• ~ •• 6~~.66~O.*~~~*~****~~o~oo*.***~~~**~~$oo(.l.(.I¢O$$*0006 •• 0 ••• / 

1l,"l .: IL.:tt .:U."!.;t( tJ; 
,,' .. '~.\I.l.1XIJ.!) !"IX!;!) t)IGn"ALt';),l); 

.'.:. t' )~"{..,) lHI\,~() v,,:t\'lf\lG: 

I''::~ ':'OT ~lxrn Oi:::HI,\L(}); 

)~L c~nA:tTY(lb) FIXEO O~CtM~l(S,O); 

n::L ('~_I~(li>l.;)_I1Uf(1611 FIXED DECIMIILlb,llr 
",:L (x.Y • ..J:,iKl FIXF.D D~CIHJ\LI5.3): 
~ ... ~::... (TV~::"f.'CH) ClthR,( 3) V.,\RYINGi 

C:L I~IJ(~).MJ~TH) CHIIMI91 VIIRVING; 
JC_ 0ATE(4J :HAR{l~l VARYIN~; 

~:L (TaT_~~ACHES.NDM.NOR.M,N.S,TI FIlED DEClMAL(ZI; 

0:L (SL'~f.I'rER:EPTI FIXED DECIM~L(b.41; 
1:L (e,D. E.F.G.I-!t1.J,K,L,O,P,OI FIXEIJ DECI14AL!7,41; 

0:" I 5'JJ _UP. B:JO 5, L ~_I N. LA, L _DI!N, L A_I Nt T, BODS _I NIT, BDD_OoN, LA2D, 

L:'I(~)) FIXED DECI~l"'LCb,lI; 

D:l {~tVT E~~:». I ~rE ~P"D07 DO_UP'I DO_O~'JN.OOSATR, DaSAT\'! 1 OEF _UP. oaF_OWN. 

')EF_I~.DEF.OFF_INIT,DD_INIT.~EFI(411 FIXED DECIMALI4,11: 

~;L (~120_U~,Kl2D_10.K120_F.K22D_LO,KZZO_E.K1
ZO_MIX,Kl,KZ,K3, 

~3~O_~,~.l.A,BI FIXED DECIHAL(S,31; 
c:_ (O_UP.,)ISCH,~IDTH,DEPTH,FLOV.RELI FlXED DECIMALlb,l): 

0:l (U?SrH,~W~ST~,DIS_I,WTHDRI FIXED OECIMALlb.ZI: 
\):L ILE~r.TH.CSA' FIXED OECIMIILlbl; 
D~L \/\::. Ft~ED OE!:1I-1AL(I),2); 

"c. '1~" FIXF~ D~CIMALl5,21; 

')'.1 VULJ';L FIXEI) DECIMAL( LOI; 
S G ( t ) :I • J U t~1: I ; 

)A:')( l) =1 JULV': 
~O( 3) =' ALI:;UST'; 
~O(41='SE?T~~aER'; 

GET EDITITJT_~E':HES,NOR,NOM.K320_E.X.V,lILC
HI (COLILI.PIZI,COL!2ll. 

F(21.COL(31).FI2I,COLI4LI.FIS.31.COL(51),FIS.3I,COllbLI.FI5,3I, 

x(141.~(l)1; , 
3':: $ ::l 1 TO NQR; 
GfT FOIT(L41ISI,DEFIISI,FORMISI,ZILCHI ICOLIll.FI5,ll.COL(lOI.FI~.ll. 

C'.lLI2'lI,AI:II.XI571.AIlll; 
:~;): 

i~= t ; 
~;SET:, Q_UP • 0.0; 
\(1?r:>_UP=Il.O; 
nE'_vp=D.O; 
nO:l_J?=11.0; 
PUT r)AGE: 
'UT S<tP( 131 ED[TI'SJ1',~IAi\V FOR \J,\RRIOR RIVER" ICOLtt,B),AI; 

PUT SKIP(21 EO:TI'R. n. 385.0 TO R. M. 33S.0·) ICOLI47 1,AI; 

on E ( ~ 1=',10! 'I I II ., 1972'; 
P~T ,K!'tZ) ED,T(DATEIMII ICOLIS41,AI; 

", 

PuT S:: IP (3) ED IT! '~E4CH' , 'TVpE' , 'UPSTREA'I' , • OmlNSTREAM' .' FLC,J', 

·~~LEASE',·CSII','T~AVEL','KL"'K2'.'DO','OO
'1 ICOLIL),A.COlI81,A, 

COLILSI,A.COLI25I,A,COLI3BI,A,COLI461.A,COLIS91,A.COLlbal.A, 
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J 
t 

r. lL( (\., I • ~. ;,llL 1 ., I ) , .\ , COl.( 102 ) , 1\ , COlt 114) ,1\ I ; 

i'UT S"l~ 1:"ITt'''lI1.','R. ~I.','R. 11.','CCFSl','ICFSI','(SQ. FT.I'.'HHE', 

'1,\,\SI' O','I,)'\~E f:I','UPI'ER ENO','LO,'ER ENOl) ICOL(2),A.COLIL7I ..... 

:ILIZdl.&,:OLllGI,A,COL(47),A,COLIS61,A,COLlb91,A,COLI771,A, 
C~Lt8.)".:aLI99I,A,COLllll),A); 

PUT ~,Io E:\lTl'IOAVS)','1PP'!)I,'IPPHI') ICOL!61l1.A,COLIlOlItA. 
C)Unl),.\I ; 

~~T S,I?IZI cOITI' 'I ICOLIZI,A); 
N u 0: 
r ;; \1; 
ADO: N;;~"'l; 

IF ~ • 1 THr.~ ~O; 

, • r ... L; 
L.\_I~IT • LA'tTI; 
n~"_!~IT • OEr.IITI; 
1:'10; 
ELSE GO TO :HECK; 
CHEC~: t= ~ > TOT_REACHES THEN 00; 
tF ~·NO~ THEN GO TO LAST; 
E:LSE GO TO 'lEXT; 
NEXT: fl=IH1: 
CO TO RESET; eND; 
:LS; 00; 
READ: ~ET EOITITVPE,REACH,MONTH) ICOLlll.AI31,COL(&I,AI3!.COLI11'. 

~1911: I'!IIO; 
1*~*~~~~n~~Q~*~~~***¢o************~****«*~*~#

¢~*~********~c*~***~¢~~o~1 

l~o~G~~~*«~ca*¢~~*~a¢*~**********~********~**
*****************¢*~*~Q~~I 

I.* •••••• * •••• ~ POLLUTEO STREAM DISCHARGING INTO RIVER ~~~.~~ •• ~~.¢ .• , 
10' 1(11(1: ~ iCI (C (r Co! (I; (\;,'c (01. **¢:** *"~I1)* ** ~a).***** ********,$Q:t:tI~p:c***t: ******.c:!r***:(.***(z.(.J***o/ 
I ¢ 0: "'~ 'ICC!) q (I \'C'(I: (l ** ¢~l¢ Q:(a.'I (I;*****l,.'C=****~ * *t.t:*** *******c** ************b**~.cQtr:;)*1 
IF TYPE='SO' THEN DO: 
'TSEA~:G.T EDIT(UPSrM,OWNSTH,DISCH,RIVTEMP.

HIDTH.DEPTHI(COLI251.~ !b.Z', 

C'L(3S1,F(b,2),COLI451,F(6.1),COL(57I,F(4.ll.COL(b5).F110.11, 

caU751.Flb,111: 
GET EDIT(~005.)O,K1ZO_10.INTE~PfZILCHI (COL(2SI.F!b,ll,CnL(371,F(4.1), 

CJL(4bl,FI5,31,CnL(S71~F(4,ll.X(191,A!11); 

IF ~Ql THEN DO_UPgOO; 
ELSE D:J_U.=DOSATR - DEF_UP; 
:lOSH,j.·· 14.6'3 - C.41*INTE~IP ... O.OOB*INTEMPoQooz - o.00ooa*XNTEHP"'1I3; 

LE~GTH c luPST'! - OWNSTHI « 5Z80.0; 
CSA = 0.7'3 ~ ~IDTH • DEPTH; 
VilLU'IE = C56 "* LENGTH; 
FLJ~ = o_up + DISCH; 
VEL " FI.Ola~ SAl 
TI~E = ILE~GTH/VeLI I 86400.0; 
K!20_E a ~120_10 • 2.303: 
~120_'\!X • (IK1ZO_UP"Cl_UPI ... (KIZO_E*OISCHII I FLOW: 
~22~_lO Q 11Z.90 • VEL •• O.51 I (DePTH~*l.SI; 

<22C_E • KZ20_10 • Z.303: '. 

K1 = K12Q_-IX • 1.047 •• (RIVTEMP-20.01; 
K2 = ~220_E • 1.OlS9*.(RIVT~MP-2q.O': 

K3 " K320_~ ~ 1.047**(RIVTEMP-20.0); 
t."_IN • liDOS I 1l.0-l.O/( Z. n"~1 S .... Kl.20_ell H 
I.A20 • ((~OO_UP ~ Q_UPI ~ lIoA_IN .;. D'lSCHII/FLOII; 
LA • ~A20 .. (0.02 .. RtVTEMP • 0.601( 
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'~~_(N ~ OCSAfW - on; 
~Js~r4 • 14.6~ - 0.41.RIVTE~P • O.OOU.RIVTEMP •• 2 - 0.000oa~RlvTE~P*.3; 1"" " 1 «t)I)'iHR-IlO_WI • O_UPI .. IOEF_IN .. DISCH) I I FLOW; 
If ~J~'1{TI w 'Res' TliEili DO; 
~ • FLJ~ ~ (~6400~O/VOLUHE); 
IF ,-\ T~~N l = PISCrl .. (U6400.0/VOlUHEI; 
HS" ! = J_lIP .. (Ub400.0/VOLUHE I; 
.\ = .,1 ~ ,,3 .. W; 

1101)_$11: L_O,/"J = Lt._1 NIT*!L.01t2. n .... (A .. T!HEI)) .. IIZ"LAI/AI '" 
(1.0-l.0/{2.71··{A~T[HEI»; 

c • J~F_[~(T - IZ*I)EFI/8; 
D = ..;, L / (.\-8 i ; 
" = LA_I~lr - (Z"'LAl/a; 
F - l.n/(2.71.~18*TIHE)I; 
.; = ,l/{~-Al; 
rl = LA_I~IT - (Z.LAI/A; 
I ~ I.O/12.71 •• IA.TIHEII; 
J ::. lIB: 
I- • ~EF .. (l{l"LAI/A; 
OcF_SD: OEf_OW~ = IC .. 'O*EII*F .. IG.HI-I .. IJ"K); 
C!'-:L); 
ELSE O:l; 
L_~~~ = (LA - X/Kll .. Il.0/IZ.7l .... IK1*TIMEII) .. X/KI. 
rX?l = 1.0 I (2.71"''''(Kl*TIME11; 
EXP2 = 1.0 / {2.71**IKZ"'TIHoll; 
!F K2 = I{l TrlF~ DO; 
l.. :; 1\.1 *" TI'"1Ei 
o = (U.-Xl/KU 
? = (X+V I II< l: 
nEF_~~~ = (LOn. OEF • PI '" EXPl - P; END; 
~LSE :)'J; 
OEF_1>J~ = ((Kl~LA - XI I {K2-K11I * (EXPl - EXP21 + ((X"VI/K2) ... 

(I.O-t.O/(Z.71 •• (KZ*TIMEIII .. DEF*ll.O/12.71 •• (KZ*TIHEI11: END; 
o'l" : 
IF LE~~T~ ( 10.1.5780.0) THEN DO_OWN = DO_UP; 
EL S E CO _ow"! = OOSATR - OE F _mIN; 
PRI~T_S~: PUT SKIP E~IT(REACH,TVPE,UPST~.OWNSTH.FLOw.cSA.r[ME.Kl,K2. 

QJ_UP.)J_D>J~1 ICOL(ZI,AI31.COLI91,AI31,COLI171,Flb,21,COLIZ8), 
F(6.21.:0L(371,Flb,11.COLI5SI,Flbl.COLlbSI,F(5,Z),COL(791,F(S,31. 
CJL(901,F(S.31,COL(101'.F(4,1),COL{1131.FI~.1)1; 

~_JP = FLOW; . 
~')_JP = L_I)WN I 10.OZ * RIVTEMP • O.bl; 
')E=_"O = OOSATR - Do_olm; 
~120_UP = K1ZO_~IX; 
G~ T:l ADD: 

I~~~~~~~OO~¢***OO*O***~**~O*OO******~OCO*¢C*OO*~¢OO**=oo*¢*oo=cooo~*¢*J 

I¢::.: ... <::.c·;.; &;;:;: ~.:. i';':: **;(,* ** **** ** **~::*****¢*.;:'" 1\:*c*****¢****~*¢::o:*_**O;)~***;:.;:* ¥ .:'::*1 
It,t.;:. ... ;,;..·;;..: ... .,t...:u¢*.:n;o~ CLEAN SYREAl-\ DISCHARGING INTO RiVER **:;'::;;'***"-i'**';;J;:(I.:;;¢/ 
I ~*::.:.;:.;...;. ~*.,; »Ct.:, *~* .).******'* **:';1:';:':*** ***** 0* *I!C*~'** ***(:,*"0 *****o*c*::.ctrt.:¢ ('C* * «:,p:,: fI./ 
I:.,.;..e;.: ~~ ..... ;~..::.'to.¢ ~*1C:***~.;c I',c **~**;;; ';:****J)*¢:>::**",'tot,.: l;)*I,,':********Y*****~***:::*l,).*er.~O:"=*~1 
~L5S IF TVPE = 'SOH' THEN DO; 
ST~E~~_CLf'~: GET EOITIUPSTR,OWNSTM,OISCH,RIVTEKP,WIDTH,DEPTHI 

ICDLIZS1,Flb,2),COLI351,F/6.21.COLI451.fI6.11.COLI57l.FL4.11 •. 
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\"~t.(6')),f(&'11lvCnl', 11») ,F(6,1)): 
~lr [~lrto'.I~T[~P.IILCHI(COLt371.PI4.1),COL(S71,P'4.11,X(19I,All)); 
It; ~~1 'Hl No t)il .... \,II);"OO; 
fLSr O:I_U,' " O()$.\TR - Or:r-_UP: 
llJSo\T,l " l~.(,·; - O.H':'I,NHI'IP .. 0.008oG<INTIlHP"'*2 - 0.0000S*RIVTEHP~403; 
L~'GrH • tUPSTN - aUNSTMI ~ 5280.0; 
CS, • J.7~ ~ VIOTH • DEPTH: 
VOlU"E • :5 ... LENGTH; 
FL1~ = Q_U? ~ DISCHi 
"iL = HiJll I CSII: 
Ti~E : (LENGTH/VEL) / C6400.0; 
oO:!v_'IIX = IK120_UP " Q_UPI I FLOIl; 
':22J_l!l = 112.<)0 .;. VEL**0.51 I (OEPTH**L.SI; 
,~~O_E = K220_10 ¢ 2.303; 
<1 • KI2v_~!X ~ 1.047*¢(RIVTEMP-20.01: 
K2 = K22v_E .. I.Ol59~~(RI VTE~:P-20.01; 
<I = K320_E .. 1.04' •• (RtVTEMP-20.0); 
L ~2 V = (BOO_UP .. Q_UP I I FLO~l: 
LA = LA20 • (0.02 - RIVTEHP .. 0.60); 
OoF_IN = OOSATW - on: 
OJSAT~ = 14.65 - 0.41*RIVTEHP,+ O.OOS-RIVTEMP"'*Z - 0.OOOOS*RtVTEHP**3; 
:)~r- • (1I00S4TR - DO_UP). Q_UP) .. (OEF_IN * DISCH') I FLOW; 
IF FOR'ItTl = 'RES' THEN 00; 
d • FLON • (B6400.0/VOLUHE1; 
IF ~.1 THEN Z = OlSCH * 186400.0/VOLUME); 
ELSE Z = Q_UP ~ 18b400.0/VOLUME'; 
4 = <I ... K3 ... W; 
s = .{? ... w: 
'f\:JO_SDH: L_ONN = LA_,INIT*Il.0/(Z.71**(MtTIME11I .. HZ*U1/AI • 

11.0-1.0/12.71**IAOTIM.))I; , 
c • OEF_I~IT - (Z*OEFI/B; 
o = K 1 1 (1\-8'; 
E = LA_INtT - (Z*LA'/B; 
F • 1.O/(2.71**(S"'TINEll; 
G = Klf(fI-A); 
H = LA_I~IT - (Z*LA)/A; 
1 • l.0/12.71**14"'TIMEII; 
J = Z/S; 
K = OFF .. IKl*LA)/A; 
OEF_SOH: OEF_OWN m (C .. IO*EI)*F .. IG*Hl*I .. IJ*K); 
END; 
ELSE 1!;:1; 
L_DW'" x (LA - X/Kll .. 1l.0112.71**(KL*nME))) .. X/K1; 
EXPI x 1.0 I 12.7l"*(~1*TIME»; 
EXP2. 1.0 I 12.7l**IK2*TIME1); 
IF K2 • K1 THEN 00; 
L = Kl * TIME; 
a = ILA-XlIKl: 
P = I'X+VIIK1; 
OEF_)wN ," IL*O .. DEF + P) .. eXPl - P; END; 
ELSE DO; , , 
CEF_OWN = ({Kl*LA - X) I (K2-K11) .. (eXPI - EXPZ) .. (X+VI/KZ) .. 

!l.O-L.OllZ.71**(KZ*TIMS))I .. DEF oIt n.0/tZ.71**(K2oC<iIHE'll); END; 
END; 
IF LENGTH ( 10.L*5280.01 THEN DO_OWN. DO_UP: 
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~L$:· ll~l_Ot:~ :; O'l$;\'rR ... O~F_'!)tJN; 
.'~ I 'I r _ S:l'i: P.H SK II' EO I T( Ill, .\CH, TYPE, UPS TH, DIms nl, Flml,CSA, T! flE,Kl • Kl, 

JJ_0P,~J_~WNI (CnL(2).~(JI,COL(91,A(3),COl(17),F(6,l),COL(2el. 
F(b,21,CuL(371,F(b,tl,COlI501,F(61,COLlb81,F(5,ll,COll791.F(S,31. 
C'L(~31,F(S,3I,COLIIOll,F(4,1I,COL!113I,F(4.1)1;' . 

..)_JP :; PLOh': 
~~,)_U~ : L_f')li~ I [0.02 * RIVTeHP + 0.6); 
"EF_JP = OOS.\T1l - DO_DIm; 
~12.)_U;> = KIZO_MIX; 
t.'iJ TI1 ..\i)O; 
1£\10; 
1~~~~~.9**O**O~*06*~6*04**O***~*~***O*O*¢*OO¢O¢O***OC~~o*O*C¢00990¢¢~*1 
IO~Q~6~O****~oo**¢oOO**006C**¢**c***¢**¢**o*c*o*oo*o~**~**ooo*o~*~¢cool 
/".". QE,\CH CONTAINI~G A DA~l DR OTHEIl FLDI~ CONTROLLlr~G STRUCTURE .. 1;.''''1 
/ ~\' '~';' '" \\ \'1 ¢: "'* ::.t;:t).**t::***::.*,-"I;.;"c* *:",;o*****';:(1,*¢********************o*::.c¢** 0" (:c¢ O.(ll):../ 
I \1( *" \\.).:. (.~ *' ... 0(. **,'c(t * ""u.'!¢*~¢.;"f*~,****¢***********(c¢************,***fl**q-**4t****1 
ELSE IF TYPE: 'll' THEN DO; 
~~snVOI~: GET EO!TIUPSTlol,OUNSTH,REL,RIVTEMP,flIDTH,oePTHI (CDUl:>l, 

"(~,21,CQL(351,FI6,ll,COLI451,FI6,1).COLt571,F(4,11.COLC651,F(6.1I, 
COLI751,F(6,11); 

GET ~:) IT I q:HJ_DlIN, DO_DIm ,KIZO_IO,Z ILCH I (COLt25ltF (6,11 ,COL(371 ,Fer .. 1) • 
C J L( 561 • F I 5, 31 , X ( 191 , A I 1) ) ; 

IF ~=t T~F.N O~_UP = 00; 
~LS= D~_U~ = DOSATR - DEF_UP; 
~E'GT" = IUPSTM - OWNSTMI * 5l80.0; 
:SA = 0.75 ~ WIDTH * DEPTH; 
V::~U'\E = CS,\ " LENGTH; 
FL.:JH = a_up; 
VEL = FL:)~01 / CSJ\; 
TI'! = (LENGTH/VEL) / 86400.0; 
<!20_E = Kl20_10 * 2.303; 
~12n_M!X ; KIZO_E; 
<220_10 = (12.9/J " VEL**0.51 / IDEPTH**l.51; 
K220_E = K220_10 ~ Z.303; 
<: = KI20_MIX " 1.047*.(RIVTEMP-20.0); 
~2 : <220_E " 1.0159".(RIVTEMP-ZO.0); 
(3 = <320_F " 1.047"*CRrVTEMP-20.01; 
L:.20 = aDD_UP; 
L~ = LA?O ~ 10.02 " RIVTEMP ~ 
~JSATA • 14.65 - 0.41*RIVTEMP 
J2r ~ ~os~r~ - ~o_up; 

0.60); 
v O.008~RIVTE~P.*2 

::lE F _'1,;-.: = DOSATR - DO_DloiN; I 

• o.000oa*RIVTEHP"*3; 

P~l~T-,,:PUT SKI? fDIT IlleACH. TYPE, UPSTM, Ol'INsnl, FLOW, REL, CSA, TH:E 
, ,{1, ,,2, no_up, DO_DI'INI (COL!ZI,A!3J. COl(9), A131, COLCl71. F!6,ll 
• :O~(281, FI6,ZI, COL!37!. Flo,ll. COL!47', FEb,ll, COLI58l. Flbl, 
C:;~")Bl, F(5,2), COL!791. F15,3lt COL(901, F(S,31.COlIlDll. Fl4,llt 
C~~'1!3),F(4,L~); 

:i_J°-;;;:::L; 
~c.F _~P=OEF _O~~N; 

~i20_U?=K120_4IX; 
G;'} TJ ADD; 
r:'!D; 
I" ~ 1;;« "" r.:-.:: t:.:= (1:* *:¢:**¢**********'::"****~*I\:¢***** o).¢.*¢*:¢:¢*****¢*¢***:¢::¢:~~:::~ ~~;:*¢ I 
IC~*¢~~~c*¢~*************~~****************~**~***o******~¢****~*~~¢**I 
/*«4~*~**~~"**** REACH CONTAINING NO INPUT fO RIVER ********.******."1 
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J\\\\~"'(r.~"*I,\,,\\\.t,,"'\\.,\,,"\" OCCURS tlC:LU!,z ~f.'ACH CONtAINING A DAM ****fJ.bf{.'1Jq.*I,Iq.(r**tJ.1 
I*~~.~~.~~~~~~"~~~~*~*~~~~~~**~~~*~¢**¢¢~***~Q¢*~*******Q***¢**b<r**O**' 
1~*~~~~~~~*~~~~~~****~~*Q*w.~*~**~*q***~o*«**************~9~**.*~**Q***1 
nSF II' TYPE' 'N' THEIIl DO; 
T = T + l~ 
L~_I~lT ~ LAlIT): 
Or:F_I~IT = OF.FIIT): . 
~a_r'PJT: GET EnlT IUP5TH, DWNSTH, DISCH, R!VTEHP, WIDTH, DEPTH) ICOLI 

~5). Plo,2). :OL(35), Flo,Z), COL(4~1, Flo,l', COLl51., F14,l), COLI 
a~). Flb,II,COLt751, F(otll): 

GrT EDIT«(IZQ_10,ZILCHI(COL(Z61. FIS.3I,XI49I,AIL'); 
IF "1=1 THr.~ o~_uo=()O: 
El SE O:1_UP=OOSATI\-DEF_UP; 
LF~3TH=IUPSTM-DWIllSTH1*SZ60.0; 
C54 = 0.75 « WIOTH * DEPTH: 
V~LU~: = CS4 * LEIIlGTH: 
FL,1I;=ILUP +0 I SCH: 
VEL =FL:1IUC SA: 
TI~f·'LEIIj~TH/VELI/Ob400.0: 
~1~~_E=K12D_10*?'.303: 
~!2~_~I~=(120~e; 
{~2~_lQ=lI2.90*VEL**0.SI/IOEPTHOOl.5); 
~Z20_e=K220_10*2.303; I 

'1=KI20_~lX~1.0~7*~IRIVTEMP-20.0); 
t{ 2=K220_E« 1. 0 159** (R! VTE~:P-ZO .0) ; 
~3 = K320_E * 1.047**(RIVTE~P-20.01; 
LA20 = 600_o11'1 I 11.0-1.0IlZ.71**IS*KlZO_EIII; 
LA = LA20 • (0.02 * R!VrEMP + 0.60); 
;)()SAT~ = 14.65 - 0.41*RIVTEMP + O.OOS*RIVTEMPooz O.OOOOS*RIVTEMP.*3; 
JEF=OOSATR-OO_UP; 
IF ~OR~(TI = 'RFS' THEN 00: 
W = FLOw ~ lS6400.0/VOLUMEI; 
Z • ~_up * t86400.0/VOLUME1; 
A = 1<1 + K3 + W: 
6 ;; K2 + W; 
S""_N: L_OfJN = t.4_INIT*Il.01!2.71**IAOTIHEI» + HZOLA)JA) * 

(1.O-1.O/(2.7l**(A~iIMelll: 
G = OCF_I~IT - (ZOnEF)/S; 
f) = 1(1 I lA-B); 
F. = LA_INlT - IZ*LAI/B: 
F = 1.O/(2.7l.0(B*TIHEII: 
G = K1I1B-A); 
H = LA_INtT - (Z*LAl/A; 
I = 1.O/(2.7lo*IA*TIME)I. 
J = Z/B: 
~ = OFF + (Kl*L4)/A; 
DEF_'l: DF.F_DWN = (C+IDOEl) I*F + (G*H)*I + IJOK); 
t:'N"l; 
ELSE 0:); 
L_DiJIIl = (LA - ::/Kll • Il.OJlZ.71**IK1*TIMEIlI + X/KL; 
E)(P 1 = 1.0 I 12.71**( Kl*THIElI; I • 
E.XP2 = 1.0 I (Z.710*IKZ*TIHE»); '1 

IF K2 • K1 TH:EN DO: 
L .. K1 (0 TI~E; 

" • ILA-lO/K1; 
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f' • (\<i'y)/"t; 
l':'~ _\.'l,~." D (L,'q"l .. OfF T P) * EXPl - P; END; 
~L ');. ;)0: 
nU_il,i'll ~ ((KI"LA - Xl / IK2-Klll ~ (EX?I - EXP21 ... (O:,'V1/KZ) * 

(I.G·l.0/IZ.7l •• IK2.TIMEIII + OEF.IL.O/IZ.71 a *IKZ*TINEIII; E~D; 
I:.~D : 
IF Lo.,,";T'l " 10.1"nOo.01 THi:1II DO_DWIII u DO_UP; 
FLSr DC_OM'll • OnSATR - OEF_OWN; 
~~ 1 'IIr _'I: ;'.1 T SK I P GOI T( RF..\CH, TYPE, upsn" OUIIIS TM, FLOW, CSA. TIHE,K L, K2, DO_UP 

.JO_O~"II:DLIZI,AI3I,COLI,),AI3),COLI17),FI6,21.COLI2S),FI6,2I, 
C~LI.71,FI6,II,COLISS),FI61,COLI68I,FIS,21,COl(791,FI5,31,COl(9DI. 
,: I ~. , I , COL I 101 I , F I 4, 1 ) ,COL I 1131 ,F 14, 11 I ; 

~_J~~FLO~; . 
5]'1_U·' = L_O~1Ii / 10.02 • ItIVl'E"lP + 0.61; 
r.EF_U~ = OnSATR - DO_OWN; 
kIZO_UP.K1ZO_HIX; 
GO TJ hOD; 
E:,\i); 

1*"~G~~~600*0060~*O***oo**********Q*o***o*****************c*oo**~~~~**1 
1*~Q~~~Q*~¢~~~*¢**o**Q***~c***o**c**c**c*o**~****o¢*********~.¢b~*~*~bl 
/ •••••• ~ •••• ~ ••• INDUSTRY DISCHA~GING WASTE INTO RIVER •••••••••••••• / 
I '" ~ ~,,..;). .... <t ~~" J)t;, * ~**I,," ~(,** (c*~:I,';**** ** **I!l******* ****~*****~******~*(C***(r*****1 
I ~ a. ** I,\.\,t ¢" ~.:.; *"" I); (cl!, ~('~**\'** ******** ************************c*** *****~ **'lj:t;.*1 
Ft5E If- TVPF='10' THEN ~r); 
lRD_nIS:G~T eOlrIUPSTM,DWNSTM,OIS_I.RIVTEMP,WIOTH.OEPTHI(COL(Z5I,F16.21 

.C~Llj51,FI6,21,COl(45),FI6,ZI,COL(571 ,FI4,ll,COl(65I,FI6,ll, 
COL (7~1 ,F(b.lIl; 

'::;£1 ,_0 I T! ·nns ,1)(1-, K120_10, 1 NTEMP, II LCHI I COLlZSI ,F 1 b,11 ,Cal (371, F 14,11, 
CJL(46),F(S,3), COLC571,F(4,ll.XtL91.Aill); 

I" N=1 T'lcN DQ_UP=OO; 
cL5£ ~Q_UP=DOShTR-OEF_UP; 
Dv,~Tw = 14.65 - 0.41*lNTEMP ... O.ODS.INTEMP**Z - 0.ODOOS*INTEMP**3; • 
~ E~GTH=( IlPST'I-)tJNSTM) .5281). 0; 
CSA = 0.75 ~ WIDTH • DEPT~; 

vaLu-e = CSA ~ LEIIIGTH; 
~!J~=Q_UP·IOIS_I*1.54SI; 
VFL=FUlWICS.\; 
r!N£=(LEIIIGTH/VELI/S6400.D; 
~lZJ_E·Kl23_10*2.303; 
~120_~IX=II~120_UP¢O_UP)~IK1ZO_E.(OIS_I*1.5451))/FLOW; 
~?2()_11=1 12.'ln*VSL**0.511l0EPTlI""1.51; 
K22~_E;K22r_10*2.303; 
~l~(1~~_~tK~1.O~7~6tRtVTEMP-20.0); 

Kl=~221_E·l.0159·.(RIVTEMP-20.01; 
13 • K.20_E • 1.047**(RIVTEMP-ZO.OI; 
L.\ _! I\l= ~1J:)51( 1.0-1.011 2. 71 "',( 5*K1ZO_E III ; 
LA20 = ((IlOD_UI>.:LlJPI .. ILA_IN " DIS_Ill/FLOW; 
L4 = LAZO • (0.02 ~ RIVTE~P ~ 0.601; 
nF"_I.=DDSATU-01; 
n:s,rA • 14.65 - D.41*RIVTEMP .. O.OO,*RIVTEMP •• Z - 0.Doooa*RIVTE'P*.3; 
JfF=II(JOSATR-DO_UPl*O_UP)"(DEF_IN~otS_!I)/FlOW; 
!F P'RMITI = 'RES' THEN DO; 
d = F~Cd " (eb4QO.0/VCLUMEl; 
z ~ ~_UP * IS6400.0/VOLUME1; 
An" L + K3 + W; 

, . , 

II 
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:.; ::. ~~ ... to:; 
~~D_!n: L_Dd' 0 LA_INtT*ll.0/12.11**IA*rIHEIII • IIZ.LAI/A, '" 

11.0-1.0/12.11**I'*TII1EIII; 
C = f)"c_l,tT - (Z*OEfl/R; 
[loK1/IA-RI: 
E = L~_IN!T - IZ·LA)/"; 
~ = 1.O/(Z.71··18·TI~E)I; 
,. 0 K1/(I)-A): 
~ • LA_'~IT - IZ-LAI/A; 
I = 1.0/12.71**IA*TIMEI); 
J :; !/;\; 
" = '):r + (Kl.L .... ,/A; 
J~F_tO:' I)Ef_DII~ " IC+IO*EI)*F + IG*HI>::t + IJ*KI; 
E.~:) ; 
::;LSl: 0 .... 
L_~W~ • ILA - X/KLI • Il.0/12.11**IK1*TtMEIII + x/Kl: 
EX?l • 1.0 I 12.71**IKl*TPIE)); 
EX?2 • L.O I (Z.71~*IKZ*TIME)); 

IF K2 = Kl THEN 00; 
L 0 ,,1 * TIllE; 
i) = ILA-XI/K1; 
P = (X.YI/KL; 
:leF_o.'I" = (L*O + OEF + PI * EXPl - P; END; 
cL SE. 00; 
O=F_!)w'li = IIK1*LA - Xl I (K2-Klll * tExPl - EXPZI + tlx+YII"ZI '" 

Il.O-l.0/12.7l**tK~*T[MEIII + OEF*ll.0/[Z.71**IK2*TIMEIII; END; 

E~~; 

IF L=II:~T>i < (0.1"5280.0) THEN DO_D~lN = DO_UP: 
eLSE f)Q_I'lWN = OOSATR - OEF_D~IN; 

?~ I'T _10: OUT 5K I P ff)i Tt REACH, TYPE, UPSn"D~lNSTM, FLml ,CSA, TIME, Kl,~2. 

~O_JP.DO_OWNIICOL(2).A[3I,CoLI91,A:31,CoL(1
71.F(6.21.CoLI281,FI6.2). 

C1LI371,FI6,11,COL[SSI,FI61,COLI681,FIS,ZI,CoL(791.F(S,31.CoL[901, 

F(5.31.COLIL011,F!4,11,COlI1131.FI4,11!; 
O_JP=FVIW; 
80D_~P = l_DWN I (O.OZ * RIVTEMP + 0.61; 
oF.F_UP = aOSATR - OO_OWN: 
~120_UP=Kl20_MIX; 

GO TO I>.DO: 

1=***'C..:.c¢\'I:~**:/,I.**\,:***********¢*****)~*******~u:C*
*:':;~t*¢:*¢*******¢:*¢**:;r**:;:::;:::*1 

I e (I *1'} * t;tl!cl):¢; (C** *t;c*~ ):':****~t****)::~.:**~,****:(,******************a;::*:;;¢*c",* ** *' I):*~*I 
1** "'''''*'''' "",,,,, •• ,,,, INDUS TRV \1l THOR Alii NG I'IAT E R FROM RI VER ****.";.**** ""*"1 

1* c (t * (I "',r * 1(f ~ n <, * * >;; (\ (::.if:;: ** * :(c*'f,t* (; * ** *** ~'*¢.****$ ¢:****Q*¢*** * ¢*** ¢ :¢** *:(f (:; C; fI. (:: <t* * J 

I~Q~~'l¢*~(:*!~***:;::**:::**(,**~;(:¢a;c******Q~*(.t
************1)*¢***(u;:****~QCC;;t*6:.t;::¢~1 

ELSE 1F TV~f=' HI' THEN 00; 
1 'O_\i1'H!>~I'IL :GET ED IT LUPSnl, OliNSTH,lnHOR ,RIVTEHP,~lIoTH,OEPTH) ICoL1251. 

FI6,tl,COlI351,FI6,ZI,CoL(4S1,F(6,Z,.COL(S7)·,F(4.1I,CoLC651.Fl6,L), 

CDL(751,FI6,11); " 
IF N=1 TH~N DO_U?=Oo; 
F.LSE OO_UP=OOSATR-OEF_UP; 
LENGTH=! UPSiM-O~JNSTri I *S280.0; 
CSA = 0.1s * W(OTH " OEPTH; 
VOlU'IE = ,CS~ *' LENGTH; 
FLOW~O_UP+CWTHDR*1.545); 

VEL"PLO>J/CSA; 
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,. i ,,:. ;., L t:\:.~ ni/VLL ~ IU6400.0; 

