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Preface 

In a statement hefore the t inited Nations (;enerul Assemhly on Septt·mher lH, 1969, 
President Nixon said, "Of all of man's l!reat enterpri~es, none lends ibeif more logi. 
cally or more eompellinl!ly to intefllational cooperation than the ventufl! into sptW(~. 
. . . we arc just heginning to colllprdwnd till' hencfib that space tecllllOlogy can yield 
here on earth. And the potential is enormous.... I feel it is only ri:.:ht that we 
should share hoth the tllil'entures and the hendits of spw·P. As an example of our 
plans, we have determined to take adions with J'(·gard to earth J'('source ~atellites as 
this program proceeds and fulfills its promise. TIIP purpose of th(lsl~ adions is that this 
program will he dedicall'd to prodllf:e information lIot only for the t ;nited ~ttl'·!S but 
also for the world commullity." 

As one of the actiolls foreseen in the President\ lIleSSH:':f', the t ;.S. repJ'('sl'ntative 
at the Septemher L UJ70, Ilweting of the t :nill·d :'-:ations COlllllliILI'e on till' Peacdul 
Uses of Outer Space announced that the t i .~. would hold an Interuational Worbhop 
on Earth Hesources Sun'l:y Systems. This worbh0l' has heen organized to dt'serihe 
the Earth Hesources SIII'\'l'y Program of the t '.~., its content. techniques and results 
to date, and its future plans. The potential ('ontrihution of relllok sensing data to the 
solution of resource problellls and the I'xperillll'ntal material whil'h is expected to 
become available to other ('olmtrie;; are also discussed. The \\'orkshop also provided a 
forum in which other ('ountrie;; dl'snilwd their o\\'n rplated progralll~. 

This volume of tl)(: prOl:et'din:.:s contains the sllf'ef'hes and pappr;; present('d during 
till' session;; of tht' first wet,k of the \\'orbhop I May :~-7, 11)71). 

At tite reque,t of d('I('~at('s attending tite second \I'l~ek IIf tht' \\'orbllOp, wlllr trans· 
plln'ncil's I :t=j III III I of all of the lecture ~lidt's for hoth the first and seeollfl wt'l'ks an~ 
being furnished to the IlI'ads of tlw ddegatiolls of each ('oulltry rCI}I'('senlt·d at the 
workshop. Therefol't', this voll'lIlt' of the proceedings is prilllt'" with hlack·arlll·white 
iIIust rations similar to VolullIe 2. 
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Chairman: Homer E. Newell 



ChairIuan's Introduction 

HOMER E. NEWELL 

Associate Admi1listrator 

Natio1lal Aero1lautics a1ld SpClc(~ Adllli1listration 


Our purpose here is to hrin~ to~cther in one spot. 
for a period lon~ enou~h to he meaningful, some ('x· 
perts in the new remote sensin~ technolo~y that is 
bein~ developed and sOllie of those throu~hout the 
world who arc inlt'rested in the application of this 
tflchnology to the direct benefit of hUlJlanity. 'nIC 
latter cate~ory ineludc5 both tedlllieial15 and those 
in the various countries who llIay he r!'!'ponsihlt, for 
plannin/!, pro~ramin/!. and funclinl! n'mote sCllsinl! 
projects. We hope to arhi(~\'e a pral'lical exehan;!e 
of information in order to establi~h a hash; for 
further de\'e1opment and application of this promis. 
in~ new technolol!)' in tlw de\'dopill~ awl del'dop!'d 
coulltries alike. 

During the course of the workshop. you will hear 
ahout tlH' application of remote sellsin~ to resource 
prohlems. You will hear ahout the {1.S. Earth He· 
sOllrees Teehnolol!Y SateIlites, which will he referred 
to as EHTS·A and EHTS·B, and the Earth Rcsources 
Expcrimellt I'aeka;!e IEH EP), which thc National 
Acronautics and Space Administration I NASA) 
expects to launch startin;! in 11)72. You will also 
hear ahout aircraft remote s('nsin~ systems. till' 
~round data hancllin~ systems whidl are a vcry ilJl· 
portant clement of the ovcrall e/Tort, ancl the essen· 
tial ground slIrvcy actidties. It will indced hc a 
considcrahle task to covcr all this material in a two· 
wcek pcriod. 

TIlC afternoon scssion on Wednesday. May 5. will 
he devotcd to scssions on thc cconomi" hases for 
makin~ decisions to invcst in resource survcys and 
on ('ost benefit analyscs and dccision models. On 
Thursday, reprcscntatives of six other nations will 
dcscrihe thcir remote scnsin~ Jlro~rams. On Satur· 

day morninl!. YOII will havc all opportunity to visit 
the remotc sellsin~ aircraft of NASA and thosc of 
the University of Miclligan at till! Willow Hun 
Airport. 

I would like to call your attention to the fal'! that 
the Univ('rsity of l\lichi;!all is sponsorillg the Sevcnth 
Intemational Symposiull1 on H('lIlOte ~en~ing or tile 
Environm!'nl from May ] 7 to 21. imllH'diatel~' fol· 
lo\\'in~ the workshop. 'fhp. ~ympo~ium will h!' held in 
this same auditorium. The worbhop and tile SYIll' 

posiulll are complell1cntary in tllat papers will Iw 
pre~ented at Ihe !,ylJlPosiull1 011 the latest research 
results hy s('ientj~t~ parlil'ipalin;! in thl! program. 
We cneouJ'agc all those 11'110 ('an rell1ain to allt'nd 
the symposiulll. 

Durin~ the first wcek of tht' \\,orbllOp. therc will 
he simultancolls interprl'lalion into Fren('h and 
Spanish. As inclicated in the allnoUIH'I'nll'Jlt for the 
workshop, we will not h(, ahll' to do Ihis for till' 
second weck. since there will he no plenary session!" 
such a~ this. In~tead, the ddl'i!ah's will divid(· into 
slllall workshop sessions to work on tilt' application 
of rcmotc scnsinl! data to speci fi(, rcsou n'e prohll'lI1s. 

You may he interested in knowinl! what (~olJntries 
and intemational or~anizatiolls hart' sl'nl repre· 
scntativl's here to the workshop. The Ii~t of partici· 
pants shows that :~I) eOlllltries and I.') intl'l'IJaliollal 
or~anizations have re"pondl'd to the invitation to 
!'>end represcnlativl's. This givt's a tolal or .'),1- ('oun· 
tri!'s and illh'f1Hltiollal or~anizalions. I understand 
that allOut :~.')o persons have indicated Ilwir intl'lItion 
to allend. A complete list of rcgistrants will he avail· 
able hy the middlc of the wcek. We hopc YOll will 
all enjoy and profit from this workshop. 
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4 EARTH RESOURCES SURVEY SYSTEMS 

We are very pleased to have with us today Repre as Representative from Texas and, there, was a 
sentative Larry Winn of the House Conlmittee on member of the House Ways and Means Committee. 
Science alld Astronautics of the U.S. Con~ress. This background gives Ambassador Bush an un

It is my pleasure now to introduce the United usual understanding of the importance of the sub
States Ambassador to the United Nations, the Hon ject of this conference. In addition, from his 
orable George Bush, who will make the olTicial position as Ambassador of the llnited Nations, 
welcoming address 011 behalf of the United States. Amhassador Bush has a special cOllcern with the 
Ambassador Bush has had all extensive career in international aspects of the subject. ] am pleased to 
business, which has taken him to countries all present Ambassador George Bush 10 make our of
around the world. lie served in the U.S. Congress ficial welcoming ..ddress. 

PARTICIPANTS IN INTERNATIONAL WORKSHOP 

Countries (39): 
Argentina India Philippines 
Australia Indonesia Portugul 
Belgium Iran South Africa 
Bolivia Israel Spain 
Brazil Italy Sudan 
Canada Jamaica Sweden 
Chile Japan Switzerland 
Colombiu Lybia Thailand 
Finland Mexico Turkey 
France Netherlands Uganda 
Germany Pakistan United Kingdom 
Ghana Panama Venezuela 
Greece Peru USSR 

International Organizations (15): 
United Nations 
UNESCO (UN Educational, Scientific and Cul

tural Organization) 
ITU (International Telecommunications Union) 
FAO (Food and Agriculture Organization) 
ECAFE (Economic Commission for Asia and the 

Far East) 
ECLA (Economic Commission for Latin America) 
WMO (World Meteorological Organization) 
Asian Development Bank 
ESRO (European Space Research Organization) 
COSPAR (Committee on Space Research) 
OAS (Organization of American States) 
PAIGH (Pan American Institute of Geography 

and History) 
PAHO (Pan American Health Organization) 
IBRO (International Bank for Reconstruction and 

Development) 
Euratom 

Total: 54 



Welco111iub 
cr Addrci;s 

GEORGE BUSH 

United States AlI/basSIIc/or to the Unit/,d Nations 

First of all, I would like to rrad the followinf!: 
me~sagc from Prcsidcnt Nixon to this intcrnational 
workshop: 

"It was ncarly two years a;.ro that the tclcdsion 
cameras of Apollo 11 ;.rave LIS all the opportunity 
to ~hare in the advcnture of lIlall's lirst ~tl'" 11/1 thl' 
1\10011. Two months later, in Septclllber of I<)6<), I 
continned to the (;I'nmal ,h~l'lIIblr of the 1'lIill,d 
i'iations that the ('nitl'd Stall's would I'olltintll' to 
share with the world COllllIlUllity IHlth the at!n'lI' 
tures Hnd IH~lll'fit~ of ~pa("e re~earrh. ilH"ludill).! tho~1' 

of the Earth HI'SOUITes Satdlile prO).!f11111. I ).!rel'l 
rOU loday with tIll' wish Ihal this Intl'J'Ilaliollal 
Workshop on Earlh HI'SOUITI'~ SlIrrl'~' S~stelll~ \I ill 
hplp this new II'dlllOlo).!y l'Onll' illto it~ 0\\'11 ill IIII! 
~erril:l' of lIIallkilld:' 

I SUppOSI' lIuthin;! I'oldd IIl1dl'l"sl"on' tIll' impor· 
tallee with whidl tlH~ elllin' l'nikd Stah's (;0\'1'1"11' 

lIIent vit'II'S tltis workshop IIIOIl~ Ihan Ihat 11I1'~sa).!1' 

from I'l'l'sidl'lIl \ ixoll. The ('olllpl"xit, ,\:" j'\'olllis!'. 
alld the hop!' of tltis lIell' 1I,,'hllolo).!), arl' lIlrthl'l' 
dramatized by tIll! ullpn'I'"d"IIIt'd spollson;j,ip "f 
this ).!atherin).! I)~ lllill'd Stat,,~ dl'parllllellt, alld 
a;!elleil's lI'itll illll'n'sts as di\'""s,' as IIII' \"tiollal 
Aerollauties alld Spa,',' ,\dlllillistratioll alld till' 1>1" 
partml'nts uf tIll' \ary, ,\ ~ril'lIltllrl" lllll'rior, COlli' 

merce, the Ai!I'III'Y for 11I1I'..,.at iOllal 1l1~\('lopllll'lIl 

alld. of COllr~I'. 1111' Slall' 1l"Pilllllll'lIl. 
This worksllOp is 1",1'1' to talk ahout a \1'1\ spl'('ial. 

ex('itin;!, dHlllen).!ill;!, and as yl'l l'xpl'rillll'ntal lel'h· 
nolo;,:y which olTen; brilliallt prolllis(' for rirtually 
all mallkilld, It is (If real alld sYlllbolic importalll't' 
that with us today alld partil.'ipatill;! ill 1111' lirst 
wet'k of Ihis workshop we han' SOIllI' :m mClllhl'rs 
of the (!uiled Natiolls Palll,l Oil Belllol<' Sen~ill).! 

Syslellls for Eartll Hesourccs Sur\,ey. The preSClIl.'l' 
of Ihis gruu p. aloll;,! with all of our workshop par· 
licipallts frolll IHlli'HlS aroulld IIII' world alld from 
illlel'llatiolla( orr ,llIizat iOlls alltl I'll ited Nalions 
Specializt'd ,\;!t'1ll ies, is a Il\allifl'~tatioll of ('resi· 
delll :\ix(ll\\ pl(·dgl! to sltan! till' 1H'llt'lits of space 
ill tire "I'n'il'l~ of lltallkillli. 

As lI1allY of YOII prohahly kilO\\'. I alII prdty III'\\' 
at this joh. hilI I "n'ad~' kllOl1 all lOll \\1,11 how oft,'n 
tlw 1'lIit(,d \alil I,S is nitil'iz"d IlI'l'I' ill tltl' 1'lIilt,d 
Stal('~ alld I'bl'wl'L're for heill~ IIl1al,l" or III1Willill~ 
to suI\'(, all lite I'rohl"lIIs tilal IH'~"I 0111' trouhll'd 
plarll'l. I t is a "I,·aslln'. Ihl'lI. til slll'ilk Oil a topi(: 
whil'lr Iras 1)(,I'n a cOIlCel'll of till' I'llill'.! :\alioll~ for 
11101'1' tlran a de/'"de alld II hidl, I)~ illld Jar).!!', Iras 
11t'1'1l illl area lIIarked from tIll' III').! i1111 iII).! hy illt,'r· 
lIational ('oopt'r<ltioll. TIll' 1'\ paIli'I h,'r!! with II~ 

tod,I\' is bllt one of sen'r;d ill\'ilt'd til visit cOllntri,'s 
II hii'll ha\!' pro,.!rams 10 apply ~Pill'l~ t",'llIlOloI!Y to 
I','ollomil' alld s/ll'ial prold"lIIs ill s"iln'h (If praclical 
sollltiollS, Thl'~" pillll'l~ Ilill report tJII'ir lilldillFs 
bal'k to illllidtillal 1-:', IIIl'mlH'1" ,Iall'~ alld ;,pl'l'ialized 
a,:.!puC'it"s. 

It i;. illlporlallt to lIotl' that. II'IIt'll 11'(' speak of 
applyill;! spac,~ tl,dlllulo).!y to pr,lI'tical prohll'ms, we 
are lIot sp('al;ill).! jll~t of tlrt' trallsfl'l IIf 11!c1l1lOlo;!y 
III' illformatillll frllm all ad\'alll'l,d spa, (' pllwer slIch 
as thl' L'nill'd Statl's. (ltltl'r "lIlIlItril's have illvilt:d 
1'\ pallds to ,'OIllC alld IIh~I'r\'L' Iheir I'Xpl'rillll'lI1s 
alld 1III'ir pro).!rall1s. TItI'SI! cUlllltril's illl'ludl: Brazil 
alld Illdia. Thlls \\" s('e I'arly hilt IlIJldul sil!lIs that 
III all y ('olllllries. l'I~gardll'ss of tlll'ir III'I'/'all slate of 
,','onolllil' fir tl'dlllOlo;,:ical de\'('loplIll'lIt, an' prepared 
10 shan' their (1\,'11 ('XI)(,I il'll('" wilh otla'rs sCt'kill;! 
assistanct'. 
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6 EARTH RESOURCI;S SURVEY SYSTEMS 

Basically, of coursc, space technology is a global 
tool, amI for a global tool to be used productively 
and efficiently thcrc must bc a c1imatc of interna
tional cooperation. W c arc not doillg badly. Satel
Iitcs flOW speed telephonc, radio, and tdcvision 
communications around the world in moments. Morc 
than 70 coulltries ha\'e Automatic IJicture Trans
mission (APT) sets to reccivc data directly frolll 
wcather satcllitcs. In the not-too-distant futurc we 
should see the first cxperimental educational satel
lite plaeed in orhit. As our technoloi!Y improves, 
our applications of satcllites should hecomc in
ereasingly diverse and the process of development 
should accelerate. 

One of the roles whi~h this workshop and the 
United Nations panel ean help play is to provitlr 
policy makers mill prol-!ram manaf!ers in dcveloping 
countries with the basic information to enahle them 
to eonsider seriously how this ncll' techllolol-!Y may 
help thcm lIlect tlwir needs. Startllli! with the Con

ferenec on thc Applications of Spac(~ Technolol!Y in 
Vit'/lIHl in I CJ(jB, the llnited Nations. throul-!h thc 
Committee on the Peaceful llses of Outl'f Spaee, 
has hccn increasini!ly eonccl'llecl with tld~ prohlem. 

I am proud of the role whieh m)' own I!0vcrn
ment has played in the Outl'r Sparc COlllmittee it
self and in supportinl! the various cflorts within 
the United Nations to speed tlIP. I'xchanl!e of infor
mation and find more and irlC'r('asilll!l~' \'aril'd lip· 
plieations of space techrlOlol!Y for th .. helll'fit of all. 
To this end, President Nixon. a littl(· o\'er a year 
ago, included in his stat.'ment of ohjP(,ti\'es of the 

U.S. Spaee PrOI!l'Hlll. hastcninl! and I'xparHlinl! the 
praetieal applicatiolls of space tedlllolol!~" workinl! 
to redlll:(~ the ('ost of that technol0l!), and thus to 
make it inl'rcasilll!l), aecessihle and useful to all 
countries, and, of coursl', as is eviclcnt hy our mcet
ing today, cncoural!inl! greatcr international co
operation in space. 

TIle UN has hecn an important element in ful
filling U.S. ohjecti\'es to expand our cooperation in 
spaec activities. Thl'Oul!h the IlN and bilateral COil

tacts we solicited propmmls for participatinl-! ill 
experiments conneded with the Earth Resources 
Teehnolo~y Satellites. You might he interested to 
know that 26 countries IUl\'e submitted somc 60 
proposals for participation. In January 1970 mem

bel'S of the outer space committce and key UN 
SecI' .!tariat officials were briefed on the Earth re
sources program at the Manned Spacecraft f:l'llter 
ill my hometown, Houstoll, Texas. We also have 
submitted a detailed working papcr on Earth re
sources to the Scientific and Technical Subcom
mittee of the Outer Space Commiuee. Finally, in 
conjunction with thc UN, wC are cstahlishing a 
fellowship program to providc training for special
ists in sclected fields relating to the application of 
space technology. 