~1~~_~1~~~lJ0_U~; 

~~~J_10~(!~.~O~VEl~~O~~'/(OEPTH**1.5); 

K~~n_~ ; ~:~a_l0 ~ -2.l0J; 
:{.1;.' 1 ~v_M t x~ 1.047"'\'( (R! Vi'"ENP-ZO ... 0 1 ; 
S~;K2~J_~·1.01590*(RIVTE~P-20.0); 

~'l '::. ,,32i)_t " 1.O:'7,.\, .. {~tvrE,,:p-20.0); 

L.\20 .;: :lOO_Ui> * (FLO\lI{'LU?) i 
LA ~ LA:n 6 (o.oa * RIVT~NP • 0.601; 

~0s~r~ • 14.65 - O.41QRIVTENP + O.ooa*RIVTEHP**2 - O.OOOOS*RIVTEHP**,; 

'~F-l~s~rR-OO_U?; 

IF r~.';;"i(T) ~ IRGS' rKeN DO; 

'.~ - t-i...O~ .. • '" '86400.0/VCLU:·:::); 
! - ~ _UP ~ (I)MOO. O/VOlUME I; 
~ = ...: l .. K.3 + W: 

.;\ ~ S,2 yo ~~; 

,:;Ju_:o!: L_OIIN = L"_!NIT*ll.01!2.71**IA*THlEl)1 + tlZ*LAI/AI * 
Cl.0-l.0/C2.ll**/A*'IMEIII: 

" = ~EF_I~;T - CZ*OEfl/S: 
() = ,,1 I {A-Bl: 
o = LA_INIT - CZ*LAI/B: 
F = 1.~/C2.71~*IB*TIHEII; 
:; = "In '3-AI: 
H = LA_l~IT - IZ-LAI/A; 
I 1.n/C2.71 •• (A*TIHEII: 
J = !/B; 
" ::; n~p + (Kl*LA)/A; 
ClEF_lIl: OEF_OWN ~ IC+(D*Ell.F + (G*H}*I ... (J*KI; 

=~D; 
:lSE no; 
L_OW~ = (LA - X/Kll * tl.0/(2.71**(Kl*TIMelll + I/Kl: 

EXPl = 1.0 I (2.71*~(Kl¢TIM~II; . 
EXP2 = 1.0 I (2.71*¢(K2*TIHEll: 
IF K2 = Kl THEN DO; 
L = Kl " Tl'lE; 
o = (L",-:n/Kl; 
~ = ("<-YI/K1: 
DEF_O.:"1 = IL"O + OEF .. PI '" EXPl - p; ENO; 
ELSE OJ; 
OEF_O\!:-l = «(Kl*LI\ - Xl I (K2-lall " (EXPl - EXPZ} .. tc::"YI/K21 .. 

(1.O-1.O/(Z.71**IK2*TIMElll + DEF*Il.0/(2.71 .... (K2*TIME))): E~O: 

E1\:!) ; 
IF LEN:;TH < 10.1"5230.01 Tl-lEN DO_OWN = OO_UP: 
ELSE DD_O~'!~ :: OQSATR - DEF_m·!N; 

PR! 'I; _I H: PU'i Sl~ 1 P ED I T( REACH, rVPE. upsnl, DIlNSTH, FlOI~, CSA, T! HE, K!, K2, 

OJ_UP, O()_il~J~1 ICOU 21 ,A (3) ,COL ('3 l, A 131. COLtl71, F /6.2), COU2S), F I 6 .21. 

CnL(37),Flb,11.CDLt501,F(61,COllb3I,Ft5,21.COL(7'3I.F(5,31,CClt90l, 

~CS,~I,CDLI10ll,F(4,11,COL(1131,Ft~,111; 

~_UP'~FLC~H 

a:)_J;> = l_DtlN I (0.02 " RIVTEMP .. 0.61; 
'121' _UP = DOSATR - Do_olm: 
~:20_U?=Kl20_~!X, 

G:'j 7:; 1..00. 
c'O; 
I*~~.¢~¢*****~*****¢**¢~************¢****¢¢****

****¢**~¢¢***~~c~~¢~¢~*J 
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/"".,. ~~ \\:11 tz\: ~~tt1:H ,\N p-.:nUSTttY·S ,HTHOr;:.\\!f.L :..ND OtSCHARGE PO!NTS CoIJ.*o/ 
/, • .\\\\,\,>\,,\\\\\\, ,\":i· ,,:t n::\,: f'lOlh"'iH TO (It; COt\!S10t:RCD AS ONt! ?UH~T /J,..IJf.,r.o';.l,I"'O/J.r.o.O/ 
!_~".n •• O~.~~O ••••• Q~~6~~*~6~~~~~~O~9~O~¢~~O~O***~*44~~*~OO~O~OO~IJQOO~I 
l.o.o* •• ~ •••••• O*O.~~*C~~06~~*~*~****.*O~*.O******~****Q**~***CO~.~*.*I 
::"$-:' If rVt'f=·t\~C· THE,~ DO; 
IN~_~1rln4W_CDN: GFT EOITIUPSTM.OWNSTM,wTHOR,ZILCHIICOL(25),FI6.21. 

:1LI3."FI6,ZI,COLI4S),FI6.2I,XI291,AC1II; 
:~ \; .... 1 Tri(:N IlO_tJP .. DO; 
~L~L nO_UP=vOSATR-DEF_UP; 
FLo~=a_UP.(UTrlO'.1.545l; 
00 _ ·)~-:N=OO_Ut'; 
LA:!O = lIuJ_UP * (FLOIUQ_UPI; 
P=l.INT_nlC: ~ur SKIP EO!i(REACH,TYPE,UPSm,OWNSTH,FLOli,DO_UP,OO_DWNl 

(CJL(~l.AI31,COL(91.A(3),COLll71,FI6.21.COL(2a),FI6.2',CDL(37', 
Ftb,ll.COLI1Gl),FI4,ll.COLIl131,FI4.l)I; 

O_t1~=FLOW; 

SOD_Ill> = LAza; 
OEF _U0:.;)EF _ONN; 
~120_UP=K120_MIX; 
QO TO AOO; 
LAST: ':'110 STA!\T; 
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DATA FOR EACH REACIi 

FOR ,-
JUNE 1972--SEPTEMBER 1972 
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R~,ach 
):0. 

1.'. 
2,\ 
30\ 
!.A 
SA 
60\ 
7:\ 
d..; 
,!1.\ 

:0" 
!O3 
lC~ 

lL\ 
" ~ --" 
llC 
l:!A . 
13A 
14.'. 
15.'. 
1 ' • _0 .. "1. 

17..; 
ISA 
19A 
20A 
21.\ 

r , . 
I 

CI.ASiiI1'ICA'l'l0N. RIVER lHLE !.DCNnON. A~D 
CHA!I:!l:l:L on:E!l:S !O~S OF IJARlUOR RIVER REACHES 

Cl~1$6i- Upstrc:lm Downstrcam Avcrage 
fication Ri va r }!ile River Mile Width 

(ft.) 

SD 385.00 382.00 1125 
SO 382.00 367.50 1270 
SDU 367.50 366.00 1250 
It 366.00 365.00 1/,1,0 
N 365. flO 361.50 111,0 
SDH 361.50 347.50 1240 
R 347.50 346.90 1500 
N 346.90 346.30 970 
SD 346.30 345.70 500 
n?c 345.70 345.70 
ID 345.70 345.20 520 
SDH 345.20 344.40 520 
IHC 344.40 344.40 
ID 344.40 344.39 470 
ID 344.39 343.70 470 
SOH 343.70 343.50 500 
10 343.50 343.00 530 
m 3i,3.00 342.50 MO 
ID 342.50 341. 60 500 
SOH 341. 60 338.41 590 
10 338.41 338.39 470 
R 338.39 338.10 750 
N 338.10 337.00 ' 510 
It< 337.00 336.70 410 
10 336.70 335.00 350 
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Averagc 
;),,?ch 
(:t.) 

54.7 
71. 7 
83.7 
85.7 
32.5 
60.5 
76.5 
16.9 
22.9 

19.9 I 
19.9 .\ , 

1 20.4 I 20.4 
19.9 I 19.4 

j 

18.9 i 19.9 
34.9 I 49.9 
51.4 1 

25.0 
1 25.3 

25.5 1 
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Reach 
No. Honth 

110 June 
-.I July I 

'" August 
N 

.Septemb.er 

2A June 
" . July 

August 
Scptcmher 

310 June 
July 
August 
Scptl'mbcr 

iJA June 
July 
J!,ug\Jst 
Septpmbc'r 

Input 
F1ot~ 
(cfs) 

1895.0 
2150.0 
1615.0 
1975.0 

65.0 
100.n 
100.0 
125.0 

10.0 
10.0 
15.0 
10.0 

1970.0 
2260.0 
1730.0 
2110.0 

TABLE XII 

INPUT DATA FOR HARRIOR RIVER REACHES 

-' 
. .==:=--= .. ~ 

k1 20 DC ::~ 20 Cc River Te::pera- BODS D O. Tempera- BODS D. O. Input ture of of c? ~i.'\·~r ture Input Input (base 10) Input Rivcr River {: ~S" 10) (DC) (ppm) (ppm) (days-1) COC) (ppm) (PP::l) e<"s-l) --.; . 

27.0 2.5 6.0 0.060 27.0 
27.9 3.2 6.7 0.060 27.9 
30.0 1.0 6.6 0.060 30.0 
28.0 3.0 5.9 0.060 28.0 

27.7 2.5 7.0 0.060 25.6 
29.0 3.5 5.2 . 0.060 28.9 
30.0 3.5 7.1 0.060 28.9 
28.5 2.5 6.5 0.060 25.0 

28.5 8.0 20.0 
28.0 8.0 22.2 
29.1 8.0 22.8 
28.9 8.0 22.8 

28.5 1.0 3.7 !.i.060 27.5 1.5 3.1, (1.0(,0 29.1 1.5 5.1 Co. 0(,0 28.9 1.5 3.0 0.060 

,;, > ..... --'-."-~-~-----.~~ ............. -l ' , . -- .. -I~ ~~ ": 'i . ',"'n',"" .•• ' ".~.~_~,_., .~ ........ ~~.;:..,-. ..... ~=~~",,,--...,, 
; . z"" ,." Hili ""';"c' .1''';; "d" .--t'~ 
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,. '- I , 
Ii 

I • I 
I 

l . , 

'~ 
I 

i 
I 
I 

'1 

f 

I .1 
;J If ., .... ,. 

i 

i 

~ 
I 

?> 
~ 

o~ '>;I ..... 

cg~ 
~~ t"' 
€'"tI 
'f; ~ 
~tfz;l 
i<!\'i.! 

Reach 
No. 

5A 

6A 

7A 

8A 

9il 

Honth 

June 
July 
August 
September 

June 
July. 
August 
September 

June 
July 
August 
September 

June 
July 
August 
Sepl:ember 

JUnC! 
July 
Aui~u!,;c 
Septc'lIlbcr 

Input 
Flol~ 

(crs) 

0.0 
0.0 
0.0 
0.0 

15.0 
25.0 . 
10.0 
15.0 

1880.0 
2270.0 
1730.0 
2040.0 

0.0 
0.0 
0.0 
0.0 

.25.0 
35.0 
25.0 
15.0 

River 
Tempara-

ture 
(OC) 

27.3 
26.2 
28.2 
27.8 

26.7 
26.0 
29.0 
28.3 

28.3 
27.5 
28.9 
28.0 

25.7 
26.7 
27.2 
27.2 

25.7 
26.7 
27.2 
27.2 

TABLE XlI (Continu!!c1) 

BODS 
Input 
(ppm) 

2.0 
~~.5 
2.5 
2.6 

D. O. 
Input 
(ppn) 

• 5.0 
5.0 
4.6 
4.8 

8.0 
8.0 
8.0 
9.4 

k1 20 °c 
Input 

(base 10) 
(days-I) 

0.060 
0.060 
0.060 
0.060 

Tempera-
ture 
Input 
(OC) 

22.2 
23.3 
26.7 
26.7 

25.6 
28.9 
28.9 
25.6 

BODS 
of 

R:l.ver 
(ppm) 

2.7 
3.5 
4.0 
4.0 

D. O. kl 20 0(; 

of of P.i\'rc::-
Rivrc:r (bas!! 1~) 
(ppm) (d,qs-l) 

0.055 
0.055 
0.055 
0.055 

4.6 0.095 
4.3 0.095 
3.9 0.095 
4.4 0.095 

0.065 
0.065 
0.065 
0.065 

L "-'-"'-.... ,-.... ---...... , ...... --... - .- "--.---
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TABL]> XI] (ContilJu"d) 

i 
I 

.. i 
! 
il '. 
~ ; 

i: 
d 
'I 
11 .,' 
II 
II 
~ 

. '.1 .- -, ! 

I 
l 
! 

-.J 
I 

co 
'" 

~~ , .... 
~~ 

I §~ 

--
Reach 
No. }!onth 

llC June 
July 
August 
September 

12A June 
July 
August 
September 

13A· -June 
July 
August 
September 

It,A June 
July 
August 
September 

Input 
F1ot~ 
(ds) 

0.70 
f).SO 
0.78 
0.72 

70.0 
110.0 
110.0 
140.0 

··3.50 
3.50 
3.50 
3.50 

- 18.00 
- 18.00 
- 18.00 
- 18.00 

River 
Tempera-

ture 
(Oe) 

26-.5 
27.3 
27.8 
27.2 

26.5 
28.0 
27.8 
27.2 

26.5 
28.0 
27.8 
27.2 

26.5 
28.0 
27.8 
27.2 

BODS 
Input 
(ppm) 

84.0 
52.0 
54.0 
46.0 

2.2 
2.2 
2.2 
2.2 

D. O. 
Input, 
(ppm) 

0.0 
0.0 
0.0 
0.4 

7.5 
7.0 
7.0 
7.5 

5.0 
5~0 -
5.0' 
5.0 

I ~ "'11 

I, i~~ 15A June 12.0027.0 100.0 0.0 
,,..,.!l'Jl July 12.00 27.5- 100.0 0.0 

I ~';il.~ Augusl 12.00 27.S 100.0 0.0 ,.i I' Sop'''""'' 12.00 27.2 'Oll.O 0.0 

I 

~ 

O~,~ __ • ----".'" ,_, ••• "~.,,.,"~'~ '~-.-_.,-------•• -:-- --'-':-,"_'; 

... - .. _. 

k1 20°C 
Input 

(base 10) 
(days-l) 

0.085 
0.085 
(l.085 
0.085 

0.002 
0.002 
0.002 
0.002 

Tel~pera-

ture 
Input 
(Oe) 

33.0 
33.0 
34.0 
33.0 

25.0 
28.9 
27.8 
24.4 -

24.0 
24.0 
24.0 
2/,.0 

0.135 35.0 
0.135 35.0 
0.135 35.0 
0.135 35.0 

---_ . 

BOI)5 D. O. 1<.1 20 e.C 
of of of. Riv!:!r 

Riv"r River (b;..::.r, 1':.) 
(ppm) (pp:::) (ca:;s-J) 

:.:y 

~ 
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I TIIBLE XII (Continued) 

, , 
.. --' 

I .--.' _ .. 
kl 20°C 

River k.t. 20°C Tempera·· ,:1"", II, O. 
j fir of Riv(:r 

Input Temp era- BODS D. O. Input ture .. I (base 10) , 
I' I V(~r , 

Input (base 10) I' I I' I • Reach FIOl'l ture Input Input ( 1'1',,,) (days-I) 
No. Month (cfs) (0 C) (ppm) (ppm) (days-I) (oC) I,'J,III} 

16A June 0.6 27.0 4.0 21.0 
July 0.4 27.: 4.0 23.0 
August 0.5 27.8 4.0 22.0 
September 0.6 27.2 4.0 21.0 

-./ , 17A . June 0.32 26.7 58.0 7.0 0.100 27.0 00 
0- July 0.50 28.5 40.0 8.0 0.100 28.0 

August 0.38 27.8 28.0 9.0 0.100 28.0 
September 0.50 27.2 60.0 7.0 0.100 27.0 

~ .. , ".6 0.040 
I8A June 2150.0 26.7 0.040 . . 'J.7 July '2630.0 28.5 ... 

'j ,I, 0.040 
August' 2000.0 27.8 ' .', 

".7 0.040 
September 2320.0 27.2 ~ 'I 

0.020 
Ii 19A June 0.0 26.7 0.020 " " ;i July 0.0 28.5 0.020 
!I August 0.0 27.8 0.020 
" September 0.0 2/.8 " 
f~ 
" !t 

20A 0.40 26.7 II June -
11 

July - 0.40 28.5 
Ii AUllust - 0./,0 27.8 
,\ September 0.1,0 27.8 
\1 
1 
j 

I 
i~ r"_"_ --, r"'-'--! r"-'" ;-.,.. .. ..,....... 

I -' ~ 

r "'·'--1 ~=-.:J '. "----_I , 
j 

;,'-,;;,-' ,,' -;-/ 

-"'tt,"; cD •. - .. "n!' .J\ >~"~-",~"",~~~,-,-,,,,,,",~_,~,~,_"".~L~,,,.~,,,~""---..:ft.;, · .. ·6 
_, '''lolli/)' Iie¥re,"- . _'2,-,~_ ..... ,:",~~._ ."""""'..,. ...... em e--" ,.,,;;; 

.. _ . ..J""~,~,.~ ••• ,, ... : •• .H ••• 
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--- ----------- .--------

Reach 
No. Mouth 

21A 

C:J C 
'~~ ..... 
'1::!C;-: 

XZ 
l~ :::". , , !-( 

£(~ 

.
;; ,l> 
f-I ~ 
~~ trJ 

~tiJ 

JUlLe 
July 
August 
Septel"ber 

,.. . ',- ~;-C';. '. ;;,"-'., 

r~·:~.,~l ';, __ ,",,_t 
!,;~;--~ 
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TAll),!; XlI (Contillurod) 
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APPENDIX III 

DETAILED NAPS OF THE SECTION OF 

THE WARRIOR R:;:VER USED IN THE 

}IODELING STUDY 
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CHAPTER I 

INTRODUCTION 

The gypsy mllth (Porthetria dispar) is a forest insect native to 

eastern Europe and Asia where it causes moderate and infrequent d3mage. 

However, when truten from its native environment, the insect displays 

a capacity for changing into a costly and destructive menace to forests. 

In 1869 such a transition was begun when a French biologist introduced 

gypsy moth eggs into Medford, Massachusetts. He hoped to produce a 

sturdy strain of silk-producing insects by crossing the gypsy moth with 

the silkworm moth and raising it in a very conducive environment. As 

could be expected, these larvae escaped from the Medford experiment, 

thus creating the current gypsy moth infestation problem in the north-

1 
eastern United States. 

During these subsequent years of habitation in this favorable 

environment, the gypsy moth has spread over 200 thousand square miles 

while defoliating forest and ornamental trees in the process. The moth 

has now become established in all or portions of nine states from Maine 

to Maryland. Past records of outbreruts within this area have shown pre-

ferred hosts to consist mainly of hardwoods but with older larvae 

successfully feeding on pine, cedar or spruce. These conifers are 

usually killed by one season of complete defoliation while hardwood 

species may be killed by two successive years of defoliation. In areas 

having SO percent or more hardwood trees (preferred hosts) there is 

generally a three to five year phase following initial introduction 
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in which the insect becomes generally distributed at low densities 

throughout the region. Phase two may bring a population explosion 

throughout the entire area for several years in succession. Event-

ually, a population collapse occurs followed by local abundance on 

2 the mor~ susceptible upland oak sites. 

The potential threat of the gypsy moth to southern forest resources 

has been analyzed by several persons over the past forty years, and 

their findings reveal some interesting speculations. On the basis of 

suitable hosts being present, the insect is expected to eventually 

occupy the entire region in which oaks are a component of the forest 

stands. Evidence is accumulating to indicate that southern hardwood 

forests might be highly susceptible to defoliation, and therefore, may 

experience greater mortality than that occurring in the Northeast. 3 

This factor, combined with a milder climate and a virtual predator-free 

habitat in the Southeast, offers some very bleak possibilities. 

Purpose 

It appears that in the past very little attention has been given 

the possibility of utilizing remotely sensed data, and more specifically 

ERTS-I (Earth Resources Technology Satellite) imagery as an effective 

tool in the inve~tigation of significant, large scale insect infesta-

tions of our forests. Accepting the existence of such a problem, the 

need for a relatively quick, inexpensive and accurate means of survey-

ing a current habitat, as well as the destruc'tive end result of these 

pests' presence is of prime concern. 
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Armed with evidence gathered by conventional research techniques, 

authorities feel that an indicated spread of one of our most deletorious 

forest insects, the gypsy moth, is and will continue to be in a south-

erly direction, thus posing a direct threat to southern forests. There-

fore, the contention here is that such a potential destructive capa-

bility of the continued migration should warrant a more in-depth exam-

ination of such a possibility. The proposition that remote sensing 

techniques can be effectively implemented in predicting a trend of the 

gvpsy moth population movement into Alabama is the primary theme of 

this work. 

Scope ~ Procedure 

Because such a topic for evaluation as the gypsy moth with its 

propulsive character could easily become an open-ended study, it will 

be necessary to limit the extent of this investigation to the basic 

factors of population dynamics. The primary format to be followed will 

be the review of the adaptive traits and destructive nature of the 

insect, the application of such characteristics of the pest to possible 

future effects on the environment, and the analysis of such inherent 

qualities, as well as other extraneous factors in their relevancy to 

potential population growth and movements. 

Furthermore, it is necessary to restrict the scope of this study 

to include such objectives as: 1) the enumeration and summary of such 

behavioral patterns as life cycle, rate of reproduction, preferred hab-

itats and modes of population spread which are essential to the better 

understanding of population changes, 2) an analysis of and subsequent 

prediction of population diffusion (both direction and rate) which 
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necessitate a review of historical population censuses, a determination 

of the effects of past and present eradication efforts on population 

growth snd a delinestion of a natural corridor for mass movement from 

the present infestation area into Alabama, and 3) the summary of the 

potential gypsy moth threat to Alabama and the mapping of representa-

tive target areas using remotely sensed data. 

The initial phase of historical data procurement for the purpose 

of preparing a background sketch of the gypsy moth was accomplished 

via library research and inspection of Animal and Plant Health Inspec-

tion Service (United States Department of Agriculture) records of past 

population surveys. These data were also useful in the forecasting of 

population trends, along with such procedures as: 1) determining the 

net effect of natural restrictions on the potential population spread, 

2) analyzing the net effect of artificial suppression measures on pop-

ulation growth and subsequent dispersion, 3) utilizing non-linear regres-

sion techniques to predict progressive population diffusion (by total 

area expansion and direction of predominant spread), and 4) using ERTS-I 

imagery to illustrate an unbroken chain of favorable environs and pre-

ferred host forests along the Valley and Ridge Province of the Appala-

chian Mountains from Pennsylvania to north Alabama. 

With the credibility of such an approximate prognostication accepted, 

the desirability of defining specific infestation target areas in Alabama 

is thus enhanced. This goal may be achieved by employing color composite 

ERTS-I imagery in conjunction with ground truth data and color infra-red 

aircraft photography wher~ available for verification of the location of 

certain forest stand types. In addition, color composite ERTS-I imagery 

of New England infestation areas is included for correlation with imagery 
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of Alabama for future reference in the monitoring of the approaching 

!lYPSY moth outbreaks. HOI<ever, the use of these images as detection 

too)" will probably prove frultleHB Rlnce extensIve' In",,;;~!p;ation of 

them revealed no unique spectral signat~res which could be directly 

attributable to gypsy moth defoliation. The reason for this limita-

tion of ERTS data is caused by the undergrowth usually found in hard-

woods which would be interpreted by the multi-spectral scanners as the 

same reflectance value (in the defoliated area) which would have been 

reflected by the forest ~anopy. These New England i~ages are, there-

fore, included only for purposes of comparisons with surface features 

in Alabama. 
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CHAPTER II 

ENUMERATWN AND DESCRIP'['ION OF SIGNIFICANT 

BEHAVIORAL TRAITS 

For a better understanding of the present success status of the 

gypsy moth, the many inherent characteristics which have enabled it to 

thrive in a somewhat new environment must be considered. This unusual 

adaptive capacity is perhaps best illustrated by a comprehension of the 

insect's native habitat, Europe and Asia. By encompassing such a vast 

expanse of territory with its tremendous variety of climatic regimes, 

topography and vegetation cover, the moth's ability to meet the demands 

of new and sometimes hostile surroundings can thus be demonstrated. 

Description ~ Life Cycle 

A closer look at those morphological attributes of the gypsy moth 

which contribute to such a high degree of success in geographic expan-

sion reveal: 1) a great reproductive capacity (usually 300-500 eggs per 

female, 2) polyphagous l habits, and 3) morphological and behavioral 

adaptations. 2 Such traits are completely necessary when one considers 

the confinement of the insect to such a short life span of only one year. 

The life cycle includes the usual four stages: 1) egg, 2) larva (with 

five to six instars 3) , 3) pupa, and 4) adult. The most vulnerable of 

these stages seem to be the egg and larval phases because of assaila-

bility to enemies during these periods. But a possible compensating 
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trait is the high mobility of the adult male. Although adult females 

are flightless because of their large egg-laden abdomen, the male is a 

strong flier, being able to cross great distances, thus creating a 

stronger gene pool by inter-breeding with other populations. 4 

In the cooler climates such as in New Engiand, only one generation 

per year occurs, with the harsh winters being spent in the egg stage 

which lasts from July or August to April. The destructive larvae hatch 

in April, approximating the arrival of new broad leaves, meaning that 

the insect can feed at a voracious rate until the July pupal stage. 

Adults, which do not feed at all, emerge in late July, mate and die, 

thus completing the life cycle. 5 

Factors of Reproduction 

Aside from the tremendous egg-carrying capacity of the female, the 

very strong sex drive is, in itself, a very significant factor in the 

gypsy moth's ability to replenish its population. The lure of the 

female can attract males from as .;uch as two miles away, thereby insur-

ing the necessary cross breeding, though the geographic density of males 

and females may be quite Im~.6 

This process of natural selection in conjunction with the feeding 

habits of the larvae, strangely enough, increases the probability of sur-

vival for the populace. When a population booms, resulting in a heavily 

infested stand of timber, the entire crop of foliage may be consumed 

before the larvae reach maturity. When this saturation occurs, two pos-

sible reactions result: 1) the larvae will vacate the trees and migrate 

considerable distances in search of food or 2) when the food supply is 

depleted but not completely consumed before the larvae reach maturity, 
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many succeed in pupating although they are smaller than normal size. 

The latter possibility results in smaller adults which reduces the num

ber of eggs deposited per mass. 7 Since there remains a direct relation-

ship between pupal weights of females and the numbers of eggs produced 

by females emerging from these pupae, the converse condition of a light 

infestation with faster developing larvae (because of an adequate food 

supply) can be expected to yield heavier females with a higher reproduc

tive potential. 8 Therefore, a natural control of population size does 

exist, but seemingly on a localized basis only. 

Preferred Habitat 

Conditions conducive to gypsy moth outbreaks, as well as for most 

forest insects, are most likely to occur: 1) in pure timber stands 

rather than in stands of mixed composition, 2) in overmature rather than 

immature stands, and 3) in plantations rather than natural stands. 9 It 

can therefore be "xpected that the economic impact of each infestation 

will be quite severe, since each condition which must be met for insect 

survival correlates quite well with c~iteria for valuable tree species. 

For instance, the most valuable trees are building material-producing 

hardwoods as oppose1 to pulp-producing softwoods, are sufficiently homo-

geneous to provide for ease of accessibility, and are mature enough to 

bear fruit or to be of adequate size for extraction. In any event, of 

all members of the timber community, commercially-grown types (such as 

fruit orchards and pure pine stands) would seem to be the most vulnerable. 

More specifically, preferred hosts are most dependent upon stage of 

larval development. The small first stage larvae must have tender, new 

leaves for survival preferably those found on young saplings, while the 
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older larvae are much more adaptable. First ins tar larvae depend on the 

availability of apple, beech, birch (gray, red and paper at high a1ti-

tude), larch, linden, oaks (especially white and red), and white willows 

to develop. Older larvae are much less particular in their choice of 

food and will 'even attack hemlock, pines (red and white) and spruce when 

preferred hosts are not readily available. IO For the complete list of 

gypsy moth food plants, see Table I. 

Adaptation !£ ~nvironment 

Evolution has dealt kindly with the gypsy moth. Its ability to 

cope with the elements after being suddenly thrust into the new North 

American environment provided the sound basis for subsequent adaptive 

modifications. 

The faster development time of the Canadian strains being quite 

evident indicates that specimens from colder climates have a more rapid 

rate of morph~logical development than those from warmer climates. If 

one can assume that the gypsy moth now present in North America origi-

nated from the single introduction from France, then this rather drama-

tic decrease in maturation time of specimens collected at the northern 

limits of the range in North America represents adaptation to a climate 

that has occurred in a comparatively short period of time, probably less 

than fifty generations. ll The rate of development not only varies with 

temperature and humidity, but also with the considerable polymorphism 

within the various populations of this insect in North America. 12 

However, since studies of variations within strains are lacking, factors 

of environmental determinism will have to take precedence in a determina-

tion of maturation agents differences in developmental rates. 
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TABLE 1 

CLASSIFICATION OF FOOD PLANTS 

Class I - Species that are favored food for the gypsy moth larvae. 

Alder, Spreckled 
Apple 
Ash, Mountain 

Oalt, Rock Chestnut 
Oalt, Dt'7sd Chestnut 
Oak, Bur. 

Aspen, American 
Aspen, Large-toothed 
Balm-of-Gilead 
Beech, American 
Birch, Gray 
Birch, Paper 
Birch, Red 
Blueberry (V. angustifolium) 
Box Elder 
Gum, Red 
Hawthorn 
Hazelnut 
Hazelnut, Beaked 
Larch, American 
Larch, European 
Linden, American 
Linden, European 
Oalt, Black 

Oak, Pin. 
Oak, Post 
Oalt, Red 
Oak, Scarlet 
Oak, Bear 
Oalt, Shingle 
Oak, Swamp White 
Oak, White 
Poplar, Lombardy 
Rose, Pasture 
Service-berry 
Sumac, Mountain 
Sumac, Scarlet 
Sumac, Staghorn 
Willow, White 
Willow, Glaucous 
Willow, 'Sandbar 
Witch-hazel 

Class 11 - Species that are favored food for gypsy moth larvae 
after the earlier larval stages. 

Chestnut 
Hemloclt 
Pine, Pitch 
Pine, Red 
Pine, Scotch 
Pine, Jaclt 
Pine, Western White 

Pine, White 
Plum, Beach 
Spruce, Blaclt 
Spruce, Norway 
Spruce, Red 
Spruce, White 

Class III - Species that are not particularly favored but upon 
which a small proportion of the gypsy moth larvae may develop. 

Barberry, European 
Bayberry 
Birch, Blaclt 
Birch, Yellow 
Blueberry, La,". 

8-l! 

Fern, SWeet 
Gale, Sweet 
Gum, Black 
Hicltory, Bitternut 
Hickory. Mockernut 
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Blueberry, Tall 
Cherry, Sweet 
Cherry, Wild Black 
Cherry, Wild Red 
Chokeberry 
ChDke Cherry 
C'Jt tonwood 
Cranberry, American 
tam, American 
Elm, European 
Elm, Slippery 

Hickory, Pignut 
Hickory, Shagbark 
Hornbeam, American 
Hophombeam 
Maple, Norway 
Maple, Red 
Maple, Silver 
Maple, Sugar 
Pear 
Poplar, Silver 
Sassafras 

Class IV - Species that are unfavored food for gypsy moth larvae. 

Arbor Vitae 
Arrowwood 
Arrowwood, Maple-leaved 
Ash, Black 
Ash, Blue 
Ash, Red 
Ash, White 
Azalea, White and Flame 
Balsam, Fir 
Blackberry, High. 
Blue-flag, Larger 
Butternut 
Catalpa, Hardy 
Cedar, Red 
Cedar, Southern White 
Cornus 
Cranberry-tree 
Currant, Red 
Cypress, Bald 
Dangleberry 
Dock, Narrow 
Dogwood, Flowering 
Elder, American 
Eubotrys, Swamp 
Feverbush 
Grape 
Greenbrier 
Hackberry 
Hardhack, Pink 
Hardhack, White 
Holly, American White 
Honeysuckle, Bush 

Huckleberry, Highbush 
Inkberry 
Ivy, Poison 
Juniper, Common 
Kentucky Coffee-tree 
Laurel, Mountain 
Laurel, Sheep 
Locust, Black 
Locust, Honey 
Maple, Mountain 
Maple, Stripdd 
Mulberry, Red 
Mulberry, White 
Osage Orange 
Osier, Red 
Pepperbush 
Persimmon 
Pr.ivet 
Raspberry 
Sarsaparilla 
Skunk Cabbage 
Spine-bush 
Sweetbrier 
Sweet Pepper-bush 
Sycamore 
Tea, Appalachian 
Tulip-tree 
Viburnum, Sweet 
Walnut, Black 
Willow, Bay-leaved 
Winterberry, Smooth 

Source: Mosher, F. H., "Food Plants of the Gypsy Moth in America," 
U. S. D. A. Agriculture Bulletin #250 (Washington, D. C.: 
Government Printing Office, 1915), pp. 33 & 34. 
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Wh I It· I"nlltll" nf ""pu"ur,' In f1unllght Reemingly has little, if any, 

Influence' nn development, an interesting contrast in the effects of 

t"lIIl'l'raturt\ on mllturation ""Ista. WhereaA thp Canadilln ,;train Hhnrtened 

lt~ develupme.lt timE' to utilize the shorter warm sellson found in the 

mon' poleward locations, development time was decreas('d by nearly 25 

percent in the laboratory resulting from an increase in temperature from 

23 °c to 27 °C. 13 More specifically. total development time from egg 

hatch to adult males (with 5 instars) was 58.77 days at 23 °c and 44.61 

days at 27 °c. Males with an additional ins tar matured in 62.59 days 

at 23 °c and 48.75 days at 27 oc, closely approximating the usual 6 

ins tar females. However, 7 instar females took the longest time develop-

ing, 68.29 days at 23 °c and 50.0 days at 27 °c (for visual comparison 

see Figure 1).14 Also, there was a tendency for the pupal weights of 

the <'ilrl fer emerlllnl\ adults to be heavier than those of later emerging 

15 
adults, thus giving rlse to the oe1ief c' :it an increase in tempera-

ture of a new environment results in not only the possibility of more 

than one generation per year but ;;ith a higher egg production per genera-

tion. 

There might be another advantage for the late emerging males since 

the longevity of males is somewhat shorter than for females. By con-

trast, the occurrence of later emerging females would be a probable dis-

advantage since there wo\·.ld be few, if any, available males at that late 

16 
date. However, since a small percentage of the adult females are 

indeed of the 7 ins tar variety (Table II) and since a comparative 

development rate with 6 ins tar males eXists, the probable adverse effect 

of late emerging females with no available sires is minimal. 
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temperature on 5 instar males. 

Figure lB. 
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temperature on 6 ins tar females temperature on 7 instar females 

Figure lA-D. The Effect of Temperature on Development of 
Immature Stages of Gypsy Moth Larvae. From D. E. Leonard, 1966, 
Bulletin #680 of the Connecticut Agricultural Experiment Station, 
Washington, D. C. 
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TABLE 2 

AVERAGE DEVELOPMENT TIME (DAYS) OF LARVAE FROM ONE EGG MASS REARED 

UNDER DIFFERING TEMf'ERATURE AND LIGHT REGIMES 

111umi-
It larval Temp. nation N1 12 1I2 III2 IV2 V2 p3 Total 

ins tars C hrs. 

I 5 23 16 10 8.50 4.70 5.10 5.20 13.50 15.80 52.80 

I Males 
I 
I ~ 

27 16 10 6.50 3.80 5.50 5.30 11.50 12.40 45.00 

27 0 12 6.92 4.50 4.83 5.58 11.25 12.58 45.66 

! I 
~ I 
~ I 

I 
I II III IV V VI P Total 

6 23 16 2 8.00 4.00 6.50 4.00 5.00 13.00 16.00 56.56 

~ , Males 27 16 1 7.00 4.00 5.00 4.00 5.00 8.00 12.00 45.00 

I: 
il 

27 0 3 6.67 4.00 5.00 4.00 5.00 10.00 12.67 47.33 

, I 

~ 
t 6 23 16 8 9.12 4.75 5.00 5.00 6.00 13.62 12.87 56.37 

P 

1 
I 

Females 27 16 9 6.63 4.22 4.89 4.89 5.33 11.67 10.56 47.89 

27 0 4 5.25 3.25 5.75 4.50 5.25 12.25 10.00 46.25 

I 
! 
I 
I 
I 

I II III IV V VI VII P Total 

I 23 16 3 9.00 5.33 5.33 5.67 4.33 6.00 13.00 12.67 61.33 

Females 27 16 1 8.00 4.00 3.00 3.00 6.00 4.00 13.00 13.00 54.00 

27 0 3 6.00 4.00 4.33 4.33 4.00 4.67 11.33 10.67 49.33 

! 
I 

I 
I 

1Number of larvae from each test group. 
2Instar. 
3Pupa1 stage. 

Source: Leonard, D. E. "Differences in Development of Strains of the Gypsy Moth, Porthetria Dispar," 

1 

I 
~ 

Bulletin of the Connecticut Agricultural Experiment Station, 680 (1966), p. 15. 
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Beyond these morphological adjustments, perhaps the most signifi-

cant trait of all is the highly unstable character of the entire popula-

tion based primarily on food supply until the reaching of the second 

larval ins tar. Whereas later ins tar larvae can survive on most forest 

tree types excepting a few including ash, tulip-poplar, and sycamore, 

the young larvae are restricted to feeding on a very few trees (mainly 

oaks). When the favored hosts are not available to the first instar 

larvae because of early depletion or a poor egg mass location, they 

literally take to the wind in search of food. 17 

In summary, the significant adaptive traits of the gypsy moth are: 

1) a more than sufficient rate of reproduction, 2) feeding habits which 

enable it to thrive on a mUltiplicity of forest types and to discrimi-

nate and search out the most beneficial ones, 3) the capability of vary-

ing its larval development time to best take advantage of those favor-

able environmental conditions which are available, 4) the ability to 

employ man as a vehicle of transport, and 5) the phYSical construction 

of the first ins tar larvae which allm~s for wind dispersal. Such evolu-

tionary attributes have made the gypsy moth quite a formidable foe. 

Wi.~ a position of strength based not only on the usual overpowering 

numbers of most insect species but also a mobility and adaptive capacity 

paralleled by fe;] creatures, this pest seems to have very adequately 

established itself as an intregal part of the ecological scheme of North 

America. 
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CHAPTER I I 1 

POPULATION DYNAMICS 

As the name obviously indicates, the gypsy moth can be accurately 

called "the hitch-hiker of the insect world." Its methods of travel 

are somewhat unorthodox, but they remsin very efficient by any standards. 

The purpose of this chapter is to describe these methode of transport 

and to analyze just how these abilities to move en masse were obtained, 

and to analyze historical population movements and the expected trends 

of population behavior as reported in past observations. 

Modes of Population Spread 

QUite often egg masses are deposited on automobiles, on campers, 

and on timber products, all of which serve as transport vehicles for the 

creation of new infestations. As a result, two major outbreaks have 

occurred, both in Michigan, which could be directly traced to a camper 

trailer discovered near the epicenter of the infestation after having 

traveled through the New England area. Isolated males have also been 

trapped in other areas such as Florida, Ohio, West Virginia, and Ala-

bama; all being attributed to artificial, means. However, new intro-

ductions resulting from human-aided transport are expected to be minimal, 

if not non-existent, in the future as a result of the very intensive 

I 
quarantine program now in effect. 
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~Iatural evolutionary development has enabled the gypsy moth to move 

into new territory by natural means. Amazingly, wind dispersal serves 

as the chief means of mass transport although the winged female is total-

ly incapable of flight. The responsibility for mass movement of the 

populace is borne by the critical instar I stage larvae which are well 

equipped for air transport due to their light weight (less than one 

milligram at hatching), their long aetae, and their ability to produce 

silk. 
2 

Population density and food supply remain the two primary factors 

of natural spread. In light or moderate infestations, the young cater-

pillars climb upward in search of food. Since they cannot identify a 

~ost without sampling the foliage, several feeding attempts may occur 

before a suitable host is found. When large numbers of caterpillars 

are competing for the same food supplies, those larvae which have found 

food are continually being bothered by others still searching. This 

situation persists until very few remain feeding. The longer this con-

dition continuas the more nervoua and agitated the larvae become until 

the slightest disturbance causes them to drop from the tree tops on a 

silk thread, which acts as a sail causing the light weight larvae to be 

quite eaSily blown away. With the bulk of the original population hav-

ing departed, the more mature remnants of the heavy infestation are again 

able to feed freely, particularly at night when they are less vulner

able to predators. 3 

After once having fed, there is much less chance for larval dis-

persal because their increased weights prevent their being readily dis-

lodged from their silken mat. However, nutritively deficient eggs from 

former heavy infestations produce inherently IIctive larvae, even into 
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inscar II stage, which are very easily dispersed by the wind. Although 

these larvae may be less viable initially, the survivors will, because 

of an additional instar, produce a more fecund adult. These forms, 

induced ill response to high population density, have less chance for 

survival, if not dispersed, because of their slower rate of development 

4 
to adulthood, as well as the competition for the limited food supply. 

Thus, the cycle of localized population explosion resulting in a mass 

geographic dispersal is completed. 

More specifically, the total period over which windspread of the 

gypsy moth larvae may be expected is in the range of 27 to 30 days in a 

normal spring and from 18 to 20 days during the late spring. Ordinarily 

the maximum dispersion is optimized during 10 to 15 days of high temper-

atures and favorable winds, usually commencing about two weeks after the 

5 first hatching and one week after hatching is complete. Most dispersion 

occurs at velocities of eight miles per hour or more, but larvae have 

been found in wind as low a3 two miles per hour. Since little activity 

has been observed in cool, rainy weather, the frequency of warm, dry 

days and the associated predominant wind direction should serve as good 

6 
indicators of mass population movements in areas of dense population. 

These factors will be discussed at greater length in a later chapter. 

Perhaps even more fascinating than the gypsy moth's ability to 

become airborne is the tremendous distance traversed. Investigations 

of Collins (1915) showed that ins tar I larvae could be blown 21 to 30 

miles, occurring at temperatures when the larvae were most active, while 

Collins and Baker (1934) reported an airplane capture of a larva at 

2000 feet elevation. Subsequently, a new outbreak was recorded by 

Nichols (1962) 35 miles from the nearest known infestation, apparently 
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resulting from wind dispersal. In addition to their capacity for long 

distance travel, the gypsy moth larvae consistently move in mass. For 

instance, in 1961 Campbell observed a higher percentage of dispersal 

from dense populations with a loss of numbers ranging from 72 per cent 

7 
to 90 per cent. At this point it would seem that control of the insect 

by prevention of dispersal through population management in order to 

maintain sparse populations appears quite feasible in future efforts. 

However, past attempts to regulate spread have not realized a very high 

measure of success. 

HistQrical Population Movements 

From 1906 to 1912 federal agencies imported natural enemies of the 

gypsy moth from Europe and Japan, but operations were halted by World War 

I and were not continued until 1922. However, similar efforts after that 

date may be described by the adage, " ••• like closing the barn door after 

the horse is out." Between 1906 and 1920, the population spread west-

ward against prevailing winds at an average rate of six miles per year, 

which indicated a series of only localized wind dispersals. During this 

period, isolat~d infestations were discovered in New York and in Ohio 

while the general infestation areas spread to include southern New Hamp-

shire, Rhode Island, eastern Connecticut, southern Vermont and Mass-

achusetts east of the Connecticut River from the original Massachusetts 

colony. 8 

Aside from this natural spread, a seriouB outbreak of gypsy moths 

covering 400 square miles was discovered in New J~rsey in 1920 resulting 

from a new introduction of infested blue spruce trees from the Nether-

lands. 
9 

Chemical eradication of the outbreak took eleven years. A 

graphic illustration of the historical spread is offered in Figure 2. 
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Figure 2. Gypsy Moth Spread (1869-1972). Adapted from Animal and Plant 
Health Inspection Service, March, 1973 
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The public has historically played a significant role in the battle 

with forest pests. Activities of anti-spray groups (mainly against DDT) 

in New 'iorlt, New Jersey and Connecticut have been so effective that the 

gypsy moth has become firmly entrenched in all three states. As a 

result many times more chemicals must be used in New Jersey, alone, than 

would have been necessary to completely eradicate the pest ten years 

ago. In 1958 only 125 total acres were defoliated in all states com-

pared with 1,945,224 acres in 1971. The current breakdown of insect con-

tro1 procedures is permitting other pests to become established j.n this 

territory, such as the European chafer which has already invaded New 

Jersey and is very difficult to control. The European chafer larlae 

feed on roots of shrubs and grasses; and not being limited to woodlands 

it is, therefore, a much more potentially serious pest than the gypsy 

10 moth. However, the two insects in combination may offer the territory 

total destructive coverage and may compound the infestation problem. 

Thus, the trend is set-for further geographic diffusion and subsequent 

destruction. 

Sequential Patterns of Population Growth 

Commonly, for the first three to five years following the introduc-

cion of the gypsy moth into a new area, the insects become generally 

distributed at low density throughout the region. At this time the moths 

are only occasionally locally abundant. Following this general distri-

bution, a population explosion may occur throughout the entir~ area for 

several years in succession. Eventually, a population collapse occurs 

followed by a local abundance on the preferred upland oak sites {because 
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of the existence of yo~nger trees with more tender leaves). On the 

moist 10\~land sites, however, an equilibrium occurs as a result of the 

imp .. "l of binln!\lclIl and meteorological control factors (discussed fur-

11 
ther in Chapter VI). 

"'l'he~,,~ I'olllllat Ion flushes, which ultimately t'eRult in crashes, 

appear on thL' ~urfac" to be self-dest.ructive. They are probably a 

necessary· event in the population morphology which may have evolved as a 

consequence of the loss of flight in females. In a sparse population, 

where suitable food prevails, one might expect that population numbers 

would increase, dampened only by natural control agents and adverse 

climatic events. Dispersal would be minimal, limiting genetic recom-

bination. Females are of course flightless, but the earlier emergence 

of males which do fly would reduce sibling matings to some extent. In 

logical pockets of low population density, there is probably little gene 

flo\~ into or "lit of the elllll. As the numbers increase, dispersal iH 

induced prior to the crash of the population. This behavior facilitates 

genetic mixture and provides the seed for new outbreaks in dotro-wind 

12 areas. II 

Evidence is available to suggest that the gypsy moth is numerically 

self-regulating through a shift in the quality of individuals induced 

by changes in nutrition. This qualitative change affects behavior, 

developmental rate, fecundity,13 and dispersal; and this change provides 

the moth with the ability to respond to both intrinsic and extrinsic 

factors faster and more efficiently than if dependent on just selection. 

Adaptability is further enhanced by a change in quality which can be 

induced either in the previous generation by the amount of nutrient 

reserves provided the eggs or dU'dng the current generation by hunger, 
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crowding or cool temperatures. This change is best characterized by an 

.tncrease in the number of larvae with additional lnstars. In these 

Ilt~vlla. II prolongation of Instar and a shift in activity In('r<'I.HI'H 

their potential for dispersion. 14 Therefore, it can be anticipated 

that as environmental conditions improve due to migration into new areas, 

the pest's survival expectancy will be greatly enhanced. 

One can safely speculate that, as the gypsy moth is introduced into 

new areas to the South and West, it will be successful because of an 

abundance of favored food and a relatively low degree of natural control 

exerted by native parasites and predators. Apparently, no climatic nor 

geographic barriers e~ist tv inhibit the spread. An extensive study 

revealed that the moth might eventually extend its range to include 

over one hundred million acres, since an abundance of dry and relatively 

poor (for agriculture) sites occupied by oak stands prevail in the south-

ern Appalachians, in the unglaciated (dry territory) areas of the Mid-

loest, in central Tennessee, and in the Ozarks. Such conditions are 

highly favorable to gypsy moth build-up.lS 

A southward expansion is indicated by increased msle-moth catches 

in 1971 by sixfold in Delaware, and mUltiple catches in all but two 

Maryland counties in the extreme west, while recoveries in Virginia were 

made at more local ions than ever before. At the same time, recoveries 

were made in such divf~rse areas as Wisconsin, North Carolina, Ohio, 

South Carolina and A!c1)ama. A 1972 intensive trapping program resulted 

in more recoveries ~n North Carolina, Ohio, South Carolina and Virginia, 

while first catches occurred in Iowa, Michigan, Tennessee and West Vir-

ginia although most cases involved single males at isolated locations 

and resulted from artificial transport. Michigan was the sale excep-
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tion to the rule of isolated discoveries where a several thousand acre 

infestation was found. 16 

Oil the hasis of suitable host preference, the gypsy moth i~ 

expected to eventually occupy the entire region in which oalts are a 

component of the forest standa. The milder climate is expected to 

favor gypsy moth development (both morphologically and geographically). 

As it moves south, egg hatches should occur earlier in the spring, ~lhile 

::l:e larval development time decreases slightly. Thus, the gypsy moth 

may be capable of producing more than one generation per year, although 

the development of a second generation ie' many southern areas remains 

an uncertain possibility. In addition, evidence is accumulating to 

indicate that the hardwood forests in the South might be highly sus-

c<!ptlb1e to defoliation, thus experiencing greater mortaLity than the 

17 
rate occurring tn the Northeast. 

A more than sufficient quantity of information has baen compiled 

to suggest that a continuation and probable acceleration in the geo-

graphic disperSion of the gypsy moth is not only inevitable but eminent. 

Such factors as : 1) an ev~rgrowing strength wiLbin the gene pool, 2~ 

the existence of a continuous span of susceptible hosts radiating from 

the area of established infestation, 3) a curtailment in the use of 

chemical control measures, "d 4) the more favorable environs of south-

erly and westerly habitats, indicate that the gypsy moth is very much 

a potential resource hazard. A more detailed analysis of predicted 

population diffusion patterns will be included in Chapter VI. 
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(Chapter III) 

1Tom McIntyr~, personal interview, Hyattsville, Maryland, March 7, 
1973. 

2"Airborne Dispersal of Larvae of the Gypsy Moth and Its Influence 
on Concepts of Control," Journal of Economic Entomology, Vol. 64 (June 
IS, 1971), p. 63B • 

3U. S. Department of Agriculture Forest Service--Southeastern Area, 
State and Private Forestry Environmental Protection and Improvement, 
:rhe ~ Moth--! Threat 1:0 Southern Forests (Washington: GovClrnment 
Printi.ng Office, 1971), Pl? 2 and 4. 

['''Intrinsic Factors Ca, .aing Qualitative Changes in Population of 
till' l'orLllctr 1a dlApnr," CanadIan Entomologist, Vol. 102 (1970), p. 21,6. 

5C. W. Coli Ins, "Dispersion )f the Gypsy Moth Larvae by the Wind," 
~ ~ Department of Agriculture Bulletin #273 (Washington: Government 
~rinting Office, 1915), p. B. 

6"Airborne Dispersal cf Larvae of the Gypsy Moth and Its Influence 
of the Concepts of ContrC'l," ££.:.. cit., p. 640. 

7Ib id., p. 63B. 

BU. S. Forest Service and Animal and Plant Health Inspection 
Service, Final Environmental Statement ~ the Cooperative 1973 Gypsy 
Moth Suppression and Regulatory Program (Washington: U. S. D~partment 
of Agriculture, March, 1973), p. 2. 

91b id. 

lO"Gypsy Moth Activity Continues to Increase," Agriculture 
Chemistry, Vol. 23 (August, 196B), p. 48. 

llU. S. Department of Agriculture Forest Service-Southeastern Area, 
State and Private Forestry Environmental Protection and Improvement, 
££.:.. cit., p. 9. 

l2"Intrinsic Factors Causing Qualitative Changes in Population of 
the Porthetria dispar," .2£!. cit._, p. 248. 
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l3The term "fecundity" refers to pupal weight in this usage. 

l4"Intrinsic Factors Causing Qualitative Changes in Population of 
the Porthetria Dispar," £E.!.. ci t., p. 249. 

15U. S. Fores t Service and Animal .'nel Plant Health Inspection 
Service, £E.!.. cit., p. 19. 

16Ibid., p. 18. 

17U. S. Department of Agriculture Forest Serv".<.e--Sout;,eastern Area, 
State and Private Forestry Environmental Protection and Improvement, 
£E.!.. cit., p. 8. 
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CHAPTER IV 

ENVIRONMENTAL IMPACT 

With the exception of a short time span in the mid 1950's, the 

gypsy moth has been gradually expanding its territory and simultan-

eously increasing its destructive capability. While the peat's 

impact on the environment has been detrimen"sl, it could have been 

worse if not for one basic inherent weakness, susceptibility to the 

so-called ''wiI;. disease." This pathogen, caused by a nuclear-

1 
polyhedral virus which increaJes tremendously during moth epidemics, 

practically l~ipes out populations over large areas. However, it rarely 

occurs in light infestations and thus, is ineffective in preventing new 

2 
outbreaks. 

Even in the face of such an adversity as thi~ seemingly built-in 

population control, the gypsy moth continues its assault on eastern 

forests and indirectly on their inhabitants. With ever-increasing num-

bers and with continuously evolving adaptive traits, the gypsy moth's 

position as a very significant factor to be reckoned with appears con-

firmed. In this chapter a closer view of this pest's environmental 

impact will be offered. 

Disruption of the Ecological Balan~ 

The adult gypsy moth is harmless, excepting that the female lays 

·200 to 8,000 eggs at one time on a variety of hoses including trees, 

rocks, sign posts and the underside of vehicles, espec1a:;,.:.y trailers 
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and campers. And of course, the result of this activity is eithp- a 

very expensive suppression program or an accelerated spread. 3 In the 

latter case, subsequent infestations cause irreparable damage to trees 

immediately affecting: 1) losses in tree vigor and increment, 2) twig 

and branch dieback, 3) stunting and immediate defoliation, and 4) tree 

4 mortality, depending on the intensity and duration of attack. 

Officially, the gypsy moths are now classified as environmental 

polluters. A single two inch caterpillar eats one square foot of leaf 

surface every 24 hours; thus, large infestations can easily defoliate 

5 an entire forest in a few weeks. These defoliated trees are no longer 

safe from root rots, bark borers and increased danger of fire. Also, 

when healthy green foliage which reduces erosion and subsequent silt-

ing is removed, the water quality of an area is adversely affected not 

only from the increased runoff but also from the tons of larvae excre-

ment (s definite organic pollutant) which is readily washed into even 

potable water supplies. The sudden exposure of fledglings to the hot 

summer sun due to canopy removal has adeletorious effect on ground 

inhabitants, not to mention possible localized over-population of rep-

tiles and rodents lor/king for cooler habitats; furthermore, the poten-

tial loss of four tons of terrestrial oxygen from previously healthy 

forests remains a significant concern. 6 

Aside from this usually incurred damage, more permanent destruc-

tion to trees located in near-pure stands may result. Conifers are 

usually killed in one season if defoliation is complete. However, the 

probability of this occurrence is fairly low since the pines (which might 

provide food for later ins tar larvae) would have to be located near a 

hardwood forest, necessary for the survival of instars I and II which 
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need tender leaves. By contrast, hardwoods may be killed by two SuC-

I'l'sslv,' years of defoliation. However, in most cases one year of 

d"rollat Ion weukens tt. .. tree and makcH it auaceptible to secondary 

nttack by other insects sueh as the two-lined chestnut borer which 

killed many oaks after an initial gypsy moth defoliation in New Eng

land. 7 

N<l1 1111 1" ... ·"111 Ill'e II" Ilutlcl'ptlhl\. 10 thill hut-Ilrd. Stand" 

containing 50 per cent or less of the preferred hos\: usually sustain 

little damage. In addition, stands on moist, fertile sites receive 

less damage for various reasons including hardiness of the trees, 

advanced age of trees and associated toughness of leaves, and the 

existence of a favorable habitat for predators such as birds and mice 

which feed on larvae and pupae. S 

The adverse effects of a gypsy moth defoliation are varied and 

mnny. Their deHtruct ive behavior often results in: 1) annihilation 

<II lUI .·"tln· h'llolw,",,1 for"Ht. 2) increased rUlloff and tlubeequent erOB-

ion from lack of vegetation coverage, 3) a fire hazard enhanced by the 

existence of numerous dry, dead trees, 4) lost food and shelter for 

wildlife,S) the invasion of surburban areas and covering sidewalks, 

invading homes and buildings, and falling into swimming pools, 6) 

causing a traffic hazard due to slippery streets in heavy infestation 

areas, 7) destruction of ornamental shrubs thus decreasing property 

value, S) interference of recreation and decreased tourist traffic, and 

9 
9) monetary loss from dead lumber and pulp trellS. 

Damage to Local Economies 

After the moths had escaped from the Medford, Massachusetts lab-

ratory, the importer requested a few hundred dollars to finance the 
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hunting down and destroying of the escapees. His plea was refused by 

the local official~ becausa such measures were deemed unnecessary. 

Since then, about $100 million have been spent in efforts to control 

the pest. 10 In its 104 years of residency in North America, the insect 

has spread over 200,000 square miles from Maine to Virginia and west to 

11 
central Pennsylvania. Within this range, over 16 million acres have 

been defoliated to some extent over the past fifty years (for a break-

down by state and year s'ee Table III) with more to come. 

Observations of 120 New England woodland plots from 1910 to 1922 

revealed that most of the trees were stripped of their foliage two or 

more times in this period. Results on the predominant species among 

forty types) varied in cumulative tree mortality: 1) white oak - 58 

percent, 2) black and scarlet oak - 46 percent, 3) red oak - 27 percent, 

4) gray birch - 55 percent, 5) red maple - 25 percent, and 6) white pine 

~ 26 percent. Overtopped trees were killed in highest numbers and dom

inant trees, proportionately less. 12 Severe defoliation (60 percent to 

100 percent) proved to be the dominant category in a compilation of 1972 

(Table IV). Of course, multiple years of such defoliation will invaria-

bly result in tree fatilities. 

Recent severe defoliation by the gypsy moth on 17,855 acres of the 

Newark, New Jersey watershed resulted in more than 1,052,000 oaks and 

47,600 hemlocks and pines in the 196'.1 to :..971 period (Table V). 

White oaks suffered the highest loss of 80 percell;' ::!>ile hemlocks and 

pines fared no better, dying after just one stripping. 13 Table VI 

illustrates in more detail the proportion of trees in this area per 

stage of vitality loss. 
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Year 

1924 
1~25 
1926 
1927 
1928 
1929 
1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 
1938 
1939 
1940 
1941 
1942 
1943 
1944 
1945 

~ ~1 ~ 

Maine N". H. 

71 591 
239 

1 960 
4,985 3,923 
5,575 119,757 

15,187 440,845 
55,174 205,125 
20,938 96,690 
42,298 43,287 
19,718 216,669 
60,403 285,880 
92,630 330,195 
80,944 192,114 

140,026 72 ,973 
120.432 34,122 
202,193 136,772 
204,041 152,797 
122,386 80,579 

850 6,963 
10 290 

21,221 2,346 
210,881 58,517 
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TABLE 3 

s--'I ~ 

SUMMARY OF GYPSY MOTH DEFOLIATION BY STATES 

Vt. 

5 
2 
3 

277 
1 
2 

25 
106 

81 
416 

5,311 
3,160 

980 
49 

210 
93,950 

(Calendar Years Beginning in 1924) 

Hass. 

163 
48,321 
78,193 

131,680 
137,121 

95,078 
27,856 
86,694 

200,387 
157,003 
128,237 
106,097 
152,469 
393,613 
154,348 
143,292 
125,586 
263,369 
36,715 
34,481 

225,637 
456,832 

R. 1. 

1,663 
126 

58 
23 
66 

114 
376 

4,292 
17,750 
10,908 

3,095 
2,063 
3,297 

848 
52 

707 

64 
640 

1,280 

Conn. 

4 

5 
8 

46 
46 
66 

833 

4 
1,339 
4,224 

14 
16 

N. Y. 

75 

t-:-fI E-'J 

Pa. 

6 
11 

~l 

N. J. 

[-:-H [ 

( 
. 

Totals 

825 
48,560 
80,822 

140,920 
262,514 
551,133 
288,226 
204,721 
286,395 
397,730 
492,361 
540,769 
428,622 
608,760 
313,954 
492,640 
485,636 
468,021 
g,577 
34,845 

250,149 
821,487 
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TABLE 3--Continued 
I , 

i 
, 

I I 
I 

I 
Year Maine N. H. Vt. Mass. R. I. Conn. N. Y. Pa. ~. J. Totals I 

! 
1946 203,813 183,943 15,900 217,132 1,645 486 622,919 

I 1947 166 7,256 8,422 

I 1948 60 21 32,386 32,467 
1949 8 78,665 78,673 

I 1950 2 12 4,979 375 5,368 
1951 8,195 2,478 1,108 3,185 5,673 675 21,314 

j 
1952 82,715 94,975 26,985 82,372 6,005 293,052 
1953 174,999 209,335 120,787 917,996 56,215 7,745 1,487,077 

! 
1954 170,485 154,015 24,650 118,095 13,848 10,355 491,448 
1955 10,810 14,975 8,875 6,842 10,559 52,061 

co 1956 7,285 9,305 12,635 3,830 3,458 6,645 43,158 I I I 
lJJ 1957 120 f,95 16 4,909 858 60 6,458 I ! '" 1958 8 117 125 

I 1959 1,000 4,000 1,500 382 5,980 1,605 14,467 I 1960 6,350 4,600 6,132 150 15,000 16,490 48,722 

! 1961 21,%0 621 11,834 3,000 (not avl.) 30,685 67,480* 
1962 3,998 3,390 6,292 150,000 83,290 61,342 308,312 

I' 1963 1,970 8,345 12,020 87,847 40,140 22,600 172,922 
1964 14,509 23,523 20,787 375 98,552 97,237 254,983 I 

1965 190 8,451 2,903 17,232 50 86,009 148,366 263,201 t 
1966 30 20 650 500 110 15,895 34,655 5 51,865 ! , 
1967 825 561 2 909 150 2,731 46,160 1,035 52,373 I , 

1968 777 5,830 3,925 565 16,416 47,525 60 5,025 80,123 I r , 
1969 1,450 17,160 6,060 313 56,881 121,610 .830 51,525 255,B29 I 1970 1,080 38,525 6,835 1,082 368,706 416,270 10,500 129,835 972,833 
1971 820 3,250 790** 18,787 8,525 655,107 479,150 598,200 180,595 1,945,224 
1972 40 200 4,215 20,480 22,510 513,880 177,605 404,060 226,140 1,369,130 

2,118,318 3,260,329 385,874 4,986,186 82,747 2,063,120 i,738,212 1,013,727 594,160 16,242,673 
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TABLE 3--Continued 

Source: Plant Protection and Quarantine Division, U. S. Department 

of Agriculture, Moorestown, New Jersey, October 5, 1972. 
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TABLE 4 

GYPSY MOTH DEFOLIATION RECORDED BY STATES IN 1972 

Acres Defoliated 

Categories of Defoliation Total 

(Up to 3(,%) (30-60%) (60-100%) 
Light Moderate Severe 

Maine 40 40 
New Hampshire 160 30 10 200 
Vennont 3,920 140 155 '4,215 
Massachusetts 3,425 2,175 14,880 20,480 
Rhode Island 20,110 2,400 22,510 
Connecticut 340,060* 149,380* 24,400* 513,880* 
New York 75,700 26,935 74,970 177 ,605 
Pennsylvania 104,910 299,150 404,060 
New Jersey 49,335 72,030 104,775 226,140 

Totals 472 ,640 375,710 520,780 1,369,130 

* Includes defoliation by the elm spanworm. 
~'lource: Animal and Plant Health Inspection Service, 
Moorestown, New Jersey, October 6, 1972 
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TABLE 5 

MORTALITY OF OAl(S DUE TO DEFOLIATION IN 1969 AND 1970 

BY THE GYPSY MOTH ON THE WATERSHED OF NEWARK, NEW JERSEY 

Year Percent Dead Oaks Total Dead 
Dead Per Acre Oaks 

1968 6.5 6.5 116,693 

1969 14.3 14.3 257,112 

1970 38.8 38.5 686,881 

1971 58.2 58.9 1,052,195 

As with the earlier study in New England, the effects of defolia
tion by the gypsy moth in the Newark watershed varied among tree 
species. 

Source: U. S. Depar,~ment of Agriculture, flU. S. D. A. 's Research 
and Development Gypsy Moth Program" (Washington: Government Print
ing Office, November, 1971), p. 5. 
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TABLE 6 

PlillCENT OF HEALTHY, DECLINING, AND DEAD TREES ON THE 
WATERSHED OF NEWARK, NEW JERSEY IN 1971 AFTER 2 YEARS OF DEFOLIATION 

--'-' ._ .. ,= .. ::=..--======---====================== 
Tree Specie>! !lealthy!l Declining '£/ Dead 

White oak 3.3 16.8 79.9 

Chestnut oak 11.9 26.9 61.2 

Red oak 35.7 28.6 35.7 

Black oak 22.9 32.9 44.3 

Scarlet oak 27.3 50.0 22.7 

Eastern hemlock 43.0 28.1 28.9 

EIlH t,· rn wh II ,. pl.llea 22.2 58.3 19.5 

Red maple 82.1 11.4 6.5 

lIitternut hickory BO.3 14.B 4.9 

Black birch 94,8 1.0 4.2 

Yellow birch 86.9 10.5 2.6 

Sugar maple 97.0 3.0 0 

1./1 More than 75 percent of canopy alive 

,£/2 50-75 percent of canopy alive 

Source: U. S. Department of Agriculture, "U. S. D. A.·s Research and 
Development Gypsy Moth Program" (Washington: Government Printing 
Office, November, 1971), p. 6. 
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~ II t II" Hummer oj 19b,), lO ,000 ouk L r""li, representing 33 per cent 

of the oak forest were lost in the Morristown National Historic Park 

as a direct result of persistent gypsy moth def<Jliation, a loss of 

$40,000 in timber value. An equilibrium was expected within three 

years without any control. However, in every case where the moth showed 

signs of collapsing after several years of hel'vy attack, the oak forest 

h,s also been depleted. 14 

On a larger scale, losses from tree mortality alone from 1933 to 

1952 amounted to an estimated 2,279,819 cord and 128,951,000 board-feet 
15 

of merchantable timber having a total estimated value of $4,223,556. 

More recently, the market value of trees killed by defoliation in 

New England ranged from more than two dollars per acre of non-commercial 

woodlands to more than five dollars per acre for commerci.a1 forests 

(1968). These figures did not include the cost of tree removal and 

replacement. ,[,I,e mortality resulted from two successive defoliations 

of oak, birch, poplar, willow, linden, apple, pear, and other hardwood 

typeL, while one defoliation killed hemlocks and severely damaged the 

white pines. 16 

At present, moth damage ranges between $2 and $4 million annually 

through the loss of timber as well as the cost of control measures, and 

is expected to continue to spiral upward. If the spread reaches the 

Allegheny, Appalachian and Ozark Mountains, the realm could conceivably 

eng~lf over 100 million acres. l7 

Damage inflicted on our environment by the rapid increase in gypsy 

moth activity has taken its toll in two basic areas: monetary and 

ecologically. Effect on the total economy is somewhat negligible, but 

there remains little consolation to affected local communities which 
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lose millions in destroyed timber and aesthetics ( Figure 3 for 

localized concentrations). Injury to the delicate balance of the 

physical environment is potentially more devastating with problenm 

being accrued over a period of time and more often than not as a 

result of directly related secondary attacks. Whichever form the 

destruction takes, the necessity to control the gypsy moth is a high 

priority nCl'd. 
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_ Areas of Noticeable 
,)efoliation 

IIiI Border of Current 
Regulated Area 

~ 510 I 1~0 
Miles 

Figure 3. Significant Range of the Gypsy Moth as of 1972. Adapted from 

the Animal and Plant Health Inspection Service, November, 1972. 
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CHAPTER V 

AVAILABLE CONTROL MEASURES 

For almost a century the combined forces of the United States 

Department of Agriculture and local governm~~ts have been waging battle 

with the gypsy moth. Although many local skirmishes have been won, the 

overall war has been gradually shifting in favor of the insect. In 

1973, when the territorial extension of the infestation is at a record 

level, the federal government has begun to shift its research and 

development program for insect control into high gear. "A key part of 

the management system is a more reliable means of assessing and predict-

ing trends and impacts of populations of the gypsy moth in various 

ecological situations." Armed with such knowledge, useful manipulative 

techniques are being developed: 1) a polyhedrosis virus which helps 

keep population explosions in check, 2) feeding and mating deterrents, 

and 3) the release of sterile male moths (operational by 1976). However, 

inferior control tools must be relied on currently: 1) microbial insec-

ticl:de, Bacilltls thuringiensis (Bt), 2) new non-oersistent insecticides, 

3) disparlure (artificial sex attractant) and of certain parasites and 

1 predators. 

The significant control agents and facilities for implementation 

available to those authorities responsible for heading off the antici-

pa,ed onslaught are enumerated in this chapter. A summary of the 

I 
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plausibility of each control method and an analysis of the status of. 

the current regulatory program are included. 

Responsibility for Control 

In 1890 the Commonwealth of Massachusetts created the first state 

laws requiring the extermination of an insect and set up the legal 

authority for entering private property for that purpose. Eventually 

the burden of a Bingle-handed effort was alleviated somewhat when the 

federal government became active in cooperative gypsy moth control pro

grams and enacted quarantine regulations in 1906. 2 However, the same 

action time lag which has plagued bureaucracies since their inception, 

have historice1ly hampered concerted efforts to combat the ever-growing 

gypsy moth problem. One by one, additional states have, throughout the 

years, joined the cooperative struggle, but seemingly only after the 

pest had established itself within their boundaries. However, at this 

point it would appear that the primary accountability for regulating 

the gypsy moth has fallen on the federal government. 

According to the Federal Plant Quarantine Act of August 20, 1912, 

and its revisions, shipment of all evergreen products, nursery stock, 

forest products and quarry products originating within the infested 

area, as well as tourist traffic, are regulated by the Animal and Plant 

Health Inspection Service. The conducting of primary research on pro-

posed management of forest pests was to be carried on by the U. S. 

Forest Service while most actual control activities lqere to remain jOint 

efforts practiced in conjunction with state agencies within the affected 

areas. 3 
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Imported Enemies 

Large scale importations of parasites from Europe and Japan in the 

periods 1905-1914 and 1922-1933 did not halt the gypsy moth's build-up 

or spread. Therefore, intensive use of DDT following World War II was 

implemented and undoubtedly helped keep the insect in check until the 

1958 usage (widespread) ban. 4 

Of these early attempts, perhaps the most significant results were 

realized from the intr~duction of Ooencyrtus kuwanai, an egg para

site imported from Japan in 1908. Adults, surviv~g the first winter, 

deposited eggs on host gypsy moth egg masses. Mediocre success of a para-

sitization of 40 percent to 50 percent frequently oc.curred in the south-

ern portion of the gypsy moth range, especially in Massachusetts and 

5 Connecticuc, but a climatic lir.dtation was inherent. Compsilura 

concinnata was later import,~d and has since become widely distributed 

throughout the northeastern United States and southeastern Canada. Its 

parasitization of the gypsy moth in much of the infested area averages 

10 percent to 50 percent, but usually toward the lower side of the 

6 continuum. In addition, one of the natural enemies from Europe, 

Calosoma sycophanta (beetle) which feeds on the larvae, has been widely 

introduced but thus far has played an insignificant role. 7 

The absence of efficient predators and parasites has been respon-

sible for past population explosions, but by 1961 two predators and nine 

parasites were established with marginal proficiency. Also, a virus 

disease has been introduced but appears only minimally effective. As 

was the case for the more contempory enemies of the gypsy moth, most of 

the natural control agents released have failed because they were unable 
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to cope with the adverse climatic conditions in the North. Many of 

these f.actors are currently being re-examined to determine if these 

agents can survive in the Southeast. S 

Artificial Eradication Measures 

When first ins tar (especially) larvae are starved in natural condi-

tions, they become active, thus enhancing their spread by wind and 

prompting the wandering behavior associated with hunger. The result is 

that the flightless female which remains near the area of pupation will 

subsequently be depositing her eggs on boulders, on dead trees, on 

unsuitable host trees, and on other such uninhabitable places. There-

fore, limitation of habitat area fo~ the inducement of overpopulation 

and sta:rvation could I'lork as a preferable controlling agent if properly 

implemented. 9 

Undoubtedly t'lith this theory in mind, the United Statf,s and C~lnada 

jointly created a barrier zone from the St. Lawrence River to Long 

Island along the Champlain and Hudson River Valleys in 1923, encompassing 

some 10,5eO square miles. The area to the east of the zone (generally 

infested territory) was to be treated by the states and supplemented by 

the freeing of parasites and other natural enemies by the Bureau of 

Entomology. All infestations within and to the west of the zone were to 

be eradicated. For ten years infestations appeared annually within the 

zone but were held in check. However, in 1932 a serious outbreak occur-

red in eastern Pennsylvania with only spot infestations being eliminated. 

Meanwhile, the barrier zone had become generally infested by 1939, and 

the Pennsylvania infestation persisted. New applications of DDT, com-

menced in 1944, supposedly wiped out this infestation. However, two 
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undetected spots remained, and Pennsylvania has been subject to new out
breaks and continual spread of the gypsy moth since.10 Although the 
practice of enforced confinement failed, the need for safe biological 
controls in the face of the alternative toxic chemical app1.ication 
remains of great importance. 

The next beat (based on safety to the environment) approach seems 
to be the aiming at an interruption of the insect's life cycle. Elements 
of such biological control are not intended to be unilaterally imple-

mented but rather to be used in conjunction with one of the other manip-
ulative tools: 1) Nucleopolyhedrosis virus which is a major mortality 
agent of the moth in dense populations, 2) the use of sterile moths, 

induced by gamma radiation during the pupal stage, as a confusion factor 
during mating season, 3) genetic control, 4) stand manipulation, and 5) 

the use of artificial sex attractants. ll 

The proposed method of genetic control involves the creation of a 

"strong race" of males with a high incidence of lethal factor genes. 

These males, when crossed with the American strain females would produce 
a female progeny of only hydrid individuals that are both sterile and 
intersexual (tending to female behavior but rarely attracting a male). 
About 50 percent of the females within the affected group with this 

trait is expected. The procedure is now in the development stage and 
12 is not yet operational. 

Perhaps the most ecologically fe~eible, but not necessarily the 

most efficient procedure, is that of stand manipulation. This method 

consists of the removal of favored tree species, especially those of low 
commercial value or the introduction of more numl,ers of unfavored 
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species. This practice is now limited to use in suburban woodlands due 

primarily, to diseconomies of scale. 13 

The usc of artificial sex attractants seemingly remains the moat 

popular area cf study in the laboratory while offering very poor results 

in field operations. The most striking benefit from such efforts 

involves the use of sterile females as bait in an area of uncertain 

infestation. Since proof exists that attractiveness of both sterile 

and fertile females to males have been found to be identical, such a 

method should prove to be quite valuable in the monitoring of popula

tion spread. 14 

Synthetic lures have been receiving much attention but as yet 

remain somewhat questionable. The synthetic homologue, gyplure (simi-

lar to natural gyptal, a sex lure) has been Bent back to the laboratory 

for further study since the structure previously assigned to the natural 

sex pheromone must be considered as incorrect as both appeared to be 

sexually inert towsrd the male. 1S 

Disparlure, the primary operational artificial sex lure, is con-

sidered the most effective especially outside the main infested area. 

The potentially most advantageous use is in the creation of buffer zones 

to surround localized spot infes tations. This end is achieved primarily 

by two methods: 1) the confusion method in which the air is permeated 

with disparlure impregnated on small pieces of cork or other suitable 

materials leaving the male unable to Jocate and mate with the flightless 

females; and 2) ,ill trapping method is merely a means of deploying 

inexpensive mass-produced traps containing disparlure and a sticky aub-

stance which attract and hold males before they are able to find a 

female and mate. 16 

8-50 

.--,-;'. 

; :. 

I ' 
J-/ 

, I 
, I 

U 

: 1 

i I 
I , 

:i 
I 

" J 

• i ! 

: \ 
" 

, i 
( I 

".,',-" ·,.l 
-

1 
'I ~ 

I 
I 

"I 
1 
! 
l 
1 

1 

I 
! 
1 
j 
1 

l 

1 



I 
L 
I 
I 
I 
,I 

I 
,1 
I 
1'-' 
1 
'I 
'{ 

I 
I 

1 ,] 
, ill \ 

'r : 
)·1 V r--; 
;,' 'fL t- ~ 

'~~j 

i 
1 
, 

I. ...~) 

• i . ,r~ 
. 1 

\ 
I,.:..i 

! , 
< , 
II. r 

Although proponents of the use of sex attractants in the control of 

gypsy moths continue to predict progress in future field operations, 

historical experIences have been anything but encouraging. In one 

lnatmlcl', muting was reduced by 33 percent but on the other extreme it 

increasE'U by 120 percent, and none of the reduction had any biological 

slgnif leanel!. In another test to eradicate an isolated infestation by 

using attractants, baited traps apparently did not hold the po~ulation 

even static during 1971 and 1972. Biologically significant suppression 

of mating has been achieved with only lab-reared moths and then only 

with induced confusion by saturation of the air with disparlure, thus 

jamming the sensory receptors of test males. Any conceivably positive 

results will be realized sometime in the future. 17 

Discouragingly, the only efficient eradication tools available to 

combat the ~ypsy moth are those which will subsequently damage the 

environment to some extent. For instance, the use of Bacillus thurin-

giensis (a bacterial agent) has shown no adverse effects on wildlife, 

birds, mammals, fish, or invertebrates but has been known to completely 

wipe out a local population of lepidopterous insects. lS 

The only plausible excit~ent from experiments with insecticides 

has come from tests with the chemical, carbaryl. But even this approach 

remains suspect. A risk is present in spraying carbaryl before the 

entire popUlation of potential gypsy moths has hatched due to a pro-

bability of having to respray, whereas a single application will mini-

mize environmental contamination. No instance is known where rain action 

or runoff has polluted a non-target area with carbaryl residue. Because 

the amount of material settling into suc.h non-target areas should be 

small, its effects on the environment snould be slight, if any. 
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I"urthermore, the small amounts of contaminants that might reach food 

plants or livestock are believed not to be detd.mental. l9 

By the same token, any ca.Daryl deposits reaching birds from 

aerial spraying should have no effects on them individually or their 

suitability for human consumption. Small residues were found in tis-

sues of cattle, sheep and goats one day after spraying, but after seven 

days these remnants were eliminated. When fed to mammals, carbaryl is 

rapidly metabolized and is not stored in the tissue. Also, no effects 

on reproductive condition and dispersion of mammals haa been observed. 20 

In addition to its previously mentioned attributes, a 1971 study 

in Pennsylvania showed carbaryl to be 90 percent effective in guarding 

against defoliation, but not necessarily halting population spread due 

to its failure to reduce egg hatches. It did, however, provide pro-

tection against damage in the test area for two years after just one 

spray. The only major uae limitation presently seems to be taking the 

form of economicll. 'rile current requirement is for aerial spraying due 

to the extensive habitat of the species. Because of this high cost of 

spray efforts, the primary criterion for determining if an area is to 

be sprayed is 500 egg masses per acre. 2l 

In addition to these economic concerns, a highly significant 

decrease in soil litter decomposition in the treated area was messured 

three weeks after spraying, presumably the result of a reduction in 

microarthropods and other decomposers. The tot,al biomass and numbers 

of arthropods were reduced more than 95 percent in the treated area 

(carbaryl) and remained well below that of the control area for five 

weeks, but after seven weeks total biomass, but not total numbers, 

returned to the control level,22 Furthermore, carbaryl is highly toxic 
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tu muny Hpeele .. of im .... ct .. inhabiting eh .. foreat, and application for 

the gypsy moth is likely to adversely affect some beneficia1 insects. 

And on the long term basis, phytoplankton productivity was reduced by 

~b.8 percent in a recent test. 23 Therefore, the ecological imp1ica-

tions would, in the long range seem to prompt srme rather important 

considerations. 

On a more favorable note, it has been observed thst certsin tree 

species are totally ignored by gypsy moth larvae indicating the presence 

of chemicals that ,lake the foliage unpalatable. Isolation, bioassy and 

identificstion of such deterrents may provide non-toxic chemicals to 

replace pesticides as foi1age protectors. 24 But seeminglY, the more 

promising the weapon, the more distant the workable implementation 

appears to be. 

Expected Effectiveness £f Control Programs 

A population explosion occurred in 1951 and 1952 with over 500,000 

acres being defoliated (25 percent to 100 percent of the entire local 

stands) in the Northeast. This build-up continued until 1957 when satu-

ration spraying of DDT over a three million acre area halted the spread. 

However, DDT was almost immeaiately phased out in favor of the currently 

used carbaryl, 

has since 1958 

and subsequent 
25 

occurred. 

steady increase in gypsy moth populations 

In any regulatory program, public interest and reaction must be 

deemed a significant factor. Approximately fif~een years ago, the gypsy 

moth was believed close to total eradication; that is, until the famous 

Long Island court battle to halt all aerial spraying took its toll. If 

plote of land to be sprayed are divided by unaffected areas that may not 
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be sprayed, an eradir.ation campaign may not be economically feasible, 

and therefore is not carried out. In other words, if citizens do not 

want spraying, no spraying is done. 26 

As a result of such imposed handicaps, a drastic change in Depart-

ment of Agriculture policy has occurred. The current goal has evolved 

from one of total c~nq~est of the gypsy moth to one of minimizing its 

spread and reducing the impa~t of the pest in generally infested areas. 

Since the 1958 ban on large scale spraying of DDT, noticeable defolia-

tions have surged from a low norm of approximately 80,000 acres in 1968 

to 1,940,000 acres in 1971. 27 

Cost of Control 

The price of an attempted regulation of any component of our 

natural environment can be expected to run high. The costs for apply-

ing carbaryl alone ranges from $4 to $7 per acre, per spray, lfuile for 

treatments with Bacillus thuringiensis (the biological control agent) 

which remains suspect in its effectiveness, the cost is $25 ~er acre 

with two applications minimum. 28 These parta of the program do not 

reflect the total government expenditures in controlling the gypsy moth, 

but rather serve as an indicator of the tremendous, ever-spiraling costs 

of the more involved research and development efforts, quarantine pro-

gram 'llld monitoring spread, as well as the expensive implementation of 

eradication procedures. 

Certain additional costs may not necessarily fall in the monitoring 

category. For instance, if it were not for the objections of local con-

cerns, a more economically feasible method of restraining the pest ~ight 

be utilized more often. The most biOlogically expedient action would be 
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to sit out the explosion, to permit the gypsy moth to reach an equili-

hdum in the aren lind to chen eradicate the inAect ouly in tholle h 19b

hazard, high-resource value stands. To spray these arees for control 

in toto, however, might have the effect of prolonging the explosion 

phase. This extension occurs as a result of the impact of the insecti-

cide on the natural predators and parasites. Not only will Bome of 

these cor.trol agents be killed by the chemical, but by repeatedly 

eliminating the gypsy moth, these agents have no opportunity to become 

established in the spray area. 29 Therefore, future experien~e may just 

illustrate the futility and waste of our impulsive quick-kill programs. 

especially in terms of the over-all ecological and financial pictures. 

In summary, divisions of responsibility within the federal govern

msnc's gypsy moth regulation program include: 1) the research and 

development of artificial sex lures and of invertebrate parasites and 

predators by the Agricultu~al Research Service, 2) methods development 

and federal regulatory activities by the Animal and Plant Health Inspec-

tion Service, and 3) research on the biology, ecology and management of 

the gypsy moth. 30 

The combined efforts of these agencies are designed to produce a 

control program which will protect the forest resources that are valued 

for: 1) recreation, 2) esthetics, 3) shade, 4) temperature modifi-

cation, 5) wildlife habitat, 6) flood control, and 7) timber produc-

tion; in short, to reduce the fiscal, as well as social costs of the 

insect. 

Still, with the exhaustive efforts of these combined forces, the 

gypsy moth continues to gradually extend its numbers and range. Thus 

far, such methods as the creation of a barrier zone, the attempt to 
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starve the larvae, the use of artificial sex attractants, the importa-

tion of predators and parasites, the use of exotic disease organisms, 

and the development of application of nl;rY1 insecticidea have. all, in 

varying degrees failed to halt or hardly slow the seemingly perpetual 

diffusion. It would appear at this point th'\t without the availability 

of a worlcable and ecologically feasible check, the impending assault 

on new snd distant territory is inevitable. 
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CHAPTER VI 

CHARACTERISTICS OF POTENTIAL MIGRATION 

The gypsy moth is an exsmple of an animal whose numbers oscilate 

within a very wide runge, from a few or no individuala per nero of 

woodland, to massive numbers whose quest for food results in complete 

defoliation. Therefore, the ability to predict the trend of popula

" 1 cion dynamics is a prime asset in any sensible control program. 

It is toward this end, the prognosticatio.i, of the moth's geo-

graphic diffusion, that this study has been directed. The basis of 

this chapter is the culmination of efforts to specify and analyze those 

factors, both inherent and extraneous, which have historically influenced 

the gypsy moth's propulsive population growth rates and should continue 

to do so. Just how these conditione should influence future en masse 

activities, as well as the anticipated results, constitute the primary 

subject matter of this chapter. 

The interaction of natural control forces and the insect in the 

east central and southern U. S. is expected to produce a pattern of'out-

breaks similar to that which has been characteristic of the gypsy moth 

in Europe and paralleled in the Northeast: years of low numbers of the 
2 

pest followed by sudden flare-ups lasting three or four years. This 

phenomenon seems to occur consistently with e fair degree of regularity. 

Since natural spread of the moth is continuing, the production of 

forest resources in the eastern U. S. will be affected for many years to 

come. The proposed action of the combined forces of official regulatory 
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agencies (1973) would not alter this situation because the program is 
not presently aimed at preventing natural spread. 3 

Variables ~ Population Movement 

At this point it can be assumed that significant modifying factors 
do exist, both natural and artificial, which do alter the innate build-

up of the total gypsy moth populace. For the purpose of this study it 
is not necessary to detail the exact degree to which each factor plays 

a meaningful role, but rather the net effect of each. It is within the 
scope of this investigation to determine whether each external factor 
has a positive, negative or neutral effect on the expected population 

spread. 

It has been determined that the most consequential variables of 

gypsy moth population dynamics include: 1) the velocity and direction 

of the prevailing winds during the active larval stage, 2) the exist-

ence of an unbroken, linear span of preferred hosts, 3) the amount of 

local relief, 4) the effects of temperatures on the life cycle and 

larval activity 5) the average number of rainy days for each potentially 
new infestation area, 6) the effects of artificial transport, 7) the 

possible existence of natural control agents such as predators or 

diseases iT.! new habitats and 8) the results of control measures taken 
by the U. So. Department of Agriculture. 

Since the primary mode of massive population movement remains via 

the wind (2 MPH or greater), the assumption that a favorable predominant 
wind direction would be a necessity for significant population spread 

seems a logical contentio~. However, after viewing Figure 4 (an illus
tration of average wind conditions for reporting stations within the 
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Figure 4 •• 

o "00 
'---'---'-_.1--1' 

miles 

Station 
Direction 

'--_ 5 MPH 

"--_ 1. 5 MPH 

Wind Direction and'Velocity for Hartford, Conn., Albany, 
N. Y., Scranton, Fa., Harrisburg, Fa., Roanoke, Va., 
Knoxville, Tenn., and Chattanooga, Tenn. (Data from U. S. 
Weather Bureau). 
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current infestation area,' as well as the anticipated spread corridor) 

it would appear that if this theory held true, the gypsy would have 

already perished in the Atlantic Ocean. It must, therefore, be assumed 

that localized winds and not necessarily the prevailing winds of the 

region are responsible for gypsy moth transport (only conditions during 

the month of May for ten years were considered because this is the 

period of larvaf ins tars I and II). Furthermore, a comparison of wind 

conditions along the proposed southwesterly route of spread within the 

Valley and Ridge Province (Figure 4) should indicate a striking sim-

ilarity of average surface winds (for a more in-depth correlation see 

Table VII). The conclusion that any variance in prevailing wind direc-

tion within this zone from North to South would have negligible effects 

on population diffusion now appears to be a valid one. 

Of course, the most important varlable of selected habitat has to· 

be the available food supply. Although older gypsy moth larvae can 

exist on almost any type foliage, ins tars I and II must rely on the 

existence of 'tender broadleaves (primarily beech, black 0&<, ~ gt oak, 

chestnut oak, red oak, scarlet oak and white oak) for their existence. 

Not only are these tree species present along the linear span from Penn-

sylvania to Alabama, but actually represent a very significant component 

of these forests (Figures 5-11). 

As the gypsy moth migrates from its present environment in New Eng-

land, new climatic conditions will be incurred. As was discussed in 

Chapter II, temperature represents the" most significant and limiting 

weather factor. affecting the gypsy moth life cycle. A northern range 

limit seems to be the most certain as exposed eggs are unable to with

stand temperatures lower than -25 of., and late spring frosts kill newly 
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Year 

1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 

10 year mean 

1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 

10 year mean 

TABLE 7 

SUMMARY OF ANNUAL AVERAGE WIND 

DIRECTIONS AND VELOCITIES ALONG 

THE ANTICIPATED GYPSY MOTH RANGE 

Average Directions 

Hartford, Connecticut 

1500 

2100 

2400 

2600 

3300 

3300 

2100 

2100 

2800 

.!lQ.o 

2390 (WSW) 

Albany, New York 

1600 

2100 

2600 

2500 

3100 

2700 

2100 

2400 

2600 

2100 

2380 (WSW) 
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Average 
Velocities (MPH) 

8.3 
9.5 
7.9 
8.5 

11.0 
9.4 
9.9 
9.5 
8.2 
hl 
9.1 

8.3 
9.3 
8.~ 

10.1 
11.2 

8.6 
9.2 
9.5 
7.6 
8.4 

9,0 
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TABLE 7--Continued 

"tear Average Directions 

Scranton, Pennsylvania 

1963 2100 

19611 2200 

1965 2500 

1966 2700 

~:. ~ 1967 3100 

1.968 2700 

1969 2300 

H 1970 2400 

I' 1971 2700 

1972 900 

10 year mean 2360 

Harrisburg, Pennsylvania 

1963 2100 

1964 2000 

1965 2700 

1966 3100 
I. 

1967 3100 

1968 2600 

1969 2400 

1970 2600 

1971 3000 

1972 1200 

10 year mean 2480 

-.~.-----.----
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Average 
Velocities (MPH) 

8.8 
8.5 
7.6 
8.2 
9.0 
8.0 
9.0 
8.7 
8.3 
9.0 

8.5 

9.2 
11.6 

8.2 
8.5 
8.6 
8.3 
8.1 
8.2 
7.7 
.h§. 
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Year 

:! 
1963 
1964 
1965 
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1968 

T 1969 
LJ 1970 

1971 
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10 year mean 

1963 
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1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 

10 year mean 
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TABLE 7--Continued 

Average Directions 

Roanoke, Virginia 

1800 

20Jo 
2600 

2200 

2900 

2800 

2300 

2600 

~ 2900 

500 

2260 

Knoxville, Tennessee 

1500 

1900 

2500 

3500 

2500 

2500 

2900 

3100 

2700 

3500 

2660 
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Average 
Velocities 

9.7 
8.1 
6.8 
8.2 
9.0 
9.7 
8.4 
8.5 
8.9 
7.9 

8.5 

6.8 
6.8 
5.5 
6.8 
7.0 
6.0 
6.5 
6.6 
7.7 
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6.7 
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Year 

1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 

10 year mean 

Source: U. S. 

TABLE 7--Continued 

Average Directions 

Chattanooga, Tennessee 

1300 

1800 

2100 

400 

2600 

2100 

1800 

1800 

2800 

400 

1710 

Weather Bureau 
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Figure 5. Range of the American Beech. Adapted from Elbert L. Little, 
Atlas of United States Trees, Miscellaneous Publication 
#1146, Vol. I (Washington, D. c.: Government Printing Office, 
March, 1971), p. 125. 
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o 400 , 
miles 

Figure 6. Range of the Black Osk. Aiapted from Elbert L. Little, 
Atlas of United States Trees, Miscellaneous Publicat.ion 
#1146, Vol. t (Washington, D. c.: Government Printing Office, 
March, 1971), p. 183. 
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Figure 7. Range of the Post Oak. Adapted from Elbert L. Little, 

Atlas of United States Trees, Miscellaneous Publication 

01146, Vol. I (Washington, D. C.: Government Printing Office 

March, 1971), p. 182. 
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Pigur! 8. Range of the Chestnut Oak. Adapted from Elbert L. Little, 
Atlas of United States Trees, Miscellaneous Publication 
#1146, Vol. I (Washington, D. C.: Government Printing Office 
March, 1971), p. 179. 
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Figure 9. Range of the Southern Red Oak. Adapted from Elbert L. Little 
Atlas of United States Trees, Miscellaneous Publication 
Ul146, Vol. I (Washington, D. C.: Government Printing Office, 
March, 1971), p. 165 • 
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Figure 10. Range of the Scarlet Oak. Adapted from Elbert L. Little, 
Atlas of United States Trees, Miscellaneous Publication 
81146 , Vol. I (Washington, D. C.: Government Printing Office, 
March, 1971), p. 161. 
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Figure 11. Range of the White Oak. Adapted from Elbert L. Little, 
Atlas of United States Trees, Miscellaneous Publication 
01146, Vol. I (Washington, D. C.: Government Printing Office, 
March, 1971), p. 157. 
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hatched larvae. 4 Conversely, speculation that increased temperatures 

will produce multiple generations of offapring per year remains a 

fairly widely accepted contention. If indeed this· theory becomes fact 

sa the moth migrates southward, it would appear that both population 

growth and expansion would be greatly accelerated. 

To a lesser degree, but still significant, the frequency of rainy 

days has a direct bearing on the activity of gypsy moth larvae. On 

days in which precipitation occurs, larvae will usually crawl to the 

underside of leaves, attach themselves, and ar~ therefore not easily 

dislodged by the wind. Furthermore, it can be assumeli t.hat direct 

cause-effect relationship exists between the occur~ence of precipi

tation, the amount of precipitation and the frequency of wiud disper

sals of the ins tars I and II larvae. Precipitation data for the month 

of May over a 10 year span (1963-197"2) were collected for representative 

stations within the curr'~t and expected infestation areas, and tabu

lated on the basis of average number of rainy days during the month and 

the average precipitation occurring during these days (Table VIII). 

Again, a visual comparison of these data indicates no appreciable var

iance present. Therefore, the effect of rainfall on the territorial 

expansion of the gypsy moth as it migrates southwesterly would be 

insignificant. 

As has been discussed in earlier chapters the effect of external 

control factors, both natural and artificial, have been hi~torically 

negligible, and indications are that the trend will continue for some 

time. Predators such as rodents and some reptiles seem to offer a degree 

of control but are themselves more limited to wet lowlands which are not 

the best habitat for the gypsy moths' favored hosts (primsrilyoaks). 

-----
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Station 

Hartford, Conn. 

Albany, N. Y. 

Harrisburg, Pa. 

Roanoke, Va. 

Knoxville, Tenn. 

Chattanooga, Tenn. 

Bi rmingham, Ala. 

TABLE 8 

PRECIPITATION DATA ALONG THE 

PREDICTED GYPSY MOTH RANGE 

Average Days with Significant 
Precipitation C>.20") in May 

(1966-1912.) 

5.14 

5.86 

6.00 

5.57 

4.29 

5.14 

5.00 

Source: U. S. Weather Bureau. 
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Average 
Precipation of 

These Days 

0.75 inches 

0 . 50 inches 

0.52 inches 

0.56 inches 

0.51 inches 

0.74 inches 

0.89 inches 
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While the hand of man has been somew~.at instrumental in shaping the 

past levels of the pest, such a condition is no longer a significant 

factor of the moth's population spread (at least for the forseeable 

future). Current eradication and suppression programs are so hand-

icapped that they appear to be currently of little consequence except

ing for locally serious outbreaks. This "stalemate" seems to have 

arisen because it is no longer perm1ssable or ecologically desirable 

to undertake blanket spray programs for suppression; although, if the 

'value of the threatened resource in a specific area justifies control 

efforts, the means are ~·:ailable.5 The one bright spot in man's seem-

ingly insignificant control operations would have to be the quarantine 

program in which mOllt touri .. t traffic is chccked for possible attached 

egg clusters. Except for the mid-1950's Michigan outbreak, no appreci-

able transport of gypsy moths has been discovered. 

Delineation of a Natural Corridor to Alabama 
- ~ ------ -