Whcll Presidcnt Nixon spoke to the General 
Assemhly in 1969, he said, "I feel it is only right 
that wc should share hoth the ad\'entures and the 
benefits of space." Well, man has shared many of 
the adventures of space. A little noticed phrase in 
the tll'O treaties pertaining to outer space which 
have emcrged from the United Nations refers to 
thv~e who venturc into the voiel as "the cnvoys of 
mankin,I." That is Ilot only an elc~ant phrase, it is 
a poipwnt and mal-!nificenl statcment of the com

plex of emotions ran!!ing from pride throul!:h fear 
and awc and humility which I think all of us have 
felt whenever wc have known that one of 01\)' fellow 
men was circling this planct or looking down on or 
walking on thp Moon. But sharing the benefits of 
space can also be an adventure, and that is what 
this meeting is all about. We are here emharking 
on a voyage on which each of us is also an envoy 
of mankind. And with luck, dilil!ence, and a con
tinued sense of sharing and cooperation wc will all 
Ih'c to see the day on wlrich this faint I!lilllllH'r of 
tcehnolo;.dcal promise becomes a sunburst of ful
fillment which will improve he)'ond man's wildest 
dreams the fluality of his life and the fluantity of 
what hc needs to sustain and improve his life. 

I'm afraid I'm a layman in this field of tech
nology. !Jut that make;; me no less concerned about 
the future of meetings such as this one, the efforts 
of thc l1N Outer Spacf' Commillec, and the myriad 
programs for sharing and transfcrring technology of 
all types among the nation, of our world. From my 
nell' vantage point at the llnited States Mission to 
the llnited Nations, I will enthusiastically assist in 
e\'ery way I can in the fulfillment of the pledge 
wldeh my Government has made to make availahle 
for mankind thc henefits of this exciting technology. 
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I am pleased to be with you today as part of your 
workshop and to have a chance to speak to you 
about this very important pro~ram on which you 
are embarkin~. Ambassador Bush and I arc from 
the same hometown, Houston, Texas: and I can 
remember not too long ago when many of us, many 
of you here in this room, went to Houston to view 
the very interesting and developing capahilities in 
Earth resources survey. 

I believe that the purp03es which have hrought us 
all here together are ones which reflert the highest 
qualities of human endeavor. Taking a broad view 
of the goals of this meeting, we are attempting to 
learn how to usc the most advanecd products of 
man's intelligence allli coordinated elTort-that i!;, 
aerospace technology-to solvc some of the many 
problems that face society and our planct. 

I am happy to be here, hOll'l'ver, not only hera usc 
I strongly support the purposes of this workshop. 
but also because I believe that I havc a fell' ohser· 
vations to make to you which arc pertinent to its 
suhject, the Earth Resourees Survey Program. My 
views on this progralll have developed partially as 

a result of the position J noll' hold in Washington 

but more particularly because of Illy former career 

as an American astronaut. 

The Earth Resources Survey Program is one of 

the key elements of the United States space program 

of the 70's. I firmly believe that the full purpose of 

this program can be achieved only if it is carried 

out not just as an American program but as a joint 

international enterprise, with early and active par

ticipation by all interested nations. This participa

tion must include defining the program, interpreting 

the data it produces, and applying the results amI 
information to the needs of your own people. 

My experiences during the Apollo program left 
some strong and lasting impressions upon me, illl' 
pressions which are related directly to my views 011 

the importance of Earth resource survey. I was 
fortunate to be one of the first three, .IS Ambassador 
Bush amI our President said, "envoys of mankind." 
To leave the influence of our home planet ant! view 
our Earth from afar. to make the voyage from 
Earth to the Moon and hack is an experience whieh 
profoundly influences all those who have undergone 
it: and I am no exception. 

11lC Moon is a very intercstin).! place scientifically, 
a very important place, nne where we arc learning 
/lot only ahout our nearest rll'i).!hllOr in the IIniverse, 
but also ahout the origin and structure of 0111' home 
plarrel. But, although the 1\'Ioon is very impn~ssive, 

the most illlpressi"e sii!ht for rile Oil that flight was 
the view of the Earth itself. From the Moon, the 
Earth appeared as a small. hluc.greerr sphere, like 
a heautiful, fragile Christmas tree ornament I could 
cover with my thumh lIy holdilli! it Ollt at arm's 

length-very delicate and limited, the only color 

in the whole universe, the only friendly place we 

could sec. Certainly the ancestral home of mankind 

did not appear vast, unlimited, and indestructible 

as we often sec it when groping here on its surface. 

It seemed Illuch more like the delicate and fragile 

Christmas tree ornament that you must learn to 

preserve and protect with appropriate care. 
Looking haek, I saw no national houndaries, no 

dividing up of the Earth into separate States, each 

with a dilTerent coloI', as you sec on a globe in a 
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school classroom, a glohe divided 011 thc slIrface hy 
mall hut ohviously not hy naturc when viewed from 
this perspective. I saw instead a small hilt invitill:r 
oasis in the VIlSt hlackness of space. Perhaps the 
American poet lind playwri:.!Ilt Arehihald MaeLl'ish 
hest slimmed up the fepling I had when viewing the 
home planet from nearly a quarter of a million miles 
away when he II'rote of seeing "the Earth as it 
truly is, small and hlue and heautiflll in that eternal 
silence where it lIoats," a vicw which leads liS "to 
see ourse\vl's as riders on tlIP Earth together ...." 

I hdieve that historians will )'('cord that one of 
thc most profollnd impads of man's exploration of 
outer space is the change it is producing in the way 
we think ahout the planet on which we live. Ap. 
parently we've had to It'ave this plalll'l. either in 
reality as I di(1 or vicariollsly throllgh television 
and photographs, to sec tlw '~arth as it really is, as 
a whole: a single, small. fraldle OlltpOSt in the IIni· 
verst' in which hill ions of hllman heings have a 
stake. In this sens('. the true physical unity of 0111' 

spaceship Earth may he the most lasting impres!'ion 
resulting from 0111' trips to space. It's the impres. 
sion that I want most to reinforl'l' with YOII this 
morning as YOII begin ),our very important work. 
If the planet is indeed an interrelated whole, tlH'n 
effective lise and ('onscn'ation of its finite resollrces 
can hest he a('hicvcd by a /,dohal approa('h, an ap· 
proaeh which (llwiously III list haw' international 
participation. 

Tlw program we've gathered hen' to discuss, the 
Earth Hesources ~Iln'ey Program, is a means of 
ohtaining that overall view of the Earth's land, 
water, and air masses. SlIch a vil'w is e~~ential if 
we're going to dcvelop means of successfully man· 
aging these resources for the henefit of all mankind. 
It seems to nw that the F,arth Resources Survey 
Program will providp. much of the information that 
we need to help achi(~vc the delicate halance hetween 
the efficient use of the F,arth's potentials and their 
misuse. Without such a proi!ram, we would he 
force(1 to make resource decisions in the future as 
we too often have had to do in the past-without 
adequate knowledge or assessment of the overall 
implications. Wrong decisions or poor decisions 
C\tll' to inadequate data will affect not only the 
perpetrator hut others elsewherc as well. The value 
of the resources or our planet and their hushanding 

arc not a narrow 01' e\'cn a national concern, hut 
are truly global in extent. 

In one sense our major spa('e enterprise of the 
60's, Project Apollo, was a direct response to a 
challenge presented in Ic)SB. The Soviet lInion, the 
Sputnik, gavc us something really to work toward. 
Though the NASA program grew and reeeh'ed na· 
tional sllpport as a n'action to the first Sputnik, the 
direction and inten~ity of the efTort wcre determinecl 
hy a particular aspect or facet of the American 
spirit. Not that this fad is surprising. for every 
country stamps the shapl' (lf its undertakings with 
tlw spirit of its peoph·. In the l'nited SI1II1's. the 
dominant spirit has heen (lfl(' of exploration and the 
pioneering of nell' fmntiers. This spirit is due, llIany 
say. to the fn'sh nWllIories of the opening lip of our 
own country. l\'1oving into new lands and helping 
and sharing with one\. neighhors are really part of 
the American heritage. Our pioneering urge, when 
applied to space, has taken us onto two roads. Onc 
is scientific and encompa!'ses astronomy. planetary 
ohser\'ations, solar physies, and the like: the other, 
and lIy far the larger undertaking. was lifting man 
into spaee to test his ahilities and !'nrluran('(~. to usc 
his intelligence and dis('retion and. finally. to send 
him to an unknown and stranl!e pla('e. wlw('(~, in the 
tradition of other explorers. he hrought the foot· 
print of man and th(~ I'ye of a trained ohsen'er. 

No\\' what ahout the l 'nited States space pro· 
gram (lf the 70's'? How will it difT!'r from what 
wl'nt lH'fore? How c10rs the pionl'cring urge of the 
A merican fit into the spa('e challl'ngr of the c1e('arle 
hefore us? For one thing. international space ('om· 
petition. while real, is no longer thc c1riving force 
influeneing our policy as it nlH'e was. We nn lon!!er 
ha\'e to drmonstrate our capahility to oJlerate in all 
rep.ions of space: that has heen r1()nL~and con· 
\'incingly. We now have to decide how to employ 
that capahility and still C'omhine new challenge mHI 
immediate henefits-not just for our cOllntry hut for 
all men on Earth. 

One of the most influential factors in our current 
space policy is the remarkable discovery, which was 
\'ery clear to me on my Apollo mission, that the 
most interesting thing to explore in space is not 
the Moon, or Mars, or some far off i!alaxy, but our 
own planet. Accordingly, our plan for the 70's is to 
develop a balanced llnited States space program, 
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one aimcd at threc ohjcctives: thc hasic drive of 
Amcdea tOll'ard eontinucd exploration, a eontinu('d 
nccJuisition of nt'1I' sci('ntific knoll'lrd~w, and an in· 
creasl~ in the praetical benefits to mankind. It seems 
to me that tlw Earth Hcsourccs SUr\'c)' J'rogram 
cml)(Jdil'~ all of thc~e objectives. I helierl' it lI'ill Ill' 
one of our /Ilost important and stimulatin;,! under· 
takings in space in tlw ('omin~ ycars. 

The Earth Hesourccs Survey Pro~ram will employ 
thc hest of tlw capahilities we harc developed. Not 
only will II'C launch an unm:lllfwd Earth resoun'I' 
surrey satcllite next ycar, hut astronaut (TCII'S on a 
~kylah space station will, as an important part of 
thpir activities, conduct a seril~s of l'xpprimcnts 
aimed at asscssing the particular ('ontrihutions man 
can make in conductinl! rcsource surrcys frolll space. 
Hopefully we can ha\'e international ncll's of sci· 
l'ntists working on sueh projec.:ts in the future. The 
benefits of an Earth resource program, llIost agrce, 
are likely to he tangihle, lar;,!e, and hroadl~' relevant. 
Not only will the pro;,!ram havc tan;,!ible IH~/ll'fits. 
but it will also have stron;,! e1ellll'nts of ;,!Iohal ~COpl' 
and excitin;,! dHillen;,!c to ener~ize our hest ..ffort .... 
This program should not. indl'I'd ('annot. he only 
an American undertakin;,!. 1.0\\'('\'1'''' TIU' maximum 
henefits of thl' program will Ill' ohtainl'd onl~' if 
surveys are cOluluc.:ted and n'strlts u~l'd on a glohal 
has is. Our J'n'sidrnt and thlJsl~ who an~ planning thl' 
{'nitI'd ~tat('s program an' well awan! of tllis rralit~,. 
This 1I'0rbhop i~ only ollt' manifestation of this 
fad. I think our policy on thi~ que~t ha~ IWl'n 
farsighted and II't'lI articulatcd. 

Pre~idl'lIt \'ixon has rec·o:.rnized that our spal'l' 
pro:.rntm should lIot he hased on unilateral {'.s. 
action. IIe has pledged tu incrcasl' internatiollal 
participation in our spacl' cfforts and. partil'lllarly 
;tnd imnwcliatel y. in Earth r(,~oul'Ct' su r\'r~·. The 
President told tIll' {'niter! Natiolls in I()l)C), as Am· 
hassador Bush indicated. that this pro;,!ram will he 
dedicated to producing in formation not only for 
the lTnited Statrs Illlt for the world ('onlll11lJlity: and 
that's why we meet here today. 

In 11 sense, we view the Vnited States Earth Re· 
sources Survey Profrram as an offer to the rest of 
the world, an offer of the most advanced of our 
developments to he u~ed for the most crucial of 
needs, But we cannot, hy ourselves, desifrn or carry 
out such a prol!ram, We cannot know in precise de· 
tail the needs of each country in the world, nor 
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can we know how to interpret the clata 11'1' p:ather in 
order to make it most useful in ml'(,ting thww needs. 
These are diflicult tasks that rcquirt' the t'/lopt'ration 
of all those interested in a joint enel('awr. whi('h tlds 
technologieal capahility makes possihlt', 

It would not he n'alistic to talk to rou this morn· 
in~ only of the promise of tl\(' Earth Ht'~ot,,'t'('~ 

SUITt!y Program lI'ithout als/l talking ahout SOIlH~ of 
the present limitations on ohtaining \'I'ry imlll('diatt~ 

lar:.re.H·alt, helwfits frolll it. 1'111 slIn' rOl1'1I ht' I'au· 
tiolH'd at this worbh0l' ahout tilt eXl't'rinH'ntal 
wttllr/! of tIll' C'UITl'nt I 'nitI'd Statl's Earth restlUI'!'t' 
SUITl'y I'frort, I shall not dll'ell upon this point. hut 
you must hI' ,mart' that 11'1' an' jllst at tilt' start of 
sOlllething whil'h will hart' sOllie short·tt·rnl III'nt'fits 
IHtt lI'ill havt' illllllt'aslIrahly llIort' IWllI,fits and ap· 
plications in the SI't'lInd half of this dt'I'adl! and hI!' 
yond. as WI' ilion' from I'xperill\('ntal to ol'l'I'ational 
sta;'!'!". Of t'()ur~I'. II'I~ JIlU~t It'am to work to:.retlwr 
IlOII' if this fort'cast is to he trill'. Thb workshop, I 
hope, lI'ill proride the forulll in whil'h 11'1' ran :.rain 
hoth a r!'ali~til' apprel'iatioll of tIll' polPntial IlI'lIt·· 
fib of the Earth n'sotll"'l~ program alld all as!'('ss· 
nH'nt of what i~ IH'ellt'd to tran~lat(' thi~ potential 
into a n'aIity. III c1n~in:.r. I(,t lilt! ~ay that thl'n' is. at 
lea~t ill lI1y mind. a stl'ady progn'~"ion frolll tIll' 
views of OlJr plallet hrnlJ.~ht hal'k hy tho!'1' of us who 
han' Il'ft its fril'lIdly dl'illity and 11'('1'1' abll' to ob· 
!'l~rn! its lJniqul'llI's~ frolll a IH'\\' IH'r~II(,,·tin'. to tht' 
COIII'l'l't of sUITl'lin!!' thl' Earth\ r!'~lllJn'('s from 
spacI'. This propl'ssion is 011(' whil'h f'an n'st"t ill 
,il!nifil'ant Ilt'nl'fits fill' allml'n if wI' 1('011'11 til Iiv!' and 
work tog(,t1tcr. I'm prolld that my mission. :\pollo 
B. was a link ill tlti~ prol! n'ssiolt. 

I would like to c1o~e my n'marks with a com· 
mellt made h~' Hichard :'iixolI, thell J'residellt·e1ect. 
at tlw ('lid of tIlt' "polio g mission, 11'1"'11 111' said: 
"(II that II1OIJ1Cnt of ~urpas,;jn:.r tl'l'hllolol!il'al trio 
ulllph. men tUI'Il their thoul!hts toward home and 
hUIllr'nity. sl'ein:.r ill that far persl'('c·tive that nUlI1's 
destiny on Earth is 1I0t dil'isihll" tdlin:.r liS that. 
howl'\'('r br we r('a('h into the cosmos, ou I' destin)' 
lies not in thc stan; hut on the Earth itself, ill our 
oll'n hands and in our 011'11 hearts." By workin!! to· 
gether with a nell' awareness of our planet aIHI of 
ourselves, hy lIsin;,! the new tools noll' at ollr dis· 
posal, we can make tlti!' planet tnrly a heautiful place 
to live for all mankind, as it appeared to lIIe from 
Apollo 8 on Christmas of 1%8. 
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Somewhere in the distant ages of prehistoric time, 

primitive man sensed the importance of communica
tion, developed a rudimentary ter:hnology, and 

learned to cooperate with his fellow men in Holving 
problems. TIlis enlightenment made it possible for 

humans collectively to cope with the great adversities 

that otherwise might have o\'erwhelmed theill. 
TIle discovery that fire could be made at will, the 

development of primitive agrarian cultures, and the 

construction of dwellings in the interest of pro

tection and efficiency stand as typical milestolles in 

man's steady upward climb to the technical societies 

of today. Looking hackward in time. one can see 
that we have populated the entire planet in the 

short span of a few thousand years: we have ex
plored its heights alld depths to a I'onsiderable 

degree: and we even have walked on another world. 
Now, as we marvel at these remarkable accom

plishments, we are faced with the sobering realiza
tion that the world in which Wt' Ii\'e is finite. Indeed, 

it is a solar island from which ihere is no per
manent escape, whatever our aspirations or illusions 

may he. The lives we hope to lead must be lived 
here, within the limits of the Earth's surface and 

within the limits of its natural resources. 

MAPPING 

How well do we know the surface of the Earth? 
The answer is: "Not well enough!" A fair measure 

of man's knowledge is in the number, kinds, amI 

accuracy of the maps he makes. How well are we 
doing with mapping? A recent U.N. study shows 

that only about 6 percent of the land surface of the 

world is covered by topographic maps at a scale of 
t :60 000 or larger. 

I\Iap5 arc needed now more than ever to main
tain a current reliable inventory of the physical 

factors that alTect the air we hreatllc, the water we 
drink, the lands and forests we cultivate, the min

end resources we mine. the industries we operate, 

the arteries we use for transportation and eom
munication, and the communities we live in. Without 

maps upon which to inventory the nature, content, 
and use of the Earth's surfaee. our elTorts to usc the 

environment elTecth'c1y for the henefit of all man

kind arc severely handicapped. 