A very interesting characteristic of the gypsy moth is its affinity 

for fairly high elevations, and more specifically the tops of ridges. 

Whether the reason for this phenomenon is the presence of younger hard-

woods with more tender leaves, the absence of most predators or just 

that ridges happen to intercept wind currents is not yet clear. What-

ever the reason, the alternating valleys and ridges (in a northeast to 

southwest lineation) along the Appalachian Mountains would seem to be 

target areas for gypsy moth invasion, not only for their favorable 

environmental conditions but because of their inaccessibility to man 

and his tools of control. This "natural corridor" of unbroken (no gaps 

larger than 30 miles which ins tars I and II larvae have difficulty 
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traversing) ridge" with associated expanses of hardwoods is illustrsted 

in Figure 12. 

This display consists of a mosaic of 70 millimeter ERTS-I images 

(covering approx. 10,000 square miles) which depict the series of linear 

ridges (a component of the Valley and Ridge Province) spanning the 

intermediate zone between the current New England infestation and Ala-

bama. MSS (multi-spectral scanner) band 5 was chosen for display pur

poses because the reflected green (dark areae on the images) received 

by the acanner in the satellite is the best l--' depicting forest 

vegetation. 

It is best to remember that the importance of this expanse of 

territory is not merely a migration route for wandering gypsy moths, but 

is in itself a very economically and aesthetically valuable area. The 

increasing popularity of the Appalachian Mountains for recreation mak~s 

the hardwood forested mountain sides a worthy asset. The tourist indus-

try in this region is definitely threatened, at least immediately follow-

6 
ing the initial gypey moth invaeion. 

Prediction of ?opulation Spread 

In order to predict any future trend in the diffusion of the gypsy 

moth, it is necessary to have a good understanding of past phenomena. 

From viewing Figure 2 on page 23, a pattern of near-radial expansion 

can be seen with some skewness toward the southwest. There are no 

known indicstions which shouiJ greatly alter this general trend, except 

the probable accelerated expansion of populationa along the Valley and 

Ridge Province for reasons already explained. 

The first step ~tilized in projecting the trend of population 

migration was to define the natural barriers which cannot presently be 

--_._---------



F1aure 12. Mosaic of 70mm ERTS Images (Band 5) for Illuatration 
of Valley and Ridge Province. 
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ppnetrated hy the KYpsy moth. To the south of the present infestation 

area ia the eastern edges of the Appalachian Piedmont which intersects 

the Atlantic Ocean (representing the eastern limits) in Marylsnd and 

continues unbroken into middle Georgia. The predominant vegetation type 

to the east of thia region is a pine foreet which does not provide food 

for the fragile inetars I and II larvae. The northern limit of the sus

ceptible territory is the boundary of the taiga (coniferous) forest which 

also approximates the -25 of. (low temperature) iaotherm that if fatal to 

gypsy moth eggs. For a delinestion of this confinement vector, see 

Figure 13. 

It is now, therefore, safe to assume that most future expansion of 

the moth will have to remain inside thes" set limits. If concentric 

circles are drawn radiating outward from. the original infestation at 

regular increments, a series of increas'8s of totsl area within the expan-

sion corridor can be computed to the point where the last circle inter-

sects Alsbama, assuming that the moth will migrate in a consiatent lin-

ear direction regardless of total area increase within the range. For 

instance, although the total area within the expansion corridor increases, 

the rat~ of directional migration should not be proportionately affected. 

Therefore, an estimate of total area traversed at the time of the initial 

introduction of the moth into Alabama will be approximately 535,000 

square miles (Table IX). 

For the purpose of predicting a future trend it was necessary to 

separate the moth's history in the U. S. into two divisiona, a pre-DDT 

usage era and a post-DDT usage era. This decision was made on the 

basis of the obvious depressive effect on population growth during 

the 1930's and 1940's (Table X) and on the basis of an expected 
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Figure 13. Assumed Vector of Gypsy Moth Population Spread. 

Data from U. S. Department of Agriculture. 



TABLE 9 

AREA!' OF HISTORIC AND PREDICTED 

RADIAL EXPANSION OF THE GYPSY MOTH 

Area in Circle Angle % of Total Area in 
Radiating from Origin of Arc Circle Corridor 

1 - 43,996 sq. 101-

2 - 175,9~6 sq. 101-

3 - 395,970 sq. 101- 740 22% 87,113 sq. 101-

4 - 703,947 sq. 101- 690 19% 133,749 sq. 101-

5 - l,099,91~ sq. 101- 680 19% 208,984 sq. 101-

6 - 1,583,882 sq. 101- 680 19% 300,938 sq. 101-

7 - 2,155,840 sq. 10L 680 19% 409,609 sq. 101-

S - 2,815,791 sq . 101- 680 19% 535,008 sq. 101-

• 
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TAB:.E 10 

HISTORIC GY~SY MOTH AREA EXPANSION 

Years Area , Total Area Percent Percent 
Inhabited Incre~e Increase Increase/yr. 

(S9' Mi1ell) (Sg. Miles t 

1870 100 

1910 4,733 
74,541 1575% 78.70% 

1930 79,275 
\ 

),473 9 • .'.0% .50% 
1950 86,748 

22 ,481 25.90Z 2.60% 
1960 109,229 

542 .49% .49% 
1961 109,771 

376 .34% .17% 
1963 110,147 

I 794 . 72% .72% 
1964 110,941 

1,51 :; 1 . 34% 1.34% 
1965 112, 456 

1,336 1.17% 1.17% 
1966 113,792 

4,548 3.84% 3.84% 
1967 118,340 

1,790 1.49% 1.49% 
1968 120,130 

5987 4.75% 4.75% 
1969 126,117 

10,513 8.34% 8.34% 
1970 136,630 

24,412 29.12% 29.12% 
1971 161,042 

21,546 33.02% 33.02% 
1972 182 1588 

Source : U. S. Department of Agriculture. 
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continuous ban on the insecticide . Therefore, only the data beginning 

1960 (the earliest data avail able after the 1958 ban of DDT general 

use) was used in the evaluat ion. If this historic spread data (total 

growth of infested area from 1960-1972) is plotted on a graph, the 

point where the extended (via regression analysis) logarithmic curve 

intersects a line drawn from the 535,000 square mile data point should 

offer a fairly accurate estimate of the time of introduction (Figure 

14). An analysis of the projected geographic diffusion indicates a 

computed arrival date of the gypsy moth in northeast Alabama within the 

next 38 years. See appendix B for a summary of this analysis. 

However, in order to add credence to this forecast, it was designed 

as a conservative estimste. If certain previously mentioned variables 

of population dynamics behave as factors of acceleration as is expected, 

this prediction of spread rate could be changed to an earlier date. 

These possibilities could include: 1) the linear r idges o~ the Vali~v 

and Ridge Province could become a more ideal hsbitat t'.an anas pre

viously invaded, 2) the government's quarantine pro6ram could break down, 

thus allowing for artificial spread, 3) the incrf.asingly shorter duration 

of rainstorms as one progresses southward could allow for more moth 

activity, or 4) the possibility of multiple generations per year induced 

by warmer temperatures. On the other hand if new and efficient control 

techniques are discovered or if new and presently unknown natural enemies 

are encountered, the progressive spread might be slowed. 

However, based upon past evidence of the impact of control forces 

on the moth, as well as the historical diffusion rates and direction 

of the gypsy moth, it is readily apparent that the year 2011 is 

reasonably acceptable as a target date. But care shoul ·~ be taken not 
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Figure l4A. Plots of Historic Data (1960-1972) Used in 
Regression Analysis of Potential Gypsy Moth 
Spread in Total Area. 
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Figure 14B. Regression Analysis Projecting the Trend of 
Historic Data (1960-1972) of the Gypsy Moth 
Spread in Total Area. 
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to be overly optimistic about that distant date. The factors listed 

above may have a net effect of greatly speeding or slowing the migra-

tion of the insect. In other words, governmental agencies, as well I. 
as the Alabama public should not be lulled into the assumption that 

1 ' 
38 years may be available to effect a deterrent. 

Alabama Tarm Areas 

Since the expected migration of gypsy moths into Alabama in the 

near futur~ appears inevitable, it would now be proper to survey the 

possible impact r,f such an invasion. Figure 15 illustrates the fact 

that all of Alabama with the exception of the cedar glades, will be 

eventually vulnerable to attack with a proportion of a least 50 per-

cent oak as a forest component (the major crtterion of susceptibility). 

The best indicator of susceptibility, the white oak, makes up a sign-

ificant portion of the forest in every county but four in south 

Alabama and one in the north (Figure 16). Furthermore, the signifi-

cant presence of preferred hardwood hosts can be found in almost every 

county in the State (Figures 17-20). Through a correlation of these 

maps of Alabama hardwoods with maps of susceptible conifers, mainly 

hemlock and white pines (Figures 21 and 22), they appear definitely in 

danger of attack because of their close proximity to hardwoods which are 

necessary for the survival of young larvae. These softwoods, which 

remain quite important to the paper industry are among the favored foods 

• of later ins tar larvae which do the majority of the actual defoliating. 

Because of the obvious susceptibility of the entire state of Ala-

bama and the great amount of time necessary for completion, it has been 

deemed unnecessary to undertake the production of a map of all hardwood 

forests in Alabama from ERTS imagery for this study. Instead, an analysis 

8-87 



.... 

,. 

Figure 15. Forest Types in Alabama. Adapted from A. W. Kuchler, 
The National At las of the U. S., Department of Interior 
(Washington, 1970), p. 91 • 
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Figure 16. Range of Signl.' k"r.t 'tIhite Oak Presence in 
Alabama. Adapted f l om Ross C. Clark, The Woody 
Plants of Alabama (St. Louis, Missouri: Missouri 
Botanical Garden Pr~ss, 1972), p. 151. 
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Figure 17. Range of Significant Red Oak Presence in Alabama. 
Adapted from Ross C. Clark, The Woody Plants of 
Alabama (St. Louis, Missouri: Missouri Botanical 
Garden Press, 1972), p. 155. 



) 
,,--=--,-_,1 

• • • • 

Figure 18. Range of Significant Birch Presence in Alabama. 
Adapted from Ross C. Clark, The Woody Plants of 
Alabama (St. Louis, Missouri: Missouri Botanical 
Garden Press, 1972), p. 149. 
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~igure 19. Range of Significant Beech Presence in Alabama. 
Adapted from Ross C. Clark, The Woody Plants of 
Alabams (St. Louis, Missouri: Missouri Botanical 
Garden Press, 1972), p. 151. 
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Figure 20. Range of Significant Linden Presence in Alabama. 
Adapted from Ross C. Clark, The Woody Plants of 
Alabama (St. Louis, Missouri: Missouri Botanical 
Gsrden Press, 1972) , p. 206 . 
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Figure 21. Range of Significar.t Hemlock Presence in Alabama. 
Adapted from Ross C. Clark, The Woody P1ant~ of 
Alabsma (St. Louis, Missouri: Missouri Botanical 
Garden Press, 1972), p. 137. 
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Figure 22. Range of Significant White Pine Presence in Alabama. 
Adapted from Ross C. Clark, The Woody Plants of 
Alabama (St. Louis, Missouri: Missouri Botanical 
Garden Press, 1972), p. 137 
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of ?ne scene is included as a representative guide to further scene 

investigations. A location map of this image in relation to the State, 

as well as the other imagery available for study are depicted on Figure 

23. 

A false color added composite of MSS bands 4, 5, and 7 was chosen 

for detailed analysis b.ca~s. this photographic format presents & much 

sharper contrast among the various spectral signatures repr.awr,tad than 

do the black and white products (Figure 24). Therefore, identifying 

predominantly hardwood stands was greatly enhanced. The area for intense 

investigation was chosen to coincide with the p~edicted point of gypsy 

moth introduction into Alabama, image K-l in the northeast corne~ ~f the 

State (Figure 25). This particular ecene assumes evern greater benefit 

when noticing that it depicts various types of terrain representing three 

of Alabama's four physiographic provinces, the Appalachian Plateau (upper 

l e ft), the Valley and Ridge (center) and the Piedmont (lower right). 

The image wal proj.ct.d on •• cr •• n at an incr •••• d .c.l. of 

1:250,000 to better identify small isolated stands of hardwoods, then 

photo-reduced back to scale. From this projection a map delineating the 

predominately (greater than 50 percent) "hardwood stands was produced 

(Figure 26). The basic criteria used in differentiating these forests 

from surrounding territory was a particular spectral, verified by ground 

• ~th and lower altitude imagery. It is widely known that within the 

Valley and Ridge Province of northeast Alabama hardvoods (mainly oaks) 

dominate higher elevations while mostly conifers (especially cedars and 

loblolly and short1eaf pines) can be found in the more acidic limestone 

valleys. At thi& point the assumption was made that the spectrs1 signa

ture assigned to these highland areas (especially in the north central 
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_ _______ Boundary of l .. ,e Overlap 

Figure 23. Location of ERrS Images Used in Delineating Alabama 
Forests Susceptible to Gypsy Moth Attack. 
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Pigure 24. Black and White Image (KSS-Band 5) of Scene K-l. 
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Figure 25. Color Composite Image (MSS-Bands 4, 5 and 7) 
of Scene K-I. 
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Areas of Non-Hardwoods 

Surface Water 

Areas of Predominantly Hardwood Forests 

Figure 26. Hardwood Forest Map from ERTS Image of Scene K-l. 
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quatrant of Figure 25, page 99) could be applied to other areas on the 

same image for the identification of hardwood forests. The appropriate 

color in this case appears as a greenish-brown. 

However, as seasons change so do the reflectance values of the same 

surface features. This factor, combined with variances in the develop-

ment of original ERTS produce, in the possible image reproduction, in the 

choice of false colors to be added and in the amount of light intensity 

used in producing the color composites make it impossible to generalize 

the use of a particular spectral signature on more than one imsge. For 

instance, a visual survey of the images displayed in Figures 27-32 of 

sppendix A illustrates the changes in the false color additives, as 

well as assigned light intensities. For example, scenes L-l, K-2, and 

L-2 possess a very similar signature for the same hardwood forests 

while these forests are depicted by s deep red color on scenes M-l, K-3, 

and L-3. These inconsistencies would indicste the need for s more con-

Btant control on color production before future analyses Bre attempted 

or ground truth for eBch image. And with the anticipated srrival of the 

gypsy moth being so imminent, it would seem that such needed quality 

photographic products would be a must (especially to satisfy various 

special interests) for a detailed survey of susceptible areas in Ala-

bama to be accomplished. 

Potential Effects of Expected Invasion 

The serious magnitude of an anticipated invasion by an insect pest 

can often be measured best by impacts on other areas. For instance, 

the loss of oaks in a recreational or residential area could be catas-

trophic, as in New Jersey for example, the cost of wooded property is 
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about $3000 per acre. In addition, the cost of removing a tree is from 

$50-$500, depending on size and accessibility, and with an average of 

about $200. The average cost of replacing a three inch h~~awood is 

about $125 (including cost of plant, planting, one year's maintenance 

and guarantee) while the replacement of an eight to ten foot Austrian 

pine costs about $80. 7 

Past observations have evidenced that the order of hardwood sus

ceptibility to mortality from ~efoliation are: 1) white oak, 2) chest

nut oak, 3) gray birch, 4) the red oak group (black, northern red and 

scarlet oaks), 5) red maple, 6) other birches, and 7) hickories. Hem

lock can suffer heavy mortality from a single severe defoliation as 

does the young white pine. A 1972 study showed two consecutive heavy 

defoliations resulted in tree losses averaging 58 percent for white 

oak, 55 percent for gray birch, 46 percent for black and scarlet oaks, 

27 percent for red oak and 26 percent for red maple. Mortality rates 

for all species tended to be highest among suppressed trees and lowest 

among dominant trees, reflecting health and vigor. 8 Since all these 

tree types are present to a great extent in Alabama (F~gures 16-22, 

pages 89-95) and since all of Alaba1Da's forests are at least the more 

susceptible (to attack) second growth, the impact of the impending 

invasion could be quite severe. 

The loss of trees does not constitute the only adverse effect on 

forests by the gypsy moth. An additional consequence is the change 

in forest stand composition: 1) the accelerated decline of pioneer 

birch stands, 2) the reduced ratio of white oak to r~d oak. 3) an 

increase of the white pine component in mixed stands, 4) the influence 

on forest succession by hastening the death of short-lived, weak trees 
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and otherwise reducing the proportion of favored food, as well as the 

creating of conditions highly favorable to future epidemics, and 4) the 
9 

slowing of radial growth of trees. 

During inatars I through III, larvae feed mainly in the morning 

hours and only with temperatures above 45 OF. Therefore, the theory 

that destructiveness would be greatly accelerated in the warmer South-

ern forests seems to be substantiated. Alao, the older larvae remain 

somewhat dormant during the daylight hours and begin to feed on the 

foliage in the evening except in high density areas where competition 

for .~od stimulates much more constant activity. During this period of 

dsrkness, larvae are 1es8 exposed to parasites and predators dependent 

on daylight vision, as well as important avoidance of high tempera

tures. 10 Thus, the gypsy moth's adaptiveness to a new environment, 

especially in the South, where summer nights sre longer than in the 

Northeast (causing increased activity of older 1alvae) seems very much 

assured. 

Other facets of the Southern environment must be considered when 

evaluating potentially ruinous consequences of insect infestation. For 

instance, in the case of organically polluted streams (only exceptions 

being mountain streams) by the gypsy moth larvae, the sudden removal of 

shade from the wster can have deleterious effects on aquatic wildlife. 

The incressed sunlight can cause an slgae bloom resulting in the event-

us1 death of some algae from overpopulation and subsequent food competi-

tion causing increased bacteria populstions which in turn forces the 

dissolved oxygen to decrease to such a point that fish kills may be 

imminent. 11 This potential phenomenon is in addition to the obvious pol-

luting effect of tons of larval excrement being washed into urban water 
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supplies. 

In review, it would now seem that no realistic limits to gypsy moth 

population expansion now exist or can be exp~cted in the foreseeable 

future. As a matter of fact, the only effective altering agents of the 

indicated trend are factors of acceleration: 1) an increased expanse 

of preferred LIOSe trees, 2) an inereaood inaccoosibi11ty of the foru8t~d 

areas (due to topographic irregularities), and 3) an increase in tempera-

ture within the proposed corridor of migration. With such factors pre-

sent and with the susceptibility of southern forests accepted as a rea1-

istic assumption, the probability of an inevitib1e invasion (even before 

the predicted arrival date of 2011) in Alabama would seem quite high. 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

In the preceding sections the basic factors of population dynamics 

which hsve enabled the gypsy moth to grow in statue from the relative 

obscurity of a Medford, Massachusetts, biological laboratory to a genuine 

natural threat in only 104 years have been enumerated and analyzed as 

to their re1avancy. The net effect of each element has been correlated 

with historic data to achieve a possible cause-effect relationship to 

future growth patterns. In addition, a review of the gypsy moth's 

record as an environmental disruptor and as a living economic adversity 

has been offered in light of anticipated future impacts. Other historic , 
data were compiled and ~a1yzed to dete~mine not only if the present 

population expansion rate will continue but also the approximate date 

of the expected in,oasion of Alabama. This chapter will include both 

a summary of these investigations as well as the proper conclusions 

which can be derived from them. 

The Gypsy~: !!, Real Threat? 

Whether or not the actual target date for introduction of the 

gypsy moth into Alabama of 2011 is accepted, the contention that a 

threat does exist for some time in the forseeable future must possess 

a great deal of merit. A mere glance at the map of past spread (Figure 

2, page 23) would offer a strong indication the moth populace is defi-

nite1y on the move. 
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Even greater concern than that for any dire statistical projections 

made in this study should be prompted by an in-depth survey of the 

major control forces (or the lack thereof). Other than the broad 

expanse of unforested territory of the Great Plains, absolutely no 

permanent land barrier to population diffusion exists. Furthermore, 

it is conceivable that even the present limiting factors of the 

pine-forested Coastal Plain and the conifer expanse of the Canadian 

taiga (with its currently fatal low temperatures) could conceivably 

change as the insect continues its characteristic evolutionary 

adaptability. 

But on a more contempary basis, every attempted deterrent to popula-

tion growth seems of either negative or neutral effectiveness. The 

larvae have progressed through the air in a westerly and southwesterly 

direction in spite of the seemingly prevailing headwinds. Patterns of 

precipitation which have a sedating effect on en mass migration activi-

ties do not seem to vary within the potential territorial expansion. 

Also, in the laboratory a remarkable ·ability of the moth to accelerate 

maturation time when subjected to cold temperatures has demonstrated 

the possibility for survival in an even colder climate than was pre

viously expected. In short, the gypsy moth has moved through an ever-

changing exotic ~nvironment without any signs of faltering. In add-

ition, the only accepted probability for alteration of morphology due 

to climatic conditions would be an acceleration resulting from the 

development of mUltiple generations per year (because of warmer tem-

peratures) as· the southerly migration continues. 

Furthermore, the virtual handcu~fing of government agencies in 

their battle with the moth by the ban (blanket spray) of DDT has almost 
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assured the insect of survival. By their own admission, Department 

of Agriculture officials have adopted a policy of controlling localized 

outbreaks while apparently being resigned to defeat in their efforts 

to halt natural spread. This lack of combative facilities, as illus

trated in both Table III, page 34 (summary of defoliation) and Figure 

14, page 85 (araal expanoion) ao population build-up ~~d descructive-

ness remained static throughout the 1930's and 1940's and even decreas-

ed dramatically in the 1950's due almost exclusively to the use of DDT. 

In the same graphics, a sudden boom of activity can be seen in the 

1960's through the present. During this period, the government has 

continued a program of attempted control with inferior weapons, as most 

currently used methods of suppression do not even hold the pest in 

check. However, in fairness to government officials, they are charged 

with guarding our natural environment, and every conceivable effective 

suppression tool has displayed adverse effects on the local ecology. 

And so, continued assault on our forest resources by the gypsy moth 

goes on unimpeded. 

As was previously mentioned, no place in the eastern half of the 

United States is immune to the potential impact of this forest pest. 

Approximately 75 percent of this section of the country is covered by 

suitable host forests, so the losses could be catastrophic. 

Needed Preparation? 

Since it now seems that there exists no convential means of halt-

ing the gypsy moth's territorial expansion, the logic of merely accept-

ing the inevitibility of the onslought and beginning preparation on a 

local basis is 'very much warranted. In any battle, the best means of 
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enhancing one's odds is by increasing friendly numbers. Therefore, the 

most sensible approach to the problem is to make full use of the poten-

tia11y useful tool, education. 

In the past monitoring techniques such as the reported findings of 

park rangers, a running estimate of defoliated areas and survey cam-

paigns using sex lure-baited traps have met with little success. Even 

the use of remotely sensed data, as was proposed in this study to dete~t 

infested sreas has failed. The investigation of color composite 

ERTS imagery from known infested territory did not reveal any unique 

spectral signatures attributable to gypsy moth (Figure 27 of 

Appendix A), prob~ ly due to the green undergrowth present in most 

hardwood forests, creating a similar reflectance value even after the 

canopy of foliage has been stripped. 

It is, therefore, strongly suggested that two related programs be 

implemented: 1) the mapping of the most susceptible (to infestation) 

target areas along avenues of future geographic diffusion in order to 

be prepared to most efficiently utilize the limited suppression tools 

available, and 2) the effecting of a massive interstate campaign to 

make the public aware of the inevitable threat. After all, no better 

survey team can be found than a highly mobile populace with the ability 

to spot a gypsy moth in any stage of development. Furthermore, no 

governmental program can work to any acceptable degree without public 

support. and tolerance of the probable adverse side effects associated 

with any insect control activity. And a stlpped-up research and c!1!velop-

ment program remains the only answer to the ever-growing gypsy moth pro-

b1em. The pest must be located along fringe areas still in the initial 

phase (isolated and spotty infestations) of population growth when it 
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cnn be eradicated by toxic InacctlcLdca without hllrmLnll til" LWdlollY 

of a very large area. Also, new suppression tools which can offer 

protection from gypsy moth destruction while inflicting minimal 

damage on the environment will have to be developed, all 'of which 

is very costly. It is with these points in mind that the public must 

be made a part of the battle against the gypsy moth. 
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Fig~ie 27 . Color Compoaite Image (MSS-Banda 4, 5 and 7) 
of Scene L-l. 
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Figure 28. Color Composite Image (MSS-Bands 4, 5 and 7) 
of Scene K-2. 
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Figure 29. Color Composite Imsge (MSS-Bands 4, 5 and 7) 
of Scene L-2. 
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Figure 30. Color Composite Image (MSS-Bm,ds 4, 5 and 7) 
of Scene M-l. 
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Figure 31. Color Composite Image (MES-Bands 4, 5 and 7) 
of Scene K- 3 . 
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Figure 32. Color Composite Image (MSS-Bands 4, 5 and 7) 
of Scene L-3. 
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Figure 33. Color Composite Image (MSS-Bands 4. 5 and 7) of the 
Massachusetts Scene. 
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Figure 34. Color Composite Imsge (MSS-Bands 4, 5 snd 7) of the 
Long Island Scene . 
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APPENDIX B 

EXELANATION OF REGRESSION ANALYSIS 

The existence of some relationship between the historic arial 

spread and time was assumed. After various investigations as to 

what operations best described this relation, several functions were 

picked as the most likely ones to depict this relationship. These 

functions were then implemented in an attempt' to predict future spread. 

Some or the functions were clearly unacceptable to project the future 

trend; for example, two of the trend functions caused decrease at 

sbme point in the future while it is eVidently clear from review of 

historic data that the function of area must increase with time. 

The most stable function and the one having the least error 

between time observed and time calculated by formula was: 

Y 0 16.8616 • 1 10glO (X) + .00008289 ; X whereas Y = time and X = area. 

The ultimate prediction of gypsy moth spread to the point of introduc-

tion into Alabama was made on the basis of the above operation. 
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CHAPTER I 

INTRODUCTION 

1.1 The ~ for Land-Use Data 

One of the most important challenges of the future is 

monitoring man's effect on the land. The amount of land is 

finite while the demands on the land are increasing. Each 

year the earth must support more people. Since any condi

tion approaching zero population growth cannot be expected 

for many years, if ever, the demand on the land cannot be 

expected to stabilize. In the United States there is also 

a trend toward smaller families, increasing the demand for 

land area to accbmodate more househol~s per unit of popula

tion. In addition, families have higher average incomes 

enabling them to travel more and consume more. 

1 .. ' 

These developments result in the often unsightly spread 

of housing developments, factories, and the accompanying 

service facilities required. Precious open space, produc

tive agricultural land, dense forest, and scenic coastlines 

have been exploited in many cases. Too often this condition 

has resulted from poor planning. A more organized approach 

is required involving systematic land-use planning, whereby 

the government exercises its right to eminent domain to 

direct and control land utilization. 
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Until recently the problem of land-use planning has 

been largely unaddressed. The need to clean up dirty 

water, polluted air, and our accumulated solid waste seemed 

more pressing. Several recent developments, hm!ever, point 

up the growing awareness of the need for land-use planning. 

The National Land Use Policy and Assistance Act is 

being considered in Congress. This legislation proposes 

that each state inventory its land and develop, a state

wide land-use and regulatory plan. A typical p~an would 

earmark specific land for large-scale development, environ

mental preservation, and public facilities. States that did 

not comply would face having their share of federal funds 

reduced. 

In a separate development, a task force appointed by 

President Nixon submitted a report recommending a wide 

assortment of measures for more rational land use. The 

report appears to have been written to placate the conser

vationists,l In one of its major conclusions it states, 

"It is important that state and local legislative bodies 

continue to adopt planning and regulatory legislation aimed 

at carrying out land-use objectives and that legislative 

bodies make clear that police powers are regarded as valid 

authority to achieve more orderly development and to protect 

natural,' cultur.al, and aesthetic values. ,,2 

In view of the current interest in land-use planning, 

the availability of timely land-use data is especiallJ 

important. Consequently, the development of techniques to 

gather and interpret the needed land-~se data takes on added 

si~·· ificance . 
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1.2 Objective 

Gathering land-use data from remotely situated vehicles 

(remote sensing) is a particularly promising approach to com

piling up-to-date land-use inventories. A variety ~f sensors 

have been developed to gather data and a number of techniques 

devised to interpret it. A discussion of the types of sen

sors and the interpretation methods is presented in Chapter 

II. 

One of the most significant developments in remote sen

sing technology is the Earth Resources Technology Satellite 

(ERTS). Since the sensors are aboard a satellite instead of 

an aircraft, land-use data can be gathered repetitively on a 

global scale. 

Under the National Aeronautics and Space Administration 

research contract entitled "Investigations Using Data in 

Alabama From ERTS-A", investigators at The University of 

Alabama have undertaken the task of interpreting ERTS data 

for the State of Alabama. This task involves developing and 

t.;sting interpretation techniques in order to determine how 

they apply to the specific ERTS data for the state, with the 

ultimate objective of providing interpreted data in such a 

form amenable to use by policy makers and regulatory agen-
. 3 

c~es. 

One interpretation technique that is available to the 

ERTS effort is the composite sequential clustering (eSc) 

technique. It is an unsupervised classification technique 

which automatically groups the land into a number of cate

gories according to the ditital data collected by ERTS for 

each section of land. The technique's final product is a 

digital map of an area with the locations of each category 
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delineated. If the CSC technique is to be useful in the 

inventory of land use from ERTS data of Alabama, several 

things must be investigated. Specifically, the exact rela

tionship between the automatically derived categories and 

interpreted land-use categories must be understood. 'I'his 

understanding can only be gained by applying the technique 

to areas in a variety of r8t) .. :mS throughout the State, c1ur

ing different seasons, and under varying conditions. Only 

then can the technique's utility as a tool for deriving 

timely land-use data be ascertained. 

At this point, the CSC technique has been applied to 

only one area in Alabama. An area including the Huntsville 

Alabama Jetport was studied by Mr. Robert Cummings of the 

Marshall Space Flight Center. To provide a more comprehen

sive understanding of the techniques utility, additional 

study areas must be analyzed in other regions. 4 

This study was designed to satisfy part of this need 

by analyzing areas selected from the region around Tuscaloosa, 

Alabama. The ERTS data used for analysis was gathered dur

ing early spring (March 28, 1973). The Tuscaloosa area was 

chosen for several reasons. One of the reasons for select

ing this area was the great diversity of land use existing 

within a small area. Consequently, the study areas can be 

relatively small. Ample ground-truth data is available in 

the form of multispectral photographs taken during U-2 under

flights on February 22, 1~73, and RB-S7 underflights on 

April 29, 1973. Low-altitude coverage (12,600 fset) of the 

Tuscaloosa area was flown May 18, 1973. Another advantage 

of selecting study areas near Tuscaloosa is the close prox

imity to The University of Alabama. This facilitated the 
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gathering and checking of ground-truth. Spring coverage 

was chosen because the high altitude underflights used for 

ground-truth were available only for this season. 

1.3 Scope 

The composite sequential clustering tec;,nique employs 

the data from the satellite to ascertain the number of land 

uses that ean be discerned and to print ,:,ut the l·."Qation of 

the various classes of land use. The primary question to be 

answered when applying the technique to an area is how many 

different types of land-use classes can be discerned while 

still maintaining an acceptable degree of accuracy. The 

main thrust of this investigation is then to determine what 

types of land use are easily identified by the unsupervised 

interpretation of ERT~ d~ta (indicated by high classifica

tion accuracy) and what types of land use cannot be easily 

identified (indicated by low classification accuracy) . 

The land within each study area is assigned to a land

use class by its ground cover. Hence, in a sense, the term 

"land-use class" is misleading. The area is not necessarily 

classified as to its use but rather as to its ground cover. 

It is the characteristics of the area's cover that is sensed 

by ERTS and used to classify the land. Anderson ~ al. 

(1972) concludes that land cover is the basis of categori-
, 5 

zation of land use at the primary level. Therefore, for 

our purposes, the area's land cover is the only criterion 

for land use. Despite its inaccurate connotation, the term 

"land use" will be used interchangably with the terms "land 

c.)'II'er" and "ground cover". 
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Each data point from ERTS represents a "composite" of 

land-use information for an area 70 kilometers (230 feet) 

square. An area this large can easily con~ain more than a 

single type of land cover. For example, a data point might 

contain a building, a wooded area, and a section of road. 

The combination of reflectance may make such a point unclas

sifiable. In any case, such situations are analyzed. 

The land-use classification system used in this study 

is arbitrarily contrived to meet the needs of the areas 

studied. Typically the user and the situation dictate the 

classification system that is used.
S 

Although a classifica

tion system specifically for remotely sensed data has been 

devised by Anderson, no attempt is intentionally made to 

relate land use in the Tuscaloosa area to it. vlhether the 

resulting land-use classes conform to any classification is 

secondary. The primary criterion is rather that they can 

be effectively identified from ERTS data by the unsupervised 

classification technique. 

The unsupervised clustering technique used in this inves

tigation is one of many such techniques. Although some of 

the various techniques are discussed, no attempt is made to 

evaluate the merits of the esc technique relative to other 

methods on the basis of their performance in the study areas, 

whether it be in terms of the speed or accuracy of classifi

cation. 

As outlined in the previous section, the study areas 

used for analysi5 should contain the types of land use that 

are characteristic of the region. This implies that some 

region be defined in West Alabama, and study areas selected 

such that every type of land cover is represented. A 
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Comprehe'nsive study of this sort is not within the scope of 

this study. A quick examination of the air photo coverage 

of the Tuscaloosa area, however, revealed the major types of 

ground cover that were present and should be included in the 

study areas. 

1. 4 Procedure 

1.4.1 Selection £! Study Areas 

The initial task was to establish criteria for the 

selection of the study areas. These criteria (section 6.1) 

were selected in such a way that many factors affecting the 

quality of the ERTS data and the effectiveness of the clus

teringtechnique could be studied. 

witt. these criteria in mind, study areas were chosen 

by pxamining high altitude photography of the Tuscaloosa area 

(February 22, 1973 coverage). Several areas meeting the cri

teria were delimited on a transparent acetate overlay. These 

areas were then reduced in area as much as possible while 

still maintaining their usefulness. After th,e exact location 

of the areas had been decided, they were located on maps ac

cording to the Universal TransverSe.~ercator (UTM) coordinate 

system which is the standard system by which a,ll land-use 

information in the ERTS project is located. Finally those 

study areas of less importance were discarded. 

1.4.2 Selection 2t~ ~ 

ERTS data Of the area from early 1973 was examined to 

find the most suitable data for analysis. Its suitability 

was judged from the amount of cloud cover, the quality of the 

data, and the date it was collected. 
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The March 28, 1973 coverage ..... as chosen (ERTS frame 

E-1248-l5562). Although some clouds were over portions of 

Tuscaloosa County, the areas of interest were largely 

cloud free. The quality of the data 'nas excellent and was 

gathered within five weeks of the February air photo cover

age. 

The actual processing of the digital data wa.s done by 

personnel at the George C. Marshall Space Flight Center. TO 

initiate this action, a data processing .request form was 

completed for each study area. To complete this form, each 

study area was first located within the ERTS data (section 

3.4); To complete the necessary information, the number of 

land-use classes desired from the classification in each 

study area and the number of spectral bands used to image 

the area were listed. 

1.4.3 Gathering of Ground
Truth ~ 

Prior to completion of the automatic classification, 

information was gathered concerning the ground cover of the 

study areas. This information, commonly called ground

truth, came from several sources. 

The primary source was high altitude photographs. An 

air photo of'each study area was selected and this served as 

the base for the ground-cover or ground-truth map. The air 

photo was first projected to a workable scale. From this 

. projected image the area's ground cover boundaries were 

dra\'i'n on translucent mylar. This boundary map was then used 

for notations concerning various characteristics of the reg

ion's land cover and as the base for the area's ground-cover 

map. 
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The primary task in the production a:i= a ground-cover 

map was identify:tng the region I S ground cover in such a way 

that all land in .the· region could be classified into one of 

a finite number of categories. To do thiS, the information 

contained in air photos of each study area was supplemented 

by field checking, examination of low altitude imagery, and 

interviews with those familiar with the agriculture, fores

try and mining of the area. This supplemental information 

aided in the interpretation of the air photo so that the 

area's land cover could be grouped into classes and a ground

cover map produced. 

1.4.4 Analysis,Q! ~ 
Unsupervised· 
Classification 

After the results of the clustering technique were 

rece!ved, the first task was to locate the digital data on 

the ground-truth map. This was done by overlaying the 

ground-cover map with a sheet Of. mylar and referencing var

ious. features that were recognizable on both the ground

cover map and the computer classifir.ation with their loca

tion in the digi.tal data. These reference l?oints .throughout 

the study area were then used to size and fit a grid.of data 

point locations over the entire area. 

This grid was used two ways. In one application it was 

used to digitize the ground-truth map. In other words, the 

dominant category of ground cover for each data point or 

each cell in the grid was coded onto computer cards for sub

sequent automatic comparison with the computer classifica

tion. This automatic comparison simply noted how the 
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unsupervised classification of each data point compared 
with the classification on the ground-truth map, noting each 
combination of interpreted ground cover categpry 'Tersus auto
matically-derived category, and displaying the rE:Jults in a 
matrix where the n\ll'llber of data points with each type of com
bination was shown. For example, a typical number in the 
~atrix indicates how many data points interpreted as pine 
forest were classified by the clustering technique into one 
automatically derived category. 

The grid was also very useful in visually comparing the 
two classifications. This was done by using the grid to 
produce a color coded digital map of the automatically clas
sified categories. By simply overlaying both the digital 
map and 

sible. 

the ground truth map, visual comparisons were pos
The digital map was also very helpful in detecting 

patterns in the classification. 
Analysis of each study area involved evaluating the 

classification technique's effectiveness as a tool to inven
tory land use. There were several statistical and visual , 
tools instrumental in,making this evaluation. 
description of all these tools is not possible 

An adequa,te 

unless the 
reader has some understanding of the multispectral tech
nique and the ERTS data. Consequently,l:he specific methods 
used to evaluate the unsupervised clustering technique will 
be discussed in Chapter VI! when the results are presented. 
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CHAPTER II 

THE MULTISPECTRAL TECHNIQUE 

2.1 Principles £f the 
Multispectral Technique 

Multi-band spectral reconnaissance techniques are 

particularly useful in remote sensing. Colwell cited many 

uses of the technique as early as 1961. 6 These applications "'~ 
include detecting land use as well as such developments as 

the electron "microscope, X-rays, thermal infrared photogra-

phy, and remote sinsing of submerged land. 

The characterisbics of an area on the ground are 

obtained by recording the energy that the area either emits 

or reflects. Normally, for each type of ground cover, there 

is a unique way the reflected and. emitted energy lemels 

(usually reflected sunlight) vary with the wavelength. Our 

eyes or a single sensor only detect a relatively narrow r 

range of wavelengths (Figure 1). If there is a large num

ber of land-cover types in' ail area, 'chere is a high proba

bility that several types of land cover may have similar 

levels of reflected and emitted energy (or similar reflec

tance values) in the particular range of the sensor. Conse

quently, ('lccurate identification of the land cover in each 

area would be difficult since each area would appear approx

imately the same tone. 
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In the multispectral technique, more than one sensor 
is used, each detecting reflectance in a different part of 
the electromagnetic spectrum. Although several types of 
land use may have similar reflectance val.ues in one portion 
of the spectrum, they will not be the same in other portions 
of i::he spectrum. By interpreting the combinations of photo
graphic tones or voltage readings from the sensors, land Use 
can beaccur.ately identified for very. complex and diverse 
regions. In other words, several properly. selected narrow
band sensing devices can be used in concert to more accur
ately determine land use than a single wide-band sensor. 

2. 2. Typ~.Qf. Multispectral 
Sensors 

The types of sensors used in nml.t:.i-band spectral recon
. naissance can be divided into three major groups; multi
lens photogl~aphic systems, optical-mechanical saanners, and 
radar systenls. 

4.2.1 Multi_lens 
Photograppic 
Systems 

Multi-lens photographic systems are probably the most 
commonly. used devices in gathering mUlti-band spectral data. 
An area is photographed simultaneously by several cameras or 
lens systems responding to many parts of the electromagnetic 
spectrum_ 

There are several important limitations involved in 
obtaining satisfactory images with this system ana also with 
analysis of the data. Although there is considE!rable detail 
ina photographic process, there is relatively poor spectral 
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resolution. Photographic film emulsions have a relntively 

narrow speC:tral range of sens:i.tlvity. Ot.her tYPl>B of IUulU