HUMAN NEEDS 

Assessment of human needs is vastly difTerent 
today than it was in primitive cultures when the 

energy requiremellt of each persoll was only O.:~6 

llIegajoule per day. Today's highly industrial sode

ties eXIH'/ul toO times this amoullt of e/Il'rl!)' per 
person in providin~ the sUl'plie~. facilities, ami 

sen'ices to which we have I!rown accu~lomed. Only 
a eentury and a half ago lIlan was eOllcerned with 

obtaininl! fewer than a score of cbemical c1t'lIu'nts 
to surdve und to support his industries. Today he 

lIlust locate mineral sources for more than HO 
chemical elements just to maintain a modern way 

of life. 
Coupled with tbese spiraling energy and mineral 

requirements is the hard fact that the numhcr of 
people who hope for the hetter livilll,( standards is 

growing day by day. To put this trend in persl'ec
th'c, the world's Jlopulation of :~.!i billion now is 
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incrcasing at a ratc which is cxpcctcd to douhlc thc 
Jlumhcr of pcoplc cvery ~S ycars, and thcrc is somc 
cvidcncc Ihat this ratc may douhle in certain parts 
of the world heforc thc tUI'll of thc ccntury. TIlC 
prcscnt ratc of cxpansion produccs a ncw incrcmcnt 
of population cqualto that of Ann Arhor, Michigan, 
in a half day, and will yield a world population of 
:m hillions of peoplc within a ccntury. 

MINERALS 

In much of thc world. thc ratc of cnergy con· 
sumption j;; !!l'Owin!! twirl' as rapidl~' a~ thc popula· 
tion. TIlis addition.' (,lIcr!!~' is hcilll! consumcd in 
processin!! the cver.incrcasill!! quantities of raw 
materials Iweded to a('commodatp dcmands which 
undouhtcdly will continuc to !!rDW. C\'cn if thc 
population is stahilized 01' its !!rowth ratc is I'CVCI'SI'(1. 
In thc United States alollc. the dcmalld for primary 
ore minerals is cxpl'cted to !'xpalld fourfold hy the 
turn of thc century. This will mean, for cxample. 
that wc must produ('c 7.S hillion tOilS of iroll orc. 
l.S hillion tOilS of alumillum orc. I hillioll ton~ of 
pl.osphatc or!'. and 100 (JOO tons of coppcr metal hy 
thc year :WOO. Illcorporatcd in this I!rowth will he 
the IIced for a lonl! list of min!'ral "vitamins," 511<'h 
as cnhalt, tUII!!stCII. \'anadium. alI<I III<'rcur)" which 
are ill sh()rt slIpply alld widely scattered o\'cr tIll' 
Earth's surfa(,e. 

Olle could r('late similar statistic" for tIlt, 1I('('ds of 
pl'ople thl'Ou;.dlOut tIll' world. The difli(,IlIt~· ill mc!'\· 
inl! thcm will he compoulHled hy the fact that only 
a fraction of 0111' pcreent of tIll' Earth's surface 
yields readily a\'ailahle hil!h.!!rade ore. most uf the 
mineral wcalth hein!! hiddcn helleath thc surfacc 
and not rcadily dcteetahlc. Furthermure. the clif· 
ficulty !lnd ('ost of locatinl! and producinl! thc 
mincrals we need will continuc to incrcasc as thc 
gradc of the 01'1' dccreases. 

WATER 

Water is an exceptionally critieal re~ource that 
must he reckoned with in the days to comc. Not 
only must wHter scrve as a raw material. a lJl'oce~H 

fluid, and a wasle' carrier for our industries, hut it 
must also Hustain a!!ricultural operations on which 
wc depend for food !'upplics. \Vater also plays a 
significant role in our transportation and recrea· 
tional activities. 

It is trouhlcsome that much of the water on this 
planet is not in the right place, or of the proper 
quality. for thc use we would Iikc to make of it. 
Characteristically, civilizations have searclle(1 out 
and c1ustcred around thc Ill'st availahle water sup· 
plies. As growing numhcrs prcssure us to occupy 
less favorablc semiarid regions and desert areas, 
hcllcr cxploratory systcms must he de"ised for 
locatinl! whate"er water resource~ are availahle and 
for monitoring undesirahle cffects on the waters 
we use. 

Projcctions of water ne;)ds in this country iIIus· 
trate the importance of ohtaininl! more and heller 
water data. Ten years al!o, pCI' capita watcr usc was 
ahout 1.100 gallons pCI' day. By the year 2000, with 
a prohahle population of ahout 3S0 million, cach 
person will in effect hc usinl! 2.100 gallons instcad 
of lson ;!allons pl'r (lay. The product of these trends 
could rl'sult in our usinl! as lIIuch as 7.') percent of 
the total averagc runoff from tlw Nation's ri\'ers. 
And thc prohlem is furiher ('OlllpouIHled hy the 
dusterinl! of people into hu!!e megalopolitan areas. 

Intense cxploration with sophisticated techniques 
will he required to seek out e\'er)' suhstantiallllHler· 
;!f(IUIHI water rcsen'p which mil!ht help meet this 
!!rDwin;.! dUllan(1. and mu('h heller systems of sur· 
\'eillance will he necded to insure that adequate 
standards of quality an' maintained. 

FOOD 

The task of supplyinl! food for increaHing num· 
hcrs of pcoplc~ invol\'es se\'eral important suhor· 
dinate steps. We must first scck out the )lroducth'c 
lands and thcn I!uide hUlllan usc in a manner that 
will pre~t'n'e as much a;!ricultural productivity as 
possihle. The Eal'th'~ environment tlH:ll should he 
Ill,mitored fol' ducs to trouhlesome ('fTects of ('xotie 
nutrients and pest controls. and for sounding thc 
alarm on troublesome reactions to thc activities of 
man. such as thc encroaclllllcnt of salt watcr into 
soils. 

The ability of futurc population" to survive on 
the planet will depend in lar!!e part on the effective· 
ness with which such information can he !!atherc(1. 
As pointed out hy Ellsaesser in the March 1<)71 
i~sue of EOS Transactions of thl' Amcrican Gco· 
physical Union, one ('an find estimates that an 
eightfold increasc in current agricultural production 
is thc maximum we can expect. This assumcs a 
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douhlin~ of the Earth's agricultural land area and 
a fourfold increase in its productivity. Be(;ause this 
marked increase will be needed simply to keep pace 
with the population growth expected by 1975, it is 
obvious that the need for beller land·use inven· 
tories and crop surveillance systems is a critical one. 

PLANNING 
As people cover more and more of the Earth's 

surface, it will not he enough to seek out the mineral 
resources needed to sustain them, or ever. to supply 
them with adequate amounts of food and water. It 
III so will he necessary to keep close watch on urhan 
growth and to warn in advanee of patterns which 
may have unclCsirahle consequences. The watchful 
eye of the land·use planner must insure, as far as 
practicahle, that urhan growth docs not create im· 
possiLle water supply prohlems; that urhan ex· 
pansion does not preempt important agricultural 
land and mineral deposits, nor defile natural won· 
ders; that urhan devdopment does not set the stage 
for natural disasters such as landslides. earthquakes. 
and floods; and that urhan sprawl does not create 
unnecessarily trouhlesomc transportation. comllluni· 
cation, or pollution prohlellls. 

There is littlc douht that th,' pres'~nt urhan growth 
rate is outdistancing the periodic censuses and the 
conventional explorations 'of Earth resources which 
ha\'(~ guided urhan devdoplllent in the past. Modern 
planners and managers arc clamoring for more 
timely environment: ! data and heller interpretation 
of it in terms of thc dedsions they lIlust make. 

NEW TOOLS. 
'nlC ahility to devise and us,' new tools has heen 

a hasie clemcnt in tIll' uni'luene!-s of man from the 
I'ery heginning. As wc look to the many prohlcms 
of the futurc. it is logical to ask what tools will he 
needed to do the joh. Will tIll' present oncs sulliee. 
or lIlust w,' dcvise more sophisticated ones to sup· 
plcmcnt our present capahility'? When the Earth's 
resources \I'er.~ relati\'cly ahu/ulant in comparison 
wilh human nceds, thc convcntional tedllliques of 
prospecting sen cd us well. No tool of the futurc is 
likely to replace them completely, as far as final 
confirmation and eritieal evaluation arc concerned. 
Rut it is clear that thcy must he augmented hy nell' 
and more effici,'nt methods to meet the needs of 
the future, 

WORLD AROUND US ]3 

REMOTE SENSING 

Necessity during the last quarter century has 
mothered the invention of a variety of first·f!cnera. 
tiun remote sensing systems for rapid scanning of 
the Earth's features and resuurccs. These systems 
have served as excellent supplcments to conventional 
investigations, Modern photo~raphie and photo. 
grammctric techniques for prccise surface mapping, 
magnetic and gravity surveys of hidden Earth 
structures, electric logging of exploratory drill 
holes, and special airborne sensors, such as the 
mercury analyzer, are all products (If this first effort 
to provide more and hetter informatioll in less timc 
about the Earth on which we live. 

The early SUCCl'sses in rcmote sensillg havc en· 
couraged the seal ch for IICII' tools which lend thelll' 
selves to more lofty '.'iclI'points, wider ('overage, 
and fastcr monitoring. Satcllite programs of thc 
past decade prodded I'l'hides for sl/ch Systl'/IlS afl(l 
set the stage for the entrance of a nell' f!encration 
of sensors, When Earth resourcc satellitt, systl'/l1S 
110\1' on the drawing hoard art' p,~rfl'ctl'll. mall will 
hc ahle to scan a widc swath of tllP Earth's sl/rfare 
with a great variely of sensillg dl'l'icl's and within a 
very short timc frame. Such scannillg will provide a 
nell' alld useful IH'rspecti\'l' of t!1l' Earth, onl' which 
will allow us to stand h~\l'k and examine pl'rtin,'nt 
f,'all/res of the whole pictl/re inslt'ad of its minute 
details. ror the fir,;t time. WI' will hI' able to study 
tlw forest instead of the trces. 

SATELLITES 

A particular wlrantagc of satellite ohserrations 
is that thcy ('all hl' f""pl'atcd frl'lil/cntly cnouI_d. 1//1· 

dcr identiral Ii)!htillg l'o/Illitions to ~'idd a record 
free of the alH'lTatinns which have tl"OlIltI,,11 ('on· 
nmtiollal aerial studies, Gross )!eolo)!ic stru!'!ures, 
evidence of health or sil~kness ill fon'sls and fond 
crops, soil types. Iand·usc pa!lerns. tdltale marks of 
oil seeps, evide/we of grou/1I1 water, pollution s(:ars 
on the ellvironment. and trends in urhan sprawl arc 
features that we will l'ventually hc ahle to spot from 
a lofty platform. 

When fully developed, an Earth resourees satellite 
systelll could provide a continuing invcntory of slIr· 
face waters and snow packs throu~h()ut the world, 
provide useful information on tire ahundance or 
deficiency of global food supplies, aIHI kecp II watch· 
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ful eye on the weather which alternately favors or 
threatens our present way of life. The uses which 
might be made of such a system will be limited only 
by the resourcefulness of the investigator. 

The prospect of developing new remote sensing 
tools embodied in the resource satellite system is an 
exciting one, to he sure, hut it would he foolish to 
assume that development of maximum capability 

will he a quick or easy task. It would he equally 
foolish to assume that remote sensing ever will reo 
place traditional Earth survey techniques. Images 
received from orhit. like those of the first electron 
microscope, will present the investigator with new 
and tantalizing information. They will present 

relatively exotic pictures of the world in which we 
live, pictufl's packed with hidden facts that must he 
interpreted through intensive study. One can expect 
that each new di~eovery of meaningful information 
will sll!!l!est other uses which remote scnsinl! can 
serve. 

COOPERATION 

The task of devdoping the full potential of new 
lIIonitoring systems is not the responsibility of a 
select group of scientists. nor of a particular nation. 
It is the task of everyone with initiative, resource· 
fuirll'ss, a~ld a genuine interest in the world 
around us. 

Each anniversary of an international cooperative 

effort of this kind will see new and valuable tech· 
nical information to report concerning accomplish. 
ments in the Earth resources survey satellite 

program. And there will be social benefits, as well, 
thllt will evolve from a better understanding of 
each other's prc;blems. 

I am certain that this internation&l workshop, the 
first of its kind, will bc immensely effective in deter. 
mining how we can live in reasonable harmony on 

the planet Earth. I want to congratulate those of the 
National Aeronautics and Space Administration as 
well as those in the Department of Agriculture, the 
Department of the Interior, the National Oceanic 
'lIId Atmospheric Administration of the Department 
of Commerce, the Naval Oceanographic Office, the 
Agency for InteJ'l1ational Development, and the De· 
partment of State who have worked so hard to make 
this workshop a reality. 

In the next few days YOll will learn about the 

numerous accomplishments that have already come 

from Earth resource survey experimental programs. 

You will hear about exciting plans for the future. 

The launching of NASA's ERTS satellite in March 

1972 will mark the llCginnillg of a new ern of space 

applications for the benefit of mankind. Collectively 

we can maximize these benefits. 

With this as our goal, the workshop will certainly 

he a profitable an!l rewarding experience for all of 

us. I wish you much success. 
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TIle possibility of surveying Earth resources from 
orbital altitudes was recognized during the early 
days of our space program, hased on ohservations 
from meteorological satellites and photography from 
manned missions such as the Mercury and Gemini. 
A couple of examples are shown in figures 1 and 2. 
Before discussing the program, we shall define reo 
mote sensing and a few of thc terms that are 
peculiar to this area of technology. 

BASIS FOR MULTISPECTRAL 

REMOTE SENSING 


Remote sensing refers to an ability to sense or 
detect electromagnctic radiation which emanates 
from an object. Every object emits (radiatcs) and 
reflects electromagnetic energy. Wc are most familiar 
with light waves. Our eyes sense remotely the exist· 
ence of, and pcrmit identification of, objects hccause 
these objects emit or reflect light waves, which arc 
a form of e1ectromagnctic cnergy. We can identify 
or interpret what we sce remotely because our eycs 
construct an imagc of the object. Thc ohject's shape 
and texturc help tell us what it is. The color or 
spectral content of the olljeet's emitted and re· 
flected radiation also help us to identify the material 
that we are looking at. A knowledge of these char· 
acteristics usually permits a unique identification 
of the object itself or at least the materials from 
which the object is made. 

Electromagnetic radiations can Ol'cur over a wide 
range of frequencies or wavelengths. The human 
eye responds to only a very small portion of the 
e1ectromatic spectrum, which includes wavelengths 
much shorter and much longer than those of visible 
light. 

FII;Ullt: 1. Nill\bll~ II hi{:h·rt·".lulion infrarell illlll{:l'ry 
clearly dl'piels IIII' Gllif ~1T<·all\. TI'I1I!H'ralllT<' vultit'S 
were dl!lt'rrnilll'd by ll\ierodl·n~il()lIl1'lI·r. 

An imager is a device which, like the human eye, 
produces a two·dimensional viell' of a scene being 
ohserved. A camera is II type of imager. Another 
type is described below. 

A radiometer is a device which measures the 
amount 01 electromagnetic energy emitt(·d from a 
given area of a sccne. A radiometer that is sensitive 
to a numher of differcnt frequencies an,1 can record 
the energy radiated at different frequencies by the 
scene is called a spectrometer. 

If one moves a radiometer or spectrometer (which 
at any time sees only one spot) over the entire scene 
and records the measurements whiJ.~ systematically 
scanning the scene, one can construct an image of 

15 
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FIGliflE 2. Verlical vit'w of Ih,· Flori,lu K,'y~ wilh Ilw E\'('rl!lad,'~ Nalional Park an,l Cape Sahle 
vi~ihll' al Ih,' top of Ihe pholol!raph. Thl' shoal an'as and ullI).'rwalt'r ,ll'Iail froll1 Key Largo 10 

Boca Chicn K,'y art· ~f"'11 ill 1111' c('nlt'r. Th" ~Iruclllrc ill IIII' patl"rn IIf SUII I!litlcr "" Ihe 
waler (whilish aren) is parlially due III slick~. 

the scene. A device used in this way is called a 
scanning radiometer, a scanning spectrometer, or 
sometimes a scanner for shorl. A unique pattern of 
frequencies or wavelengths radiated hy an object is 
called thc spcctral siglluture of the ohject. 

There ure a number of udvantages to be gained hy 
utilizing various portions of the spectrum in uddi· 
tion to the visihle. To 11Cgin with, some fealures 
will appear clearly at one frequency, hut wi\lnot be 
discernihle at another. Simultaneous images in 

various spectral hands may he compared, making 
it possible to discriminate between features or 
phenomena which exhihit no apparent difTerences 
in the visihle range alone. Images from one spectral 
region may also he combined with those from an· 
other spectral region, amI a single composite image 
can thus be obtained representing an optimum "pic. 
ture" for certain analytical purposes. This technique 
is called multispectral sensing. 

Secondly, new types of information not obtain· 
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able from visible data can he provided; for example, 

infrared sensors measure thermal emissions and 

thus measure the temperature of an ohject. Since all 

materials emit heat radiation at various intensities, 

temperatures can be very important parameters for 
certain studies; for example, monitorinl! volcanic 

activity, water pollution, and ocean currents. 
Finally, lonl!er wavelengths such as microwaves 

are not blocked by clouds, as is visihle light: anel, 
like infrared, microwave sensors can be used at 

night as well as during the day, providing con· 
tinuous information around the dock. By contrast, 

visual images arc entirely dependent upon reneeted 

sunlight, or a substitute for sunlil!ht, and require 

clear atmospheric conditions. 
It is recognized, of course, that much remains to 

be learned regarding the spectral signatures of 

various features on the Earth's surface. Energy ab

sorption, emissivity, and renectivity vary widely with 
climate and weather, as well as with the seasons of 

the year. A given object. therefore, may have a 
spectral signature that varies with time_ 

Additional complexities arc introduced by the fact 
that the Earth's atmosphere I itself a variahle ah

sorber, renector, and scalterer of enerl!Y at different 

wavelengths) imposes severe limitations on the 
capability of certain spaceborne sensors to observe 

features on the ground. Only those instruments will 

be useful that sense in the particular spectral regions 
where the atmospheric medium permits transmission 

of energy from the Earth's surface to the satellite at 

least some of the time. 

SENSOR SYSTEMS 

Remote sensors are the devices employed in 

spacecraft to detect and record the Sil!lHltLlres of 
objects on or under the Earth's surface. Their proper 

com hi nation anel operation can provide the spectral, 
spatial, and temporal resolution needed to meet 

Earth resources survey data requirements. 
TIle sensors under investigation and being used 

in the Earth Resources Survey Program include: 

• photographic film cameras 

• television systems 

• multispectral scanners 

• thermal mapping scanners 

• imaging radar systems 

• microwave radiometers 

The sensors selected for any Earth rcsources mis
sion should be chosen on the basis of the precision 

and sensitivity of the measurements required by the 
user alHl the ability to ny these instruments properly 
integrated with the spacecraft and its related suh

systems. The prohlem rcganling makeup of future 

operational sensor payloads is thereforc one of 
judiciously selectinl! those instruments which will 
meet mission requiremcnts in terms of user needs 

and co~t considerations. The I!oal should he to collect 

the correct type of datn hut only in the amount 
necessary to solve the prohlem. To collect 1Il0re data 
than necessary would overtax any analytical cap

ability; eventually we must depend upon automatic 
processing of data. 

THE NASA EARTH RESOURCES SURVEY 
PROGRAM (ERSP) 

The EHS!' is a hroad prol!ram which inchules 

lahoratory and field experimentation and advanced 
studies, comhined lI'ith aircraft anrl space(~raft oh

servations. to estahlish the requiremenl:; for future 

experimental and operational systems. Specific pro

I!ram ohjecti\'es indude: 

I. Estahlishing the information requirements that 
can he met with the new aerospace and instrumenta

tion technolol!Y. 
2. De\'eloping a hetter understandinl! of the reo 

f"~ctance ami radiation properties of hiolol!ical and 

physical materials in the lahoratnry and in the field. 
and identifyinl! the ~in;_de or comhined wavelenl!ths 
that yield (~onsistent measurements as they are 

acqui~ed from IHol!ressively hil!llI'r altitudes and 

frOIl1 space_ 
it Estahlishinp; a sensor-sip;nature data hank 

based on an ur\(IN~tandinl! of the 1II0dif~'inl! dTects 
of the atmosphere as a function of ~un an;.de and 

look alll!le, as well as atmospheric constituents. 
4. De\'elopinp; sensor systems and data-I'rocessinl! 

methods that meet the needs of the resou rce sci

entist and malHll!er. 
S. Determininp; the complementary roles of space

craft, aircraft, and I!round platforms, and develop

ing the technolol!Y reqnired for future operational 

systems. 
6. Developing, in concert with the user agencies, 

the ecological morlels necessary for undl~rstandinp; 
natural and man-caused events and forecasting their 

consequences_ 
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It ill obvious that in order to accomplish these 
objectives WI} need not only the physical scientist 
and engineer who can build space and aircraft in· 
struments and platforms, but also the active par. 
ticipation of the user agencies (DoA, DoC, Dol, 
and Navy) as well as academic institutions and 
industrial organizations. 

The RJlD program is intended to maintain the 
flexibility to test promising competitive approaches 
and avoid irrevocable commitments that might cause 
expensive errors in these systems. The goal is to 
provide decision makers with the information they 
need for making long·term commitments. 

The ERSP focuses on developing the understand· 
ing and experti~e required for the use of remote 
sensing in the agencies and institutions charged with 
natural resources and environmental responsibilities 
aIIlI, through them, ultimate service to the public 
at large. 

The various elements and their time·phasing in 
the EHSP arc shown in figure 3. The early contri· 
butions of the ATS and Nimbus satellites, as well 
as the Gemini and Apollo manned programs, are 
included. The important Apollo 9 S065 experi'ment 
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FICUII~: 3. Schcduh: for Earth Hcs(lurccs Survey Pro/.,>Tam. 

was the first dedicated multispectral photographic 
experiment from space; it is discussed later in this 
paper. TIle sustaining efforts in the aircraft program 
and in the supporting research and technology 
program arc also included, along with the forth· 
coming ERTS·A and B and Earth Resources Ex· 
periment Packa/!:e (EHEP) missions. 

From the be/!:inning of the program, the ultimate 
IIsers recognized the need to determine, by the 

processes of interdisciplinary research, whether in 
fact sensor technology would eventually meet opera· 
tional requi.tements. It was also recognized that it 
was essential to develop the capability of utilizing 
the technology, which of course is the ultimate goal 
of applied research. 

THE 	ROLES OF SPACECRAFT, AIRCRAFT, 
AND GROUND OBSERVATIONS 

Four principal innovative features charactcrize 
the ERSP to date: 

1. A spacecraft platform from which to obtain 
synoptic, repetitive viewing of the Earth's surface. 

2. More precise quantitative techniques for multi· 
spectral measurement (from either spacecraft or 
aircraft) of electromagnetic radiation reflected and 
emitted from Earth surface features. 

3. Techniques for autOIr.atically extracting in· 
formation from remote sensing data. 

4. Decision·oriented resource and environmental 
models that can make effective usc of remote sen· 
o;ing data. 

It is clear that any future operational system will 
depend on a combination of spacecraft, aircraft, and 
ground systems, which must be complementary 
rather than competitive, for both technical and 
economic reasons. For example, no one would deny 
the advantages of aircraft in gathering some types 
of high.resolution data over limited geographical 
areas or for statistically sampling those data reo 
quiring high resolution. IIigh·resolution data gather. 
ing over extended regions may saturate any data· 
handling system, and should be avoided if at all 
possible. 

From a purely technological standpoint, there are 
important reasons for utilizing the space platform. 
One concerns the effecL of illumination angle on 
data gathering in the visible part of the spectrum, 
as shown by the mosaic of aerial photographs in 
figure 4. The individual pictures making up this 
mosaic were taken with the same camera and the 
same aircraft, at the same altitude, and processed 
with the same developing materials. The only 
change was time, and consequently solar iIlumina· 
tion angle; the f1i/!:ht lines were made about three 
hours apart. While the terrain is known from 
ground truth to be essentially identical within each 
of the areas defined by the dashed lines, changing 

http:l\IAltl.1I
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FIGliJlE 4. ,\ppan'nt tNrain ditr.. n·net·s III phtlttllllo~aics may not rt'pn',,'nt actual tlill ..r"IH'''s. 
(Arrows ,how t1irt't:lion of flight.) 

Sun angle makes the terrain look quite different. 
With Sun·synchronous satellite covcra:.rc, this prob. 
Icm would disappcar. Likc areas would look alikc. 
both in spectral contcnt and texture. This is oh· 
viously a sil!llificant advanta:.re for tcrrain classifica· 
tion and thcmatic mapping----hasir~ clements in all 
Earth science and important in applications to rc
source IlHIIHI:.rcmcnt. 

Since analysis of the data for, say, thcmatic map· 
pinp: represcnts a largcr task, hoth tecllllologically 
and economically, than gathering the data, the qucs· 
tion of thc prcscncc or absence of geomctric dis· 
tortion in the basic data is very important. For 
many purposes imagery ohtaincd vertically from 
altitudcs of 13 kilometers or Illore ahovc the Earth 
can be considered orthographic-that is. without 
rectilinear distortion. 'I11is fact tends to favor the 
use of spacecraft rather than aircraft for some 
applications. 

For example, fip:ure 5 shows a straight power 
Iinc as it appears near the edge of a conventional 
aerial "hotograph and as it actually appears from 
directly overhead (lower image). Therc nre two 
ways to Illap that power line properly. One is to 
apply to the upper off·axis view a complicated photo. 

grammetric process to J'l'ctify tlIP. image, costin),! 
ahout S60 per image. and the other i~ tn gct farther 
away from the slIhjcct and ohtain the narrow.angle 
vicw from space (above I~() kill), \I'het'l~ propcr 
spatial relationships am hell!'!' rc;.,dstcred within tilt' 
image. For this reaSOII. properly acquired spac(' 
data ('an givt' an "instant lIIap," while aircraft data 
IIsually rctain distortions that must IH' lahoriously 
rcmoved, 

..•. \ ~. '1 
-, .. 4t ". :.' 
:~,~ ..... 
'!J.~D:~:;'~~' II-~ ~ . ...... ~ -.... 

OFF·AXIS PERSPECTIVE-ANGLE VIEW 

II!t'~Dr~·W 
NEAR·VERTICAL PERSPECTIVE·ANGLE VIEW 

FIGIJllf: 5. Tht, t'fTt'cls of pt'rsJIt't'liVt' an~lt· on n'lil'f di~. 
plnet·lIIt·nt. 
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Taking into account the desirability of maintain· 51'ACECRAfT 

ing constant solar illumination angle and orthog. 
raphy, and of not overloading data systems with 
unnecessary inputs, it is believed that the economic 
and technical advantages of a spacecraft's con· 
tribution to surveys of areas approaching the size 
of the U.S. are significant. 

The complementary role of aircraft ,and space· 
craft in a broad class of inventory problr"1s has 
been demonstrated. As an example, notabl" work 
has been done by the U.S. Forest Service in the ap· 
plication of Apollo 9 spacecraft photographs, to· 
gether with concurrent aircraft aud grounJ data, to 
a practical, operdlional problem of timber inventory. 
A brief summary of the conclusions will demonstrate 
the strength of such coordinated spacecraft, air· 
craft, and ground survey efforts. 

TIle inventory of 20 000 square kilometers demon· 
strated a reduction in error in the timber·volume 
estimate from :U to Ii) percent, due directly to use 
of space imagery. If the error were held at 31 
percent, the savings could he reflected directly in 
aireraft·hours and manhours requircd to complete 
the inventory with a fixed expl'ded error. It has 
been esti/llat~d that usc of the Apollo C) photography 
could reduce the re<Juired aircraft and ground data 
gathering effort hy a factor of six. 

Th is statistical multistage I coordinated space· 
craft, aircraft, and ground observations) terhnique 
is applicable to a hroad class of Earth resources 
inventory prohlems. 

This lIIultistage approach is also necessary in our 
research program, as iIIustratecl in figure 6. We in· 
c1ude theoretical analysis, laboratory expe~imenta. 
tion, field IIIc~asurements of selected ground targets, 
measurements from aircraft at increasing altitudes, 
and finally, lIIeasurements from spacecraft at or· 
bital altitudes. All (jf these concurrent approaches 
arc e!'!'ential to en!'ure a sound R&D program as well 
as to indicate the appropriate roles of spacecraft, 
aircraft, anll ground.hased ohservations in future 
operational systems. 

THE AIRCRAFT PROGRAM 

TIlC NASA Earth Resources Aircraft Program 
(ERAP) is illustrated in figure 7. To date, this 
program has produced most of the experimental 
data IIsed lIy resource scientists in defining and 
de"e1oping remote·sensor systems for aircraft and 
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..........~~·~·~·~~·~....·....·· ..·..........................·..............·t..·....·........................ 

AIRCRAfT HIGH f\ I RB.S7 
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F((:17I1f: 6. Cont inuing devel0Plllent of relllote sensor tech· 
ni(IUcs. 

spacecraft, and in determinin~ the specific roles of 
spacecraft, aircraft, and f!round systems in future 
operations. 

The aircraft is a hif!hly adaptable test platform 
for determinin~ the performance ant! usefulness of 
~ensors under development. Instead of waitin~ for 
data acquired from spacecraft, users arc presently 
obtaining multispectral data of Earth phenomena 
from sensors carried I,y NASA aircraft. These duta 
arc used to eval uate the sensors and to develop a 
solid foundation for ohservational and interpretive 
techniques for Earth resources space missions. 

TIlC ERAP currently includes thrC'e aircraft: the 
HB·57F, the NP·3A, lind the NC-130n. We shall 
shortly add two more hif!h.altitude (U·2) aircraft 
to the program. TIlese high·altituue jet aircraft, such 
as the RB·57F shown in figure 8, permit us to 
simulate closely the conditions expected from an 
orbiting spacecraft, since they are capable of flying 
above 90 percent of the Earth's atmosphere and 
obtainin~ a fairly large field of view from altitudes 
of ahout IS kilomctcrs. The lower·fl ying aircraft arc 
used primarily for instrument development and 
early )"P-search in sen~or:,ignature relationships. 

TIle Lockheed C·130B is our flying optical and 
infrared laboratory. This aircraft will carry a 24. 
channel multispectral scanner, which should provide 
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\'ersity of Michigan C·,t7 aircraft. whidl we also 
use for the same purposes. The NP·BA is our 
radioll'ave instrulllent development laboratory. It 
has a larp:e number of radio antennas mounted on 
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a wide range of information allout the nature of the 
signatures uscd to separate, classify, and identify 
specific Earth resources. This instrumcnt is an ex· 

pansion of the 12·chunncl scanner used in thc lIni· 

Flcunt: 7. Goals and (':Ipuhiliti,'s of Ih., Earlh R"",urCt's Aircruft I'rtl~rUIll, 

FIGunt: 8. RB-57F aircraft and sensor elluiplllcnt pullel. 
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its underside, and j is used extcnsivcly in our 
oceanographic and hydrological studies. The air
craft arc used primarily ovcr a numher of test sites 
or areas (figurc 9) which werc chosen hecause of 
interest in the area and hecause of the cxistcnce of 
availahlc data regarding the area or thc existence 
of current ground investtvations. The disciplines 
included in thcse test areas are shown in the chart 
of figure 9. Since wc must verify the remotely 
sensed data hy comparison with actual ground data, 
these complementary ground cfforts are neccssary 
e1uring the research phasc of the program. 

In addition to thc tcst sitcs within the United 
States, NASA has cooperated with test-site research 
programs in two Latin American countries, Mexico 
and Brazil, as shown in figure 10. The NASA ERS 
NP-3A aircraft ovcrflew six multidisciplinary test 
sites in Mexico and five in Brazil. During the 
Brazilian program, NASA was also asked to take 
data in the grassland hiomc of Argcntina in sup

sm 
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port of the International Biological Program. At the 
request of the Peruvian Government, NASA air
craft photographed the 1970 earthquake rcgion 
and provided the photographs to the Peruvian 
Government. 

THE SPACECRAFT PROGRAM 

In the NASA spacecraft program, the major 
current efforts involve the Earth Resources Tech
nology Satellite (ERTS), illustrated in figure 11. 
ERTS-A is planned for launch during the spring of 
1972. The kcy design and performance character
istics of this satellite arc as follows: 

• 	 Lifetime objcctivc: 1 year 

• 	 Orbit: near-polar, Sun-synchronous, circu
lar, 920 km 

• 	 Attitudc control <0.7° 

• 	 Repetitive coveragc e\'ery 18 days 

• 	 Sensor payload: 240 kg 

• 	 Total weight: 865 kg 

• 	 Minimum power (20-minute sensor opera
tion per orhit) 

• 	 Wideband data transmission: 20 MHz, 
S-band 

• 	 Onboard data recording 

• Orhit adjust capahility 

TIlC Sun-synchronous near-polnr orhit wiII permit 
the satcllite, with its narrow-angle sensors, to ohserve 
the same spot on Earth once every 18 days. It also 
means that ohservatiolls will be made with a nearly 
constant solar illumination angle, required fo), 
de\'eloping identification signatures. TIle altitude 
permits narrow-angle sensors to he used to obtain 
\'irtuaUy undistortcd images. Data from the satellite 
wiII be received by ground stations in the United 
States and processed at the NASA Goddard Space 
Flight Center 	 (GSFC) in Maryland. 

Since reliance must he placed on readont from 
U.S. ground stations, the gathering of data out
side the U.S. will depend largely on the reliable 
functioning of an onhoard video tape recorder 
system. Thus, tape recorder capacity is the principal 
factor in determining the extent to which the ERTS 
system can provide data from areas beyond the 

FIG11l1.: 9. R('llional nnd IIlllltidi~ci(llinary an·a". line.of-sight range of our U.S.-hased receivers. 
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BRAZIL MISSION - 96 
MSC P-3A ELECTRA 
JULY 2 - 1B, 1969 

ill.Uill DISCIPLINE 

MEXICO MISSION - 91 
MSC P-3A ELECTRA 
APRIL 7-20,1969 

CABO FRIO 
RIO DE JANEIRO 
IPEACS 
CAMPINAS 
QUADRILATERO 

FERRI FERO 

OCEANOGRAPHY 
HYDROLOGY/GEOGRAPHY 
AGRICULTURE 
AG RICULTURE/FORESTRY 

GEOLOGY 

TEST SITE DISCIPLINE 

IXTLAN GEOLOGY 
ELORO GEOLOGY 
TOLUCA HYDROLOGY 
CIIAPINGO AGRICULTURE/FORESTRY 
VERACRUZ OCEANOGRAPHY 
PAPALOAPAN HYDROLOGY 

FIGURE 11. The Earth Resources Technology Satellite 
(ERTS). 

ARGENTINA MISSION - 97 
MSC P-3A ELECTRA 
JULY 19 - 20, 1969 
INTERNATIONAL BIOLOGICAL PROGRAM 

DISCIPLINE~ 
PIRANE AGRICULTURE/FORESTRY 
RIVA DAVIA AGRICULTURE/FORESTRY 
SALTA AGRICULTURE/FORESTRY 

FIGUIlE 10. Foreign l:ooperativc test ~itc re~('arch. 

The spectral bands, spatial resolution, and orhital 
parameters of ERTS are based on experience with 
our aircraft research programs and a sinf(le multi· 
spectral film experiment carried into space on the 
Apollo 9 flight. The 185·hy-185.kilometer imaf(ery 
format from spacecraft altitudes provides sufficient 
orthography for man}' applications, and the near
polar orbit provides a minimum of 10 percent over
lap of successive passes at the equator. 

The sensors or instruments to he tarried on 
ERTS-A include a high-resolution return-heam 
vidicon (RBV) television system to record images 
in three regions of the visible and near-infrared 
spectrulll for the preparation of thernatic maps over 
large surface areas. The ground resolution of the 
television system is expected to fall in the range of 
92 to ] 85 meters. 

A four·channel scanner extends spectral coverage 
to important longer infrared wavelengths and per
mits analysis at the level of each resolution element. 
Besides providing radiometric data not available 
from the television camera system, the scanner data 
is inherently compatible with automated analysis 
by digital computers. The data is recorded digitally 
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aboard the spacecraft, and the single collecting 
optics provide essentially perfect registration be· 
tween spectral channels. 

The feasibility of automatically classifying vari· 
ous Earth·resource phenomena has been demon· 
strated by experimentation with aircraft scanner 
data. The ERTS·A scanner will provide a means to 
test techniques of automated information extraction 
from data aCtluired at orhital altitutles on are· 
petitive basis. The ERTS·R scanner will also have a 
thermal·infraretl channel. The data taken outside the 

line.of.sight range of the three United States data· 
acquisition stations hy the HRV system and the 
multispectral scarlllcr can he stored nn a widehand 
video tape recorder for later transmission. 