band systems must be used :for wavelengths shorter than about 

0.35 microns and longer than about 0.95 microns-, 7 Analysis 

usually involves superimposing the images and e:lhancing the ,-
spectral characteristics of each _image with the additive 

color technique. Uniform geometric relationships from image 

to image are necessary if this is to be done. consequently, 

the checking of lenses for accurately matched distortion, 

focal length, and alignment of their optical axes is neces

sary to insure uniform geometrical relationships. - Since 

accurate camera calibration and carefully controlled film 

processing are essential for obtaining accurate results, 

such systems can be costly. 

There are several limitations involved when computer 

analysis is applied to this type of data. For computer anal

ysis the reflected energy must be given a quantitative value. 

The photographic materials in this process are simply chemi

cal detectors of the reflected energy over a portion of the 

spectrum. The emulsion of the film is transformed by expos

ure to the light energy which produces increasing density 

after development. The reflectance is quantitized bymeas

uringthe film density with a densitometer. The densito

meter scans the photographic transparencies. The transmit

ted light is measured and this is expressed in terms of 

density. This process degrades the spatial resolution. 

Consequently, a substantial amount of available information 

is lost. Other problems include the inability to achieve 

the exact point-by-point spatial dongr1lence required for 

computer analysis because of such facf.ors as variable film 

shrinkage and differences between lenses. 
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2.2.2 Radar Sensors 

Radar sensors are unique in several ways. Whereas most 

sensors detect reflected solar radiation or emitted radiation 

or both, radar provides its own source of "illumination". A 

pulsed signal is emitted from the radar system and then it 

detects and records that portion of the signal which returns 

from terrain features below. Consequently, it can obtain 

the same information day or night. Imagery can also be 

obtained of regions obscured by clouds. Radar data is espec

ially amenable to quantitative analysis since the nature of 

the illumination source is accurately known. On the other 

hand, the spatial resolution of this data is relatively poor 

and the equipment required is rather complex. 

2.2.3 Optical-mechanical 
Scanner Systems 

The detection of reflected electromagnetic energy beyond 

the visible and photographic infrared region requires a dif

ferent type of sensor typified by optical-mechanical scanners. 

These devices disperse the ~eflected and emitted energy into 

specified relatively narrow band-widths with a prism spectro

g;raph, and electronically record the percent reflected in 

each region. Consequently, each resolution element is simul

taneously scanned in many spectral bands. The device scans 

a path perpendicular to i,ts own relative motion by means of 

a rotating or oscillating mirror. 

Although this system is limited by poor spatial resolu

tion, its inability to penetrate clouds, and its complexity, 

it is particularly amenable to analog, digital, and hybrid 

computation. Also, the use of dispersive optics and elec

tronic blocking techniques allows greater flexibility in the 
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choice of bandwidths in the electromagnetic spectrum than 

with standard film-filter combinations. Unlike mUlti-lens 

photographic systems, the imagery from all bands is com

pletely synchronized in both time and space since it is all 

acquired through the same optical system. These capabilities 

give optical-mechanical scanner systems, such as the multi

spectral scanner on ERTS, a tremendous potential for remote 

sensing. 

Its application to land-use inventorying is especially 

promising. As cited by Colwell, a thorough spectral defini

tion of an area is necessary for accurate classification. 6 

Consequently, the optical-mechanical scanner is uniquely 

amenable to the task of gathering land-use data because of 

the wide range of reflectance that can be measured. 
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CHAPTER III 

ERTS AND REMOTE SENSING 

3.1 Significance.2£. ~ 

The ~RTS system represents a significant merging of 
space and remote sensing technologies for collecting multi
spectral images of the earth and collecting environmental 
data from earth-based instrument platforms. The ERTS pro
gram is primarily a research and development system. Its 
purpose is to demonstrate that remote sensing from space is 
a feasible and practical approach to efficient management of 
the earth's resources. It is hoped that the data acquired 
and the techniques developed will point the way toward 
development of a fully operational and more effective sys-

S tern for earth resources management. 
Since its launch July ~3, 1972, ERTS has been providing 

types of multispectral data that had been heretofore unavail
able. The uniqueness of the ERTS multispectral data is espec
ially notable when compared to multispectral data gathered 
from aircraft missions and manned spae,e flights. 

Unlike data gathered by these methods, ERTS provides 
for repetitive imaging of the same area every eighteen days 
for the life of the satellite. This is valuable since many 
images of the same area over time are necessary to monitor 
changes that influence the earth's resources. The e>,],C,ense 
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of operating an aircraft make such repetitive coverage 

uneconomical. Manned space missions can obtain many images 

of the same area on the earth's surface, but repatitive 

coverage ~~ a regular basis is rare because manned flights 

are not scheduled regularly and the duration of each flight 

is relatively short. 

To view the earth's resource~ in their entirety, ERTS 

is able to obtain multispectral images on a global basis. 

This is not possible with aircraft because of the bad wea

ther that is prevalent in some areas and the remoteness of 

some areas. Both of these factors contribute to make air

craft coverage of areas such as the polar regions uneconomi

cal.. Whereas global coverage is possible with manned space 

flights, the expense of such missions precludes them from 

gathering data continually. 

Perhaps the most important: characteristic of ERTS 

multispectral data is that it affords a synoptic view of 

large areas (l3,OOO square kilometers). This is especially 

important in viewing patterns and interrelationships that 

exist on the earth's surface. The 914 kilometer orbit (568 

statute miles) of the satellite makes this possible. With 

aircraft data, the coverage is less. An area of approxi

mately 530 square kilometers is imaged by an aircraft at 

20,000 meters (65,000 feet) with a VC-10 camera. Whereas 

large areas have been imaged from manned spacecraft, such 

images are not as amenable to quantitative analysis because 

of oblique camera angle and the lack of registration between 

repetitive images of the same area. 
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3.2 Description of ~ 
~ System 

In this section a brief description of the systems 

aboard the satellite is presented. The satellite's pattern 

of coverage, and the way the images are transmitted back to 

earth ar.e also discussed. 

The spacecraft vehicle consist of the payload subsys

tems and the various support subsystems. The configuration 

of the spacecraft is shown in Figure 2. The payloads are 

the Return Beam Vidicon (RBV) camera system, the Multispec

tral Scanner (MSS), the Wideband Video Tape Recorders 

(WBVTR's), and the data collection system. 

The RBV camera system and the multispectral scanner 

are the two imaging systems aboard. The RBV camera system 

surveys the earth via three co-aligned camera sensors, each 

viewing the identical scene but in a different spectral band. 

The viewed ground scene, 185 kilometers square, is stored on 

the photosensitive surface of the camera tube. After shut

tering, the image is scanned by an elech'on beam to produce 

a video signal for transmission to ground-based receiving 

stations. 9 

The MSS is basically an optical-mechanical scanner. 

The optical energy is sensed in four visible spectral bands. 

The data is formatted into a single data stream for trans

mission by a multiplexer. A more detailed description of 

the MSS is given in the subsequent section. 

When the RBV and the MSS are operating withing range of 

a ground receiving station, their data are transmitt~u in 

real time to the ground receiving site and recorded on mag

netic tape. The location of receiving stations make it 

possible to receive imagery data during 11 or 12 of the 
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10 
nearly 14 orbits the satellite makes each day. DHring 

orbits I·then the satellite is not within view, the im.\gery 

data is stored temporarily on either of the two wideband 

video tape recorders. 

At present, one of the ~VTR's is inoperable and RBV 

has been turned off. Early in the mission a power surge 

temporarily affected the satellite's stabilizing jets and 

caused the spacecraft to gyrate out of control. To protect 

the RBV cameras and to locate the problem, the RBV was turned 

off. Since one of the WBVTR's is inoperable, reducing the 

satellite's recording capabiLity, the RBV system has yet to 

be reactivated. If, for some reason, the MSS becomes inoper-
11 able, the RBV system could still be used . 

To further monitor the earth's resources, the Data 

collection System is a part of the payload. This system 

obtains data from earth-based data collection platforms 

(DCP's) for transmission back to receiving stations. These 

DCP's are equipped by specific investigators with as many 

as eight sensors which sample such environmental conditions 

as temperature, snow depth, conductivity, or pH. Whenever 

there is a line of sight view from the satellite to both 

the DCP and a receiving station, the data is relayed and 

then made available to the investigator. 

To support the payloads there are integrated subsystems 

that provide the power, control, environment, orbit mainten

ance, attitude control, and information flow required. 

Discussion of all Subsystems is not necessary but some men

tion of the attitude control capability of ERTS is warranted 

since it relates to the quality of the images received. The 

attitude control subsystem controls the spacecraft with earth

pointing accuracy of less than 0.7 degrees in the axes of 
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pi~ch, roll; and yaw. Thl2 system uses horizon scanners for 

pitch and roll control and a gyro-compass for yaw orienta

tion. 

To provide systematic, repeating earth coverage under 

nearly constant observation conditions, the orbit of the 

spacecraft must be very precise. consequently, the orbit 

has been selected and trimmed so that the satellite ground 

trace repeats its earth coverage at the same local time 

every 18 day period \~ithil~ 37 ltilometers (20 nautical miles) • 

The orbit is nearly circular, such that the earth is cons is

tantly viewed at nearly the same altitude. 

The imagery data is transmitted down from the spacecraft 

and is received at one of three United States stations. One 

station is at Greenbelt, Maryland: a second at Goldstone, 

California: and a third near Fairbanks, Alaska. Canada has 

a fourth station, near Prince Albert in Saskatchewan, which 

can receive only. All data is processed at the National 

Aeronautics and Space Administration's Data Processing 

Facility (NDPF) at the Goddard Space Flight Center near 

Greenbelt, Maryland. 

As mentioned previously, the data from the MSS is 

encoded into a data stream suitable for real time transmis

si~n. Each of the three ground receiving stations is equip

ped with a demultiplexer which decornrnutates the data stream 

into the original scanner channels. These are recorded perm

anently by digital tape recorders. If the data is received 

at Goddard it can be processed shortly after reception, but 

if it is received at the other two stations, the tapes must 

be transferred to NDPF. 
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3.3 ~ Multispectral Scanner 

Since the data used in this investigation is from the 

multispectral scanner, a more detailed description of the 

system is presented. The 4-band scanner system aboard ERTS 

was built by the Hughes Aircraft Company. The four selected 

spectral bands are~ band one, 0.5 to 0.6 microns: band two, 

0.6 to 0.7 microns: band three, 0.7 to 0.8 microns: and band 

four, 0.8 to 1.1 microns. 

The object plane (the portion of the earth being imaged) 

is scanned by means of an oscillating flat mirror between 

the scene and the double-reflector, telescope type of optical 

chain (Figure 3 and Figure 4). Figure 3 shows the elements 

of the scanner relative to the orbit. Earth is downward and 

the velocity of the scanner is away from the reader. As the 

mirror rotates, a line across the 185 kilometer swath is 

swept across the focus of the telescope. Six lines are 

imaged in the four spectral bands during each sweep. These 

six lines and four bands are defined by a four by six matrix 
12 

of glass fibers in the focus area of the telescope. 

Light impinging on each of the 24 glass fibers is con

ducted to an individual detector through an optical filter. 

Each detector is optimized for the particular spectral band 

served. The signals from the detectors are then sampled, 

digitized, and formatted into a single high rate bit stream 

suitable for transmission. 

After the scan mirror has swept across the scene it 

returns to its original position during its retrace cycle. 

During one complete oscillation of the mirror, the subsatel

lite point will have moved 474 meters (1,550 feet) along the 

satellite's ground track. The width of the along-track 
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field of view of detectors is also 474 meters. Since the 

sixth scan line of one oscillation is adjacent to the first 

Bcan line of the next oscillation, complete coverage of the 

total 185 kilometer wide swath is obtained. 13 Figure 5 

shows the scan pattern. 

During the retrace cycle, a shutter wheel closes off 

the optical fiber view to the earth and a light source is 

projected onto the fibers for calibration. Since the cali

rration lamp intensity is constant, it is possible to check 

the relative radiometetric levels of the detectors. In 

other words, a check is made to see that the amount of 

reflected sunlight impinging on the fiber ends during the 

active scan is being accurately reproduced in terms of the 

detector's video output. In addition, the sun is flashed 

across the fibGr ends once per orbit so that the calibration 

lamp is checked. 

The inherent characteristics of the MSS system make MSS 

data especially useful in land-use studies. The MSS system's 

major shortcoming relative to the RBV system is its inferior 

geometric accuracy. During the interval over which the MSS 

is imaging a complete frame, the spacecraft may experience 

small yaw and attitude variations that degrade geometric 

accuracy. This is not.a problem with the RBV sensor since 

it makes a full frame snapshot instantaneously.10 Over the 

relatively small study.areas used in this investigation 

(approximately 45 square kilometers for a study area compared 

to 33,000 square kilometers for an EaTS scene) any geometric 

distortion is far less eviden.t. 

In rigorous land~use· studies over relatively small 

study areas, point tP. ,poin.trsgl:stration. ·of data points in 
• >, -. • ;' - • • 

all four bands is necessary. Such registration is basic to 
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optical-mechanical scanner systems because all spectral 

channels share common optics. This is not the case for the 

RBV sensor since three separate cameras are used. 

The MSS sensor also has inherently better radiometric 

accuracy than the RBV type because it uses a few small detec

tors instead of a large screen surface. The MSS's built in 

radiometric calibration system test sensitivity after each 

scan. In addition, the calibration system is periodically 

checked against the sun's intensity. Although the RBV also 

uses a calibration lamp arrangement, it does not include 

solar input. 

3.4 ~ ~ Products 

A variety of data products are available from NDPF so 

that investigators may rhoose the product or products most 

useful to their specific area of investigation. 

The form of the imagery before processing is digital 

data on magnetic tape. Before this data is transformed into 

an image, it is corrected to take account of the spacecraft's 

attitude, rotation, and heading during imaging. Spacecraft 

telemetry data provides this information as well as the pre

cise time the image was taken. The digital scanner data is 

processed into scenes covering rhombic areas 185 kilometers 

along the scan lines and 178 kilometers along the path of 

the satellite. The rhombic shape is caused by the rotation 

of the earth beneath the path of the satellite and the scan 

lines not being perpendicular to the path of the satellite 

since the end of each scan is 474 meters farther along the 

path of the satellite than the beginning. These system

corrected images afe generated on 70-mm black and white film 
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rolls. These rolls are used to produce photographic imagery 

in a variety of formats. 

Computer-compatible tapes (CCT's) containing a digital 

version of the original imagery are also available. However, 

these tapes do not include the geometric corrections applied 

to the images. Within the scope of this study, this is not 

necessarily a drawback since the data's radiome~ric fidelity 

is the same, and the study areas are relatively amall. 

The format of the imagery da~a on the system corrected 

CCT's is quite complicated to those unfamiliar with computer 

technology. It is sufficient to understand the format 

enough to locate study areas within a scene according to 

scan line number and sample number. 

The digital data is formatted such that there are four 

CCT's for each ERTS scene. Each tape covers a 46.25 by 178 

kilometer strip in the image (Figure 6). By knowing that 

there are 810 samples per scan line and that there are 2340 

scan lines on each tape, any area in the scene can be located 

according to scan line and sample number by simply locating 

the area on the corresponding ERTS image, measuring its loca

tion, and calculating its scan line and sample number. 
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CHAPTER IV 

COMPvrER USE IN PROCESSING 

4.1 ~ Handling 
~ Storage 

MULTISPECTRAL DATA 

Prior to the operation of ERTS, the volume of multi

spectral scanner generated was relatively small due to the 

expense of operating scanner systems and an aircraft. With 

the operation of ERTS the volume of multispectral data being 

collected overwhelms the current capability to process it 

in.to usable nata products. In other words, the capability 

of obtaining data currently exceeds the level of understand

ing regarding the data. 7 The future outlook indicates that 

this collection will continue to grow with the prospect of 

other remote sensing systems such as ERTS-B. In addition, 

if more sophisticated scanners with better spatial resolu

tion are installed in operational satellite programs, the 

data output per area will increase com~ounding the rate at 

which multispectral da.ta is generated. Handling and process

ing of this vast amount of data will necessarily require com

pression of the data into smaller quantities of more meaning

ful parameters which charar:te:..ize the physical phenomena 

recorded by the various sevt'ors. 14 
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It is traditionally held that the information contained 

in multispectral data is in such a complex form that its 

extraction requires a highly subjective interpretation by a 

15 
human analyst. The analyst must either be familiar with 

the spectral characteristics of the land-cover types he is 

seeking to locate or have the ability to apply extremely com

plex logic in integrating the reflectance readings from nume

rous sensors into a decision. Clearly, this process is both 

time consuming and subjective, characteristics not compati

ble with the current situation. 

A new approach assumes that an electronic system can 

recognize putterns in the data and compress it into ? more 

managable form. Thus a new concept in remote sensing is 

envisioned whereby a multispectral sensor system \~ould not 

only include the sensors with their individual outputs, but 

also the processing necessary to produce a final single 

15 
product. 

requirl9d to 

analysis. 

Consequently, computers will 

do a considerable portion of 

4.2 Pattern Recognition 
Research 

undoubtedly be 

data reduction and 

Researchers in pattern recognition seek to exploit the 

spectral information of imagery or of spectral scanners for 

extracting information through methods based entirely on a 

set of mathematical rules which can be implemented into 

~omputer techniques. Many techniques have been developed. 

Each have specific advantages and disadvantages which limit 

each technique to certain applications. These techniques 

may be divided into three broad classes. Unlike unsupervised 

classification techniques, the first two classes of 
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techniques require either human intervention or prior infor

mation concerning the features being extracted. It would be 

difficult to integrate such techniques into a system of data 

compression. Consequently they will not be discussed in any 

detail. 

4.3 TV~s g! Class~£ication 
Techniques 

4.3.1 Feature ~tching 
Techniques 

One approach is to use a data bank. In this method it 

is assumed that all areas considered to have a parcicular 

type of land cover, have the same spectral signature. The 

spectral signature is the combination of reflectance read

ings from the spectral bands that indicate the characteris

tics of the land cover. From this assumption, the statis

tics of the spectral ~ignatu~~s of known land-cover types 

are derived and stored in a data bank. A comparison of 

signatures from the resolution elements co thOSe in the data 

bank classifies each element as to its land-cover type. 

The difficulty with this method is that fairly homo

geneous areas of land cover are assumed, each with a partic

ular spectral signature. In reality there is appreciable 

variability in the signatures due to shadows, variations in 

topography, and scanner look angle. Other serious drawbacks 

to this technique are the amount of computer memory required 

to compare an unknown spectral signature with all possible 

signatures stored in the data bank. 
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4.3.2 Supervised Techniques 

Probably the most popular and widely used techniques 

can be termed supervised classification techniques since 

they require human intervention in the selection of training 

areas. ~hese methods have been used primarily for the anal

ysis of aircraft survey data from a multispectral sca,\1ner 

over agricultural areas. The statistical methods have been 

d b ·· th' if' h' 16 
develope y ~nvest~gators at e Un~vers ty 0 M~c ~gan , 

d . . t 17 d th U' . f .., 18 
Pur ue Un~vers~ y ,an e n~vers~ty 0 ~ansas. 

The data is organized so that each data point or resolu

tion element is addressed by a scan line number and a sample 

number. Each resolution element's spectral characteristics 

are represented by a n-dimensional vector whose components 

are the reflectance readings in each of the n-spectral bands. 

A boundary map of the area is produced over the grid of reso

lution elements showing boundaries that delimit homogeneous 

areas and this is compared with an aerial photograph taken 

at the same time the data 'iiar:; collected. This allows the 

observer to select training areas that represent the various 

types of land cover in the area. These training areas are 

located according to their scan line and sample number, and 

the statistics of the area's spectral characteristics 

calculated. 

For identification of crops or land use in each train

ing area, ground truth information is required. After each 

training area is properly identified, a statistical decision 

rule is used for classifying the remaining data. A computer 

map of the ground scene is then printed out showing the loca

tion of all data points that were classified according to 

I I 

.J 
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the decision rule as belonging to or being similar to the par
ticular training areas selected. This is compared with 
ground truth for accuracy. 

There are many major difficulties with this method. 
The basis of classification for resolution elements is the 
similarity of their spectral characteristics to that of 
training areas representing the land-use categories to be 
recognized. Such techniques assume that all objects of a 
given class have substantially the same spectral radiance. 
Previous studies of a Yellowstone National Park test site 
and unpublished data have proven this assumption invalid. l9 

It is not uncommon for investigators to report accura-
20 cies as high as 80 to 90 percent. Actually such results 

are only obtained under ideal conditions such as selected 
level regions of agricultural fields and then only through 
an iterative process. If the initial classification accuracy 
is unsatisfactory, this is attributed to the poor choice of 
training areas. The data is then partitioned again in hope 
that the new training set is more "representative", until 
the required recognition is attained, albeit at the expense 
of arrant violation of good statistical sampling practice. 

This transgression is compounded by the fact that the 
size of the training area in most experiments reported is of 
the same order of magnitude as the test area, a situation 
hardly likely to occur in the proposed application tu satel
lite data. It must be concluded that the extrapolation of 
results obtained under such circumstances to low-resolution 
satellite data collected without regard to atmospheric dis
turbances and to the varigated conditions of the areas under 
, .. 1 . 21 1nspect1on 1S pure specu at1on. 
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4.3.3 Unsupervised Technigues 

Because of the need to streamline the extraction of 

information from the rapidly increasing amount of multi

spectral data being collected, much emphasis is being placed 

on the. development of unsupervised techniques for feature 

extraction which are designed to extract features from 

remotely sensed data without either the assistance and 

supervision of an observer, or the prior benefit of ground

truth information. These unsupervised techniques, often 

referred to as clustering techniques, extract information 

by grouping the resolution elements into relatively homo

geneous groups and then showing the location and distribu

tion of the extracted land-cover categories on a digital 

map. 

As in other interpretation techniques, ground truth 

information must be collected. In all other techniques, 

however, the decision as to the location of the collected 

ground truth and as to the types of features that will be 

extracted is made by someone prior to the actual classifica

tion taking place. In an unsupervised technique, the clas

sification determines the locations for which ground truth 

is needed and the data itself determines what types of fea

tures can be extracted. Consequently, the exact locations 

of needed ground truth information can be determined before 

any is collected and only spectrally discernable fea~ures 

will be grouped into classes. The adequate determination of 

where and how much ground truth to collect is an important 

economic consideration when data must be processed on a 

regional scale. Therefore,. this unique characteristic of 

unsupervised techni~ues becomes an important consideration 

as data for large areas is processed. 
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Compared to other classification techniques, a high 

degree of classification accuracy is often difficult to 

obtain and the computer time is relatively extensive when 

an unsupervised technique is applied. Consequently, the 

primary thrust of research in this field has been to mini

mize these disadvantages by developing techniques which 

optimize the speed of classification while obtaining clas

sifications of acceptable accuracy. 

The goal of clustering is either the definition of homo

geneous areas of geometrically continguous resolution ele

ments without regard to elements in non-contiguous regions 

or the partitioning of all statistically similar data points 

into classes without regard to continuity. An excellent 

exomple of the former type of method is the technique devel-

oped by Rober.t Jayroe of Marshall Space Flight Center. 
20 

The first stage in his technique is to produce a boun-

dary map of the data by separating the data into homogeneous 

and inhomogeneous areas. The computer goes through the data 

sequentially and computes the change present in the data 

from one resolution element to the next. When the change is 

greater than the average spectral change, the resolution el'e

ment is classified as a boundary. The second stage is con

cerned with the selection and spatial merqing of unknown 

features such that the boundaries on the map are closed and 

the data within each one is homDgen~ous. The third step 

involves describing the spectral characteristics of the reso

lution elements within each homogeneous area and using this 

in the final stage to classify the data from the non-homo

geneous areas. The final product is a digital image of the 

ground scene showing the location and distribution of all 

land use categories. 
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In the second type of clustering method as in super

vised techniqucH. thc spectral characteristics of each reso

lution element nrc generally represent('d by nil n-dimonsioll.ll 

vector in n-dimensional space (section 4.3.2). The location 

of the head of each vector in n-dimensional space is indica

tive of the spectral characteristics of each resolution 

element. Vector heads or data points that tend to cluster 

together have similar characteristics and should be grouped 

together as a class. Various mathematical methods have been 

devised and implemented into computer programs to locate 

these clusters in multi-dimensional space, determine the 

characteristics of these clusters, and by so doing classify 

the resolution elements. 

Two such methods were the basis of the composite sequen

tial clustering technique. Instead of describing a typical 

technique in this chapter, the description of these two tech

niques in the following chapter should provide adequate 

insight into the nature of such clustering methods. 
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CHAPTER V 

THE COMPOSITE SEQUENTIAL 

CLUSTERING TECHNIQUE 

5.1 Introduction 

The composite sequential clustering techniq'.le is an 

unsupervised method of classifying data points into spec

trally homogeneous classes. The technique was devised by 

M. Y. Su of Northrop Services, Inc. for the George C. 

Marshall Space Flight Center. It was designed and them 

implemented in a digital computer program to classify multi

spectral data from both aircraft and satellite surveys. 

The composite sequential clustering technique is a com

posite of two independent classification methods. The first 

method test groups of six or more data points throughout the 

entire data sequence tor similarity, forming classes or 

clusters in a one-pass sequential analysis. The second 

technique is an iterative scheme of improving estimated 

cluster centers. Although each of the techniques can be 

used separately for processing a given set of data, a com

posite of the two methods, drawing on the merits of each, 
22 can classify data more accurately. 
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Descriptions of these two clustering algorithms separ

ately and then the integration of these two into the compos

ite sequential clustering technique are presented in the 

following subsections. 

5.2 Statistical Sequential 
Clustering (SSC) 

The SSC program classifies a sequence of multispectral 

data into a specified number of subclasses. To accomplish 

this, the program consist of four main steps: 

Establishing new classes 

Classifying new samples into established classes 

Merging excessive classes 

Displaying classification map and statistics. 

Spectrally homogeneous classes are established by the 

performance of a statistical test for similarity on a group 

of six or mo."e data points. If the program is set to test 

six points at a time, the first six data points in the seque

nce are read and tested for homogeneity. If the test is 

positive, a new class is formed. If the test is negative, 

the first point is discarded as unidentifiable data and the 

next data point in the sequence is read. This new group is 

th.en tested. As long as the result of the test is negative, 

this process is repeated. After the first class is estab

lished and its statistics calculated (mean vectors, standard 

deviations, etc.) each subsequent data point is tested 

against it to see if the point belongs to that class. In 

cases where the data point does belong to that class, the 

class' statitics are updated. Those samples not belonging 

to the existing class are held with other unclassified data 

until six unclassified data points are collected. The test 
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for homogeneity is then performed on this group. If the 

test. is poa.i tlv('. n sOt'oml ('lilsS .is 1'0\-"\1'<\ "1Il1 i I fl slilt'ill-

tics calculated. If the data tested dor's not; <,onlprisc tilt' 

second class, the first data point held is discarded as 

unidentifiable to allow for the testing of a different group 

formed by the replacement of the discarded data point. This 

procedure is repeated until the second class is formed. 

Thereafter each subsequent data point is tested against both 

classes and either classified with one of them or held with 

unclassified. data until there are enough data points (six) 

to test for a new class. Thereby additional classes are 

formed by the same procedure until the designated number of 

classes is reached. 

After the establishment of each new class, a test is 

made to determine whether the number of classes is greater 

than the number designated. If this number has been exceeded, 

the number of classes is reduced back to the maximum number 

by combining the two populations that are most similar to 

each other. 

The classification is complete after the last data 

point in the sequence has been processed. The program then 

prints out the number of data points, the mean, the variance 

of the spectral intensity for each class, and a two-dimen

sional map of the spatial locations of data points in each 

class, each designated by a different alphanumeric symbol. 

5.3 Generalized K-Means 
Clustering (GKMC) 

As mentioned in the previous chapter every data point 

can be thought of as a point in multi-dimensional space, the 

components of the vector to that point being the readings in 

.-- -----_.-_. 
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", ,J 

9-41 

... ~. --.\ 
-

1 
l 
1 

1 
,I 

I 

I 1 

l 
; 



, 
I 

each of the spectral bands. In the case of ERTS there would 

be points in four-dimensional space since ERTS imagery is 

collected in four spectral bands. The GKMC is another way 

of defining the clust~rs that exist in the data. 

The GKMC program is an iterative technique of improv

ing estimated cluster centers for the purpose of establish

ing spectrally homogeneous clusters or classes,within the 

data. The technique consist of four steps: 

Estimation of new cluster centers 

Preliminary improvement of'cluster centers 

Final improvement of cluster centers 

Display of results in classification map and 

statistical parameters. 

The speed at which this iterative process converges on 

the final clusters and the accuracy of classification depends 

primnrily on the choice of the initial cluster centers. If 

the initial locations are poo~ approximations of where the 

cluster centers really are, more iterations will be needed 

for convergence. Consequently, it is desirable that the 

initial cluster centers be distributed over the populated 

region of the feature space rather than concentrated in one 

part of it. One procedure used to obtain such a distribu

tion is as follows. The first data point in the sequence is 

designated cluster center one. The distances of the remain

ing points from this one are calculated, and the fartherest 

point is designated cluster center two. The smaller of the 

two distances from every data point to these two initial 

cluster centers is listed, and the data point having the 

greatest minimum distance is selected as cluster center 

number three. Other initial cluster centers are chosen in 

turn to have maximum separation from the existing centers 
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until the prescribed number of cluster centers lone for 

each class', is estimated. The result is initial cluster 

centers well scattered over the range of data points. 

The next step is to improve the initial cluster cen

ters such that they represent the mid-points of the clus

ters in the data. Each data point is first classified 

with one of the estimated cluster centers. This is done 

by calculating the distance of each point with respect to 

every cluster center and assigning data points to the par

ticular class that yields the minimum distance. Once this 

is done, the location of the data p01ncs ~n each class is 

averaged to give the updated mean spectral vector. These 

updated cluster centers are regarded as the new initial 

cluster centers for the next iteration. The procedure is 

repeated until the distance between two successive iterated 

values of every cluster center is smaller than some pre

scribed threshhold value, or until some fixed number of 

iterations is performed. 

A final improvement of the cluster centers is neces

sary. The reason is shown in Figure 7. In this figure, 
• 

three clusters are sho\'ffi in two dimensional space. The 

best results obtainable, after a sufficient number of itera

tions, is shown by the linear minimum-distance decision 

boundary as indicated by the solid lines. Some points 

actually belonging to cluster number one are misclassified 

into cluster number two or number three. This is because 

the intradistance of cluster number one lthe distance to 

the farthermost sample) is greater than half the distance 

between centers of cluster number one and cluster number 

two. 
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Figure 7. Comparison of the Minimum-Distance and 
Generalized K-Means Decision Boundaries 
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To rectify this difficulty. a method must. be devised 

whereby the intrilcluster disLllncc is a considC'["iltion in the 

placement of the decision boundaries. The stilndilrd dtwia

tion vector of each cluster is one measure of the intra-

cluster distance. Each component of the vecto~ to a cluster 

center has a standard deviation and the standard deviation 

vector is the resultant of these standard deviations. If 

the clusters contain random distributions of points (the 

clusters are spherical and not elongated) each component 

of the standard deviation vector would be approximately 

equal and the standard deviation vector may be characterized 

by a single scalar. These standard deviati.ons are used as 

weights to place generalized decision hyperplanes in multi

dimensional space such that t:hey are sensitive to the intra

distance in the clustcrs. Hence, after the clusters have 

bcen improv(,d "s besL they c,m by the first criterion, the 

last iteration is done using the standard deviations. 

Clearly, decision hyperplanes placed by this technique 

classify the samples more accurately. It would seem that 

this method could be used exclusively and the minimum dis

tance criteria eliminated. However, decision hyperplanes 

placed by the generalized criterion are accurate if the 

standard deviations correctly characterize the clusters. 

The standard deviations calculated during the first few 

iterations are very inaccurate since, at that point, the 

cluster locations are only educated estimates and a great 

number of the samples are still misclassified. In fact, 

there is no strong reason to expect better performance 

from the generalized criterion during the first few itera

tions.
22 

On the other hand, if the minimum-distance cri

terion is used to its utmost capacity first, a better 
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estimate of the standard deviations can be obtained and the 

second method can be used effectively. 

The final part of the GKMC technique displays the 

results. A two-dimensional map is produced consisting of 

alphanumeric symbols designating each class that was for.med. 

Each class is described statistically in much the same man

ner as the output of the SSC technique. 

5.4 Composite Statistical 
Sequential Clustering 

The two unsupervised techniques described each have 

specific advantages and limitations. The single most sig

nificant advantage of the SSC program is that it requires 

only one pass of the entire data sequence to achieve fairly 

good ('lustcdng of the givPon nota. This truly sequential 

feature is unique among existing clustering techniques. 

However, because there is only one pasE. of the data sequence, 

the class of those unidentifiable data points that are passed 

over during establishing new classes cannot be reexamined. 

This is the main drawback of the SSC technique. 

The most significant advantage of the GKMC technique 

is that it possesses the capability for repetitive correc

tion and updating of the established cluster centers. Its 

main drawback is the difficulty in choosing the initial 

cluster centers. A completely arbitrary selection results 

in very inaccurate estimates requiring many iterations to 

achieve good clustering accuracy. If the cluster centers 

are estimated such that they are well distributed over the 

range of the data, many passes of the entire data sequence 

must be made. 
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From the preceeding assessment of these two techniques, 

it is clear that they can complement each other since the 

drawbacks of each technique can be eliminated by properly 

combining the two techniques, The composite sequential 

clustering technique is then composed of two steps: 

The given data sequence is processed by the SSC 
technique with only a single pass of the data 
sequence. The outputs of the processing will be 
the mean spectral vectors to the cluster centers. 

~he mean spectral vectors from the first step are 
used as the initial cluster centers for the GKMC 
technique. To allow for extra cluster centers 
from the unidentified samples of the SSC, extra 
initial cluster centers may be estimated using the 
first step of the GKMC. Finally, the initial clus
ter centers are iterated two ~r three tLmes to 
obtain the final clustering. 2 

Unlike the GKMC technique relatively few passes of the 

data sequence are required and unlike the SSC technique, no 

data is passed over in the analysis. 

5.5 Present Form of 
.£§£ Technique 

The preceeding description of the CSC technique applies 

t~ the original program designed by M. Y. SUo The present 

form of the technique is somewhat different. 

In the original technique there are two methods for 

establishing initial cluster centers. The primary method 

is the use of the SSC technique while another method allows 

for establishing extra initial cluster cc~ters for c]~~ters 

which may exist in the data unidentified by the SSC tech

nique. In the present computer program there is no provision 

for establishing extra initial cluster centers. Conse

quently, the total number of classes produced by the 
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technique will be no more than th& number of classes pro

duced by the sse technique. 

The original technique was designed to classify all 

data into one of the established classes. This feature 

resulted in some data points as far as five or six standard 

deviations away from the cluster center being classified 
23 

as part of the class represented by the cluster center. 

Data points this far from the mean are better described as 

unclassifiable since the spectral signatures of such areas 

do not cluster closely with any group of data. To rectify 

this difficulty, all data points beyond three standard 

deviations of any cluster center are now considered as 

unclassifiable and are represented by blank spaces on the 

digital map of the classification results. 
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CHAPTER VI 

DESCRIPTION OF STUDY AREAS 

6.1 Selection Criteria 

To effectively evaluate the utility of using the 

composite sequential clustering technique for the unsuper

vised classification of land use from ERTS data, several 

representative situations should be investigated. Many 

factors determine the reflectance that is measured by ERTS. 

These include the characteristics of the ground cover, the 

slope or ruggedness of the terrain, and the r~~~ence of 

a trnospheric conditions such as clouds aT'.,J. haze. OCC:'lS ion

ally, malfunctions in the ERTS systew caus,;) grossly inaccur

ate or "bad" data to be generated. The presence of this 

"bad" data is one more variable t:lat must be considered. 

The region's ground cover was the primary criterion 

in the selection of study areas. Several aspects of the 

region's ground cover were considere~. 

The apparent number of land cover types in the region 

was noted and thl'.l study areas were then chosen such that 

the diversity of land use varied between study areas. This 

was done to evaluate the method's ability to detect slight 

differences in ground cover as manifest in the number of 

land-use classes generated. 
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Another variable affecting the utility of the ERTS 

data and the performance of the clustering technique is 

the region's areal complexity. A simple area is defined 

as having large contiguous areas of homogeneous land use 

while 11 complex area is defined as having many small areas 

of homogeneous land use. Although identical land use may 

exist in two nrens, a gront difference in ilrl"ill complexit:y 

would have a definite affect on the ERTS data and in its 

classification. 

To understand this effect, it must be noted that ERTS 

gathers reflectance data for an area about the size of an 

acre. In very complex regions, the likelihood of more than 

one type of land use residing in anyone acre is far greater 

than for a simpler region. Consequently, the likelihood 

t.hnt an ERTS data point represents a composite of more than 

one land usc is rnr grcnter in complex regions. The pre

sence of these "composite" data points is important in that 

they may be unclassifiable and distort tho classifkntion. 

The size of homogeneous areas also directly affects 

the performance of the clustering technique. In complex 

regions, the reflectance values change more often since the 

land being imaged is rarely the same for long distances 

along a scan line. In the first part of the CSC technique, 

this sequential variability affects the establishment of 

initial cluster centers. Since the CSC technique tests 

groups of data points, it is important that the number of 

data points tested be compatible with the variability of 

the data and still include enough data so that the statis

tical test for similarity can be used with some confidence 

that those classes which are established are representative 

of the data. If many homogeneous areas are represented by 
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no more than four contiguous data points, it would be illogi

cal to test groups of six data points for similarity. The 

technique would not be sensitive enough to detect the small 

homogeneous area . The second part of the clustering tech-

nique will rectify this difficulty if somewhere in the data 

there are six data pOints of that land use recognizable as 

a separate class by the SSC technique (Section 5.2). If 

not, then this particular land-use class, although spec

trally discernable by ERTS, and although perhaps covering 