Experience with Nimhus ancl studies for the 
Synchronous Meteorological Satellite (SMS) have 
indicated the feasihility of satellite data collection 
frolll ground sensors. and such a data collection 
system was sPleeted fllr ERTS·A. This system will 
coiled and relay data fro III Earth·ha~ed sensors for 
analysis with the spacecraft remote.!'ensing data. 
Typical ground spnsors will measure and transmit 
to EHTS·A such parameters as stream Oowrates, 
water cont('nt of snow. soil moisture. and tempera. 
ture. ERTS·A will receive this data nrul transmit it 
to ground receiving stations, where the data will be 
an!llyzed an~1 co ....elated with the RnV and scanner 
images. 

Experimentation in the laboratory, in the ficle!, 
and hy aircraft over the years, as well as analysis of 
photography hy Apollo 9. strongly support the 
I"'os(, ·~·t of success for the ERTS·A anrl B. These 
space('raft should return data that can he used to 
produce photoimages useful in the analysis of sueh 
suhjects as regional geological structures, land use, 
land·water interfaces, ane! changes in vegetation. 
'nit· rept'atpd coverage hy EilTS·A and n orhits at 
higlwr latitLHlt·s will also allow useful information 

to he extracted ahout \'hl iations in snow cover, as 
related to watcr rUllofT rate alld ahundance. Thc 
tlnta from EHTS·A and n will bc cvaluated to 
dctcrmillf' the usefulncss of space·derived remote 
~ellsin~ data tn the~e areas of intercst. 

While EIlTS·A is opcrating. aircraft will provide 
additional dctails to supplement and support space· 

eraft.acquin·d data. The aircraft data will he in the 

form of samplcs from selccted areas and information 

on the spcctral signatures that require more fre· 

quent coverage of locales or greater resolution than 

can bc ohtained from the satellite. 
Duta acquired from ERTS·A and n will he made 

availahle to all selected investig!ltors directly and 
to others on a cost·of.duplication basis. An "An· 
nouncement of Flight Opportunity," issued in June 
1970, provided potential investigators with the op· 
portunity to propose studies based on ERTS·A and 
B data, It has received wide circulation here and 
ahroad, To date, over ·!.OO letters of intent have heen 
received, including about 70 letters from 30 forei;!I1 
nations and international organizations. A confer· 
ence for potential investigators held at GSFC in 
Fehruury 1971 attracted over USO registered at· 
tendel's, including over 30 from 20 foreign coun· 
tries and intcrnational oqranizations. 

As mentioned earlier, the EHSP has also employed 
manned spacecraft for acquiring data. The early 
hand·hc·ld camera and automatic color photography 
from Mercury, Gemini, and Apollo Jlrovided im· 
agery which a numher of scientists in universities, 
industr::, and go\'crnment fOllnd of I!reat interest. 
In particular. geologists found that these large·arca, 

small·scale images re\'ealed features ne\'('r hefore 
identified. This work led to the design of the first 
controlled multispectral photography experiment, 

which was carried out during March 1C)69 on Apollo 
9 to verify the choice of spectral hands for the ERTS 
sensors, 

The next ohservationul experiments on a manned 
mission will he aboard Skylah, the first manned 
orhital workshop, to he launched in 1973. Ex· 
ploratory studies of selected ~round targets will he 
made with a group of sensors which comprise the 
Earth Resources EXJleriment Package (EHEP), iIIu· 
strated in figure 12. Since Skylah will fly during 
the life of ERTS, data from these Skylah sensors 
will he compared with data from airhorne nights 
and ERTS. The Skylah will permit us to place in 
orhit more sophisticated sensors covering many 

more regions of the spectrum than ERTS, 
EHEP sensors include an array of six horesighted 

cameras, an infrared spectrometer, a 13·hand multi· 
spectral scanner, a 13.9·GHz radiometer/scattero· 
meter, a 13.9·GHz rudar altimeter, and a 1.4.GHz 

radiometer. Several of the photographic bands and 

several of the hands of the multispectral scanner 

correspond to the bands sclected for the ERTS tele· 

vision system amI scanner, thus permitting correia. 
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FIGIIIU: 12. EHEI' grlllmd COI'(·lag'·. 

tion of EREP photographic and scanner data as well 
as EREP and ERrS data. 

Skylab will he placed into circular orbit at a 
50.degree inclination and an altitude of 436 kilo· 
meter;;. TIle first three'llIan ere', will rendezvous 
with Skylab a few days after the unlllanned launeh 
and will spend 2[1 days in orhit. Subsequent lIlis· 
!iions to Skylah arc planned for~. 1ft\' centers, with 
the second and third crews each !ipenlling Sf> da~'s 

in orhil. During the uninhabited periods. EREI' 
will be deactivated. EHEP film and tape reeords 
will be retul'lled to Earth with the crew in the 
command module, and film alJ(1 tape will he reo 
plenished on retuJ'll flights. On the final mission. 
the crew will return the filters used with the multi· 
spectral camera. for ground calibration. Because of 
the orbit. EH EP data will be acquired only between 
the 50.degree latitudes and under varying solar 
illumination conditions. Because the data must be 
physically returned to Earth via the reentry capsule, 
the amount of data to be acquired is limited. 

An "Announcement of Flight Opportunity," issued 
in Decemher ] 970. gives investil!ators an oppor
tunity to call for special obsen'ations or studies 
using EREP data. Plans have heen made for an 
integrated review and el'aluation of the ERrS and 
EREP data·utilization proposals to make the most 
of these two complementary missions. EREP data 
will be made available in the same manner as ERrS 
data. 

The large and rapidly increasing amount of data 
on Earth resources collected in the ERSP constitutes 

an extremely valuable. unique source of informa· 
tion. To provide access to this mass of data for 
study by im'estigators and other interested parties, 
all ERS research data facility was estahlished in 
January 1969 at the NASA Manned SpUl.:rcra{t 
Center. The facility has already been utilized hy 
many industrial and eommercial organizations, 
educational institutions, United Stalf~,; Government 
al!encies. anel forcil!n 1!00'ernmentllI ancl private 
organizations. 

INFORMATION PROCESSING 
A key portion of the program is concerned with 

information processini!. The ~oal of the program is 
not data, bur rather information from which sound 
resource and environlllenral management decisions 
can he made. TIlllS. the extraction of information 
from data at the earlie~t point in the system in the 
most efficient manner is a primary goul. This work 
depend~ on both ~ensor.si~natu re research and on 
the del'e1opment and Ul'C of decision·oriented reo 
source and enl'ironnH'ntal models that can exploit 
remotc scnsing data. 

Experience gained from over :{O ~'I'ars of intcn· 
sive u~e of aerial photographs has shown that 
panchromatic (minus hlue) photol!raphy helps de· 
termine 1I'''t'fI~ thin)!!; are. hut (at least in tprms of 
natural phenomena) has only limited SIICCI'SS in 
determining ,chat thini!~ are. On the other hancl. in 
Iittlc more than five years. multispcetral im<li!Ny 
has made significant pro)!rcss in ela;;sifying and. 
in sonle cases. ich'ntifying natural surface phenolll' 
cna. It should Ill' noted that sequcntial cOI'erag!' 
also aids in this identification. 

Although powerful. thel'e newer techniques neate 
two important prohlems. The first is that machines 
must be used to perform quantitative radiometric 
measurements and also to assist in the interpreta. 
tion of such measurements. since man has difficulty 
in e\'aluating spectral changes. The second is that 
multispectral data analysis requires hi/-!h rates of 
data transmission and manipulation. 

Because of these two prohlem areas, a major 
efTort in the experimental program concerns data 
compaction, compression, ancl sampling {some of 
which may be done aboard future spllcecfllft). 
Studies arc also underway on data processing, reo 
formatting, filing. storing, accessing, anel retrieving, 
as well as studies to detect surface changes by 
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AERIAL PHOTO ALL CLASSES 

FIGt:II': 13. Automatic c1a,sificatioll of 

analysis of the sequcntial data. Data·compression 
tcchniqucs will make it possihlc to store informa· 
tion on changes in data without duplication. 

Significant progress has been made in automatic 
classification of Earth features using (ligitized data 
from a multispectral scanner. ]\fuch of this work is 
being carried out under NASA sponsorship hy the 
Laboratory for A pplications of Remote Scnsing 
(LABS) at Purduc University, using the multi· 
spcctl'lll scanncr and aircraft of the University of 
Michigan. Grcen vcgctation, trees, soil, and wate: 
can bc classified automatically with this systcm 
(figurc l:~), as well as ccrtain crop types such as 
corn, soybeans, wheat, and oats (figurc lit). 

During the summer of 1970, aircraft scanned 
arcas of Indiana infcstcd with southcl'll COl'll leaf 
blight (spore.carricd fungus) which destroycd ahout 
15 pcrcent of the U.S. corn crop in that year. (The 
problem is likely to continuc into 1971, since a 
sullicient amount of hlight.resistant seed will not 
yct he available.) 

As shown in figure 15, proccssing of aircraft data 
idcntificd fivc significant levels of crop strcss, and 
whcn thc aircraft (lata werc comhinecl with ground 

) ..... '} 

or 

\ 

SOIL WATER 

grel'n Vl'gdation. Ir.-.-,. ~oil. 1111.1 water. 

CEREAL GRAINS 
(CORN & SOYBEANS) (WHEAT & OATS) 

ROW CROPS 

.. 

.-'-, 

o 0' 
o I 

... 'j 
: ~"Q -0, 

.: -' ,"I~ 

I 
I 

II 

•....... 

. 
c ..

I I'o ,l~~ 


',. 

'~ 
,'S: 

FIGIIIIF. 14. Sp.-(·trlll pall.-rn n-('ognitioll of row crnpg on.1 
c.-rl'al graills. 

,\." 



27 THE EARTH RESOURCES SURVEY PROGRAM 

................•,.
'II, I 

. " 
\,,' :::::~:::~E::::!il; 

;~., .:.' P3st: ..............................•....•.,., 

, .......... , 


::~t:3n'SclY: , .., . ::>:::::,:t'. ... - ....... ..
~ ... - ........ . 

'. 

, 
": '::: It· I/O 

,. 

'I" 

KEV TO STAGE OF INFECTION: 

1=VERV MILD 
2=MILD 
3=MODERATEL V SEVERE 
4=SEVERE 
5=VERV SEVERE 
DASH=IDENTIFIED BUT NOT CORN 
RI ANK=IINKNOWN 

FIG!'n.: ]5. AUlnrnatic idt'ntificatiull of ('11m Il'af hlil\ht. 

observations, it was established that thc stress 
identifications represented five levels of southern 
corn leaf hlight infestation. Remote sensing shows 
great promise for detecting such crop diseases early 

and minimizing losses hy early harvesting, spray. 
in!!, and identification of sources of hlight·rcsistant 
sceel. 

Computer printouts have illustrated some promis. 
ing resuits in automatic soil classification (figure 
16). Digitizcd images proccssed from Iinc·scan 
imagery showcd that classification of soils hy 
standard color indexes showed hctter than 90 per· 
ecnt correct corrclation with thc classification ae· 
cording to Or!!llllie'llIattcr content dcrived from 
ground measurements. 

The Purduc/LARS automatic digital dassification 
tcchniqucs arc hcin;.: extcnded into the gcolo;.:ical 
area hy investigators of thc USGS. Ten terrain 
classes ha\'e heen identified in a tcst arca within 
Y clloll'stone National Park, as shown in fi;.:urc 17. 
Thc classification at the top of the chart used an 
optimullI set of four spectral hands: the hottom one 
used thc thrcc proposed ERT~ hands. Thc EHTS 
hands produced vcry nearly thc samc accuracy (B2 
percent) as thc four optimum hanels f fl6 percent). 
Thcsc rcsults )!i\'c considerahle promise for auto· 
matic tcrrain classification from ERTS e1ata. 

Thcsc capabilitics for automatcd classification 
from aircraft JIlay he (~xtp/l{led to spacpcraft oh
sen·ations. 1111~ extcnt to wlridl this ('an 1)(' accom· 
plished will h(~ dctermined in the anal~w~ (If EHTS· 
:\ and n data. 

SOllie rather con\'in('inl! p\,idplH'p of the applica. 
bility of automated cla~sificatioll t('('hllilJue~ to 
spacecraft ohscr\'atiolls Iras already ),el'n ohtained 
from the A polin f) experimcllt in March 1f)(j(). A 
typical JIlultbpcctral produ(,t is sholl'n in fi!!urc 1B. 
Thcsc and similar data ha\'c 1}(,l'n u~ed to verif\' thl' 
capahility of tire l!reen hand for water pcnetration. 
thc red and near infrared hanels for crop and fca· 
turc identification, and the ncar infrared hand for 
plant.stress deteetion and idpntifiration of surface 
water. 

It has also heell pos~ihlc to (li::dtizc thc Apollo 9 
data alHl. applyinl! the LARS tcdllliqucs, auto· 
matically classify \'arious tcrrain catcl!ories sueh as 
vCl!ctation. hasalt. alluvium. and sand dUlles. F'il!ure 
19 shows (as used 011 thc cover of AstrOTUllitirs and 
Al'ronalltics lIIal!azine for April 197]) a full·rolor 
rcproduction of this computcr printout for thc rm· 
perial Valley area of California. Takin)! a portion 
of this area and furthcr applyinl! thc LARS computer 
classification tcchnique, it has heen possiblc 'to 
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FIGllIIE 16, Aulomalic ,"il mapping, I.l'fl pholn ,IIO-.vs cnmpull'r prinlout of "'\,,'n ~nil cale!!ories 
hu,,'.! nn 'p{'clrai Prolll'rti,", NIlII' cnrrl'lalion h"I\\'l','n soil clllor map an.! "'il oq.:anic mailer 
lIlap (right) deril'e.! frolll groun.! nll'i1,nTl'ml'nls, 

idclltify grccn vegctation, soil, and watcr (figure 
20), 

In addition to \'!'rifying thc choice of spectral 
hands for the EilTS television cameras and per
fonning automall'd terrain classification, the Apollo 

I) cxperimcnt scrvcd to evaluatc the feasibility of 

simultancous spacccraft-aircraft imagery and ~eqllen

tial aircraft imagery for inventory ami classification 
of reSOUfl'PS, TIll! areas of the 11nited States over 
which simultaneous spacecraft aluJ aircraft imagery 

was obtained include the Imperial Valley and Mesa, 

A rizona, agricultural test sites, and the area in 
Mississippi, Louisiana, and Arkansas ('overed by 
the Forest Service (lIS))A) in the timber,inventory 

study, Analysis of color infrared imagery taken 
from spacecraft, high,altitude aircraft, and low
altitude aircraft gave a most si;!IIificant result: The 
tonal signatures evident in the aircraft imagery are 

well preserved in the small-scale spacecraft imagery, 

and tonal sil!natures when combined with sequential 

coveral!e have e5tablished the feasihility of con
strllclinl! crop calelHlars, A typical calendar is 
shown in fil!ure 21. 'Dds information can he used 

to facilitate speci('s identification, as well as vil!or 
awl yield estimatioll, 

Rased on the experience l!aine(1 from the Apollo 

() multispectral photography experiment, with res

olution l'omparahle to that of ERTS, we are con
fident that these techniques can he cmployed to 
cxtract similar vegetation and terrain classifications 

from EHTS and EREP data, 

FUTURE SYSTEMS 
The converl!inl! Iincs of ERSP activities-Iabora, 

tory and field experimentation, advanced studies, 

aircraft and spacecraft ohservations-aim at deter
mining the desirability of all operational ERS sys
tem, as well as its optimum configuration in terms 
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FIGunE 17. Automatic classification of It'rrain 
chulIlIl·1 ,calllll'r 

of aircraft, spacecraft, and ground segments. Con· 
tinuing research and development with spacecraft 

and aircraft will be necessary to ensure that im

proved concepts and technolol!Y can be utilized to 
upgrade operational systems. Additional rcsearch 
spacecraft beyond ERTS-A altd B are anticipated. 

Thc advisability of establishing operational ~ys· 

tems will depend primarily on the matHll!ement 

value uf the resource and enviromllental informa
tion from this prol!ram. NASA is working jointly 
with users in developing an ad{~quate set of experi

ments to determine this operational value. 
The aircraft program, ERTS, and EREP:'Skylab 

provide a broad range of experiments with various 
combinations of space, air, and ground data-ac
quisition systems. This experience is essential to 

developing the best total ERS system concepts, and 

-

3 ERTS BANDS; 
82% CORRECT 

3 BANDS (RED, 
• • 	 NEAR·IR, AND 

THERMAL-IR); 
81% CORRECT 

WHITE=THRESHOLD OF COMPUTER 

DARK BROWN=VEGETATED RUBBLE 

RED=BEDROCK OUTCROPS 


I Y.·llnw~loIW National Park) hy ~Iidrigan multi· 
anti I'unhw COllllllltl~r. 

many prO/lIJsl/lg techniques will probably depend 
upon experimental o!Jser\,atory·type spaceeraft he
yond EHTS·A and B for verification of utility. 

To understand fully the requirements for research 
systems and the scope of future operational systems, 
it is necessary to construct conceptual models of 
th(' "total" system, Sueh a model is illustrated ill 

figure 22. An important part of tIll' prol!ralll lIlust 
deal with the development and validation of de

cision·oriented resource and l'll\'ironllll'ntal mOileds 
that call mak{~ the 1II0st efTectin! USt' of ('{'mote 

sen~ing data-···the output of the observatioll system. 
Model studies arc presently being cOllducted in 

agriculture, forestry, range nlllllagement, hplrolo:.:y, 
geology, geography. and oceauogl'llphy. In the 
larger context, these studies deal with measuring 

and monitoring the dynamics of terrain ant! ocean 
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RED BAND IR COLOR 
..~.~ .•.

.,.,~:.... 

NEAR IR BAND GREEN BAND 

FIGUIIE lB. Apollo 9 p!Jolngrup!Js of Imperial Valley, Californiu, luhn in March 1961) using the 

5065 multispcclrul camera. 

surfaces and, to a small degree, the subsurface, for tions: regional water management, wheat-production 
there is a clear connection between p:eologic struc management, and wheat-rust control. These need 
ture, soil formation, the hydrologic cycle, and refining and verification, and many other studies 
vegetation. need to be undertaken. 