a considerable portion of the study area, would be left 

unclassified simply because it was broken up into small 

homogeneous areas. On the other hand, testing too few data 

points would result in cluster centers being established 

which actually do not exist since smaller groups of data 

points are less representative of the entire population. 

'l'her.cfore. less confidence cfln be nssignC'd to the results 

of the test when smaller groups of data are used. Con

sequently, both complex and simple study areas were chosen 

for analysis. 

As many types of land use as possible were included in 

the selection of study areas so that many different spectral 

signatures could be evaluated. By including many types of 

land use in the analysis, those types of land use not dis

cernable with the technique and those types of land use 

easily misclassified were isolated. 

The study areas were chosen such that land with both 

moderate and severe slope was represented. Since the amount 

of light reflected not only depends on the surface charac

teristics but also on the angle at which light strikes the 

surface, land sloped such that the sun's rays are reflected 
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directly toward the ERTS satellite will have higher reflec

tance values than identical land sloped such that very lit

tle of the sun's energy reaches it. To study this effect, 

especially rugged land was included in the study areas. 

A large percentage of all ERTS imagery for the Tusca

loosa area includes clouds and haze. Although in many cases 

the area is totally obscured, quite often the cloud cover 

is sparse and scattered. Since the presence of several 

small clouds in an area may not preclude its usefulness, and 

since completely cloud free imagery cannot be depended on, 

the effect of clouds upon an unsupervised classification 

technique is a valid point to study. Consequently, several 

small clouds were included in some areas analyzed. 

As mentioned in section 3.3, six scan lines are imaged 

with ea,:h sweep of the oscillating mirror. Occasionally 

there is a malfunction in the system such that inaccurate 

data is generated by one of the six sensors. When this hap

pens, these lines of "bad" data appear as regularly spaced 

miscolored scan lines or as "bands" on the image. This 

effect is not readily apparent to the untrained eye and 

initial examination of ERTS data suitable for analysis did 

not detect its presence. However, when all ERTS imagery 

suitable for this study was examined for this "banding" 

effect and it was found to be present on all imagery. In 

view of the fact that this is obviously common in ERTS 

imagery, and since no suitable imagery free of "banding" 

was available, this situation, by necessity, was studied. 

As the areas were delimited, care was taken to satisfy 

as many of the criteria as possible while minimizing size. 
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By so dcdng, the computer time for processing the ERTS data 

was held to a minimum and more comprehe>n,,;,ve analysis was 

applied to the results. 

A final consideration was necessary in the location 

of the areas. The ERTS data is processed in the form of 

11.5 kilometer strips. If the study areas are entirely con

tained within a single strip, processing time can be reduced. 

6 .. 2 Study ~ ~-
Stripped ~ 

Study area one is in west-central Tuscaloosa County 

astride the portion of the Black Warrior River impounded by 

the Holt Lock and Dam (Figure 8). The area is in the shape 

of a rhomboid, the corners of which are located at (UTM) 

coordinates 45996886, 46986872, 46886813, and 45846829. 

This area is very isolated. Only two public roads are 

in the area. One road goes through the area's southwest 

corner and serves Holt Lock and Dam and the Deerlick Creek 

public use area. The other road enters the area from the 

south and goes to a small farm in the south-central portion 

of the area. The remainder of the roads are either small 

logging roads or roads serving strip mines. 

Initial analysis of high altitude photography resulted 

in an estimate that the area had a maximum of six different 

land-use categories. Examination of the area on ERTS 

ima,gery showed the presence of scattered clouds. Thus, 

the addition of a class for clouds and another class for 

cloud shadows resulted in a maximum of eight categories 

from the unsupervised classification. This estimate was 

used as the maximum number of classes requested on the data 

processing request. 
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Figulte -o 8. Location of Study Areas in 
Tuscaloosa County, Alabama 
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The forest in the area was divided into b10 classes. 

'rhis was done to. account for the expected variation of 

reflectance within the forested areas caused by the presence 

of both deciduous and pine trees as well as the variable 

density of trees throughout the forest. The locations of 

both types of trees were evident on the winter air photo 

coverage. The deciduous forest forms a pattern conforming 

to the valleys while the pine and mixed fore~t aro found 

on the hills. The deciduous trees were completely defoliatedl 

and presented a different spectral response compared to the 

pine trees which had foliage. The areas of low density 

were found primarily in logging areas where the forest had 

been thinned by tree harvesting. These areas were recog

nized by <:l. characteristic color on the air photos causeD. by 

the soil and underbrush being exposed and by the patterns 

formed'by the logging roads. 

Two small areas of agriculture are in the area. The 

winter coverage showed all of the fields to be untilled and 

idle. The spring underflight coverage showed some of these 

fields had been tilled but there was no evidence of crops. 

To ascertain the time when these fields were tilled, the 

United States Agriculture Stabilization and Conservation 

Service was consulted. According to ASCS personnel, heavy 

rains made cultivation impossible except for a period of no 

rain from March 23 until early April when some tilling was 

done. The ASCS personnel were confident that tilling was 

done before March 28th, the day of the ERTS pass. 

The spring underflight coverage was not available when 

the initial analysis was made, so the need for a class rep

resenting barren soil was not known. Thus only one land

cover category was expected from agriculture. 
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The most notable features in the area are the strip 

mines. These areas are composed primarily of sandstone and 

shale exposed by the strip mining of coal. One class was 

allowed for the strip mines. 

Two classes were allowed for the water to account for 

the vast difference in water quality between the water in 

the Black Warrior River and the water standing in the strip 

pits. Observation showed the water in the strip pits to be 

a green color as compared to the dull blue color of the 

river. The water in t'le river is relatively clean while 

the water in the strip pits is discolored by iron sulfate 

or hydroxide. Since different reflectance values can be 

expected from 

arate classes 

water bodies of various qualities, 
23 were allowed for surface water. 

two sep-

As can be seen by examination of Figure 9, the terrain 

in this area is quite rugged. The hills are accentuated by 

shadows since the photo was taken when the sun was at a low 

angle. Examination of a United States Geological Survey 

map showed slopes to be as steep as fifty percent in some 

portions of the area. Consequently, the area served as an 

excellent indicator of the distortion caused by severe 

.slopes. 

Although this area contains very few types of land use 

and the homogeneous areas are large, the areal complexity of 

study area one is high. This is due to the presence of 

clouds, severe slopes, and trees with different spectral 

response. All of these factors distort the spectral res

ponse within an area of homogeneous land use and introduce 

considerable variability in the data. 

In summary, this area is representative of unpopulated 

portions of the county that have been developed as strip 
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mining and logging areas. Agriculture is secondary primar

ily because the ruggedness of the terrain makes the land 

unsuitable. The portion of the Black Warrior River in the 

area is representative of the impounded portion of the 

river that runs from the Holt Lock and Dam northward until 

the river leaves the county. This portion of the river is 

characterized by water quality that is unaffected by the 

~ndustrial discharges near Tuscaloosa as well as consider

ably larger size as compared to other sections of th~ 
. 24 rl.ver. 

6.3 Study Area Two-
Southwest Lake 
Tuscaloosa 

Study area two is in central Tuscaloosa County extend

ing from the southern third of Lake Tuscaloosa to the north

ern fringe of the Tuscaloosa urban area (Figure 8). The 

area is in the shape of a rhomboid the corners of ·"hich are 

located at UTM coordinates 44916835, 45426826, 45226758, 

and 44696766. 

The land in this study area is used in a 'oTariety of 

ways. The southern third of the area (Figure 10) is a 

rapidly developing suburban section of the Tuscaloosa urban 

area. This development was prompte& only recently by the 

opening of the U. S. Highway 82 by-pass in 1963. This 

heavily traveled, four-lane thoroughfare around Tuscaloosa 

is in the extreme southern section of the study area. In 

1969, North River was impounded to form Lake Tuscaloosa, a 

popular recreation spot. This has also prompted the growth 

of Tuscaloosa to the north. 
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Figure 10, Air Photo of Study Area Two 
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The remainder of the area is composed primarily of 

agriuultural fields, pastures, small farms. and forest. 

The size of the individual fields vary from over a half 

square kilometer (125 acres) to small gardens. The bor

ders of many fields and location of some roads tend to 

follow the township and range lines. Consequently, except 

where drainage patterns or the location of roads break the 

patt~rn, the fields tend to form rectangles. 

Small farms border the roads. These areas include 

trees, grass, barren land, gardens, and buildings clustered 

together in a relatively small area. 

Both deciduous and pine forest resid~ in this study 

area. In most cases, the pine are restricted to high areas 

separated by deciduous and mixed forest. In some cases, 

however, high density pine forest of uniform height reside 

in regularly shaped plots indicating areas under cultiva

tion for subsequent harvesting. 

There are two major bc;Ciias of water in the area. Lake 

Tuscaloosa is in the northeast section of the area. The 

Bl~ck Warrior River is located in the southeast section of 

the area. In addition to these primary locations of sur

face water, there are numerous small ponds and reservoirs 

throughout the area. 

There is one example of a large industry in the study 

area. One of Gulf States Paper Corporation's pulp and paper 

mills is located on the south bank of the Black Warrior 

River on the eastern edge of the study area. 

Because of the diversity of land use it was difficult 

to make an accurate estimate of how many cla~ses would be 

generated by the CSC technique. Since the technique will 
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establish no more classes than are spectrally discernable 

in the ERTS data, an unusually high limit (25) was set on 

the number u: classes produced. Sinco the estimated num

ber of classes was so arbitrary, the expected ground cover 

categories are discussed in only general terms. 

The variety and the density of trees were considered 

primary determinates in the classification of the foreot. 

Tree type was mapped from airphotos. Although differences 

in density could not be quantified into a map, this varia

ble as well as tree type was expected to influence the clas

sification of forest. 

The water quality characteristics of the ar~a's surface 

water are variable. Lake Tuscaloosa, whose primary purpose 

is domestic water supply, is unaffected by any major sources 

of pollution. The portion of the Black Warrior River under 

analysis is affected by the industrial waste of six indus-

d · 1 . 24 f 
tries imme 1ate y up r1ver. To account for any af ect 

the difference in water quality might have on the classifi

cation, more than one class was allowed fer water. 

Because of the rapid development in the area, there 

were several areas where soil had been exposed at the 

time of photography. Several areas were barren because 

of construction in the area while others had been used as 

a source of fill material. These barren areas are located 

along major roads and in the vicinity of the North River Dam. 

Urban areas were classed according to their ground

cover characteristics. One type of urban land was charac

terized by high density development. The buildings were 

close together ano, there was a complete absence of foliage. 

The other types of urban land were characterized by various 
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various densities of development on land covered by forest, 

grass, or some combination thereof. 

Several photographic tones were evident in the fields 

and pastures indicating a variety of conditions. Tilled 

fields contained no vegetation while fields which had 

recently been under cultivation but had not yet been tilled, 

were covered by the dead stalks and plants left after the 

harvest. Fields not used for agricult.ure or grazing were 

covered by high grass and shrubs. Pastures used for graz

ing were covered by shorter grass. In residential areas, 

the well kept lawns represented another type of photographic 

tone on the air photos. Consequently, quite a diversity of 

land-use categories were al.lowed for these non-forested 

areas. 

'I'hc tcrr:.dn in this 'Irea is characterized by moderate 

slope. The most severe slopes are only about twenty per

cent and these are rare. Therefore, the distortion that 

this may introduce in the classification was not expected 

to be significant. 

Although a considerable portion of the land is not 

marked by homogenity of ground cover, a vast amount of the 

area consists of water and large agricultural fields, areas 

characterized by homogenity over large areas. consequently, 

the areal complexity of most of this area is low. 

This area was chosen to be representative of a typical 

agricultural area in Tuscaloosa County as well as the type 

of suburban development that would be expected on the urban 

fringe of Tuscaloosa. The paper mill was included as an 

example of the industry that is located along the Black 

Warrior River. Lake Tuscaloosa is representative of many 
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large ~poundments throughout the State while the Black 

Warrior River typifies many Alabama rivers used for trans

portation and the location of industry. 

6.4 Summary of Study ~ 
Characteristics 

By applying the composite sequential clustering tech

nique to these two areas, a variety of the situations dis

cussed in section 6.1 were encountered. Land with both 

severe and moderate slope was examined. ERTS data affected 

by clouds was processed. Study area one has very few types 

of land cover while study area two has many types of land 

cover. A considerable portion of study area two has very 

low areal complexity while other parts of study area two and 

portions of study area one affected by cloud cover and 

severe slope have higher areal complexity. 

The exposed soil in each study area is distinctive 

since each is in a different geologic region. Study area 

one is underlain by shale and sandstone with some. clay, 

" 
sand, and gravel on the tops of hills while st&~ area two 

,is underlain by clay, sand, and gravel. 

This combination of situations should provide an ade

quate basis for studying the performance of the CSC tech

nique when applied to ERTS data of Tuscaloosa County. 
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CHAPTER VII 

DISCUSSION OF RESULTS 

7.1 Manual Interpretation 
.2! Land Use 

To adequately evaluate the unsupervised classification, 

a method for quantifying the comparison of the automatically

derived classes to the existing land us~ was required. The 

ERTS-derived categories were simply numbers assigned to 

acre-sized parcels of land arranged in a grid-like array 

over the land. Before any quantitative comparison was made, 

the ground-truth information had to be expressed in the same 

form. 

As discussed in section 1.4, this involved classifying 

the land into a finite number of land-use categories and 

producing a ground-truth map. This was done after the clas

sificativn map was received and examined for the number of 

classes generated and the patterns they formed. 

Several factors were considered in the selection of 

those categories suitable for comparison. Some categories 

were included because they seemed to have an effect on the 

classification. Other categories were included in order 

to show they were undetectable by the technique. All 

categories selected had to be easily identified on the air 

photo coverage. 
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A grid of ERTS data point locations was fitted to the 

ground-truth map so comparison would be possible. Each 

interpreted land-use category was then assigned a number 

and the data on the ground-truth map was transferred onto 

computer cards in the form of the dominant land-use category 

per data point on the grid. The result was a number assigned 

to each data point, the same form as the ERTS-derived cate

gories. 

7.1.1 Interpreted Land Use 
.!!1 Study Area One 

The ground-cover in this area was classified into six 

categories (Figure 11). These six categories were inter

preted from an air photo taken April 29, 1973, with a VC-8 

camera using Acrochrome color infrared 2443 film which has 

a spectral response in the range of 0.5 to 0.9 microns. 

The photograph was at a scale of approximately 1:122,000. 

The first category was deciduous and mixed forest. 

During the spring the deciduous trees were foliated and 

appeared bright pink on the photograph. Where the decidu

ous trees were mixed with pine, the pink was somewhat dUL

ler but did n~t present enough contrast for consistent 

identification. Consequently, deciduous and mixed forest 

were classed together. 

The second category was pine forest. These areas 

appeared dark on the spring coverage. Although some decid

uous trees were present in these areas, the proportion was 

very low. 

The cloud shadows were category three. The cloud sha

dows (and clouds discussed later) were located by project

ing the ERTS image of MSS band six onto the map. 
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Figure 11. Map of Interpreted Categories 
for Study Area One 
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Water in study area one was category number four. 

The stripped areas and barren land were grouped 

together to form category five. These areas appeared 

white on the photograph. 

Clouds were designated as blanks on the computer cards. 

This was done to correspond with the fact that the unsuper

vised classification (lid not create a separate class for 

clouds but simply considered them unclassifiable. 

7.1.2 Interpreted ~ ~ 
1& Study Area ~ 

Eight different categories were selected in stud~ area 

two (Figure 12). These were interpreted from imagery iden

tical to that described in the previous section. 

Categories one and two, the two forests categories, 

were identicnl to those described for study area one. 

The third category was pasture with scattered trees. 

The grass in these areas was short and larg~ly exposed 
I 

between the widely spaced trees. 

Water was class four as in study area one. 

The fifth category was low-density residential. Both 

small farms and residen~ial subdivisions were classed in 

this category. Both arElas contained many types of ground 

cover in a small area. Subdivisions were composed of roof 

tops, cement, asphalt, grass, and trees. Land in small 

farms consisted of roof tops, grass, trees, barren land, 

and gardens. Since both were characterized by similar 

ground-cover combinations and extreme areal complexity, 

they were classed together. 
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Categories six and seven reprasented open non-forested 

areas. Class six was grass and pasture land. This was land 

that supported growth of living grass and appeared a dull 

pink to a light burgundy color. Generally, these were 

areas where the grass was shor, Class seven was unculti-

vated agricultural land. This land was covered with the 

residue from the harvest of the previous Autumn. Subsequent 

investigation (after the naming of the category) revealed 

that this category also included unused fields grown up with 

tall grass and shrubbery which appeared as a gray color on 

the photography. 

Barren land and built-up areas were considered to be 

category number eight. Barren land included tilled agri

cultural fields as well as land left bare because of con

struction. A built-up area was defined as high-density 

urban land which was completely devoid of vegetation. This 

included such features as shopping and business areas, 

roads, a federal housing project, warehouses, and a school. 

Barren land and built-up areas were classed together since 

both types nf land were unvegetated and appeared to have a 

high reflectance. 

7.2 Automatically-Derived 
Classes 

Several visual and statistical tools facilitated analy

sis. The classification map itself \.,as one tool when it 

was produced at the correct scale for comparison: This was 

done by assigning each class a color and producing a color

coded digital map at the scale of the grid. 

The spectral signatures of the classes could be easily 

compared when the statistical characteristics of the classes 
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were transcribed into a graphic form (Figures 14 and 16). 

The un~ts of reflectance on the abscissa range from zero 

(total absorption) to sixty-four (total reflection). The 

range of the data within one standard deviation of the mean 

reflectance in each band is indicated by bars above and 

below each point. 

The automatic comparison of the interpreted categories 

to the ERTS-derived classes was used in two ways. The 

characteristics of each ERTS-derived class could be easily 

studied by noting the percentage of the class that corres

ponded with each interpreted category (Tables 1 and 6). 

Similarly, the charadteristics of each interpreted category 

could be evaluated by noting the percentage of the category 

that corresponded with each ERTS-derived class (Tables 3 

and 7). 

To aid in understanding the interrelationship of the 

clusters in multi-dimensional space, the Euclidian distance 

between each pair cluster centers was calculated (Table 4 

& 8). Those cluster centers separated by small distances 

are more similar than those separated by large distances. 

This matrix of distances helped in understanding misclass

ified data points. 

The csc technique generated five classes in each study 

area. The characteristics of each class in each study area 

are discussed in the subsequent sections. 

7.2.1 Automatically-Derived 
Classes in Study Area 
One 

The classification map of this study area is shown in 

figure 13. Classes one and two (green and yellow) are 
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Figure 13. Color-Coded Map of Automatically-Derived 
Classes for Study Area One 
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TABLE 1 

COMPARISON OF INTERPRETED CATEGORIES AND AUTOMATICALLY-DERIVED 
CLASSES IN TERMS OF THE PERCENTAGE OF EACH 

AUTOMATICALLY-DERIVED CLASS FOR 
STUDY AREA ONE 

Unclss-
Class 1 Class 2 C1sss 3 Class 4 Cl.~ss " siC ted 

Deciduous & 
Mixed Forest 67.2 1,6.9 57.6 13.8 17.i, 15.', 

(20n) (694) (1009) (109) (156) (755) 

Pine Forest 27.5 30.4 12.8 1.4 3.9 4.7 
(850) (i,49) (224) (11) (35) (77) 

Cloud Shadow 0.6 8.7 1.1 34.9 1.0 9.3 
(20) (129) (21) (276) (9) (154) 

Water 0.9 7.~ 0.4 1,4.4 1.1 6.6 , (28) (106) (7) (349) (10) (109) 

I I 
i St r illlW" Area$ 

r 
& Barrrll LAnd :>.Il 5 .l~ 23.3 I,. (, 66.9 26.6 

(88) (BO) (408) (36) (600) (M,l) 

Clouds 1.0 1.4 4.8 0.9 9.7 37. i, , 
i (30) (21) (84) (7) (87) (619) 

Totlll 100.0 100.0 100.0 100.0 100.0 100.0 
(3088) (1479) (1753) (788) (897) (1653) 
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primarily forest in this classification since almost 

ninety percent of all al~eas in these two classes corres

pond with areas interpreted as either pine or: deciduous 

forest. About seventy percent of class three (orange) also 

corresponds to areas interpreted as forest (Table 1). It 

is apparent that the forested areas in study area one are 

represented by three different classes. 

The class into which a section of forest is classified 

depends on three factors - the slope of the land, the den

sity of the forest, and the type of trees in the forest. 

An excellent example of the effect slope has on the clas

sification is shown along the banks of the Black Warrior 

River where th'3 slopes are quite severe. The ERTS pass 

· ... 1 

was made about 9:30 A.M. local time, the same time of day 

the air photo of the area was taken (Figure 9). Examination 

of figure nine shows the effect the morning sun a,ngle had on 

the light striking each bank of the river. The slope on the 

west bank received the direct rays of the sun while the 

slope on the east bank fac6d away from the sun. The clas

sification reflected this difference in illumination. 

Whereas the characteristics of the forest are the same on 

both banks of the river (Figure 11), the west bank was clas

sified as three (the higher reflectance) and the east bank 

was classified as two (the lower reflectance). Reasonably, 

class one idicates similar forest on moderate slopes since 

its reflectance is between <lass two and class thr~e (Table 2 

and Figure 14). 

The density of the trees and the lushness of the foliage 

also has a definite effect on the reflectance of the forest. 

Logging areas, for example, have low tree density and I.,.ere 

classed as three. One such area is in the western section 
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TABLE 2 

SP~C~RAL CHARACTERISTICS OF AUTOMATICALLY-DERIVED CLASSES FOR STUDY AREA ONE 

-- - ~-'----~-- -

Spectral Mean Values Spectral Standard Deviations 

MSS Band MSS Band 

4 5 6 7 4 5 6 7 

Class 1 
(green) 28.282 21. 929 30.607 16.095 1.266 1.695 2.268 1.436 

Class 2 
(yellow) 27.6{.0 20.867 23.721 13.892 1.802 2.577 3.684 2.637 

Class J 
(orange) 31. 810 27.3lJ9 32.626 16.485 2.387 3.441 2.768 2.488 

Class 4 
(blue) 30.320 22.187 15.2t- 5.513 4.495 4.556 3.015 2.280 

Class 5 
(purple) 38.319 38.107 37.221 16.455 2.869 3.854 3.629 2.351 

- -----

, I -- -------
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Figure 14. Spectral Signatures of Automatically-Derived 
Classes in Study Area One 
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of the study area just west of the large strip mine. The 

sparse cover within the area is quito evident in figure nine. 

Examination of the same area on the unsupervised classifi

cation (Figure 13) shows the entire area classed as three. 

Although the effect of forest type is less evident than 

the, first two factors, examination of table three does re

veal the slight effect forest type exert on tile classification. 

The data indicates that areas classified as pine forest 

tended to have lower reflectance than areas classified as 

deciduous and mixed forest. Class three, the high reflec

tance class, contains almost twenty-four percent of the 

deciduous trees and only about fourteen percent of the pine 

trees while class two, the low reflectance class, contains 

on,ly sixteen percent of the deciduous trees and over twenty

seven percent of the pines (Table 3). Evidence seems to 

indicate that the classification of any resolution element 

of forest in this study area depended on its slope, the den

sity of the trees, and the type of trees in the forest. 

Class three also represents a considerable portion of 

the stripped areas (25 percent). Examination of air photos 

showed stripped areas classified as three consisted of spoil 

banks and strip pits filled with water. The area within a 

resolution element classed as three was probably some com

bination of exposed rock, shadow, and water. 

About sixty-seven percent of the land classified as 

five (purple) corresponds with stripped areas and barren 

land. Stripped areas classed as five tend to be more even 

than those areas classed as three. Since there were fewer 

shadows and areas of standing water combined with the rock, 

the reflectance was higher (Figure 14). The resulting sig

nature is probably that of exposed shale and sandstone. 
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TABLE 3 

T 
~. COMPARISON m' INTERPRETED CATBGORIES AND AUTOMA nCALLY-DERIVED 

CLASSES IN TERMS OF THE PERCENTAGE OF EACH 

L 
INTERPRETED CATEGORY FOP. 

STUDY AREA ONE 
.~..J 

T .... N '" ..;t "" I , 
Ul'tl 

LJ <Il U) '" Ul Ul 
'" III 

.... 
Ul Ul UJ 0) Ul ....... ,.1 ., 
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T-
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llilted Forest 48.3 16.2 23.5 2.5 3.b 'i.9 100.0 
(7072) (694) (1009) (109) (1%) (255) (429'i) 

U 

Pi,,!? Forest 51.6 27.3 11.6 0.7 2.1 4.7 100.0 
r;< 

i 
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(850) (449) (224) (11) (35) (77) (1646) 

Cloud Shadow 1.3 21.2 3.4 45.3 1.5 25.3 100.0 
r:"::'.""" • (20) (129 ) (21) (276) (9) n54) (609) 

,-" H •• I:", {o.6 17.4 1. 1 57.t. 1.6 17.9 100.0 
f:"'.", (28) (106) (7) (349) (10) (109) (609) 
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Barren Land 5.1 4.!l 24.7 7.2 36.3 26.7 100.0 
;'" (88) (sn) (408) (36) (600) (411) (IDS3) 
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About ten percent of class five corresponds with clouds. 

Examination of the digital map (Figure 13 shows that these 

class five data points tend to cluster around the edge of 

clouds which are indicated by large parcels of unclassified 

points. The location of these points may be where the clouds 

were especially thin. The light reflected by the land be

neath the clouds is obsured from the satellite by the clo~d 

cover. Near the edges, hOl'1ever, the clouds are thin enough 

to permit passage of the longer wavelengths of light. This 

light is detected by MSS band seven. Data collected under 

these conditions records the high reflectance of the clouds 

in MSS bands four, five, and six, but records the much lower 

reflectance of the land beneath in MSS band seven. Examin

ation of figure fourteen shows that this approximates the 

spectral signature of class five. Consequently, it is not 

surprising that class five data points occur at the edges 

of the clouds. 

Finally, class five cells also indicate the location 

of the tilled agricultural field in the area. The small 

cluster of purple in the extreme southwest corner of figure 

thirteen is the location of this field. 

Class four cells (blue) indicate the location of water 

and cloud shadows in about eighty percent of the cases. 

Since class four has a very unique spectral signature (Figure 

l4) and the cluster representing class four is quite distant , 
from the other clusters (Table 4), it would seem that more 

than eighty percent of the class would be identified with 

water or cloud shadows. The reason for this is twofold. 

There was some difficulty in aligning the grid with respect 

to the Black Warrior River. Consequently, a significant 

percentage of the class four points corresponded with the 
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TABLE 4 

EUCLlDIAN DISTANCES BETWEEN AUTOMATICALLY. DERIVED 
CLUSTER CENTERS FOR STUDY AREA ONE 

Class 1 ClaBs 2 Class 3 Class 4 Class 5 

(green) (yellow) (orange) (blue) (purple) 

Class 1 
(green) 7.336 6.752 18.768 20.412 

Class 2 
(y"llow) 7.336 12.036 12.288 24.719 

Cla~A 3 
(oranl;~) 6.757 12.036 21.236 13.669 

Clas~ 4 
(blue) 18.768 12.2811 21.236 30.470 

Class 5 
(purple) 20.412 2/ .. 719 13.669 30.470 
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forested areas bordering the river. Secondly, many of the 

resolution clements along the border of the river dominated 

by water in the manual interpretation are actually composite 

data points (combinations of water and forest) and were 

classified into other classes. 

Unclassified data points (blank) denote the location 

of clouds in about thirty-seven percent of the. cases. The 

unclassified points corresponding to clouds are different 

from other unclassified areas in that they are in contigu

ous parcels, whereas other unclassified data points are 

broken up into small areas. 

A significant percentage of unclassified points are 

also found in stripped areas (26.6 percent). The nature of 

these unclassified points will be discussed in section 7.3. 

7.2.2 Automatically-Derived 
Classes in Study ~ 
Two 

As in study area one, the csc technique generated five 

classes. The classification map of the area is shown in 

figure fifteen. Classes one (green), two (orange), and three 

(yellow) appear to have approximately the same spectral 

characteristics as the first three classes in study area 

one (Figures 14 and 16, and Tables 2 and 5). Again the 

forested areas are identified by either of these classes. 

Examination of table six shows that classes one and two 

identify forested areas in about eighty-six percent of the 

cases and a significant portion of the points classed as 

three also represent forest (51 percent). 

The classification of forest is study area two was 

determined by two primary factors - the density and height 
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Figure 15. Color-Coded Map of Au tomatically-Derived 
Classes for Study Area Two 
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TABLE 5 

SPECTRAL CHARACTERISTICS OF AUTOMATICALLY-DERIVED CLASSES FOR STUDY AREA TWO 

S!,ectral Mean Values S!'ectral Standard Deviations 

i 
I , 
! 

MSS Band MSS Band ~ l 

I 4 5 6 7 
, 5 6 7 

I 
I 
I Class 1 

! f , ~ 

(green) 27.787 20.822 33.769 17.820 l.l~l 1.481 2.411 1.420 

~ U) 

I 
Class 2 

(orange) 27.634 20.625 27.419 15.97: 1.720 2.199 1.008 :<.083 

~ Class 3 
!! 
a (yellow) 30.282 24.855 34.014 1B.473 1.676 2.650 2.842 1.846 

" 
~ • • ~ • 
I 

Class 4 
(blue) 33.339 21,.544 15.313 1.1- .. 7)1 2.676 2.413 3.261 2.114 

, I Class 5 
(purple) 32.420 28.162 41.263 21. 588 2.083 3.734 3.363 2.265 
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of the forest, and the type of trees. The slope of the 

land did not seem to influence the classification. 

There is considerable evidence that the density and 

height of the forest was the overriding factor in its class

ification. Large areas classified as two (low reflectance) 

were found to have significantly higher density and/or signi

ficantly taller tree height than surrounding areas classified 

as one or three. Large forested areas classified as three 

(high reflectance) were also checked and these areas tended 

to be sparsely wooded with shorter trees. For example, there 

is an orchard in the area where the trees are widely spaced 

at regular intervals. This entire area was classed as three. 

The interpreted category of "pasture w:i.th scattered trees" 

is another excellent example of a sparsely wooded area. 

Examination of this class in table seve~ shows that ~laBs 

three (high, reflectance) f1as a much'~gher perct!llltago 9= 

this category than class two, the low reflectance class (26.4 

percent compared to 4.4 percent). Apparently, areas where 

the tree density is low tended to be classified as three. 

The type of forest seemed to be a secondary factor. 

In this study area as in study area one, pine forest seemed 

to have a lower reflectance than deciduous and mixed forest. 

Class three (high reflectance forest) contains almost twenty

two percent of the deciduous trees and only about fifteen 

percent of the pines while class two (low reflectance forest) 

contains only twenty percent of the deciduous trees and over 

thirty percent of the pines. 

The type of forest obviously affects the classification 

to some degree. By examining the c~ndition of the forest 

during the ERTS pass some explanation for the difference 
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TABLE 7 

COHPARISON OF INTERPRETED CATEGORIES AND AUTOMATICALLY-DERIVED 
CLASSES IN TERHS OF THE PERCENTAGE OF EACH 

INTERPRETED CATEGORY FOR 

.... 
III 
III 
til .... 
u 

Dec I.duous & 
Mixf'd Forpst 45.1 

(1117) 

Pine E'orC!st 45.3 
(296) 

Pastnr" "itll 
Scattered Trees 28.4 

(32) 

lIater 2.0 
(8) 

Lo,,-Density 
l('sidcntia1 6.8 

(20) 

Gr"ES & Pal;turp 9.3 
(84) 

Uncultivated 
Agriculture 5.9 

(65) 

Barren Land & 
Built-Up Areas 6,1. 

(56) 

- ,.(JE IS 
lW POOR QUALITY: 

STUDY AREA TWO 

'" ..... oj 

'" OJ) III ., .. .. 
<II '" '" .... .... ..... 
CJ CJ CJ 

20. :.! 21.7 1.4 
(503) \539) (35) 

30.9 14.5 1.0 
(202) (95) (7) 

4.10 26.5 0.0 
(5) (30) (0) 

12.5 13.3 54.3 
(51) (54) (223) 

0.7 26.0 0.0 
(2) (75) (0) 

1.2 13.2 0.0 
(11) n20) (0) 

0.5 16.2 0.0 
(5 ) (178) (0) 

1.3 17.6 0.3 
(11) (153) (3) 
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'" 0 Ill"" III <II Cll 
OJ) ........ .. u ..... .... '" .... CJ ::> III 

9.0 2.5 
(224) (66) 

4.3 3.8 
(28) (25) 

36.3 I~. I~ 

(lfl) (5) 

1.4 16.0 
(4) (65 ) 

54.0 12.5 
(156) (36) 

54.4 21.9 
(494) (199) 

57.3 20.1 
(629) (221) 

38.9 35.5 
(339) (309) 

.... 
<II 

'"' 0 ... 

100.0 
(2[,84 ) 

100.0 
(653) 

100. j 

(ID) 

100.0 
(407) 

'100.0 
(289) 

100.0 
(908) 

100.0 
(1098) 

100.0 
(871) 
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in reflectance is possible. Accoraing to the Alabama For

estry Commission the first leaves appearf'u on the deciduous 

trees in early April, after the ERTS pass. However, the 

leaves on the shr~s and bushes which comprise the under

brush typically appear before there is any foliage on the 

trees. Consequently, the condition of the forest during 

the ERTS pass was non-foliated deciduous trees, foliated 

pine trees, and foliated underbrush. 

The broad leaves on the underbrush reflect light 

well. When deciduous forest were imaged, the underbrush 

exposed by the barren deciduous trees produced high reflec

tance readings, but when pine forest were imaged, the pine 

needles obscured the high reflectance of the underbrush 

by diffusing the light. Consequently, the pine forest 

tended to have a lower reflectance than the deciduous and 

mixed forest. 

As in study area one, class three also represented some 

non-forested categories. A large part of the residential 

land was classed as three (26 percent). These residential 

areas are situated in moderately dense forest. Large sec

tions of open fields were also classified as three. High 

grass and ~hrubbery were found growing in these areas. 

Perhaps the most unique characteristic of this class is 

that data po~nts classed as three are ~ significant part of 

every catagory (Table 7). The location of class three points 

offers one (.xplanation for this. They are found in signifi

cant numbers on the borders of forested and non-forested 

categories. Consequently, one is led to believe that class 

three often represents a composite of forest and other types 

of land cover . 
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Class four data points (blue) correspond to surface water 

locations about eighty-three percent of the time. As dis

cussed in the previous section and from examination of 

table eight, the spectral signature of water should make 

it an easily identified class, yet the results of the 
, 

automatic classification seem to indicate poor performance 

in the identification of surface water. There are several 

reasons for this. The alignment of the Black Warrior River 

was ""'ry poor. An explanation for this could not be found 

since other features in the area lined up well. In any 

case, this caused areas interpreted as forest along one 

bank of the river to align with data points in class four. 

Along the other side of the river the surface water aligned 

and with the classes indicating forest. This resulted in 

an unusually high percentage of resolution elements inter

pIeted as forest to correspond with class four (13.1 percent) 

and an unusually high percp.ntage of points interpreted as 

water to correspond with classes one, two, or three (27.8 

percent). A second reason for the poor identification of 

water was the presence of composite data points (combina

tions of water and forest) which tended to decrease the 

apparent area of surface water since they were not classed 

as .four. 

Class five (purple) was the class with the highest reflec

tance in this study area. G~nerally this class was repre

sentative of non-forested categories - grass and pasture, 

uncultivated agricultural land, and barren and built-up areas. 

When areas categorized as grass and pasture, or unculti

vate~ agricultural land was classified as five the area was 
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TABLE 8 

EUCLIDIAN DISTANCES BETWEEN AUTOMATICALLY-DERIVED 
CLUSTER CENTERS FOR STUDY AREA TWO 

Class 1 
(green) 

Class 2 
(orange) 

Cll1RR 1 
(y ... llow) 

Class I, 

(b luC!) 

Class 5 
(purple) 

CloSB 1 
(green) 

6.618 

23.593 

12.070 

ORIGINAL . 
OF POO!~ QPu:'AGE IS 

- ALITY 

Cl08s 2 
(orange) 

6.618 

17.911 

17.403 

9-89 

Class 3 
(yello~l) 

4.793 

fl. 640 

23.410 

8.817 

Class I, 
(blue) 

23.593 

17.911 

23.410 

31. 168 

ClsSH 5 
(purple) 

12.070 

17.403 

B.B17 

31.168 

1 , 
! 

I 

1 
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covered with short grass or the residues from the harvest of 

the previous autumn. Class five was also the principle indi

cator of the category denoting barren land and built-up areas. 

A significant percentage of the pasture with scattered 

trees category and the low-density residential category was 

classed as five. When pasture with scattered trees was clas

sed as five it was in an area where the tre::,,,, were unusually 

sparse. When low-density residential area'; were classed as 

five, the subdivision was in an area of veryEew trees. 

An unusually large perc~ntage of class five corresponds 

with forested areas (13 percent). The reason .~or this is 

obvious when one considers that class five is the larges sin

g~e automatically-derived class and the two forest categories 

comprise almost half of the study area. Since each covers 

so much area, any slight misalignment of the grid of data 

point locations would cause many forested areas and areas 

classified as five to correspond. 

Unclassified data points were not indicative of any par

ticular category. In fact, unclassified data points comprise 

a significant portion of every non-forested category. The 

reason for this is discussed in the subsequent section. 

7.3 Unclassified Data 

The unclassified data in each study area appears to be 

the major problem in the application of the CSC technique to 

ERTS data. The initial assessment concerning the nature of 

unclassified data prior to analysis of the results was that 

composite data points would produce "freak" spectral signa

tures and be left unclassified. One category indicative of 

extreme diversity within limited areas and consequently con

taining a high percentage of composite data points is the 
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low-density residential category. Yet, this category I s per" 

centage of unclassified points was about average (Table 6) . 

Unclassified data points' seem to be most common in \ofater, 

which is represented by c·lass four, and in high reflectance 

areas, which tend to be represented by class five and sometime 

class three. One reason for this can be seen by examining 

the spoctral signaturos of class four and five in each study 

area, and then noticing the distance of these two classes 

from the other clusters in tables four and eight. Both are 

quite a distance from each other and from clusters one, two, 

and three. Since all data points bey'ond three standard devi

ations frow. any cluster center are left unclassified, points 

in the region of clusters one, two, and three would be more 

likely to fall within the required distance of some cluster 

center compared to points with high reflectance or points in 

the region of cluster number four. 

Another explanation for the unclassified data is the 

pr58€!nCO of "bad" dflta cauliled by "banding" in the data. orhilS 

data is used along \Olith the "good" data in the establishing 

of classes and in the improvement of the cluster center 

locations. Since the accuracy of this data is extramely 

doubtful, it alters the locations of the cluster centers and 

the values of the standard deviation vectors. This slight 

alteration in the location of the cluster centers and the 

decision hyperplanes has the effect of leaving otherwise 

"good" data unclassified and changing the classification of 

other data. 

Perhaps the best explanation for the unclassified data 

is that the first step of the esc techn1que does not estab-

lish enough initial cluster centers. This ex~lanation is 

9-91 

. ;..; 
-~),; ~'~ 

, 
1 

I 
I 

1 

j 
l 

I 
I 
j 



.... 

-

'- , 
\ " 
.... " J~) 

'l-j 

.... c; 

quite feasible when one notes that most of the unclassified 

data corresponds with water and high reflectance categories. 

Since very few cluster centers were established in the por

tions of multi-dimensional space used to classify these cat

egories, it is not surp:t'ising that many data points in these 

areas are not within three ~ltandard deviations of a clusler 

center and are left unclassified. 

Whatever the reasons for the existance of unclasoified 

data and the limited number of classee generated by the tech

nique, these remain as the primary problems to be addressed 

in the application of the esc technique to ERTS data, The 

following chapter summarizes the performance of the esc tech

nique, proposes several modifications to the technique, and 

projects its practical applications. 
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CHAPTER VIII 

SUMMARY A]fi) CONCLUSIONS 

8.1 Summary 

The unsupervised classification analyzed in this study 

showed encouraging results despite several factors which 

tended to handicap the technique's performance. One factor 

which tenn;3d to handicap the performance of the CSC technique 

was the nature of the areas analyzed. Instead of restricting 

analysis to strictly agricultural areas or strictly urban 

areas they were combined into one study area. The results 

showed this to be a handicap sirice low-den"lity residential 

land had similar signatures to some agricultural areas. In 

addition the study areas were not ideal for obtaining high 

classification accuracies. The ideal situation for any auto

matic classification technique i~ land composed of large areas 

of homogeneous ground cover. The result:s showed large areas 

of one classificaiion to be the exception rather than the 

rule, so apparently the areas chosen for analysis are quite 

variable in their spectral response. In very rugged portions 

of the study areas the slope of the land caused the spectral 

response to vary. In othe~ areas the high areal complexity 

of the land and the lack of homogenity within interpreted 

categories caused variability in the spectral response. j 
'-! ' 
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The presence of clouds also affected the classification. 

In study area one class four identified two different cate

gories since cloud shadow locations were classed with water. 

Similarly, class five represented more than one situation 

since the borders of clouds were classed with high reflect-

ance areas. 

As mentioned in the previous chapter, the inaccurate 

data caused by "banding" effected the classification. The 

exact effect could not be studied since the spectral values 

of the inaccurate data were not availible for comparison 

with the good data. It can be asserted, however, that the 

"bad" data has very little effect on the establishment of 

initial cluster centers since very few data points are anal

yzed nt a time in this part of the teChnique. The "bad" 

data does influence the improvement of the cluster centers 

since all the data is used in determining their locations. 

The distribution of the "bad" data in multi-dimensional ,space