Using available modeling techniques, contractual We feel, however, as did the National Academy 
studies have analyzed severn I promising applica- of Sciences in its 1963 study on "Useful Applica
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tions of Earth.Oriented Satellites." TIle Central Re· 
view Committee conclusions and recommendations 
state: "The henefits from space application are ex· 
peeted to be large-larger than most of the study 

EARTH PHYSICS 
MOOELS 

NONPHYSICAL 
INPUTS 

EARTH rONOITIONS MANAGEMENT ACTIONS 

FIGtJllt: 22. Dlock diagram of an 0pl'rational ERS system. 

participants had originally believed, and certainly 
larger than the costs of achieving them." 

In conclusion, it is most important not to lose 
sight of these essential facts: Since the current pro· 
grams are research programs, data formats and 
characteristics may differ markedly from follow·on 
research programs or operational systems. TIle 
ERTS program is intended primarily to gather data 
over the United States and nearby ocean areas; the 
gathering of significant data outside the United 
States will depend on the specific proposals for such 
investigations and on the successful and continued 
functioning of an onboard video tape recorder 
system. 

All results will be puhlished in the open literature, 
and all data acquired will he made availahle, to 
insure that the benefits of this program will accrue 
to the world community, as is fitting in such a sci· 
entific endeavor. 
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Perhaps it is appropriate, as we begin this inter· 
natiOllU1 examination of a vcry promising nell' dis· 
eipline, that loITer largely cautionary remarks 
which you may keep in the backs of your minds duro 
ing the next two wceki;. 

To hegin with, this is the first International Work. 
~hop on Earth Hesourees ~uf\'ey Systems. It is a 
direel de~ccndant of the rntefllational l\leteorologi. 
cal Satellite Workshop, held in Washington ill 
November 1')61 and sponsored by NASA alld tlw 
(I.S. Weather Bureau. Bl'presentatives of oVl'r :W 
countries were reprl'~t~nted thell. The purpose was 
to hdp prepare thf~ intl'fIIational community to usc 
weathcr satellite data, just as this \\'orksllOp is to 
prepare for the usc of Earth rl'sources satellite data. 

The earlier workshop was Iwld after three weather 
satdlites had pro\'ed thl'mselvcs. This workshop 
comes about a year before the first dedicatcd Earth 
resources satellite will he in orbit. In a sense, thcn, 
this workshop could be considered too ('arly. On 
the other hand, the evidenee of the prPliminary space 
and air programs in remote st'nsing It·d us to he· 
lieve that the workshop was nceded ~o that you 
t'ould del'ide for yourselves what expeelations you 
should have in the Earth resources survey (EllS I 
field and how fast and extensively to prepar!' your· 
selves. 

Sct'ond, I should note that hoth the earlier work. 
shop anrl this one were rlesigned cxclusively as 
tcchnical meetings. We arc prepared here ollly for 
t('chnical mailers and will havc to leavc other mailers 
to other fo I'll IJIS. 

Third, I should poillt out that the preselltations 
during this workshop will be given pril cipally by 

people II'ho ha\'e IH~ell deeply ill\'oh'ed ill till' devel· 
opment of the EHS program. The)' are therefol'(
(u!r:ocalt's alld must lit' ullderstood as su('h. 

Fourth, I prohahly dOll't IIt·I·d to ft'milld you tlrat 
tlris II!'I\' Iedlllology ~hfluld 1I0t lit' ('oll~idt'f'l·d in 
isolation. It is olle of IWIII\, tool~ a\'ailahll~ for 
re"OUITe alld otllt'r l'conOlllic dl'l't·loplIH'lIt. \~Te do 
lIot IIl1'all to .;ugg!'st Iwl't· what prioril\ tlrl"I' IIt'W 

tl·dlllique.; "llOuld Ira\'t' ill your 011'11 ('olllltry. Tlds 
is a j IIdgllll'lIt \\ hi('1r WI' IIIU .. t Il'al'l' to \ oU. 

.'ext. I lIallt to t'oll1m('11I1 \ filiI' allt'lltioll (,SPt" 
(,ially to till' fad that WI' hal'l' ,('llI'dlll(·d 0111' day, 
Thllr!'day, \Iay (', for pn'''('lllatioll_ hy l't·pn·';I·lIta· 
tin's of otht'r ('oulltril's, Tlwir \'i('lIs alld l'xpl'ri('III'I' 
iliaI' \\(~II III' of ('\'('11 gn'alt'r ('I·II·\'alH'l· to \'ou thall 
our IlIIII hy n'a-oll of "call' ill hlldg(·I.-. ill g('ograpIIY, 
or ill t('chllical resourcc". 

Ll'! me till'll 110\\' to the pro:'III'(·t" for illtl'matiolHiI 
w.,e of Earth ('I'"oun'I''; data thrllllgh ('I'IIII,tl' sl·nsillt!. 
Such tN! II ill d('pl'lId 011 I II the availahility of 
data, I ~ I th(· \,allll' flf the data, and (:ll tilt' t'apa· 
hilities to Ust· till' data. 

You aln'ad\' kllow tllt~n' are tlll'l'I' soure!'s of 
data: (1) sall'lIitcs wlrit'h ha\'c already f1oWII, sudl 
as ~illllllls, '1'1 BOS, Cernilli, :\1'"110. dl·.; 121 air· 
craft; alld (:ll tilt' Earth lIesoufl'es Techllology 
Satdlit(' (EHTS I. 

TIlt' carl~ !'xl'niuII'lItal .;alt·lIit(~ data, whiclr an' 
catalogl·d alld antilaldt', I\'('n' good 1'1I01l),!!1 to I'll' 
courage tire (I.S. Coverrllllmt to illitiatt· a sall·llite 
reIllote scnsillg program. 110\\f'1'!'f l'IH'ouragillg tllt'sl' 
data ha\'e IlI't'n, they an~ of course exp!'rillll·ntai. 
They were not intended to he alld are not compre· 
hensh'c, cOlltinuolls, or systematic. So, whilc the 
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data are available, they did not and do not consti
tute an ongoing intcrnational scrvice. 

If we turn to the U.S. aircraft remote sensing 
progmm, we scc that most of thc data have hecn 
acquired over U.S. sitcs, with the purpose of de
veloping recognition pattcrns ano calibrating in
strumentation. SOllle data havc heen acquired 
internationally, hut on a very limited basis. Again, 
this activity is 1I0t ill a rcal scnse a source of supply 
for thc general internatiollal community_ Yet thc 
datil arc Il\'ailahle, either in copies or for consulta
tion at our ccnlt'rs, and can scrvc rcsearch and 
edueative purposes. 

This hrings us to EBTS, our first satellite project 
to he dedicated to resource and environmental 
sensing. You have just heard fro III l\'Ir. Jaffc on the 
ohjl'ctives of this project. Let me J'('pcat them 
hriefly. They are to confirm and assess the practical 
value of remote sensing from spacc; to compare 
thc remote st'lIsing ('apahilities of spaeccraft a/l(l 
aircraft; to delermillt· whl'lher and hoI\' an opcra
tional Earth /'I'sources survey system should he 
pursued, IIsing spact' ell'lll!'nts for the purposes of 
a us!'r t:olllmunity; to determilll' which remote 
scnsors art' 1I10st efrt'C'li\'t'; to dt~\'clop data handling 
proeecluJ'('s; and to help us understand operational 
s)'l'telll n'qui/'l'IIJents arid costs. Thesc ohjeelives 
point (lut that the EBTS svstelll is all inquiry and 
not all illdefillitt· t'onllnitlllent to ('ollect and pro· 
ddt: data. 

This raist:s a lIull1llt'r of obvious questions in an 
illtl'rnatiollal audiell(,!'. Ll'l us look at sornc of thcm: 

QUl'stioll; When dOl'" EHTS data hecoHle H\'ail
allle'? 

Allswer: In )1>7:2, if all goes as planllcd. 
Qllt'stioll: What will he thc valul' of thcse data? 
Allswer; Wt: ('allllot he ecrtain yl'l, sillce onc of 

the purposl's of EH j'S is to detcrmine exactly this. 
Of course, ;;ollle illformcd estimatcs call he madc, 
IIl1d you will hc lll'arilig tlae;;e in some detail durinf( 
the cOllJ'se of the workshop. 

Qucstion: What will hc tlae intcrnatiollal avail
ahilit y of thc data? 

Answer: Jn principII', all thc Earth rcsO'Jrces 
data gathcred will lie madc availahlc. For prdr.tical 
purposes, tlac amount and loeation of data actually 
collcetcd will depcnd on the lifetimc of thc satcllite, 
the lifetinw of the tapc rccorders, thc numbcr and 
'1ualit y of research proposals for the collcct ion of 

data for areas outsidc the Unitcd States, thc spacc
cruft powcr hudgct, aud the timc rcquircd to read 
oul the hroadband telcmctry. If spacecraft data ac
Cluisition timc is limitcd for any of thcse reasons, 
thc schcdule's will be adj ustcd to mcct EilTS' primary 
objcctive: to gathcr data over U.S. ground truth 
sitcs which have been uscd for the aircraft program, 
so wc can cross-calibratc thc data and meet othcr 
requiremcnts of thc U.S. user agcncies. 

Qucstion: Will other countrics hc ahlc to rcad 
out the EilTS data if they wish? 

Answcr : Yes, if they choosc to invcst in the ncces
sary ground receivcrs. In fact, Canada has dccided 
to do this, and we expect to si~n an agrccment this 
week aceordinp; to which Canada will rcad out and 
proccss EHTS data aC'luired at Canadian facilitics. 
lIowcver, thc power budget of thc spacccraft and 
the timc requircmcnts for U.S. rcadouts must he 
takcn into aceount when dt~tel'lnining thc amount 
of timc which can bc madc availahlc to foreign 
ground stations. 

In \'icw of thc constraints on EilTS data acquisi
tion, thl' fact that data collected will be available 
in an)' ('a~e, and the high cost of p;round rcccivers, 
wc cannot lightly encourage other countries to spcnd 
o\'er S,I. million for facilitics to rcad out and proecss 
EHTS data. But neither do we discourage anyone 
from doillg this. In fact, foreign stations would he 
thc onl), :;ource of intel'llational data if the ridco 
tapc rccorder;; should fail in the satellitc. Wc mcrely 
suggcst that other eoulltril's considcr the facts of 
the situation (~areful1)' alld thell dccid(' for thcm
selvcs whcthcr thcy wish ill thcir own int, rcst to 
makc such investments at this timc. An)' which 
dccide in thc alTirmati\'p will of course rcecivc all 
the ncecssar}' information wc call givc. 

Qucstion: Can the high eost of ERS p;round 
rcceivcrs hc rcduecd? 

Allswl'r: Wc are conduelillg research at NASA 
011 high-power spaeecraft systcms which, if success
ful, could rcdu('c ti,c power rcquiremcnts ancl therc
fore the cost of ground facilities. Wc arc also inves
tigating whether it Ilould bc feasihlc to usc small 
APT-typc rcccivcrs, such as are used to rcccivc 
wcather satellitc data. This rescarch will be rcported 
gcncrally as it yields results. 

A final question: What happens after ERTS? 
Answer: Thc EHTS project is designcd to tell us 

what kind of a follow-on program should hc devcl
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oped, if any. Since the an8wers to this question will 
come with EHTS, we cannot yet relate future inter· 
nlltional participation 01' institutions to post-ERTS 
satellite programs. 

A major question that J posed earlier related to 
the preparedness of nations to use the data we ex· 
pect from EHTS and subsequent programs. Anum· 
her of early and carefully considered steps have 
been taken by (T.S. agencies to alert and prepare 
other eountries to usc Earth resources data when 
it does materialize. A ha~ic ac~tivity has heen exten· 
sive public discussion in a conscious effort to alert 
lind educate the national and intel'llational commu· 
nities to EHS prospects. 

Ambassador Bush earlier recited a number of the 
illitiativcs that havc heen taken within the context 
of the United Nations. Jn addition, we have entered 
into eooperati\'(! programs directly with Brazil and 
Mexico to develop more immediate knowledge of 
this program, to train cadres from both countries, 
and to assist them ill the development of ullicJlIC 
groulld truth sites of their own. We undertook to 
o\'l'rfly those ground truth sites with Earth survey 
aircraft and provided the data to Mexico alld Brazil. 
We are providing them with technical assistallce in 
developillg aircraft programs of their OWII, and \\'e 
arc extellding this pro~ram to apply to satellite data 
as well a~ airerafL data. HI'llI'pspntativ('s of thrse 
countries are here at tIll! workshop to rpport to you 
on their experil'ncl'. 

Our resourcl's in thp aireraft program are too 
limited to pl'rmit hroad I'xten~ion of this type of 
eooperation to additional countries. Howe\,er, we 
ha\'e acquired data ill lIorthem \rgentina in sup· 
port of a l'I~quest from the Jntel'Jlational Biological 
Program. We hav(' assisted India in tilt' acquisition 
of infrared data O\'cr areas of coconut palm blight 
in Kernla State. We prodded aireraft em'erage last 
year over earthquakc·damaged art'as of Peru. to 
assist in damage assessment and rcdcvelopment 
efforts. We lire prcsently working with the Geological 
Survey of Jamaica alJ(l the Food and Agriculture 
Organization to acquire hydrologic in formation 
over Jamaica and sUfl'ouncling water~. We hope that 
all of these aircraft remote sensing projects \\'ill help 
to demonstrate the utility of the technicJlII! to the 
inte/'IJutional community. 

I indicated earlier the cooperative agreement 
which we just completed with Canada. We ulso 
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recently concluded an agreement with the Soviet 
lJnion to study the possihility of cOIulucting coonli
nated air and space rcseareh over specified inter
national wuters and to exchange results of mellsure
ment8 made by each country over similar land sitcs 
in their respective territories, The purpo~e of this 
agreement is to advance spaee and eonventional 
sur\'l~y techniques for investi~ating the natul'IIl 
environment. 

We ure attempting to meet other international 
interests by opening our faeilitics to visits by for
eign delegation~, hy circulating information on the 
program, and by I~xtending the NASA international 
university fellowship program to cover Earth re· 
sources curricula in seven leading U.S. universitics. 

I think you will hc particularly interested in thc 
response II'I! have receil'cd to our general invitntion 
to the world community to submit proposals for the 
analysis of EIlTS data, as wcll as data which is to 
be colll'eted hy means of the Earth Hesourees Ex
periment Package. or EIlEP, \\'hit~h will hc f1o\\'n in 
the (:.S. Skylab program. To date. we have receivcd 
()O proposals from 2;) forcign countries. The follow
ing is a list of the countries frollJ which propos<lls 
have been received: 

Argentina Inelia 
Au~tralia Indonesia 
BeI~iull1 Israel 
Bolida ./apan 
Brazil Korea 
Canada Netherlands 
Chile Norway 
Colombia Peru 
Ecuador Sweden 
France Switzerland 

Germany United Kingllom 

Greece Venezuela 
Guatemala 

Let u~ assume for a moment that the EnS pro
gram i~ validated und that we move on to an 
operational s~·stem. How can we imagine such a 
s\'stem in tenns of its interuational operation and 
I;o\\, it could S(~I'\'e the interuational eDmmnnity. of 
users'? I t\link it is reasonahle to ex peel that the 
I inited States, and perhaps the Soviet (inion anel 
other nations, will have continuing intercst in the 
operation of Hll Earth resources survey satellite 
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system to meet their own national needs. If such 
systems existed, it would be an economic matter to 
acquire global coverage at the same time that 
national coverage is acquired. The fundamental 
need, then, is really for a mechanism for the inter
national dissemination of data and for assistance 
in its interpretation. 

In various public statements, in the UN and else
wherc, we have suggested very briefly the kind of 
arrangement we imagine might serve these purposes. 
The nations may at some appropriate time want to 
consider selting up a UN facility-not a new agency 
hut a facility-to serve member States of the UN 
and to serve the existing specialized agencies and 
other international agencies which already usc re
sources data for development applications. Such a 
facility would need to indude special computer and 
data analysis capabilities to service the wide needs 
of the ~peciali7.ed agencies for resource data. The 
approach could be relatively econumical. Further· 
more, the facility would insure the open and cen
tral intel'llationlll processing of the data. It would 
ill\'olve the resources people who already IUl\'e estab· 
Iished relationships through the Agency for -Inter· 
national Development I AID). This AID aspect, of 
course, must he closely rdatcd to the extent that the 
less developed countries are involved. Certainly, 

there would seem to be no need to duplicate the 
work of the F AO, the WHO, the UN Resources and 
Transport Division, and so on. As for the cost, it is 
too early to determine what this might be. It is my 
personal view that it would be extremely difficult to 
establish a cost-benefit ratio between Earth resources 
data which a country may receive and the benefit 
the country mayor may not derive from that data. 
Therefore, I dOIl't suggest any cost-benefit or fee 
hasis at all, hut rather a simple arrangement ill 
which the UN facility would acquire, at cost, copies 
of the data, and would duplicate data that the U.S. 
and other countries acquire through space segments. 
They would then provide the data directly to the 
AI D groups and the users. Some basis for cost shar· 
ing might emerge at a later time. 

In summary, we are at a point where we ha\'e 
experiments and expectations. We do not yet have 
an established international service, and we do not 
have a clearly t!emon~trated validity. TIIC first major 
lest will be EHTS·A. We look upon this workshop as 
one means of assuring, through international under· 
stall(lill;,! and participation, that EHTS·A and its 
successors will he widely tested, considered, and 
evaluated as part of the general preparation of 
peoples everywhere to use the lIew tcchnology for 
our mutual hencfit. 

http:peciali7.ed
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The data to he defived ffnlll the ERTS ~atellil"s am intt'ntlt'd III ,,"nlain as few variahles as 
possihle so that the data will he easily usahle h)' large nurnl)l'rs of Earth srit'lItists and ",dl' 
nicians. The reduclion in varia hIes fesults frorn Ihe lise of wr)' lIarruw,an~lt' vi,'wing sysll'rns and 
selection of an optimum SUIHynchrolllJus orhil, H,'sulting irnagl's will Ill' IlI'arty orthoj.!raphic j rnap, 
like} Upllll collection allll, with prup,'r proc""'ing, will IH\VI~ a high uniforl\lity of illtllllinalilJlI Sll 
that ohjl'cts having similar r..fb:laIH'1' characll'rislics \l'ill app,'ar ,illlilar Ihrouj,dlUut IIII' illtaj.!I" 
Parts of the 'pl'ctrllrn til I)(~ f('cnrd..d hy Ih,' '1'1I'"rs ahoard EHT!-' \l'l'fI' cafl'! ully ",!t,,'II'd tu 
provide the kinds of inflJrrnatioll nl'ed,'d h)' lIIallY Earth "'i"lItisls alld fI',,,ur ..,' lIIaltaj.!,'rs, This 
information illdud,'s \l'all'r di,lrilllllion. \'t'j.!l'talilln disirihulillll. snow di'lrihulioll. Ilfll" eultural 
feature distrihuliun. alld tl", dislribulioll of ,uspendl'd "',lillll'lIt ill \l'ull'r, Th,· EHTS ,)'sll'lII pro· 
\'idl's h'lll'titive data so that ..hallj.!"s ill tltis distribulion with till'" iliaI' Ill' l'a,ily d,·lect,·,1. 

This paper is intended to provide insight into EROS I Earth Ne;<ources Oh~en'iltioll Systems) is 
the design rationale for the NASA Earth Hesources a program of the Department of the Interior 10 

Technology Satellites I ERTS I and to describe uscI' acquire, proee;;~, and utilize data fWIII both aireraft 
agency information needs and progress in informa· alld spacecraft. We eonsider the data from EHT8 
tion extraction. It is hoped that an understanding to be the principal experimental input to the EROS 
of the rationale used in the design of EHTS will program. The EHOS program will test ERTS, Sky
assist you in designing appropriate amI meaningful lah, and aircraft data fur operational use. 
experiments with EHTS data. RI'fJl~titil!c data i~ the It'rlll used for similar data 

To avoid any semantic misunderstandings, I collected Oil a rl'l!ular s!'hedule. This killd of data 
would like to begin with a review of terms. facilitates mapping of changes and trends, and aids 
ERrS is a NASA unmanned satellite program that ill identifi,;atioll. The methods of recognizing a 

will place two satellites in orbit, the first (ERTS·A) willow tree furm an example of the use of repetitive 
in early 1972. NASA will collect the data, process data for idelltifieatiun. One may r(,cognize a willow 
it to remove all systematic errors, and make it tree by dose examination of the leaf or bark; this 
available to federal agencies and selected experi. approaeh requires \'ery high. resolution observations. 
mentel's. One may also observe the tree from an aireraft and 

note the charaeteristic dip in the crown; this ap·Sky/ab is a manned lahoratory, to he launched in 
late 1972. It is designed primarily for astronomical proach also requires very high.resolution data. One 

observations, hilt will also carry an Earth Resources may also observe the distinct yellow.green color of 

Experiment Package (EREP). Skylab is expected the willow tree and thus identify it; this method 

to yield limited quantities of highly experimental requires a multispectral approach, but resolution 

data. requirements are less stringent. One may also recog
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nize the willow tree hy knowing that it turns green 

hefore other deciduous trees and observing it at the 
pruper time. The re~olution requirements for this 

approach are alsu less than needed for approaches 
involving analyses of shapes. 

A study of Interior Department activities under· 

taken by the Westinghouse Corporation showed that 
the henefits to be derived from repetitive data dimin

ish greatly if the period between repetitive obser
vations exeeeds :HJ days. 

Cartugraphy and TIlapping. (Tnder the EROS pro
gram, we aeeord a broader definition of responsi

hility to the fields of cartography and mapping than 
is common. I Il addition to produeing topogruphic 

01' planimetrie hase maps, Wp define cartography as 

ineludin;.! the preparation of maps of given themes 
ur rt~sourees, such as maps showing the distribution 
of surface water and ib change with time. Statistical 

information rdating to tht'se themes is also con· 

sidered to be a ('artographic: product. 

Natillnal TIlllp IICCllf(U'Y standards arc United States 

standards used to control the precision of both plan 
pusitions and altitudc measurements. The national 

mal' act'unlt:y starulard for planimetric maps reo 
l(uiws that t)() pt'H'en! of all f('atul'es appeadn;.! on 

the mal' Illust he located within l/iiO of an inch 
(approximately 0.5 nllnl of t:orrect position at map 
scale. 

Plnnl! ('(lordil/lltt' sy,~tl'lllS are systems of rectilinear 

coonlinah's that enable an investigator to accurutcly 
determine Illap Im:ntions with simple measurin;.! 
devicl's IInder fil'ld conditions. Plane coordinate 

locations may bp easily cOlI\'crkd to geographic 
coordinate locations. The LirJiversal Transvcrse 
Men:ator plane coordinate sysh'm has becn adopted 

for USl' in the EHTS and EBOS programs. 

ERTS DESIGN RATIONALE 

Hecognizing that economic bencfits aeerue only 
when information is applied in a decision process, 
a revil'w of decision models within the Department 
of the Interior was undertaken. This review led to 
the identification of IB informational needs, which 

ultimately led to the design of the EHTS. 
It bccame cvident at the onset that the most seri

OilS need was for data at regional scales, herein 
defined as 1 :2.,)() 000 or smaller. Both regional 
(small-scale 1 and local (Iarge-~cale) maps are 

needed, each !'erving its unique purpose. Data col
lected and presented at regional scales facilitate~ 

the top-down decision flo": that is becoming mon 

important today as we attempt to relate our scien· 
tific and technical resources data to the over.tll 
environmental situation. The review of decision 

models revealed that much detailed information is 
lost to resource managers because it is not timely 
or is not developed on the hasis of their needs. 

An example of the deci! i,lII models analyzed in 

this study is that of decisions to lease rangelands 
helon;.!ing to American Indian tribes. Because lease 

re\'enues provide the Indian nations with a large 
part of their ineome, optimum utilization of range

lands is essential for their economie growth. All 

money derived from these leases reverts to the Indian 

nations. In this model, soil and range inventories 
are utilized in reach in;.! the decision to lease, and a 

series of utilization cheeks is employed to review 
results of the decision and improve suhsequent 
decisions. Information currently uset\ in the soil/ 

range inventories is shown in figure 1. It was noted 

AVAILA81LITy !;PfClES IDENTIfiCATION 
Of WAUR AND'; OCCURRENCE 

WATER HOiOlt~G ACTUAL AND POTENTIAL 
CHARACI£IUSIICS EROSION CONOIllCNS 

CULTURAL nAtUREs, 

FIGl'nr. 1. Inp\ll~ ('lIIplop·t1 for soil/rang.· invl'lllori.·s. 

that there is no requirellH'nt for a continuing il1Ycn
tory of forage grass distribution and vigor. This 

ohviousl~' useful information was not identified be· 
cause no means existed for timely collection of 
appropriate data. The decision process is illustrated 

in fi;.!lrre 2. In each decision model, the requisite 
information wa~ noted. and additions such as forage 
grass distrihution and vigor were made, based on 

scientific knowledge of the potential capabilities of 
remote sensor surveys. The possibility of substituting 
observations for those retjllested was also consid· 

ered; for example, water-holding characteristics of 
soils are dinicult to determinc from airborne or 

~pacelJOrlle ohservat ion points. IIowe\'er, this char
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acteristic is reflected in the vigor of the forage 
grasses that grow upon them. Accordin~ly, observa
tions of vigor of forage grasses were recommended 
substitutes for the requisite information. Utilization 
checks consisted of a statistical check of, vegetation 
presence and vigor, evidence of overgrazing or un
dergrazing, and economic analyses. Data for all 
utilization checks, save economic analysis, can be 
provided from remote platforms. 

Information requirements thus identified were 
summed lind equated again~t the known capabilities 
of remote sensing systems. 

Both aircraft and spacecraft were considered as 
acquisition "chides, and it was noted that each 
platform has unique advantages. Spacecraft, in cun
trast to aircraft, can (I I provide rapid coverage of 
very large areas, (2) provide repetitive coverage at 
constantly diminishing costs, (:{ I adhere closely to 
acquisition schedules, (tJ.) economically utilize nar
row-anl,de viewing systems, and (51 transmit data 
directly from great distances to recognition process· 
ing centers. Aircraft, in contrast to spacecraft, can 
I II he dispatched quickly to meet a p,iven need, 
(2 \ provide various le\'el~ of resolution with the 
same sensors. and {:11 retllm film quickly for proc
essing and analysis. 

This capahilities analysis led to the desil-w of a 
data collel'tion system that involves hoth spacecraft 

I 

SOil/RANGE INVENTORIES 

DETERMINE 
CARRYING CAPACITY 

UTILIZATION CHECKS 
EVALUATION OF; 

• vlgetotion 
• overora ling 

• und.r9ralino 
• economlU 

DETERMINE 
POTENTIAL ECONOMIC 

RETURN 

FHa ,lit: 2. D.·.:j,·iun pmel''''' 1I".'d to d.·tt'rmint· wllt'lllt'r tn 
(rusc "prcific un'as of Inllian ranw·land til till' pllhlic. 

and aircraft applied in a supportive manner. In lUost 
cases, heaviest dependence is placed on spacec..aft 
data supported by aircraft; but in some areas, such 
as aeromagnetic and topographic surveying, air
craft remain Ll1e prime data.gathering system that 
will be supported by spllceCfuft duta in the future. 
Thc principal reasons for udopting spacf'craft as 
prime collee~tion vehicles for most surveys are illus
trated in figures ;{, 4, and 5. Figure 3 compares 
narrow-unfde space photography to wide-angle pho. 
tography acquired from aircraft. Narrow-angle sys
tems huve three basic advuntuges: 

11\ Tlwy facilitate identificution by ,hawing fea· 
tures at essentially the same angulur I'erspective, in 
contrast to wide-angle phutography that shows fea
tures at various perspectives. For example, in a 
wide-angle· photograph of u forest one sees the tops 
of some trees and th sides of man)' trees. Sides of 
trees and tups of trees look quite different; us u 
result, similar types of vegetation appear dissimilur 
in wide-angle photographs. Conversely, narrow
angle systems sec essentially onl~' tops of trees, und 
trees that arc alike look alike. 

(21 The straight-down view aids pcnetration of 
fon~sts ancl water. 

(:11 Narrow-angle systems permit collection of 
e1ata that arc csscntially orthop,raphic upon collec
tion. Figure .~ shows the path of a power lil\l' us it 
appears on the edge of a \\'ide·an/-!Ie pllOtograph 
(top I and as it appears looking straight down 
within a narrow ('one of rap; (bottom). The power 
line is straight on the ground, IInel its shape lind 
ulinement are hetter shown in the narrow-angle 
view. This !)uality facilitates rapid cOlI\'I~rsion of 
nurrow-angle data into mllp form und aids inter
pretation by showing features in their true shapes. 

Figure 5 is a mosaie of aerial photogmplrs of u 
part of Saudi·Amhia. All pictures wen~ uc!)uired 
and processed with the sanlf' system; there was, 
however, a difference in time of ul'!)uisition. Ap· 
proximately three hours separated the north·trend
ing flights from the south-trending flights. TIle 
areas outlined with dashed Iinl's arc homogeneous, 
ret they exhihit apparent differenl'es hecuu~e of 
change in the' illumination unglc of the Sun. A syn
optic imll!!,e ac'!)uireel from sp'lI'e \\'ould show all 
of tire area in tlris mosaic· and more. und terrains 
tlrat are alike would look alike. Additionally, ac· 
!)uisition of space images can be much more pre
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FIGURE 3. Space photography cOlllpared to aerial photography. 
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OFF·AXIS PERSPECTIVE VIEW 

.. .'J .
• . .. .' I·.,,"" 

...= ~~~...~ l: . . ",.:- ," 
NEAR·AXIS PERSPECTIVE VIEW 

FIGITRE ·1. Effects of pl'rsp('ctil'" 

FIGUnf: 5. Apparl'nt Itnain diffen-nc(-s in phntomosairs ilia), 
not represcnt actual diffen-nccs. (Arrows show (lirection 
of flight.) Arcas within (lashed lines are known to h(
homogenl'ous. 

cisely scheduled than aircraft images. Thus space 
images can be acquired at optimum times. 

The analysis of information needs and systems 
capabilities led directly to the selection of the multi· 
spectral characteristics and sensors of the ERTS 
system. Figure 6 shows a color infrared and three 
black-awl-white space photographs of a part of the 
Imperial Valley of California. The black-and-white 
images are similar to those that will be transmitted 
from Ihe ERTS spacecrafl. Each black-and-while 
image records energy in a dilTerenl part of Ihe 
spectrum; one records green light, one records red 
light, and the other records energy in the invisible 

aliI-de fin rdi(·r tli'phlc(·IIJeIlI. 

infrared. The grecn band was selecled to see through 
waleI' for obscr\'alions of subaqucous landforms; 
it is also a near-oplimum hand for discriminaling 
rocks and soils in arid cnvironmenls. The red band 
was selecled for c\iscriminalion of culrural fealures 
againsl a \'cgelalcd background; this band is also 
useful for idcnlifying crops. The infrared band, jusl 
beyond Ihe vi~i"I(· spcctrum, was selecled 10 show 
landforms, vigorous \'egelalion, aJl(I waler. TIll' 
black·and-while images may bc combincd into a 
color composilc, such as llial shown al Ihe lop of 
figure 6. In such a ("omposile piclure. water is black, 
vigorous \'egelalion is red. and suspendcd sediment 
and ball am fealurcs arc blue. 

These photographs are pari of an experiment 
underlaken during Ihe flight of Apollo f) to test the 
use of Ihese bands for observing the Earth from 
space, The resulls demonstrated Ihat multispectral 
techniques aided in idenlificalions and in structur
ing Ihe information upon collection, so that extrac
lion of information from Ihe dala was facilitated. 

Figure 7 shows Iwo comparative views of Atlanta, 
Georgia and vicinil}' taken simultaneously from 
Apollo 9. The rcd band was selected to show cuI
lural features; Ihe photograph on Ihe right, taken 
wilh red Iighl, shows Ihe city of Atlanla, logelher 
wilh relaled road nelworks. In Ihe image on the left, 
made in Ihe infrared hand. Allanta is harely visihle, 
hut the landforms, lakes, lind reservoirs are clearly 
di!>cernible. 
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FICUIlE 6, Multispectral view of hnperial Valley, California, 
produced with four sl'parnte cameras using diffcrcnt films 
to bring out cultural features, vegetation, water, and 
land features, 
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FICUIlE 7, Simultaneous space photos of Atlanta area taken in infrared (left) and visihle red light, 
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RESULTS OF INFORMATION NEED ANAL· 
YSES AND PROGRESS IN INFORMATION 
EXTRACTION 

The following paragraphs enumerate the infor
mation needs identified in our analysis of decision 
models and illustrate progress to date in developing 
methods for interpreting or routinely extracting 
resources and envirollmental information. The needs 
are divided into those related to land, water, vegeta
tion, cultural features, lind geophysical information. 

Land Information Needs 

First among the requirements for timely infor
mation about our lands is small-scale planimetric 

maps. Tests were undertakell, utilizing photography 
acquired during flights of the Apollo and Gemini 
spacecraft, to test thc utility of space photographs 
for making regiollal-scale photoimage maps. Our 
first product was a I : 1 000 DOD-scale maplike photo
image mosaic of approximately .100000 square 
kilometers of Peru, Boli\'ia. and Chile, assembled 
from a seric:; of morc-or-Ie~s ralldom photographs 
taken by astronauts Ceman and White. Copies of 
the mosaic were ~ent to the Prl'>,idl'lIt of Pcru, who 
COl:1mentf'r! ,Ia\'()rahly on its IIsdlllne~s and objec
tivity. 

More rcecntly, an existing 1:2;)0 OOO·scale line 
map was combined with parts of two Apollo photo
grnphs to produce a composite line and photoimage 
quadrangle map of part of the state of Arizona. 

Figure B shows the composite map; figure 9 com
pares a part of the composite map with the conven
tional line map. Close inspection reveals that the 
composite map has a much higher information con
tent than either the images or the conventional line 
map alone. These tests also showed that space pho
tography can be used to update existing regional 
maps, as shown in figure 10, and demonstrated that 
photographic imagery acquired with relatively nar
row-angIe systems is essentially orthographic upon 
collection. The photographs meet or exceed national 
map accuracy standard~ for planimetric positioning 
at scales of 1:2.10000 and smaller. We believe that 
the ERTS data, when properly processed, will have 
similar geometric fidelity. The combined line and 
photoimage map (figures 8 and 9) has a very fine 
grid superimposed on it. The grid is the Universal 
Transverse Mercator plane coordinate system that 

has heen adopted for use in the EHTS program. In
formation concerning this grid and methods of 
determining positions from it can he obtained by 
writing to the U.S. Geological Survey. 

Additional land information needs are: 
( I) Landform classifications. Hesearch using 

radar images has shown that uniform, small-scale 
images facilitate classification of landforms. Land
forms thus classified can be related to land pro
ductivity, average income, and engineering and 
construction costs. 

(2) Land use information. Land use maps have 
been prepared of urban and rural areas in the 
United States using space photography. 

(:~) Geologic structural information. Knowledge 
of geologic structures can assist in mineral and water 
explorations. Many previously unmapped structures 
arc visible in space photography. 

(4) Subaqueous landforms. Images showing land
forms beneath the water can aid marine geological 
exploration. Space photography is unique in its abil
ity to penetrate water to significant depths. Some 
Apollo and Gemini photof.\raphs have showlI bottom 
features to depths of SO meters or more (figure II ). 

(.1) Topographie information. There is a world
wide need for tOJlo~raphie maps. At the present 
timc, aircraft systems must still he employed to 
supply this information; topo~raph}' cannot he 
mapped from EHTS or Skylab data. 

Water Information Needs 

Water information needs include soil moisture 
distribution, suspended sediment distribution, wet
lands distribution, ancl the distribution of surface 
water and snow. Although soil moisture is not 
directly interpretable from the EHTS data, relative 
soil moisture distrihutions can be interpreted from 
local differences in albedo and/or effects on oyer· 
I ying vegetation. Figure 12 shO\\·s an area of high 
soil moisture content, the track of a thunderstorm 
in the southwestern United States. Other water in
formation needs include distribution of snow and 
water content of snow. The distribution of snow 
will he visible on EHTS images, hut the ERTS sys
tem will not provide measurements of water content 
of snow. Hesearch utilizing ground microwave sys
tems for measuring water content is in progress, 
and Skylab will carry a microwave radio.neter sys
tem to provide experimental space data that may 
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FIGlillE B, Conventional line map of Phoenix area comhined with space photographs to (.dve 
improved accuracy and detail, 
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FICUIIE 9, Composite mup compared with conventional line map, 



47 AEROSPACE METHODS OF REVEALING AND EVALUATING EARTH RESOURCES 

FIGURE 10. New com;lruction idl'ntified in G.'mini 7 phl)lo~raph)' illll,lrall's u,dulnl'ss in u!"lating 
hasl' maps, 

FU;l'ttt: 11. Spac.~ photo showin~ sll1l1111111'I)US landform in 
CarihlH'an S.'a. 