determines how the location of the cluster centers is influ

enced and how the data is classified. Apparently the distri

buticn of the "bad" data was about the same in eacll study 

area since the resulting cluster center locations and classi

fication characteristics are similar. 

Finally, it must be consider~d that the greatest variety 

of spectral response would probably ~ccur at some time of 

year other than early spring. At this time of year there 

are no crops in the fields, only the residues from the; last 

harvest. Consequently, the variation in crop type which 

would be a factor in the classification of summer ERTS data 

di~ not influence this classification and thus fewer classes 

were formed. 

I 
1 

1 
1 

j 
i 
1 
i 
j 

1 
l 



.. -

.. '-

-: i 
) 'co 

\i ~ "-' 

~r \ .,.., 
'i ': 
".' \. 
""I' __ 

} 
i 

The choice of dates was not ideal for other reasons. 

The ERTS pass was made during planting season when some fields 

were tilled and others were not. This was also during the 

change of seasons when some plants and trees were foliated 

and other were bare. These variables in the ground-cover 

characteristics introduced needless uncertainty and could 

have been eliminated by selection of another date. 

One of the main questions addressed in this study was 

the feasibility of applying unsupervised techniques on a 

regional scale where all types of land use would be encoun

tered. In this regard, the esc technique seems applicable. 

Although the two study areas had ("Jmpletely different chara

teristics, the spectral classes generated were quite compat

ihle in terms of their spectral signatures. The signatures 

of classes one through four were almost iden;) ;::al. Class 

five was not compatible. Class five in study area one repre

sented the exposed sandstone and shale of the strip mines and 

class five in study area two represented barren soil, built-up 

areas, and grass. Consequently, the application of the unsup

ervised technique to the entire county would probably result 

in six classes being formed. 

8.2 Applications 

In its present form the technique is very effective in 

identifying high to medium density forest. With only slight 

alterations, the technique could be very effective in the 

iden~ification of surface water, certain types of strip mines, 

and agricultural fields. The usefulness of the technique 

after major alterations ar(~ made is pure speculation at this 

point. 
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Areas classified as one and two in the unsupervised clas

sification of this type of ERTS data will usually be forest 

of high to medium density and tall to moderate height. By 

examining those areas classed as one, moderate slopes would 

be expected and deciduous trees would predominate. Those 

areas classed as two would have the highest proportion of . 

pine trees and the greatest density of trees with taller 

heights. By using this method rather than examining the 

entire forest, many areas of low density, short tree height, 

and severe slope could be avoided. This application is be

yond the capability. of sma'J.l. scale air photo interpretation. 

If the large pel.·centage of unclassified data points in 

the classification of surface water could be reduced from the 

current level of approximately seventeen percent, then the 

method could be quite effective in the location, .of surface 

water. 

The problem of unclassified data points is shared by 

class five in study area one. This class isolates those 

stripped areas unaffected by drastic slopes and standing 

water quite well except for the gaps left by unclassified 

areas. 

In study area two, class ftve can effectively isolat.e 

fields, pastures, some types of low-density residential areas, 

and some barren land and built-up areas. If the area to be 

analyzed was rural (thus removing urban land from the classi

fication) class five could locate agricultural fields and 

pastures. Again, a considerable portion of each field would 

be left unclassified. 

One possible solution to the problem of unclassified 

data in classes four and five \'Iould be to "smooth over" the 
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data for large water bodies, stripped areas, and fields to 

form solid areas of one classification. If an unclassified 

data point is flanked by data points of the same classifica

tion it is reasonable to assume that the unidentified point 

is the same classification. By implementing an algorithm to 

classify unclassified data points by this criterion, the 

classification accuracy for classes four and five could be 

enhanced to a more acceptable level. 

Although the technique shows promise in the classifica

tion of forest, water, stripped areas, and agricultural land, 

it appears unsuitable for the classification df urban land 

when wnen this,type of ERTS data is used. Instead of being 

classified into a unique class, urban areas were represented 

by either of two classes or they were left unclassified. 

Researchers at the Johnson Space Flight Center who studied 

the application of an unsupervised technique to an urban 

area in Houston, Texas concluded that their clustering tech

niques did not permit consistent automatic classification of 

multispectral scanner data into categories according to usual 

urban land-use terminology. Those clusters which could be 

related to some pattern in the characteristics of the urban 

land were not consistent even over the study area under 

1 
. 25 ana ySJ.s. 

The technique also appears unable to detect the differ

ences in water quality that exist within the study areas. 

All of the surface water in study area two was classed as 

four or was undetected as a unique class. Even ~~e highly 

discolored water in the strip pits was not detected as a 

unique class. Therefore, the application of the CSC tech

nique to ERTS data seems limited to the detection of surface 

water in general. 
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The technique's application in the classifjcation of 

different types of fields and pastures could not be evalu

ated since no crops were planted. This type of insight will 

be availible as ERTS data gathered during other seasons is 

processed by the CSC technique and evaluated. 

8.3 Modification 2f 
£.§£ Technique 

One of the primary things that hinders the performance 

of the CSC technique is the limited number of classes that 

are generated. This may be due to the quality of the ERTS 

data or sorre characteristic of the technique. The quality 

of the ERTS data may be improved by selecting LRTS data from 

other seasons or by selecting data not effected by "banding." 

The csc technique may be improved by findir.J a better way to 

establish initial cluster centers. 

The limited number of classes produced by the CSC tech

nique has been recognized as a problem for quite some time.
23 

Apparently, the first part of the technique is not sensitive 

enough to detect all of the clusters that actually exist. 

Consequently, a new method has been proposed by Charles 

Dalton which will be more sensitive in the selection of 
26 

initial cluster centers. 

8.4 Conclusions 

The application of the CSC technique to ERTS data of 

portions of Tuscaloosa County showed that the delineation 

of several types of ground cover was possible. Areas whose 

interpretation depends primarily on texture and shape such 
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as urban area~ could not be identified while areas whose 

interpretation depends on th~' density of the foliation were 

delineated even better than is possible from conventional 

air photo interpretation. 

The spectral classes generated by the cs~ technique do 

not conform to interpreted land-use categories well enough 

to permit the inventorying of land use in an area. Too few 

classes were formed and many of the classes that were formed 

corresponded to several land-use categories. Similarly, many 

of the interpreted land-use categories were well divided 

between the ERTS-derived categories. This situation can be 

improved by the genera'cion of more spectral classes (section 

8.3) and redefining new interpreted land-use categories to 

correspond more closely with the area's spectral response •. 

Additional research is needed in several areas. ERTS 

data gathered during other seasons of the year must be pro

cessed and evaluated so changes in classification can be 

noted. Perhaps the different reflectance caused by changes 

in foliation will result in better recognition of various 

types of ground cover. 

The problem of "banding" must be addressed. The best 

solution appears to be elimination of the "bad" dF.ta from 

the classification. Although tl < .. 1 has been proposed, at this 

writing no program has been created to detect the "bad II data 

and eliminate it. 

Research is also needed concerning the effectiveness of 

the new method of establishing initial cluster centers pro

posed by Mr. Dalton. Although it will be a part of the esc 

technique eventually, at this writing it has not been imple

mented into the computer program. When it is implemented, 

its performance must be tested and compared. 
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Comprehensive research of the same nature as this study 

is absolutely necessary to an adequate understanding of the 

nature of unsupervised techniques as they apply to ERTS mul

tispectral data. As research is completed in the areas out

lined in the previous paragraphs, the csc technique can become 

an effective tool in ti,'i! ;nanipulation of ERTS data for deriv

ing meaningful and timely land-use information. 
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CHAPTER I 

INTRODUCTION 

1.1 The Problem 

For years the coal industry has been disposing of CQal waste 

(called spoil, chitter, refuse or culm) by means of dumps or embank-

ments, usually located in a nearby valley, gully or swamp. As these 

embankments have grown through the years, they have become subject to 

fires. The problem of fires or "hot spots" has been intensified by 

the use of modern mining equipment and methods which enable mining 

companies to extract coal from thil'ner seams, consequently more rock 

is removed from underground and deposited on the refuse pile. In 

addition, during the separation processes, more carbonaceous material 

is discarded to the spoil pile. Coupled with the additional combusti-

ble material deposited in the dump, the proper amounts of available 

air and carbonaceous material in the rock, conditions are favorable 

for combustion whether it be spontaneous or ignited. Remote sensing 

techniques appear to be very favorable for fast, inexpensive surveil-

lance of burning spoil embankments. This study utilized airborne and 

surface sensing instruments to survey thirteen embankments in the 

Warrior and Cahaba coal fields of West Central Alabama. It was the 

purpose o~ this study to survey these spoil embankments by remotely-

sensed means and to accurately identify any fires or hot spots associ-

nted with the spoil pile. 
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1.2 Scope of Report 

Remotely-sensed data may be a prc)duct of one or more sources and 

systems which may be sonic, electrical, magnetic, nuclear radiat~on or , 

electroma~letic ~adiation. The remotely-sensed data in this study were 

derived from the electromagnetic radiation source. During the investi-

gation five distinct systems were evaluated for their usefulness in 

the detection of coal spoil embankment fires. These were 1) low alti-

tude black-and-white photography, 2) Earth Resources Technology Satel-

lite photography, 3) high altitude infrared photography, 4) hand-held 

thermal infrared scanning and 5) RS-14 thermal infrared scsnning. In 

this study each system was analyzed using all thirteen spoil piles 

even though only one complete analysis is presented in the body of 

this study. The ccmplete list of data is in the Appendix. 

1.3 History 

Historically residents of coal mining regions have been plagued 

with smoke, smog, and noxious fumes from coal embankment fires and 

hot spots, dating back to the early coal mining days in England. Some 

authorities indicate that these fires may burn for as long as 50 years, 

creating problems of health and l~elfare, and resulting in death, injury, 

1 and damage whether directly or indirectly related to these fires. 

'There have been numerous accounts of accidents involving workmen and 

children, some of which are listed in Table 1 prepared by the U. S. 

Bureau of Mines for an environmental study. Even though a fire may not 

be read~ly noticeable, the neighborhood of the coal spoil embankment 

should recognize the symptoms. The symptoms could be an actual fire, 
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TABLE 1 

P.\RTIAL LIST OF DEATHS AND ACCIDENTS ~XTRIBUTED 
TO COAL WASTE FIRES 

Location 

Iowa 

Iowa 

Sagamore, W. Va. 

Lockgelly, W. Va. 

Oakwood, Va. 

Virginia 

Alabama 

. Mayberry, W. Va. 

Oakwood, W. Va. 

Sharples, W. Va. 

Hemp Hill, Ky. 

Rhoda, Va. 

An explosion during excavation of coal waste 
bank burned 6 men, 3 fatally. 

An explosion during excavation of coal waste 
bank burned 11 men, 3 fatally. 

Thirteen killed by explosion of a burning 
coal refuse pile. 

One killed by a slide while digging refuse. 

Seven killed by an explosion and subsequent 
slide of a bank. 

Burning refuse bank ignited coal seam. Two 
killed by explosion while investigating the 
extent of the fire. 

Two killed while excavating burning refuse 
material. 

One child killed by falling through surface 
crust on a burning coal refuse pile. 

Two killed by explosion whil~ digging refuse. 

BUl:ning coal slide covered mine opening, all 
- men rescued 48 hours later. 

Two killed by asphyxiation after falling into 
a burning bank. 

Two killed by bank slide. 

Anh~erstdale, W. Va. Explosion and subsequent bank slide injured 
one child and destroyed se'/ec:!1 h"mes. 

(McNay 2) 
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smoke, a noxious odor, or steam rising from the pile after a rain or 

a comb ina cion of all of these; 

Residents of Alabama have been annoyed by spoil embankment fires 

in the recent two decades, although not as much as the residents of 

West Virginia, Pennsylvania, Kentucky, and other coal mining states. 

In 1963 the United States Bureau of Mines recorded 495 burning refuse 

banks in fifteen states, eleven of which were in Alabama (Table 2). 

This number can be compared to the 282 fires identified by the Bureau 

of Mines in 1968 (Table 3), with six of these fires in Alabama. 

A comparison of the embankments burning in 1963, 1968, and those 

found burning in 1973 by the writer are presented in Table 4. 

1.4 The Origin of Coal 
Refuse Fires 

Spontaneous combustion is the most common cause of coal spoil 

embankment fires. Some sixty-six percent of the 292 refuse banks 

.' found burning in 1968 were believed to have been started by spontane-
. 2 
'ous combustion. Spontaneous combustion can occur \fhen there is suf-

ficient air entering the dump for oxidation to occur and an insufficient 

quantity of air to disperse the heat generated by the oxidation of the 

combustible matercial, thus allowing the heat to accumulate. (The actual 

processes that occur during oxidation will be discussed in Chapter II). 

The ignition of bituminous refuse has been determined to be a function 

of airflow and particle size variation. 

"Laboratory trials showed that about six times more air 
passed through the 3 1/2 x 1/4 inch than through the 
minus 3 1/2 inch refuse for a given pressure differential. 
About four times more air passed through the minus 3 1/2 
inch than through the minus 1/4 inch refuse. The fine 
refuse appreciably reduced the flow of air. 
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TABLE 2 

BURNING REFUSE ilANKS IN 1963 

State Number of Fires 

Wee t Virginia. 213 

Pennsylvania. (bituminous) 117 

Kentucky 49 

Virginia 27 

Pennsylvania (anthracite) 25 

Illinois 14 

Ohio 13 

Alabama 11 

Colorado 8 

Tennessee 5 

Utah 4 

Indiana 2 

Montana 2 

New Mexico 2 

Wyoming 2 

Alaska 1 
TOTAL 49s 

(Stahl 2) 
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TABLE 3 , 

I , 
BURNING REFUSE BANKS IN 1968 

State Number of Fires [ 
West Virginia 132 I, 
Pennsylvania (bituminous) 48 

Kentucky 27 

Virginia 17 

Pennsylvania (anthracite) 16 i.J 

Colorado 15 , 

Alabama 6 

Ohio 6 [ 
Illinois 4 

Utah 4 fJ 
Montana 3 

Maryland 2 

Oklahoma 1 \ 

Washington 1 

I TOTAL 282 

(McNay 3) J 

J 
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i TABLE 4 
I 

I BURNING COAL REFUSE BANKS IN ALABA.'1A 

L:,::"':] t" ,- .. l 
t.;::~_-:::::-: J 

1973 

("'-"I ""-"",, 
~,-:C":';'. ( Wt::;:-:-;~-I 

1963 1W!. -. Nearest To~ Nearest Town Dist. (mi) ,Dist. (mi) 

No. Nearest Town Dist. (mi) 

1 Maben 0.7 Pleasant Grove 0.0 Parrish 3.0 

2 Graysville 5.0 Edgewater 9.0 Graysville 111 5.0 

... 
0 3 Quinton 8.0 Edgewater 9.0 Graysville ·li2 5.0 

, 
-J 

4 QuintOn 8.0 Edgewater 11.0 Maxine 1.0 

5 Praco 0.0 Graysville 4.8 Pleasant Grove 0.5 

(, Labuco 0.0 Sayre 1.0 Johns 2.0 

7 Dolomite 0.5 
West Blocton 1.5 

8 Sayre 1.5 

9 Sayre 1.0 

1G America 0.1 

11 Flat creek 0.0 "-. 

i 
(Stahl 2 and McNay 3) 
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The spontaneous ignition tendency of mine refuse was 
determined by heating the bottom 1ay,er of the material 
contained in a chamber and observing the temperature 
rise at various levels. The data showed decreasing 
j,gnition tendency for minus 3 l/Z inch, 3 1/2 x 1/4 
inch, and minus 1/4 inch material. The minus 3 1/2 inch 
refuse showing signs of activity when the material at 
the balle ~las heated to 2500 F.... The results of three 
trials 'with minus 1/4 inch refuse containing 1, 5 and 
11 percent ,moisture indicated that this material under 
that condition hOld little tendency ,toward spontaneous 
combustion ••• "3 

• 

r 
I • 

Coal refuse fires have also been a result of burning trash on 
} 

dumps or even by other burning dumps nearby. Other fires were known 

to have been started by humans, whether intentional or accidentally, 

and by forest fires or lightning. Some coal spoil piles are intention-

ally ignited to produce "red dog," an oxidized shale often used for 

road base and other industrial uses. 

1.5 The Control and Arrest 
of a Spoil Fire 

Several control techniques, most of which have had limited suc

cess, have been used to arrest coal embankment fires. These general 

techniques and their success are discussed in the following paragraphs. 

Flooding: Some embankment fires have been, extinguished by flood-

ing the hot zone with water. However, fJ.oIJding has proved to be only 

temporary in arresting the fire. Once the flow of water is stopped, 

the temperature rises and fires rekindle. The disadvantages of flooding 

are the channeling and erosion within the bank that may tend to propa

gate the,fire once the flooding has been stopped. In addition, flooding 

ishazardouB, frequently resulting in explosions. 
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Slu~rying: Limestone slurries have been successful in extin-

guishing fires." altho'<1gh this p~ocedure is ve~y expensive. The slurry 

is pumped into boreholes spaced th~oughout the bank. The limestone is 

decomposed by the heat to form carbon dioxide, Which combines with 

the water in the slurry to reduce the temperatu~e below the ignition 

point. 

Spraying: ,n some cases spraying has been very effective in con-

trolling embankment fires. A fine spray is continually sprayed on the 

bank and allowe~ to percolate through the bank until the hot apot is 

cooled. This method is superior to flooding primarily because it does 

not encourage erosion or channeling within the pile. However, spraying 

must be continued for a long period of time to control the fire, and 

when spraying is terminated the fi~e may rekindle. 

Blanketing: The use of l:l.mestone, slag, sand, shale and other 

inert materials to cover the bank has had somB sucaess in arresting a 

spoil fire. However, it is generally difficult to maintain a continu-

. ous cover on the burning spot. EVlen if the cover is effective during 

the active life of the dump, many times weathering will erode the 

2 sealing cover and the burning will again erupt. Experience has indi-

cated that the se~l is rendered ineffective if: 

1) Normal weathering erodes the, seal readmitting air to rekindle 

the hot, carbonaceous material. 

2) The seal is washed away by water falling upon or adjacent to 

the bank. 

3) 'The internal temperatures of ~he bank bake the seal, causing 

it to crack, and allowing ai~ to re-enter. 
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4) The heat below the seal is sufficient to convert part of ' 

the refuse to an ash product that occupies less space. The surface 

may then slump as a result of gravity or cave in when walked on by, a 
" 

person or an animal. 

Isolating: Some fires have been extinguished by isolating and/or 

removing the hot material. The Bureau of Mines has. conducted several 

teste to determine economical methods of isolating refuse. Aoer:f.es 

of high-pressure water cannons was used to dislodge the hot refuse. 

The loose mater'ial was then hydraulically transported from the site. 

This placer mining approach was unsuccessful because of the angularity 

of the material, loss of hydraulic force away from the cannons and the 

infiltration of the water into the bank. The test was modified to USI! 

bulldoze~s to move the dislodged hot material at the rate of 40 cubic 

yards per hour. The cost of water quenching and bulldozer haulage 

wae $0.66 per cubic yard. Another method sprinkled and cooled the 

spot and then moved the material to an adjacent stripmine. Heavy equip

'ment moved 800 cubic yards per hour and the estimated cost was $0.44 

per cubic yard. 3 

Compacting and Sealin~: A combination of compacting and sealing 

may be the best method to arrest a fire. The bank may be packed with 

large .rollers and covered with inert materials placed in layers over 

the burning area. 

It has been found that none of the above methods are consistently 

reliable in arresting a coal spoil embankment fire. It is believed by 

the writer that the best method to control such fires is a program of 

'preventive !IUlintensnce while the dump is being built. Once the dump 

ORIGINAL PAGE IS 
OF POOR QUALITY 

10-10 

, . 

, I 
i J 

i· : .. 

I 
[ 

r '. : 

1" 
I 

I 
i 
! 
I 

I 
1 

I 

I 
, 
I 
I 
! 
! 

j 

L ) 

r I 

f ! 
I 
I 



d 
11 
:1 
!1 

\1 
Ii 
ji 

:i 
'I I: 
i! 
I' ., 
Ii 
I: 
I 
II 
I 

I 
ii 
Ii 
I: 

j I, 
Ii 
I, 

Ii 
" " ii 
I; 
!i 

\: 
" 'I -Ii 
II 
Ii 
Ii .1 

P 
; i ,. 
i 
\ i , 
Ii 
I: 

P 
'I' 

-::; 

." -"l'--"'" 
l' 

has been abandoned, there is little one can do to control spoil fires 

without excessive control and maintenance costs. 

1.6 Environmental Effects 
of Burning Coal Spoil 

. Embankments 

Coal refuse disposal dumps have been burning and creating environ

mental problem!! since coal mining began. The pollution problems of the 

environment have been generally ignored by industry and area citizens 

until the pastj:ewyears. These spoil fires should have attracted more 

attention earlier since, in addition to air pollution, they have been 
'i 

the cause of a number of deaths. 

Approximatl~ly 60 million tons of coal were produced. in Alabama 

in the years 1971-1973. During this same period some 30-40 million 

tons of refuse were brought to the surface and placed on spoil piles. 

'In addition, it is estimated that in the next ten yesrs some 200-250 

million tons of refuse will be added to the already large spoil piles. 

Without proper design and maintenance, many of these spoil embankments 

may be ignited and cause serious environmental hazards. 

It is generally accepted that all coals undergo spontaneous com-

bUlltion with the e,xception of possibly anthracite. The spontaneous 

combustion that occurs in anthracite refuse piles is probably caused 

by the pyritic material, slate, shale, and extraneous material in the 

spoil pile. 
a 

This is emphasized by the high ignition temperature (925 ). 

of anthracite. 4 

BurnIng ,coal spoil embankments emit oxides of sulfur which are 

formed by the decay and oxidation of pyrites in the refuse. S01I1e oxi

dation of sulfur equations arelisted'below. 
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In addition, hydrogen sulfide may be fomed in a burning pile. The 

two possible reactions are as follows: 

1) The ;reaction of sulfuric acid and pyritic matedal in the 

spoil: 

• 

2) In hot spots carbon may react with sulfur dioxide to fom 

carbon disulfide. The CS
2 

would then hydroli~e to form H
2
S: 

The burning refuse pile emits other gases associated with the 

combustion of coaL For example, small crystals of .sulfur may occur 

on the surface of the dump which may be fomedafter the thermal break

down of FeS
2 

on t~e reaction of hydrogen sulfide with sulfur dioxide: 

4 • 

Other gases which are emitted are c.arbon monoxide, carbon diox~de, 

methane, and nitrogen oxides. Table 5 gives the specific gravity, 

the maximum allowable concentration, and the fatal pe,rcentage for 

the c.olnmon gases around burning spoil embankments. 
" 

---'----~, 
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CO2 

CO 

H2S • 

S02 

CH4 

N02 

FATAL POINT PERCENTAGES OF 
BURNING REFUSE GASES 

Malt. Allow. 
Sp. Gr. Cone •• :t 

1.5291 0.5 

0.9672 0.01 

1.1912 0.002 

2.2636 0.0005 

0.5545 1.0 

1.5895 0.0005 

Fatal Point 
% 

18 

0.03 

• . ' 

(12-74% Explos.) 

0.1. 
(4-46% Explos.) 

0.1 

(5-15% .Explos.) 

0.005 

• l , 
l 

" 

(Hartman 5) 
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The Bureau of Mines has assembled data on the effects of sulfur 

dioxide and pa.rticulate pollution on the environment. Naturally the 

primary emphasis is placed on health. Increased daily death rate • 
3 

occurs at concentrations of 715 ~g/m (0.25 ppm) and higher of sulfur 

dioxide, over a 24-hour mean and accompanied with smoke at a concen-
3 3 

tration'of 750 ~g/m. At concentrations of 500 ~g/m (0.11-0.19 ppm) 

of sulfur dioxide (24-hour mean), and low particulate levels, older 

persons with respiratory problems will have breathing difficulties. 
3 

Also, at concentrations of 600 pg/m (0.21 ppm) and greater of sulfur 

dioxide, 24-hour mean, chronic lung disease patients may experience 

accentuations of symptoms.3 

Particulate matter combined with certain smoke factors affect 

visibility and direct sunlight. At concentrations ranging from 100 

pg/m3 to 150 pg/m3 for particulates, coupled with large smoke turbidity 

factors, the direct sunlight may be reduced up to one-third in summer 

3 and two-thirds in winter. At concentrations of 2B5 pg/m (0.10 ppm) 

'of sulfur dioxide. accompanied by a comparable concentration of particu-

late matter and a relative humidity of 50 percent visibility, may be 

reduced to five miles. 

High levels~f sulfur dioxide may also increase thE corrosion 

rate on steel as much as 50 percent. At concentrations from 60 pg/m3 

to 180 ~g/m3 (the annual geometric mean) for particulates in the 

presence of sulfur dioxide and moisture, corrosion of steel, and zinc 

panels occurs at an accelerated rate. In addition, at concentrations 
"3 . 

of 85.pg/m and greater of sulfur dioxide (annual mean), chronic plant 

and vegetable injury and excessive leaf drop may occur. After short 

exposures (e.g., 4 hours) of about 145 pg/m3 to 115 llg/ri sulfur 
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dioxide may react with either ozone or nitrogen oXides to produce 

3 moderate to seve~e injury to sensitive plants. 

A complete study for all the gases generated by a burning cgoal 

spoil embankment has not been completed. However, it could be assumed 

that any other gas or a combination of several gases would have a detri-

mental effect on humans. animal~. and plant life in the immediate area 

of the spoil pile. In the past it has been difficult to accurately 

evaluate the total environmental effect 01: such a fire over a period 

of time. This iniormationmaybe available in populated areas within 

the next few years • 
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CHAPTER II, 

CHARACTERISTICS OF CO~ SPOIL 

2.1 Physical Proper~, 
of Coal Refuse 

, 
" 

Refuse produced duri.ng the coal cleaning operation varies in con

tent and size according to the particular ~ocation and separation' pro-

cesses used to clean the cual. A typical coal refuse product can vary 

in diameter from greater than four inches to less than one-quarter inch 

.in coal cleaning processes. Most subsurface material in hot spots is 

3 generally between one-quarter inch to two inches. Average refuse or 

chitter consists of coal, rock, carbonaceous shales and pyrite. In 

addition, most dumps have more combustible materials such as wood, 

greasy cloths, paper, ropes, rubber, and various plastic containers. 

, Average refuse is estimated to contain less than 25 percent of combusti-

ble matter but poor separation techniques have left thousands of tons 

of coal on spoil piles. Table 6 shows a percentage range for typical 

chemical analysis_of spoil piles. 

Spoil in the Warrior coal basin varies with the location and with 

the geology of the rock surrounding the coal seams. Warrior basin coal 

is generally low in sulfur and iron. Refuse samples from the washer 

product vary from greater than five inches to minute particle size. 

However, haUlage and transportation tend to break up the larger 

particles leaving the average rock ta tae spoil pile in less than a 
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CHEMICAL ANALYSIS OF REFUSE SAMPLES 

Air-dried BaSis 

Moisture 

Ash 

Vo:!.atile Matter 

Fixed Carbon 

Sulfur - Total 

pyrite 

sulfate 

Organic (difference) 

Fixed in Aah 

Carbon Dioxide 

Carbon (Uncorr. for C02) 

Hydrogen 

Nitrogen 

sulfur (organic) 

Oxygen (difference) 
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Percentage Range for 
Several Samples , 

% 

2.2 - 2.7 

42.3 - 65.9 

17.3 - 30.2 

14.6 - 24.8 

1.43 - 5.92 

0.11 - 0.23 

0.42 - 1.14 

0.53 - 4.55 

0.0 - 0.2 

0.03 - 0.13 

22.0 - 40.4 

2.2 - 3.4 

0.5 -1.6 

0.5 - 4.6 

6.7 - 7.3 

(Flann and Lukaszewski 6) 
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three and one-half inch size. Shale is the most abundant rock that 

can be easily·identified along with the small amounts of coal. 

The physical properties of the coal and the surrounding con~ 
• 

ditions of the environment determine the tendency for natural oxida-

tion and spontaneous combustion for a spoil embankment. The actual 

oxidation of coal involves sever~l independent overlapping processes 

that are generally dependent on the pile itself. Initially, there 

is an absorptilln of moisture and oxygen, degradation by weathering, 

and an increase in heat whether it be externally or internally enhanced. 

Next, the products produced by weathering, ca'cbon monoxide, sulfates, 

carbon diOXide, iron sulfides and sulfur, combined with this heat and 

other independent variables, create the conditions necessary for oxi-

dization to occur. Once oxidation has started, a sufficient inflow 

6 of oxygen must be available for the process to continue. 

2.2 Combustion of Coal Refuse 

Four factors which always determine the developme'nt and progres-

sion of fire in a coal embankment are 

1) Composition of the refuse 

2) Location of the embankment 

3) Construction of the dump 

4) Variations in the weather. 

The reactiv'ity of coal waste varies according to the location, 

source and composition. These factors should be evaluated to prevent 

a material known to ox.idize rapidly as temperature increases from being 

mixed with other combustibles or any cellulosic material6 of low ignition 

temperatures. 
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The proper disponal area would discourage solar radiation build-up, 

minimize air current exposure and avoid water courses. Any physical 

features which encourage the access of air flows and impede the l~ss of 

heat should be considered. Steep grading and poor consolidation tend 

to propagate a fire. The weather can play a major role in fire promo-

tion, since the natural process of oxidation is accelerated by high 

ambient temperatures and solar radiation. Hot, dry weathar encourages 

heat retention and leads to self-heating and ignition. 

Spoil embankment fires are extremely difficult to extinguish. 

The fire spreads by the influx of new air at a rate directly propor

tional to that influx. The oxidation process is further encouraged by 

the upward movement of hot air and combustion gases, creating a draft 

which makes the fire self-sustaining. The combustion started at the 

flank is spread inward and downward through porous zones and is supplied 

with fresh air from channels in the burned zone. The fire is rapidly 

spread by any woods, grass or brush surrounding the refuse. In many 

cases an insufficient inflow of oxygen exists to propagate the fire • 

However, the combustion in the hot spot causes subsidence which creates 

cracks and fractures along the combustion zone and provides the addi-

6 
tional ventilation ducts to propagate the fire. 

The pattern of burning was similar in all dumps investigated. 

Major combustion zones were generally on the western sides of the spoil 

banks, always peripheral and developed into combustion fronts advancing 

toward the center of the spoil embanlcment. 

Many times a repetitive pattern of ignition develops, depending 

on wind direction and velocity. As more air enters the base, more spoil 

is oxidized and at a more rapid rate. The smoking at the edge indicates 
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the initial stages in the life of a fire, which propagates inward 

causing large cracks as the fire ages. 

As the material is consumed, the burning section caves in and cuts 

the air ducts and smoking resumes. The material which caves in is 

reduced to ash and the next section is undermined. The entire process 

may be stimulated by local "red dog" poachers who remove the ash for 

various uses. The fire will continue to follow a favorable course until 

the center of the dump is reached. At that pOint the fire is generally 

out of control and will probably engulf the entire dump. Figure 1 shows 

the cross-section of a burning bank. The fire seat may be only a hot 

spot or it may be a hot front that extends as far as half-way around the 

the embankment. A full-scale investigation of the dump is needed to 

determine the total extent of the fire. 

The several products of oxidation and combustion are both solid 

and baseous. Weathered spoil is gray in color when dry but its appear-

ance is altered when heated. As oxidation occurs the heat produced 

causes the movement of moisture, as illustrated by steam rising on cold 

mornings from a hot spot. Iron sulfates, sulfur and sulfuric acid are 

products of the sulfide elements in the oxidation process. The acid 

then reaches the alkaline minerals and dissolves them. The salt solu-

tions are carried to the surface where they dry. These deposits of 

white and yellow flakes and deposits on the surface of a dump are indi-

cative of internal heating. Generally, oxides of sulfur may be smelled 

around a burning dump. Coal tar is also a by-product of coal oxidation. 

The terminal residue is a red porous inert ash commonly called "red dog." 
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Figure 1. Cross Section of a Coal Spoil Fire 

(Aft er Flann and Lukaszews~i 6) 
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In addition to the solid constituents Qf a fire, various gases 

are produced in association with the oxidation and combustion processes. 

These include methane, sulfur dioxide, carbon monoxide ~nd hydrogen sul

fide. 6 

2.3 Autogenous Heating 
of Coal Spoil 

Autogenous or self-heating in coal has been a major problem since 

the beginning of transportation and storage of coal. This same problem 

applies to the spontaneous heating of coal refuse with an added number 

of parameters. This writer believes that the following conditions must 

exist in order for autogenous heating to occur: 1) The refuse must be 

in a form which is capable of oxidization at the prevailing ambient 

temperature~; neces~ary oxygen mus t be available, ,and 2) the environ-

ment of the refuse must favor the accumulation of heat. These factors 

must be present along with several other accelerators in order for heat 

to continue to build to the point of rapid oxidization. 

The nature and composition of coal spoil will largely determine 

the tendency toward uncontrolled heating. Coal spoil is a heterogenous 

substance in which the chemical composition 'Tari.:os greatly with geology, 

mining conditicr,s, and separation techniques. In addition, it has been 

proven that the coal constituents vi train anu clarin are more suscept-

ible to rapid oxidation than others. Mineral impurities such as sulfur 

and pyrite enter into the heating process along with high moisture con-

tent. The heat which is produced during the absorption of water, and 

liberated during weathering and slow oxidation is the initial heat 

production in the autogenous heating process. The area of surface of 

the refuse that is exposed to ambient temperatures, coupled with the 
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compaction and pressure, control the parameters of oxygen inflow and 

the dissipation of heat. This over-all concept has been diagrammed in 

Figure 2. There appears to be some critical temperature that is reached 

in each refuse pile before the oxidation becomes rapid enough to be 

termed a "fire." Depending upon the variables of the bank, at such a 

time when the autogenous heat reaches the critical point, the heat will 

increase at a rapid rate to become a fire or either the temperature will 

reach some maxi~um crossover above the critical temperature and only 

7 slow oxidation would occur within the refuse. The following is an 

oversimplified explanation of the maximum crossover temperature: 

MCT = Function of 

(em + Oi + Hr + A + t) 

where 

MeT maximum cross-over temperature 

Oi = oxygen inflol< 

Hr = heat retention 

ORIGI..'lAL PAGE IS 
A OF POOR QUALITY = accelerators 

em = carbonaceous material 

t time. 

It is impossible to quantitatively evaluate each of these parameters 

but bank conditions can be simulated to approximate a "run-m<ay" point 

or one where the change in temperature to the change in time becomes 

abnormally large for some range of temperatures above the maximum 

crossover temperature. This can be mathematically explained by 
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where.! 

6), = temperature rise above MGT and 

6a = normal temperature rise. 

This concept can be seen on Figure 3. The maximum temperature of com-

bustion is determined by the Btu value and is never reached due to the' 

limiting parameters and nature of ~;le .spoil. In this figure, refuse 

III would burn or rapidly oxidize and refuse ;i.~ would not. 

A series of experiments were conducted by Irons and 'spicer7 to 

establish maximum crossover temperatures and its relationship to air 

inflow which is expressed in Figure 4. The analysis for the refuse 

sample is as follows: 

Run-away, of - 300 

Ash % - 57.3 

Sulfur % - 19.5 

Btu/lb 5254 

Volatile matter % - 18.0 

Bulk density Ib/ft 3 - 70.4 

Tests were conduct:ed on 11 refuse piles in ',hich the internal tempera-

ture, the Btu value, the ambient temperature, and the refuse size was 

recorded for correlation. The spoil piles were constructed in such a 

manner that they would be most susceptible to spontaneous combustion. 

The conclusio,'. are lis ted below: 
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1) A run-away temperature can be established for a particular 

refuse if it has the proper spontaneous potential and oxygen 

inflow. 

2) Run-away temperatures for bituminous refuse are lower t~an for 

anthracite refuse. 

3) The ash content directly affects the maximum crossover. 

4) Ignition occurs when the run-away temperature is exceeded. 

5) The process of autogenous heating was indicated to be a 

I particle surface oxidation phenomenol • 

6) The investigation did not reveal the maximum carbon and sul-

fur COIl tents that refuse could carry without being vulnerable 

to spontaneous combustion. 7 

2.4 Heat Transfer in Coal Spoil 

In order to fully understand the,phenomenon of coal spoil fires, 

the characteristics of heat transfer should be defined. Historically, 

engineers have believed that a spoil embankment could actually burn 

internally for several months before the effects could be seen on the 

s'urface. The purpose of this hei'lt transfer analysis is to determine 

the time and rate of temperature conduction in coal spoil by construc-

tion of an approximate mathematical model. The model was then computer-

ized with many parameters changed sequentially to present a range of 

data for solutions. 

Several problems were encountered when applying the coal spoil to 

a mathematical model. First, the coal spoil'is not homogenous in any 

dump, much less ih several dumps. The density varies greatly according 

to shale content, mineral matter, and coarseness. The amount of moisture 
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is variable throughout the dump. The heat released per pound of spoil 

is variable throughout the spoil pile, consequently the specific heat 

and thermal diffusivity are variable. 

The model used in this study employed a constant strength line 

heat source in an infinite solid. 8 The mathematical model used in this 

study was: 

Where 

!L 1 2 ~
3/2 

Y • RC (41Tat) e - (3r ) /4at, 

Y = temperature.change in of 

Q = heat released in Btu 

R = density of material in Ib/ft3 

o 
C = specific heat in Btu/lb F 

a = thermal diffusivity in ft 2/hr 

t = time in hours 

r = radius in feet7 

. In the computerized mathematical model the following were assumed: 

R .. 80 Ib/ft3 

C = 0.5 Btu/1b of 

2 
a = 0.01 ft /hr 

The heat build-up was investigated at a ten-foot radius assuming spheri-

cal heat release from the source. Values of· t were varied from 200 to 

8,000 hours and the heat source was varied from 5,000 to 2,000,000 Btu. 

The comput.er program using FORTRAN IV is given below. 

PI = 3.1416 
M = 4 
N .. 200 
RHO" 80 
GP = .5 
ALPHA .. 0.01 

1 
1 
j 
I 
i 
I , 
1 

1 
1 , 
~ 
I 
1 
1 
·1 

1 
1 

j 
1 
·'1 , 

1 

1 

j 



/ 

2 

x = 10 
DO 40 R-l, M 
READ (5,2) Q 
FORMAT 
T = 100 
DO 10 J=l, N 
T m T+100 
A = 2.718** (-(3*X**2) I (4*JiLPHA*T) 
B = (4*1'1* ALPHA *T) ** (-3./2.) 
Y = Q*A*B I (RHO*CP) 
WRITE (6,30) Q,T,Y 

• I 

30 
10 
40 

FORMAT ('0',20X, F10.O, lOX, FIO.O, lOX, F20.l0) 
CONTINUE 
CONTINUE 
STO!> 
END 

The results of the program are plotted on t><o-cycle semi log paper 

in Figure 5. It was observed that all of the curves became a maximum at 

approximately 7500 hours, which is nearly 10.5 months. However, dif-

ferent radii would yield different maximums at each Btu value. In 

Figure 6 the heat generated was plotted against the maximum tempera-

ture build-up to obtain the maximum temperature rise for different 

amounts of heat generated. Such a correlation would be useful in 

determining the heat generated for varying amounts of surface tempera-

ture build-up. As seen in this figure a temperature rise at the surface 

of 350F would be generated by 3.8 (106) Btu at a distance of 10 feet. 

In summary a mathematical model can be designed to predict heat 

transfer in coal spoil embankments. However, the accuracy of such a 

model is dependent upon the homogeneity of the spoil and the accuracy 

of the values assumed for the various parameters. To accurately apply 

a mathematical model, the spoil embankment should be thoroughly sampled 

and a chemical analysis of each sample should be completed for accurate 

data assimilation in the formula. 
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CHAPTER III 

REMOTE SENSING 

3.1 Electromagnetic Radiation 

. 
" 

~emote sensing, one of the most popular mass data-gathering tech-

niques, may fall int', five broad categories according to sources of 

Lnergy: sonic, electrical, nuclear, magnetic, and electromagnetic radi-

ation. Seldom would all of these techniques be applied to one objec-

tive, but each contributes useful information and data for specialized 

cases. It is the objective of this study to focus upon applications 

of remotely-sensed data from electromagnetic radiation for the detection 

of fires in coal spoil embankments. Applications of the other techniques 

and sources of remote sensing will not be discussed in this text. 

Electromagnetic radiation may be divided into many ranges, several 

of which are presented in this report. Radiation that can be photo

graphed with a camera is called actinic radiation. However, actinic 

radiation comprises only a very small portion of the electromagnetic 

radiation spectrum. 

A beam of white light can be dispersed by a crystal prism into a 

spectrum, which includes a band of color from violet through blue, blue-

green, green yellow, orange, red and deep red. These colors are sepa-

rated because they represent light of different wave lengths; these 

wave lengths become longer as the spectrum is traversed from blue to 

red. The range of wave lengths perceived in the visible spectrum 

10-33 

;; .. 

;,' 0 i;' 

~ 1 
:'!. I ( 
i> 
" 

i'- I 
1 

,:. I , 

i--

" I , 
" 1 
[;' I !,' 

rr 
,;, 

" 

f 
h' , 
l 

I' 



varies from 400 nm at the blue end to ioo nm at the red end. A nm 

(nanometer) is defined to be one millionth of a millimeter. Figure 7 

'shows the spectrum and 

wave lengths. 9 

the system used in this report i~ the various 
: 

In addition to the light which is visible, there also exists 

invisible electromagnetic radiation similar to the visible radiation 

called light. This invisible radiation is present at both ends of the 

visible spectrlli~. Short wave length radiation, called ultra violet 

radiation exists beyond the violet radiation. It is inVisible, but 

has a strong action on photographic materials, making it highly actinic. 

At the other end of the visible spectrum, the infrared (beyond the red) 

region exists. 

As the infrared region extends far beyond the end of the visible 

region, the wave length increases, creating heat waves and finally 

merging i.nto radar and radio waves. Even though the infr'!::c': :!."egion 

is extensive, only the region near visible-red is ac~inic. The long~ 

, est wave length of radiation recorded by photogr~~hy is ~bout 1350 nm, 

but usually infrared photography is in the 700 nm to 900 nm range. 

Beyond this range, storage and use of specialized film would be imprac-

tical because oC the amount of heat radiated. Even body temperature is 

enough to fog film. For some applications now se~ved by thermal record-

ing, such specialized film would have to be stored at the low terupera-

9 ture of liquid nitrogen. 

Infrared radiation can be separated into four broad ran~es of 

increasingly longer wave lengths: 

1) The actinic range, which comprises the near-red part of the 

radiation produced by incandescwnt objects such as (.he el'Jn and electric 
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lights. This radiation can be reflected or emitted by objects that are 

not hot themselves. 

2) The hot-object range which comes from nonincandescent objects 
• , 

Buch as hotirons or electrical components, having temperatures around 

4000 0. 

3) The calorific ran~a of radiation, produced by objactB with 

temperatures around boiling water and steam pipes, having temperatures 

around 200°0. 

4) The warm range of radiation produced by human body temperaM 

ture and ground heat. Radiation in the warm range is from 8,000 to 

14,000 9 nm. The hot spote in coal spoil embankments will overlap 

ranges three and four. 

3.2 ERTS-I Photography (Visible 
and Near Infrared Actinic) 

The ERTS-I module is a sun-synchronous satellite with essentially 

two function systems: a Multispectral Scanner Subsystem (MSS) and a 

",Return Beam Vidicon (RBV) camera. In addition, the satellite has a 

Data Collection System (DCS) to gather water quality information sup

plied by Data Oollection Platforms (DCP's) lo'.ated in strategic water 

locations. Figu~e 8 is an illustration of the ERTS-I satellite. Due 

to technical difficulties the RBV system has been inoperative since 

the launch of the satellite. However, the two remaining systems con-

tinue to function properly. Only the data from the MSS subsystem was 

used in this study. 

The first and primary sensor' functioning on ERTS-I is the MSS 

system and is composed of a scanning device and an oscillating mirror 

to continually scan the earth's surface. (The schematic of the NSS 
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( 

is shown in Figure 9.) 'The subject system is composed of a scan mirror, 

a set of concav~ reflecting mirrors,' and a convex mirror to concentrate 

the ground reflected light onto the fiber bundle which activates !;he , , 

detectors. The scan mirror is a flat, elliptically-shaped 9 x 13 inch 

mirror, oriented 45 degrees with respect to the telescope axis and nadir 

line. The 185 kilometer sweep is created by a + 2.9 degrees rotation 

about the velocity vector. The forward velocity of the satellite is 

adjusted such that during the time required to image the 185-kilometer-

wide path, the module has advanced six fields of view creating six 

imaged lines in each of four bands during each sweep. 

The radiation sensed in each frame is different amounts of 

reflected light from the earth.10 The MSS gathers data on the earth 

by imaging several spectral bands simultaneously through the same system 

which for ERTS-I is a 4-band scanner receiving electromagnetic radia-

tion wave lengths from 500-1100 nm. The four selected spectral bands 

are: 

Band 4 500 to 600 nm 

Band 5 - 600 to 700 nm 

B ,and 6 - 700 to 800 nm 

Band 7 - 800 to 1100 nm 

On board the module the light recordings are transformed into electri-

cal energy, digitized, and sent to gathering stations on the surface. 

Table 7 is a listing of all the products available for users of 

ERTS-I imagery. System Corrected Images are images that contain the 

radiometric and initial spatial corrections introduced during the pro-

cess of video tape to film conversion but not corrections provided by 

the scene correcting system. Scene corrected imagery refers to the 
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TABLE 7 

ERTS OUTPUT PRODUCTS 

Product Type 

System Corrected 

MSS 

Scene Corrected 

MSS 

Data Collection 
System 

Black I> White 

70 rom Negative 

70 mm Positive 

9.5 Negative 

9.5 Positive 
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Color Digital 

9.5" Positive 7 Track 
Computer Tape 

9.5" Paper 9 Track 
Print Computer Tape 

9.5" Positive 7 Track 
Computer Tape 

9.5" Paper 
Print 

9 Track 
Computer Tape 

7 or 9 Track 
Diet tal Tape 
Punch Cards 
Computer I,isUng 

(Data Users Handbook 10) 
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imagery that has received radiometric and spatial corrections provided 

by the scene-corrected imagery system including transformation into 

the Universal Transverse Mercator or Polar Stereographic coordinates. 

The most used and generally only available products are the 70 mm posi-

tives, which are scaled 1:3,369,000, the 9.5 inch positives, which are 

scaled 1:1,000,000, and the 9.5 inch paper prints. From the 70 mm 

positive transparencies, the writer uses ordinary development and 

enlargement techniques ;0 produce a ';posoprint." These posoprints have 

been especially useful in the location and identification of stripmines 

and spoil embankment dumps. The development technique will be discussed 

in Chapter IV. 

Figure 10 is an example of a 9.5 inch print. Note the longitude-

latitude tick marks along the sides of the image. An explanation of 

the alphanumeric annotation at the bottom of the image is as follows: 

1) Character positions 01-08. 15APR73: Day, month and year 

of image. 

2) Character positions 09-25. CN33-A/W087N: The longitude 

and latitude at the center of the image, indicated in 

degrees and minutes. 

3) Character positions 26-42. N33-16/WO 87-22: The latitude 

and longitude of the nadir indicated in degrees and minutes. 

4) Character positions 42-54. MSS 7: MSS indicates the system 

and the 7 indicates the band number • 

5) Character positions 55-68. SU~ EL55 A2125: Sun angles -

the sun elevation and azimuth as measured clockwise from 

true north. 
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6) Character positions 69-79. 190-3708-N: These indicate 

the spacecraft heading orbit revolution, and ground 

recording station. 

7) Character positions 80-89. I-N-D-L: "I" indicates a full 

image, "N" indicates, normal processing, "D" refers to 

definitive orbit and "L" refers to a "10~1 gain" for a com-

pressed mode of a MSS signal. 

8) Character pc>sitions 90-98. NASA ERTS: Identifies the 

Agency and Project. 

9) Character positions 99-114. E-1050-15551-5 01: Identifies 

project identifier, days after launch time of observation 

10 and regeneration number. 

3.3 Infrared Color Photography 
(Near Infrared Actinic) 

Infrared color photography is a relatively new procedure which 

utilizes a color film sensitized to infrared. This film is commercially 

'available from several sources. This type of film was originally pro-

duced for camouflage detection by aurial photography. However, it is 

now available in 35 mm magazines for numerous ground and laboratory 

uses. Unlike the_usual color film, it has three image layers sensi-

tized to green, red and infrared instead of blue, green and red. A 

yellow filter is used on the camera to withhold blue to which these are 

also sensitive. When processed, a yellow positive image records in the 

green-sensitive layer and positive images of magenta and cyan appear in 

the red, and infrared-sensitive layers (see Figure 11). 

Even though blue has been excluded from the image by the yellow 

filter, blue can be formed in the transparency. Magenta and cyan will 
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Figure 11. Col or Formation With Infrared Color Film ( Af ter Applied Infrared Photography 9) 
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Fredominate and will combine to form blue when the yellot~ image in the 

green sensitized layer is bright. Many other colors can be produced, 

depending on the proportions of green, red, and infrared reflected or 

transmitted by the subject. Leaves record red because they are "bright" 

in the infrared range; this produces a light-toned cyan image which 

9 allows red from the other layers to predominate. 

In addition, a visible-light component is integrated into the 

infrared record. The result is a "ialse-"olor" image of the subject. 

The film produces many characteristic color~ in photographs of many 

physiological and botanical substances. Because the color infrared 

photography is relatively new, the infrared-reflection characteristics 

of substances have not been appreciated. The actinic infrared band 

is fully as wide as that from green to red, so several infrared "colors" 

could exist. It is only when the infrared radiations are translated 

by detailed photographic procedures into visible color differences that 

9 distinctions can be observed in a color photograph. The infrared 

photographs in this 'Ceport cover the spectral band range f~om 510 -

900 nm. 

3.4 Hand-held Thermal Scanning 
(Medium Far-Infrared) 

A thermal hand-held infrared scanner has been used successfully 

to detect temperature differences on direct-line-of-sight objects. 

The infrared (IR) scanner used to survey the coal spoil embankments 

in this report was one originally developed for military use as a 

device for night vision. The instrument used by the writer was furn-

ished by the lJ. S. Bureau of Mines, Denver, Colorado. The device is 

shown in Figures 12 and 13. The IR scanner is powered by a 6-volt, 
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silver-zinc battery that is normally worn on a belt. The acanner 

itself is ten.inches wide, 5.5 inches high, 3.5 inches deep and weighs 

six pounds. It is completely portable and is an ideal instrumen~ for 
• 

use in and around mining operations, for the detection of loose roof 

rock, geological anomalies, hot rollers in conveyor belts, and to 

detect hot spots in coal spoil embankments. 

The major components of the thermal hand-held IR scanner are 

shown in Figure 14. The tool receives wave lengths in the three to 

five micrometer range through a 2.5 inch diameter, germanium silicone 

window that is reflected by a scanning mirror to the object lens. The 

object lens focuses the waves to 48 lead se1enide detectors that are 

. 0 

thermoelectrically cooled to 193 Kelvin. The signal is then ampli-

fied through a .rea1-time synchronizer and displayed ~n a cathode r9V 

tube. The instrument in effect is a radiometer with a thermopile and 

electronics to present a real-time, direct temperature reading on the 

display. The IR scanner is designed to detect temperature differ-

o 
entials as small as 0.2 C ~lhich is an adequate sensitivity for large 

temperature anomalies such as coal refuse hot spots. The maximum 

efficient rsnge of the scanner has not been fully defined; however, it 

has been succe8s~u11y used to detect fires at least 6,000 feet away. 

The coal spoil embankment fires were all identified from 2,000 feet 

to 3,000 feet altitude in a light aircraft in addition to ground 

observations. 12 

3.5 RS-l4 Scanning (Far Infrared) 

The RS-l4 scanning system is a refined and sophisticated version 

of a basic hand-held scanner. The RS-l4 receivea electromsgnetic 
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Figure 14. Components of the IR Scanner 
( After Stateham 11) 
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radiation in the 8,000-12,000 nm wave length range. This radiation 

falls in the warm range; and due to the limits of the system, the 

~q-14 scanner is not capable of accurately recording temperatures 
.r . 0 

greater than approximately 150 F. 
, 

The aerial RS-14 scanner receives radiation through an infrared-, 

transmitting lens to a phosphorescent layer which i9 scanned with a 

heat sensor. The heat sensor impulses are amplified to a real-time 

synchronizer and displayed on a cathode ray tube. A camera, con-

tin~ous film t~pe, or magnetic computer tape is focused on the display 

of r.he cathode ray tube where the image is recorded. Generally, the 

image is continuously reproduced on a positive transparency which is 

generally the same type of film used for Ektachrome transparencies. 

From this positive transparency, a negative transparency can be made 

for permanent paper reproduction. 
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CHAPTER IV .1 

ELECTROMAGNETIC RADIATION ANALYSIS 

OF A COAL SPOIL PILE 

4.1 Field Data 

In order to fully and accurately evaluate the several remote 

sensing systems used in this study, it was essential to establish 

the existir.g embankment conditions as ground truth. These conditions 

may determine the usefulness of the different sensing systems that 

will be discussed in the summarization and recommendations. During 

this study thirteen coal spoil embankments were surveyed for effects 

of fires. The embankment selected, was the Parrish dump because it 

had visible effects of severe hot spots, it was conveniently located 

for observation, and the owners gave permission to study and report 

on the fires present. 

The Parrish coal spoil embankment is located approximately 

three miles south of Parrish, Alabama. The spoil pile was begun 

in 1959. The refuse is primarily shales and jig-rejected coal having 

a combined heating value of 4,000 to 5,000 Btu per pound. The volume 

of refuse has typically ranged around 30 percent of the extracted 

tonnage. The Mary Lee coal, being mined at this location, has a 

shale layer separating two coal benches with two feet to six feet of 

coal being mined. Physical data for the dump are listed onTable 8. 
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TABLE 8 

PHYSICAL DATA FOR PARRISH DUMP 

Height: 70-90 feet 

Acres: 12-15 acres 

Age: 15 years 

Approximate Tonnage: 5-6 million S. Tons 

Heating Value of Spoil: 4000-5000 Btu/lb. 

Geographical Coordinates: Lat. 33°42 '10" 
Long. 87°16'55" 

Nearest Town: Parrish, Alabama 

Population: 500 

Distance to Nearest Town: 3 miles 
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The topography of the general area is a sequence of hills and 

valleys with the local relief being as much as SOO feet (Figure IS). 

A small stream flows on the western side of the dump. The spoil pile 

is the highest on the stream side, where the deepest part of the valley 

exists, and extends to the east and north as seen on an aerial photo-

graph (Figure l6). The pile currently has four benches at its highest 

point and only one bench on the extreme northeastern flank. 

The composition and tE'.xture of the spoil is variable thoughout the 

embankment. The older refuse appeared to be more fractured and weathered 

than the new refuse. About 80 percent of the old refuse was observed to 

be in irregular shapes from five cubic inches to ten cubic inches in 

volume. Ten percent of the old refuse was in pieces less than five cubic: 

inches and greater than one cubic inch. The final 10 percent was less 

than one cubic inch in diameter. The new spoil appeared much larger 

than the old. Approximately 70 percent of the new spoil was composed of 

pieces greater than ten cubic inches and 25 percent appeared to consist 

of fragments between one cubic inch and ten cubIc inches. The last five 

percent was less than one cubic inch in volum~. It was evident that the 

spoil degenerated and weathered readily with time. 

A fire was observed on the west side of the dump extending to 

the south side along the base of the dump. Smoke could be seen 

rising over the burning area (Figure l7), part of which has been 

covered with six to twelve inches of clay to cover the fire (Figure 

18). This clay cover has been rendered ineffective due to natural 

erosion and compaction. Furthermore, the surface has subsided where 

the fire continued to burn allowing fresh air to rekindle the fires 

(Figure 19). 
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Figure IS. Topographic Map of Parrish Dump 
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Temperature me,3surements were made on the areas where the hot 

spots and fires. occurred. Normal surface temperatures measured with 

a hand r ,.diometer were 84 "F Oq san-beated surfaces and approximat.e1y 

a 
140 F on the heated surfaces. These temperatures were confirmed 

with a thermocouple (Figure 20). The temperature ten inches under 

the surface ranged from 180-2000 F, as measured tdth the thermocouple. 

4.2 Low Altitude Black and 
White Photography 

Low a1tituue (2,000-3,000 feet) black and white photography is 

an excellent visual tool to survey coal spoil embankments for 

external signs of fires and hot spots (Figure 16). Upon close 

examination of Figur~ 16, one can determine the distinct boundaries 

of the embankment, which is bordered on the west by the small stream 

and by the coal settling pond in the eastern' cove. 

When surveying the photographs for signs of fires cr hot spots, 

discolored material is detectable on the aouth side of the dump, 

. which is clay spread over a fire or not. spot to either impede the 

oxygen airflow or to cover the environmental effects of the fire. 

If the photography is made with sophisticated camera equipment and 

film, then the external effects of the fire may appear on the image. 

Upon close examination of the subject figure, small wisps of smoke 

can be seen rising over the west side of the embankment, indicating 

that a fire exists. However, simple hot spots or less severe fires 

probably would not be discernible from such an image. In addition, 

color photographs may be enlarged and enhanced to identify more facts 

which are not detectable on the black and white photographs. 
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Black and white photography is a useful imaging system to detect 

abnormal surface discolorations on a coal spoil pile. However, 

additlonal data are needed to identify warm and hot spots that have , .. 
not been covered with clay or other inert material. 

4.3 ERTS-I Imagery 

Satellite imagery is a sophisticated system for repetitive 

coverage of the earth's surface. The full potential of this tech-

nique has not been realized, but investigations are continuing to 

exploit its usesl•• Each of the four bands of: electromagnetic radia-

tion wave lengths have different characteristics, and each is suited 

for optimum use in particular situations. 

Bands four and five sense radiation wave lengths in the 500-

600 nm and the 600-700 nm ranges, respectively. This visible actinic 

radiation may be photographed by ordinary means. These images are 

particularly useful in color changes in fields, tree vegetation, and 

urban areas. Even though most ERTS products are not in color, most 

practitioners feel that color enhancement is a needed dimension for 

the ERTS data user. 

The most useful technique of enhancement the writer was able 

to use was the reversed image, which was named a "posoprint" for 

use in this study. The posoprint is made from a positive instead 

of a negative, which results in an image with reversed colors. These 

posoprints, along with the normal images in bands four and five were 

surveyed for the coal spoil embankments under study with mostly 

negative results. The reflected actinic light integrated with the 

reflected light of the surroundings to yield mostly indecipherable 
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boundaries. This problem was enhanced by the fact that the sensing 

mechaniem was many miles away (the scale on a 9.5 inch print is 

1:1,000,000). The image displayed no signs of,the fires or the clay 

cover. 

Bands six and seven, which receive radiation wave lengths from 
" 

700-800 nm and 800-1100 nm, respectively, were uaeful in the detec-

i 
I 
j 

l 
! 

• J 

tion of the co~l spoil embankmenta. Several of the spoil piles under 

study are circled on Figure 21, which is an enlarged posoprint of 

band six on APr'l 15, 1973. On normal imagery these embankments 

would appear dark in relation to their surroundings but due to gray 

scale effects the contrast is better'on the reversed image. These 

embankments appear to be indistinguishable from other l,ike spots 

on the image to the unskilled ERTS user. The unskilled user must 

know Iqhat he seeks and its approximate location. Otherwise the 

image may be meaningless. The printed images did not show any dis-

tinguishable characteristics to indicate the presence of fires or 

hot spots on any of the spoil embankments. However, computer analy-

sis of such data may indicate much more than the eyp. can detect. 

Practical application of the computer for this use is still in the 

future. 

Data quality is variable due to ptoblems in transfer and 

mech~~ics. The frequency of data is an advantage if no clouds 

cover the target areas. The writer found cloud cover to be a 

major pro~lem in the repetitive data gathering process. The 
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applications of ERTS-I imagery is limited because of the small scale 

of the products; Banding, gray scale stabilization, distortion, and 

development technique stabilization also present problems of defi-
• 

nition and clarity for the ERTS-I data user 

4.4 High Altitude Infrared 
Photography (60.000 Feet) 

.. 

The high altitude photography used in this study sensed radia-

tion in the red and infrared wave length range of 510-900 nm. The 

original images were in color; but for purposes of study and repro-

duction, the photographs used were black and white poaoprints. 

Figure 22 ia a black and white photograph enlargement of a color 

infrared transparency. This image demonstrates many of the inherent 

characteristics of the coal spoil embankment. 

Upon examination of Figure 16, the observer can identify the 

boundaries of the embankment. The small stream on the western side' 

of the spoil pile is relatively brighter when compared to the bank. 

" The coal settling pond in the eastern cove is also lighter than the 

dump. The surrounding buildings, vegetation, and fields are readily 

distinF~ishable from each other. A color photograph presents excellent 

color contrast a~d distinction where the black and white must rely 

totally on gray scale changes. 

Aa the dump is surveyed for indications of fire, the clay cover 

(which is reflected nearly black on Figure 22) is readily distinguish-

able. The primary variable defined in this example is the sensivity 

of the film to color changes. On the subject photograph, the large 

erosion patterns on the southwest corner of the dump are also cvident~ 

Hot areas and fires were detected on a number of the other embankmenta 
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Figure 22. High Altitude Infrared Posoprint-Parrish Dump 
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studied by these color changee. Most of the fires or hot epots could 

be termed "old" because of the red oxidized shale ("red dog lt
) left 

on the surface. The red material differs noticeably from the typically 

gray-black coal spoil on an infrared photograph of this type. 

The high altitude infrared actinic image ie uoeful QO a mesns 

to detect visible effects and symptoms of a coal spoil emban!~ent 

fire. However, a fire must be noticesbly evident before it is recorded 

by this system. By that time, the fire would likely be out of control 

or at least would be very expensive to arrest and extinguish. The 

primary function of a successful remotely-sensed system should be the 

early detection of tile fire. 

, 4.5 Scanning with the Thermal 
Hand-held Instrument 

The thermal hand-held infrared acanning instrument is capable 

of detecting tempersture differentials as small as 0.20 e at close 

range (less than ten feet). However, as distance increases, the mini-

mum temperature differential that the instrument will detect also 

increases. The image seen on the display is adjusted to an optimum by 

the contrast and brightness adjustments as shown on the back view of 

the scanner (Figure 13). 

Initial investigations with the hand-held instrument involve 

scanning the surface and banks of the spoil pile for warm or hot areas. 

The hand-held scanner readily detects differences in temperature gener-

ated by trees, water, sun-warmed banks, and spoil banks. As the 

western side of the bank was surveyed, wisps of smoke could be seen 

rising over several hot spots which were immediately detected by the 
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scannel. • The scanner was mounted on a tripod (Figul:e 23) and adjusted 

for optimum clari~y. 

A camera was focused through the eyepiece and several photo- ' 

graphs were taken (Figure 24). These images were analyzed for tempera-

ture difference on a qualitative basis. The hottest spots appeared 

in the two light sections near the bottom of the page. Temperature 

lessens on the outside edges of the hot spots, which is evidenced by 

the cloudy haze that diSintegrates on the outward edges. Each of the 

white spots represents a temperature difference on the surface of the 

spoil dump. The hot spots in the subject figure can be termed as 

"aevere" or ''very hot." However, no quantitative values can be assigned 

to light intensities that are recorded on the'photograph. 

The south bank of the Parrish spoil embankment also contained 

hot areas but not nearly as hot as the western bank. These areas 

could more accurately be termed as "warm spots." Several of these 

spots are displayed in Figure 25. Note their inconsistency and ran-

dam display patterns, which have been created by air inflow supplying 

the combustion in the spoil. The top and eastern surfaces of the 

dump were scanned with the hand-held instrument without detecting com-

bustion. The sun-heated trees were warmer than the northern and eest-

ern sides of the embankment. 

The hand-held thermal infrared scanner proved to be effective 

in detecting warm and hot spots in the Parrish coal spoil embankment. 

No quantitative temperature differences could be calculated, but the 

instrument displayed temperature differentials that could be quali-

tatively evaluated. Its portability was well suited for the spoil 

pile environment. 
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4.6 Imasins with th~ RS-14 
Infrared Inat~!ment 

! The RS-14 thermal infrared instrument is used primarily on 

airborne surveys to monitor temperature differences for scientific and 

environmental rurposes. On November 18, 1973, a NASA research air-

craft surveyed the major coal spoil embankments in the Warrior Coal 

Basin with the RS-14 scanner. The weather conditions and flight 

parameters for the Parrish spoil pile were as follows: 
\ 

WEATHER - less than 30 percent cloud cover 

sunny morning 

ground temperature - 750 F 

1 t than 300 sun ang e grea er 

FLIGHT PARAMETERS - altitude - 2110.0 feet 

heading 315.70 

drift 1.60 

roll 5.90 

pitch 0.30 

speed 159.0 knots 

A continuous film tape was used to record the image displayed on the 

cathode ray tube of the RS-14 instrument. From this tape a continuous 

recording of the scanning was imaged while the RS-14 system was in 

operation. The result was a black and white negative transparency 

from which a positive transparency was made. Images of the positive 

and negative trsnsparencies were developed and are shown in Figure 26 

and Figure 27, respectively. 

Both imsges clearly identify areas which have abnormally high 

. temperatures. In Figure 26 the hot areas are indicated by the black 
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areas on the west snd south sides of the dump. The temperature is 

most intense on the western edge of the spo1l pile. All of these hot 

areas were initially delineated by surface observation and with the 

hand-held acanner, but not nearly as accurately as presented by the 

RS-14 thelmal image. The same can be observed in Figure 27 which is 

the negative image of the same area. The two images ahow the aame 

data with reversed colors. The white areas in the latter photograph 

have the greatest temperature diffe,rentia1s. Both images are useful 

in the detection and study of these hot areas in coal spoil ambank-

ments. However, the writer feels that the positive image (the 

greatest temperature differential is indicated in black) appear1s 

more to the eye, because dark shades are more distinguishable t~5U the 

light shades. 

Further study of the images reveals the small details on and 

around the spoil embankment that are seen on the black and white 

photograph (Figure 16). The sun is in the southeast as noted by 

the southeast sides of the terrain being warmer than the other sides. 

When taken during the day, the image should be checked for variations 

in temperature created by the sunlight. The ideal time of observation 

is at night or early in the morning. 

The subject images have not heen quantitatively evaluated for 

temperature differentials. However, detection of the spots where 

the temperature differential was greater than 15-20oC presented 'no 

problem to the user. o Differences less than approximately 15 C 

appear~u blurred and hazy due to the scanning effect of the RS-14 

instrument. 
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It is possible with special equipment to assign temperatures 

to the various shsdes presented on the images. The original tempera-

ture image is recorded on magnetic computer tape. A reference black 

body and white body temperature is recorded by a precision thermome-

ter and supplied t-") the computer for integration and gray scale 

identification. The final product can then he analyzed for temperature 

differences and lines of equal temperatures can be connected to show 

isothermal areas. 
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CHAPTER V 

I SUMMARY AND RECOMMENDATIONH 
! I 

5.1 Sunnnary 

I Five remotely-sensed systems which receive electromagnetic 

~ .. : I 
k-, 

radiation were analyzed for their application in the detection of 

fires and hot spots in coal spoil embankments. Each of the systems 

T ,,_1 

received radiation of a different wave length and each was operated 

at a different distance from the fire areas. 

I The low altitude black and white photography was useful as a 

T,,-
l.1 

vi~ual aid to identify the various spoil embankments. It was 

effective as an imaging system in detecting color abnormalities on 

I 
j" 

I 
I 

the embankments. Ordinary photography can be valuable to any user, 

whether skilled in the remote-sensing field or not. Regular photo-

graphy was not useful in the detection of warm areas where surface 

discoloration is not apparent. 

The ERTS-I data collection system operates from a satellite 

I 
I 

I 
•. :!, 

and is therefore useful in distinguishing large surface anomalies 

on the earth • 2 Its accuracy is designed to be 1000 m for the least 

I identiFiable object, but actually is much larger. Frequency of 

I 
sensing is affected by cloud cover, wh~ch dictates the data gather-

ing opportunities. In addition, banding diatortion, gray scale I 

, , I , , , 

stabilization, and product development technique stabilization are 

problems for the ERTS-I data user. 

---I 
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The high altitude infrared actinic photography was useful in 

the detection of visible effects of coal spoil fires. The altitude 

of photography was not high enough to destroy the required rcaolu-: 

tion of an enlarged image. However, the high alt; . .:uda system was 

limited by the seme features as the low black and white photography. 

The actinic infrared photography was not useful to de~ect temperature 

differences. 

The hand-held thermal infrared instrument proved its effective-

l.ess in monitoring temperature differentials on coal spoil embank-

ments. As a portable one-man scanning device, it was practical on 

location and was easily transported. The instrument was not designed 

to 6ive quantitative temperature differentials but was accurate in 
o . 

detecting temperature differences of 5 C at 100 meters. 

The RS-14 thermal infrared imaging system accurately detected 

temperature differentials on the coal spoil embanl~ents. The sensi-

tivity of the system was sufficient to monitor abnormslities that 

were not readily distinguished by mining personnel who worked with 

the embankments. The RS-14 sy~tem used hy the writer was not 

adapted to quantitative analysis but such a system is available for 

industrial use upon special request. The subject system was useful 

in accurately surveying a large number of coal spoil embankments in 

a few minutes. 

The cost to survey a coal spoil embankment, utilizing both 

thermal scanning devices discussed in this study. couH be as much 

as $5,000-$10,000 including photograph reproduction. H~ever. a 

pre.etiesl appl:!.cation of these techniques may be completed with only 
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the hand-held scanner. The surface of the dump could be scanned for 

hot spots by ground observation and by aerial inspection (rom slight 

aircraft. A camera could be focused through the eyepiece of the , 

portable instrument to record any heat patterns. Cost for such a 

surveillance system could be BS low as $200-$400. 

Thirteen coal spoil embankments were surveyed by the writer 

for possible fires or hot spots. Tbe following spoil piles showed 

indications of fires and/or hot spots: 

1) The Parrish Dump 

2. The Graysville #1 Dump 

3) The Graysville #2 Oump 

4) The Maxine Dump 

5) The Pleasant Grove Dump 

6) The Johns Dump 

7) The West Blocton Dump 

All fires were confirmed by ground observation in addition to 

the R5-l4 imagery and the band-held infrared scanner. The assimilated 

data for th" 13 cOol spoll embanltments are listed in the Appendix. 

5.2 Recommendations 

This investigation has created the need for research in the 

following areas: 

1. A comprehensive study in the fields of autogenous heating 

of coal spoil and he~t transfer in spoil embankments. 

2., An environmental impact study of ~ burning coal spoil pile. 

3. Applications of computer analysis to quantify gray scale 

changes on a thermal image • 

10-78 



,." .. ~L"", , ,. ;, 

II!! 
I " 

I 
I 

I 

I 

I 

I 

~. 

\1 1 ,_ 

I I 

.'. I , 
I 

APPENDIX 

'-,--"'---~-

// 

........ _,_"., L. 

r 
-I 
I 

, 
1 
I 

" ·:l 

I 
! ' 
I 

I 
! 

, , 
1 
1 

j 



o 

~ 

I 
I 
! 

i! 
.1 

. " f: 

> I 
! 

~ I 
l 
j , 
I 
I 

I 
I 

j 
;1 

[-'.J 

.... 
o 
I 

"" o 

.. 

E~.3 E~·~.·l [~~3 c..;+-) 
( 

Name of 
Dump 

1.' Parrish 

2. Maxine 

3. Concord 

4. Johns 

5. Piper 

6. West Blocton 

7. Maylene 

8. Graysville III 

!to Graysville 112 

10. Graysville 1/3 

11. Gorgas 

12. Pleasant Grove 

13. Mult',·, 

i}-J ["'-'1 

Size 
CAe. ) 

, 
12-15 

14-16 

70-80 

5-7 

6-8 

1-3 

8-10 

2-4 

11-14 

9-13 

3-5 

35-40 

2-4 

L:"·: ',".,-J to....4j C--j [,,~,~] 

( 

TABLE 9 

,~ !1 
L-·-j CC~J L-.. 7'"'] [~~ h·J ~ E--'! 

( 

FIRE DATA ON SURVEYED EMBAN!{}IENTS 

Fire Size of % of Dump Fire 
Present Fire CAe.) on Fire Location Remarks 

Yes 1.4 11.0 SW edge Young fire, See Figures 
26 and 27 

Yes 1.0 6.5 SW edge See Figure 28 

No 

Yes 0.3 5.0 SW corn. See Figure 29 

No 

Yes 0.1 5.0 SW corn. See Figure 30 

No 

Yes 1.0 30.0 SW side See Figure 31 

Yes 3.0 24.0 SW edge See Figure 32 

No 

No 

Yes 10.0 27.0 SW side See Figure 33 

No 

__ ', ;~ .. ;;C; •.. :', "",~",'_~',-._._,-~ ... ______ _ 
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Name of 
Dump 

Par.:ish 
Maxine 
Concord 
Johns 
Piper 
West Blocton 
Maylene 
Graysville 111 
Graysville 1/2 
Graysville 1/3 
Gorgas 
Pleasant Grove 
Mulga 

G - Good 
F·- Fair 
P - Poor 

( ( 

TABLE 10 

ANALYSIS OF B&W, ERTS-I, AND INFRARED COLOR PHOTOGRAPHY 

Black & White Photograohy Infrared Color Photography ERrS-l Photography 

Pile Pile Heat Pile Pile Heat Pile Pile Heat 
Detec- Bound- Color- Sens- Detec- Bound- Color- Sens- Detec- Bound- Color- Sens-
tion aries ation ing tion aries at ion ing tion aries ation ing 

G G G l' G G G P G F l' P 
G G G l' G G G P G F l' P 
G G G l' G G G l' G G l' l' 
G G F l' F F F l' P P P l' 
G G F l' F F F P P P P l' 
G F F P F P l' P P P P l' 
G G G l' G G G P F F P l' 
G F F P F P P P P P P l' 
G G G P G G G P G F P P 
G G G P G G G P G F P P 
G G n P G G G P F P P P " G G G P G G G P G G P P 
G G G P G G G P F P P l' 

--. 

., 
• ...,.~""'.,~ u~ '-"""'-;" 1 ~ ,-"- f ' --t 

r , 

, , 

~ . 

t-;-c 

~ ............. "~~-"-", ..... ,-,_,~.,,, .. ,~~~~ ..... ~~-.~-~~",,~~-=-,",,,~':~ __ ~ ._~'_L.. •• _"~ •• ~- ,- •• ~"., .. _,_~., __ ,~_,"_,.,"._" ___ ,~~~ __ - <>=_ .... >..:_. _' _":.c_~,",>-....:.-,"",,,.~ ..... w."_""'''''''''''~'''~''''''''-''''~'''''''''_~",",~",,, __ ~'''''''''~'-~L._ , .. ,_.....l1lI 



"7 
.~~_v._, 

f• ." r' J [, 1 .' , [, 1 " ] ~,' 1 .. 'J 
c ... - •• J L:.~~-' . -_~;-~:s L-~"-J '-- ..... : -oj t~ t-~"" L---"'''; 

""",-- ; ( 
~J ~1 ~ e---,g G~ ~ &-,o,l &-J ~ ~ E-B 

( ( 

TABLE 11 

ANALYS!S OF HAND-HELD fu~ RS-14 SCANNERS 

-:;:'; 

J -, i • 
1-7-- 1 
l' 

.... 
0 
I 

0> 
N 

1. Parrish 
2. Maxine 
3. Concord 
4. Johns 
5. Piper 
6. West Blocton 
7. Maylene 
8. Graysville 1/1 
9. 'Graysville 1/2 

10. Graysville 1/3 
11. Gorgas 
12. Pleasant Grove 
13. Mulga 

N/A - not applicable 
X - mechanical problem 
G - Goot! 
F - Fair 
P - Poor 

Hand-Held Scanner 

Pile Pile 
Detec- Bound- Color-
tion aries adon 

N/A F P 
N/A F P 
N/A F P 
N/A F P 
N/A F P 
N/A F, P 
N/A F P 
N/A F P 
N/A F P 
N/A F P 
N/A F P 
N/A F P 
N/A F P 

RS-14 Scanner 

Heat Pile Pile Heat 
Sens- Detec- Bound- Color- Sens-
ing tion aries ation ing 

G G F P G 
G G F P G 
G G F P G 
G F F P G 
G F P P G 
G F P P G 
G G F P G' 
G F P P G 
G G F 1;> G 
G G F P G 
G G F P G 
G X .x X X 
G G F P G 

--, 
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REPORT ON PROGRESS OF CLUSTERING TECHNIQUE 

S. A. Schillaci 

In our work of interpretating some form of raw data into a manageable 

land use information file, the University of Alabama's ERTS project had 

focused most of its attention of acquiring land use information manually 

from some sort of visual representation such as an ERTS or an aerial 

phot~graph. There were no attempts to interpret the data by some other 

means such as supervised or unsupervised techniques. Recently, some work 

has been done in developing a clustering method, called the Modal Search 

Technique (MST), and its application of this method as an unsupervised 

interpretation technique for multispectral scanner data. A computer 

algorithm has been developed and tested with good results, but it is too 

unfortunate that the method was developed so late in the term of the ERTS 

research contract. 

There were four points considered in the development of the clustering 

algorithm concerning large clustering problems. Any algorithm must 

consider these points regarding limitations of core storage and CPU time 

in solving large problems such as the ERTS MSS data: 

1. Repetition of the data 

2. Speed of the clustering measurement 

3. Genqrality of the shapes and distributions of the computed clusters 

4. Applying the generated labels to the raw data 

The amount of repetition is usually very high with large amounts of 

data. The data values around a distribution's mean occurs many times, 

especially if the values are integer. If an algorithm has to apply its 
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messure to each repetitious value, the t1me or storage will most likely 

be affected. 

The next point an investigator must consider in designing an algorithm 

is the measurement used. A complicated measure may work well with a few 

data ?oints with no significant differences than any other measure, however, 

uhen applied to 10,000 or more values, the time to compute the me£lsuU'e m~y 

be exorbitant. 

As in figure 1, much of the displayed clusters do not follow any 

particular pattern. An algorithm that can ha~dle only multi-dimensional 

data that is hypercircular or hyperel1iptica1 will not be able to classify 

data with any other shape without an intolerable rate of misc1assification. 

The last point may be an important factor to consider where actual 

relabeling the data to tts new cluster values is important. For example, 

with the ERTS data it may not be sufficient to discover the clusters, but 

this information should be used to draw maps showing the relation of the 

derived class with its actual physical ground location. Thus a fast 

method of relabeling the points must be implemented. 

With the techniques presented, two types of relabeling exist: para-

metri.c and lists. The distanr.e from the raw data point to the set of 

parameters (mean value) of each class has to be computed to see if the 

point lies within the class boundary. This type of process may take as 

long as the actual clustering process. The second relabeling method is 

to search the generated sets or class lists until the point to be class i-

fied is found. This also is time consuming unless the set of clustered 

data points are arranged in an easy to locate manner. The large amounts 

of storage needed is the main handicap of this type of relabeling. 
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Figure 1. Some Typical 2-Dimensional Cluster Problems 

a) Equal density clusters b) Unequal density 

c) Concave clusters d) Cluster with noise 

e) Linear cluster f) Touching clusters 

g) Cluster within a cluster 
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The Basic MST Clustering Algorithm 

With some "real world" probl.ems, an exact or elegant approl1ch may not 

be very eco~omical. Certain shortcuts must be applied to reach a g~od 

solution, although it mayor may not be optional. An approach, heuristic 

llrogramming, may be a better means of arriving at an aaswer give .. a 

limited amount of resources allocated to problem solving. 

The modal allBrch technique is heur:l.llt:l.c :l.n nature, with the four 

points given in mind. The basic solut:l.on technique is centered around 

two arrays (which is combined into one in the complete algorithm): a 

cluster array and a count array. One important fact about these arrays 

is that the position in the array determines the value of the data point. 

This eliminates the repetition factor since two data points that have the 

same values share the same position in the arrays and a third point, that 

has a different value does not occupy the same position. The count array 

holds the number of occurrences for each point; the cluster array tells 

which class the point was computed to belong to. 

Since the array process is used :l.n the algor:l.thm, the computer mndel 

requires all the data values to be integer. Further study had been nade 

in the area of non integer values and the use of scaling to help solve this 

proplem. 

The measure used in this algorithm is similar to a probability measure. 

The number of occurrences, given in the count array, determines the relative 

importance of each data point. Also, another prerequisite of the data is 

that it is dense within the clusters (which is usually true with large data 

sets). What this means is that if a data point in the count array has a 

number of occurrences, then the probability that a close or adjacent point 

having at least one occurrence is large. 
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A neighborhood measure is also applied in this algorithm. This 

measure uses the concept of an adjacent point. In vector terms: 

A vector Y = (Y1' Y2' , YL) is adjacen~ to the vector 

x = (xl' x2' ... , ~) iff 

! X i - Yi! ~ 1; i=1,2, ... , L 

The actual neighborhood is defined as all adjacent points--including 

the given point. This type of neighborhood measure was used because of 

its speed of computation and, with other neighborhood measures, ability to 

detect complex clusters. 

The variable Z is used as a counter to tell how many different clusters 

have been distinguished. The steps in the procedure are: 

1) Initialize count array, cluster array, and Z to zero. 

2) Input all the dRta points and count into its proper position in the 
count array. 

3) Find the largest count> 0; If all are < 0 then go to step 8. 

4) Find all the neighboring points and count the number of each that are 
classified in the cluster array. 

5) Any neighbor~ classified? If no assume a local maximum and go to step 
7, else continue • 

6) Classify all neighbors (including point found in step 3) into the 
predominate class, change values in count array to minus, go to step 3. 

7) Local Max: If any neighbors have the same value as the largest count, 
signify this and go back to 3 (set value to -99). Else classify all 
neighbors as the class Z+l, change values in count array to minus, go to 
step 3. 

8) Go back over count array ar.a try to classify any points that were left 
unclassified (from step 7). 

9) Pass through original data set and relabel each point from the cluster 
array. 

Testing of th" Complete Algorithm 

Two cases were studied using the MST algorithm with a few changes made 
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in the basic model. The Fisher Iris data and two sample areas were 

analyzed by the technique. 

The Fisher Iris data is a c.lassical data set used by many clustering 

investigators for testing. The data set contains measurements on three 

species of Iris. A total of 150 flowers, 50 from each group, were given; 

the measurements being: petal length, petal width, sepal length and sepal 

width. 

A number of tests were performed by varying the size of the arrays. 

Each run divided the data into three classes. An error term was computed 

to rate the classification ability of each run. It was defined as: 

ERROR c NUMBER MISCLASSIFIED 

N 

N = Total number of data points 

The errors for the Iris data ranged from a low of 8 percent to 14 percent; 

or 12 to 21 misclassified out of 150. The average CPU time to classify the 

data on a RCA Spectra 70/6 was 20 seconds. Another clustering program, 

I called the Ward's hie-r 'l'cal clustering method grouped the data into three 

classes with an 11 percent error in 1 minute, 30 seconds CPU time. 

Two study areas in the vicinity of Tuscaloosa, Alabama were the next 

test for the algorithm. These two areas had been classified before by 

another clustering technique, called the Composite Sequential Clustering 

(CSC) technique, using ERTS MSS data. Also the areas had been classified 

manually from aerial photography. 

Study area one, or the stripped area, is in west-central Tuscaloosa 

County. It is an isolated area consisting mainly of strip mines and 

forests. A portion of the Black Warrior River runs through the center of 
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it. Although the area contains very few types of la.:-I uses, the ERTS data 

contained clouds and cloud shadows. This is usually very detrimental to 

many interpretation techniques causing much misclassification and un~lassi

fied samples because of the highly varied statistics. This was noted in a 

map of the classifications from the CSC method. 

The MST method classified the area into seven classes.- A map of the 

clasaes in the area was printed and colorcoded by hand. From this map, a 

visual analysis corresponded the following classes with the ground truth. 

Class 1 corresponded visually to forest areas or areas with trees. Class L 

traced out the Black Warrior river so it was assumed to be the water class. 

However, some cases of it were scattered around cloud shadows. Class 3 -

had spectral values close of that to class 2, but it was concentrated at 

areas of cloud shadows. Class 4 occured in areas of strip mines but also 

was founa in the fringes of clouds. Classes 5, 6, and 7 were high spectral 

readings and corresponded to clouds. 

Using these classes as an indicator lor the land use, a test was rUn 

against a manual analysis of the same area. Using the error term given 

above, an error of 27 percent was calculated, at 73 percent accuracy. The 

esc method scored a 55 percent accuracy of on the same area. 

The second area, southwest Lake Tuscaloosa, contained a larger variety 

of land uses. Figure 2 is the MST classification of the area printed in a 

character map form. The samples printed with slashes C/), was class 3 

and corresponded with the water in the area. The section in the upper 

right hand corner corresponded to a section of the impounded Lake Tuscaloosa, 

and the stream of slashes in the bottom of the figure matched with the 

Black Warrior river. Class 1 or the periods C.) matched in many cases with 

areas of forest. Class 2--the dashes (-)--matched to the large areas of 
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Figure 2. MST ~nalysis of Study Area Two 
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agriculture, grass, and pasture areas; however, class 4 (*) seemed to follow 

these arees, with more congregation around tilled soil and residential areas. 

The areas printed with a's, X's and +'s indicated areas of barren and built 

up lands. 

An accuracy study is not yet completed at this time. The analysis by 

the esc tec~~lique on the area performed relatively well, however much of the 

area was left unclassified. Two samples were left unclassified by the 

modal search method. 

In terms of cost of such a study for land use interpretation, some 

analysis has been completed. The results (Table 1) were run on 4 test 

areas; the two introduced and two other test areas called Tl and T2. Area 

Tl was an area with the same number of samples as study area two but not 

as complex. Area T2 was a large area, used to test how the method works 

with many samples. In both areas the accuracies seemed comparable to the 

first study areas, although no in depth studies were performed. 

The costs figures were arrived by assuming a rate of $200 per hour on 

the Spectra 70/6 running in an emulator mode to replace an IBM 360-50. 

The larger an area is classified at a time, the less expensive it is per 

kilometer to analyz~ the total area. Also the cluster and map time is 

decreased if the area is less complex with fewer classes. Overall, on a 

regional basis, using the MST to classify large areas, the cost figures 

would be more like the ones for area T2 or about 9t per kilometer computer 

cost. On a more specialized basis the costs increase. 

The com:plete results of this research and an explanation of the mathe-

matical models used in the modal search technique is planned to be repot'ted 

in a Master's thesis, to be released sometime in the near future. 
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Study U U 
Area Samples km* 

1 9780 42.48 

2 6916 30.04 

Tl 6916 30.04 

T2 30394 132.02 

T3 61305 266.28 

* 230.23 samp1es/km 

TABLE 1 

MST COST STUDY 

II Copy Time (sec) Cluster Time (sec) Map Time (sec) Cost (cents) 
Classes Total Per km Total Per km Total Per km Per km 

7 14.62 0.34 52.10 1.23 57.64 1.36 0.163 

9 12.92 0.43 53.15 1.77 36.24 1.2 0.18~ 

5 13.51 0.45 48.11 1.60 34.01 1.13 0.177 

7 43.12 0.33 64.43 0.49 106.65 0.81 0.091 

6 35.07 0.13 99.14 0.37 170.76 0.64 0.063 
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