Icad to a future capability to mcasure watcr contcnt 

of snow. Technolo~y ex isis for mappin~ the distri· 
bution of water and snow automatically, as shown 
in figures 13 and 14. In the map shown in figure 14·, 
areas of thin snow appear in green; thick 8nO\\ is 
shown in blue; and the areas that have no SI. ')W 

arc white. 

Enhancement techniques exist for showing the 

distribution of sediment in near·shore areas (figure 
15). This information is interpretable in terms of 

'. ' 

, . 

FU;(IIIt: 12, lIi~h soil rnoblllri' an'a a!,pan'nt in C"Jllini 
color photo IIf i\1 idland,Od""a. T,'xa-, 

the dynamics of water body disturhances, natural 

and IIHltlmlHle, that are addill~ to the sediment load. 
As shown in fi~ure 16, this information is useful for 

improving the eflieienc}' of the shrimping industry. 

Vegetation Information Needs 

Vegetation information needs include (I) the 
distribution of ttlllural vt'gclatiott, (2) the distribu· 

tion of agricultural ve~etatiott, Hlld (:~ I the distri· 
hution of vegctation itt vigorous growth. We expect 
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I 

/ 
FIGURE 13. Automatic mappinv; of surface watcr area. The watcr map (right) wus uutomatically 

extractcd from the image !It h·ft (un infrurcII 8pacc photo of a portion of northern Alahama). 

FIGUIlE 14. Automated snow mapping. At right is a color·coded map produced from tIll! Apollo 9 
infrawd photo of all Arizona snow ~cI·n .. ~hown at left. 

that 1111 three of these in formation needs will be Cultural Features Information Needs 
wholly or partially met with the ERTS system, sup· Needell information relating to cultural features 
plemented by selee\ive aircraft ohservations. The is shown in figure 18. These needs include city out
technology exints to automatically map the distri· lines, major transportation networks, and classes of 
hution of vegelation, as shown in figure 17. It is cultural and natural features within the urban scene. 
anticipated that ohservation of the geometric field City outlines show with remarkable clarity in 
patterns and/or more selective discrimination of Gemini and Apoll. photographs. Comparison of out
reflectance charaderistics may permit automatic lines seen on space I'!.otogrnphs with outlines drawn 
separation of naturul vegetation from agricultural on older maps has resulted in maps that show direc

,·egetation. tion and rate of urhan growth. Our geographers are 



49 AEROSPACE METHODS OF REVEALING AND EVALUATING EARTH RESOURCES 

FIGUUE IS. Automatic mapping of near·shore feature~. Imagc at right is negative of Apollu 9 space 
photo shown at left. Numbers on negative indicate locations wlll're color IIlraslJn~l1l1'nts Wl're 
made on original transparency. 

HOUSTON 

'\ 
FIGURE 16. Space phutography u~ed to help shrimp industry. Outlinc of turhill water is shown on 

Gemini photo at left. Map at right shows distrihutiun of fishing vessels in ~all1e area hy color 
coding. 

having success in evolving regional factors which, surfaces. Such information can be useful in deter
when multiplied by the area of urban growth, result mining water runoff rates. In the upper left of figure 
in estimates of population increase. Current investi 19 is an aerial photograph of an area lIear Falls 
gations are attempting to routinely extract classes Church, Virginia; along the bottom are the four 
of information from within urban areas. One class classes of information automatically extracted from 
of information, for example, consists of buildings, within that scene. We have not as yet attempted to 
roads, and parking lots; these are all impervious make similar analyses of space photographs. 
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FIGURt: 17. Automalt'd vegetation mapping. 1\Iap on right shows IR·reflectil'c w·getation ('xtracted 
from Apullu 9 IR phutu of Phoenix shown at Icft. 
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!(t:·' ~ 
FIGUIIE 18. Maps of cultural feature6 produced from Apollo 

6 color photo (left) uf Dallas.Fort Worth urea. Map ut 
lower left shows roads througll'lul urea; center map shows 
changes in roads and urhan areas; major roadways, 
urban areas, and bodies of water are indicated hy thret! 
distinct colors in map at right. 
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FIGI1I1E 19, AutullInlic dntn I'xtraction, Fmm eolor In aerial photo (top left), four types of data 
were extracted hy dl'n"ity slieing proCI'''S: In) rooftops, excavations, anti water; (h) trees; 
(c) grass; hll roads and parking Ints. Compn"ite print (top right) was madc frum separation 
negatives (a) thrtl (Ill. 

CHANGE DETECTION 

The most important information sought from 
the ERTS data is change in all of the aforemen· 
tioned types of information, e.g., the change in 
snow distributions and city outlines with time. Be· 
cause of the near.orthography and the time syn· 
chronism of the ERTS data, sequential coverages 
may be easily compared and changes may be de· 
tected and mapped. 

Figure 20 shows two space pho! ographs of the 
Dallas·Forth Worth area of Texas; they were taken 
about one year apart. Figure 21 shows a map of 
the southeastern part of Dallas in which all the 
changes recorded in figure 20 are shown as bright 
dots. Many changes have been detected but not 
identified. 

Figure 22 shows aerial photographs taken at ap· 

proximately the same times as the space photographs 
for change identification purposes. The change 
marked C represents a change in the water level of 
a reservoir; other changes are buildings constructed 
in the time interval between coverages. It is worthy 
of note that, although the optical resolution of tlie 
space photographs was probably no beller than 200 
meters, new buildings approximately 70 meters on 
a side were detected. 

GEOPHYSICAL INFORMATION 
Two types of geophysical information needs were 

identified, namely thermal and magnetic. Geothermal 
data, such as shown in figure 23, can be acquired 
from ERTS·B but not ERTS·A. Magnetic data gen· 
erously provided by our Soviet colleagues are to he 
reduced to map form, as shown in figure 24, and 
geologically interpreted. 
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FIGURE 20. Two photos of Dallas·Fort Worth area tuken (rum Apollos 6 and 9, nearly a year apart, 
show various chllnges. 

FIGum: 21. Chunges dt'l('cted hetwecn sequential photos of 
figure 20: A=(rccwnys; B=urtificiul lukc; C=wult~r· 

It~\'d c1UIIlIl"S; D=nt'w huiIding~, 

ENVIRONMENTAL MONITORING 

Provision of the information discussed in this 
paper, together with rates of change in the character 
or distribution of these information elements, wiJI 
be a major step toward supplying data needed for 
an environmental monitoring system. 

Many of the parameters used to define pollution 
or environmental quality cannot yet be monitored 
from remote positions. However, research efforts 
that may lead 10 this capability are producing en· 
couraging results. In some cases, secondary effects 
may he observed that arc meaningful. Figure 25 is 
an aerial color infrared photograph of the Potomac 
Hiver. The red streaks in the river are algae that 
result from pollutants discharged upstream, We plan 
to begin studies this summer that will attempt to 
relate algae distributions with in situ water.quality 
measurements in order to develop a model for inter· 
preting observations of this kind. 

Our studies include analyses of patterns of de· 
velopment in various environments in an effort to 
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FIGURE 22. Verificalion of dUIII!!"s hy a..rial "hnt(l~raphy. Ll'ft pair nf "I,ulo, ,holl's II "'r I'hungt's; 
righl "air shows comlructinn clUIII!!'" I an'as C (11111 J) IIf figur"s 20 and 21). 

FIGntf: 23. TIH'rmlll slrurtur,· IIf 'llrfac,': In imu!!'~ry Ilf Tlw 
Geysers I!t'ollll'rmul sll'am fi,·It!. Califurnia. 

FIGURE 24. Cruslal magnelic anomalies: magnelic map CUll' FIGURE 2.'1. Aerial color In pholo of Pntom3c River shows 
toured from data taken hy U.S.S.R. satellite Cosmos 49. algu,', un indicator of pollution. 
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FIGIJlU: 26. Apllllil 9 cillor IR pllolo of C"lorado Hil'cr tI,·lta 

arri\'e at a better under~tanding of de\'elopmcnt 
constraints and thrusts. Figure 26 shows the .rela
ti\'ely undeveloped delta of the Colorado River; the 
general physiographic and environmental setting is 
quite similar 10 that of the highly developed Nile 
delta, shown in figure 27. 

Geographers have analyzcd this photograph of 
the Nile delta in an attempt to \'erif), or deny their 

.;
.'" 

I
.', 

. l. '~" . . "" 
FIGllll.: 27. NiI(~ Hil'f'r d(~lta from t;emini. 

"central place" theory. Results of their analyses are 
not conclusive, but one clear fact emerged: The 
space photograph presented more objective geo
graphic information than any map of the region, 
thus making the photograph of high educational 
value. I think we will find that the educational 
values of space data will exceed all other values 
derived from this and succeeding experiments. 
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Remote sensing from satl'lIites and aircraft ha~ man), application~ to tht: ~ci('ntific tli~ciplincs (If 
geology, hydrolngy, and gl'ograph)·. The f(~asihiJity nf n'nlOtl' sensing for !\I·ologic purpo~cs has Itt'('n 
demonstrated hy the di~covery of significant areas for milll'ral exploration in till: Southwestern 
United States from space photographs. the delineation of rock structun's fa\'orah"· for oil alHI gus 
exploration, vad the description of chunl!('S in landforms c'1U~,'d hy gl'ologic ('\'('nts such as volcanic 
eruptions and earthquakes, 

Hydrologic uses of rcmote sen~ing ineludl' the exploration fnr ground water in hoth aritl and 
humid regions, the ns~c~snll'nt with n'petitivc imal!l~~ of till' status IIf pen'nnial an(1 inlermittent 
lakes, the mapping of flondc() areas, and the dl'lilll'alion of cna~lal nntl inland wei lands. 

Geography is holh a disciJlIiIll~ in ilsl')f anti an inlegfalion of olhef tli"l'iplilll'~. G('ugraphic USl~s 

of remote sensing tlala inclutle land·ust' mapping in urhun anti fllral un'us. mapping nf ~!'(IU('ntiul 

changes in cultura) f,'alufes and Illl'ir n'lalion In Ihl' ('n\'ironnll'nl••lflll Ih,' 'ynllJ('~is IIf othef 
rcsource information with geographie tlata til forlll infrmnalilln sph'llI' for llIanal!r'llIl'nt u,(,. 

Basic and nppli,'d n',,'afeh in "uch di't'ipline CIIUp",tI wilh ilwft'a"ing IIp!'falional U>l' IIf ~par.e. 

and aircraft·collech'tI n'llIoh' s('nsinl! tlala in inforfnation anti f('",urc,' mafHll!"lIl1'nl 'ph'llIs will 
provide a futufe rapahilil), fOf h"lkr fe'OUfC" anti ,'n\'ifllnnll'ntal IIlallal!"fIl,'nl. 

Geology, hydrology, and geography form a major for prodding information in the fields of geology, 
nucleus for remote sensing activilif'~ within the hydrology, and departmental management. Hemote 
United States Department of the Interior and a sensing information is applicable not only to thc 
major role in the Department's steward~hip of the puhlic lands of the United States, but to all ouI' 
public lands and resources of the (]nitt,d States, The lands and tho~e of foreign countries as well. We 
Department of the Interior is custodian for tlw are, of cour~e, vitally interested in the applications 
Federal Government of over ;{ million square kilo of remote sensing in other disciplines such as car
meters (760 million acres) in the lfnited Slates and tography, agriculture, forestry, and oceanography. 
is responsible for the management of the resources This paper, however, will he confined to the three 
and environments of those lands_ It is also responsi· di~eiplines noted ahm'e; other disciplines arc dis· 
ble for the management of mineral re~ources of eus~ecl in other papers presented in this workshop. 

almost an equal area of offshore lands on the con Figure 1 is a map showing Federally owned lantls 

tinental shelf of the United States. To provide a within the trnitt·d States. It is a reproduction of a 

sound scientific, economic, and environmental basis pa/!!' from the NatioT/al AlIas oj the U"itf!d Statf!S, 
for its plannin/!, policy makin/!, lind management recently puhlished by the V.S. Geological Survey. 

activities, the Department continually searches for 
GEOLOGYbetter ways to gain information about these lands 

and resources. Hemote scnsin/!, with its cost·effec The objeeti\'es of our program in remote sensing 

the means of data gathering, is looked upon as a for geology and mineral and lantl resources are (]) 

new and attractive 1001 by the Interior Department to impro\'e the ohsen'ation of large geologic features 
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FIGURE 1. :'Ilnp ~Iwwing pu},lic lands managed for thc U.s. Governlllcnt hy the Dcpartlllcnt 
of the Intcrior. 

and relationships, (21 to refine stl u.:tural and strati· 
graphic interprclatiOlw, (3) to monItor changing 
geologic feiltures, and (4 I to improve the eflicieney 
of prospectilJ~ for minerals and fuels. 

The use 01 space data for mineral resource ex· 
ploration is desl'l'ibed in this section. Normally, field 
aircraft observations of the terrain arc synthesized 
into regional maps on which target areas for mineral 
exploration are defincd. Because the bulk of such 
work is conducted on tlw ground, the field observa· 
tions require a long period of time. TIle use of 
small·scale observations from space to form a 
regional synthesis of geologj,' information can be 
done hy photointerpretive mctll ..ds and promising 
ltreaS can be outlined. Further delJils can be added 
by aircraft ohservations and later field observations. 
This process can significantly shorten the time 
required for mineral exploration and make the task 
much more efficient. 

An example of this process shows how a mineral 
exploration target was detected from space photo. 

graphs. Figure 2 is a space photograph of the San 
Carlos I ndian Reservation in Arizona, taken during 
the night of Apollo 9 in I\larch 1969. The small area 
outlined in red is a circular feature noted on the 
photograph by a geologist. The photograph at lower 
right is an enlargement of that area, which shows 
that the circulur feature is readily discernible on 
the photograph, and its presence is enhanced by the 
snow cover. Its identification led to the checking of 
an aeromagnetic map of the area, shown at left, 
which shows a small magnetic anomaly at the site 
of the circular feature. Further investigations, both 
by geologic mapping on the ground and by addi· 
tional geophysical techniques, arc being made to 
determine the presence or absence of a copper ore 
body. The presence of a significant ore body has not 
yet been proved, but this investigation illustrates a 
typical process by which exploration can proceed 
from space photography to ground observations. It 
is also worth noting that the target area is on land 
belonging to an Indian tribe. Thus, if the explora. 
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FIGURE 2. Mineral resuurc('s exploraliull faeililatl'd by usc of SJlUC(~ illlug,~ry in cunjunction with 
al'rollla~llelic data, 

tion is successful, an increase in economic produc. 
tivity can be achieved to benefit the trihe. 

The ahility of remote sensing to reveal hidden 
structures is shown hy figure 3. The top photograph 
is a conventional black·and-white aerial photo taken 
from low altitude of an area in New Mexico. The 
presence of anticlinal structures in the area was 
known, hut their mapping was difficult hecause the 
structures are hroad and low and are not readily 

seen. The center view is an infrared blllck'lInd-white 
photograph taken in the spring. It WIIS theorized thllt 
soil moisture, lind therefore vegetation, would he 
less over the tops of the anticlines than over the 
intervening s}'nclines lind would show as a lIifTerence 
in tone in the photograph. This proved to he the 
case. The Iighter.toned north·south trending areas 
are the anticlinal axes. lllC bottom photogrllph with 
the map overlll)' shows the location of the anti· 
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CONVENTIONAL 

INFRARED 

AREAS OF HIGH INFRARED 
REFLECTIVITY (HIDDEN 
STRUCTURES) AND FIELD
MAPPED STRUCTURAL AXES 

FIGIIRf: 3. Aerial phutugraphy ul till' pruper type and at thc/ 
propl'r tilll!' nl ycur ha~ aid"d ill the dclilll'utinn nl hid· 
dcn alltielillicnl ~trurtuTl'~ ill N,·w l\Il'xico. 

clines. The significance of this method lies both in 
the type of photograph taken and the time of year 
at which it was taken. Moisture and vegetation con· 
ditions at other times of the year could have been 
sufficiently different to mask the anticlines. 

The mapping of large regions is aided signifi. 
cantly by space photography. Figure 4 shows a 
space photomosaic and two maps made by inter· 
preting the photographs. The upper figure is a 
photomap of a portion of the Southwestern United 
States made from photographs taken on several 
flights of the Gemini spacecraft. A geologist who 
was attempting to map and correlate the soils 
throughout this region of the United States found 
the space photographs significantly more useful 
than aerial photographs, either in black·and·white 
or in color, owing to their even illumination and 
uniformity. Intcrpretation of the soil types was 
made from the color photographs and plotted to 
form a gl'ologic terrain llIap (ccntcr), which shows 
the di~tributioll of surficial depo~its based on thc 
colors of soils. Thc map is both complicated and 
comprehensive, and the fir!'t of its kind for a region 
of this !'ize. The map at the bottom is a secondary 
product of interpretation of the space photographs. 
It shows thc distribution of lands suitable for farm· 
land, rangeland, and timberland (regardless of 
whether they are presently being used for such pur· 
poses) . 

The ability to make maps of large areas in short 
periods of time by nwans of space· photo intcrpreta. 
tion ean air! !iignificantly in regional planning for 
countries and areas wherc such in formation is not 
now readily availahle. 

HYDROLOGY 

Significant research in the applications of remote 
sensing in hydrology and watcr rcsourccs programs 
has been donc. Ohjcctivcs werc (I) to provide 
remotc.sensing solutbns to hydrologic problems, 
(21 to provide impro\'ed data for water manage· 
ment, (3) to improvc forecasts of runoff from snow 
packs and glacier!-l, and (4) to measure the charac· 
teristics of water and contained substances by reo 
mote sensing. 

Photointerpretation has been used extensively in 
exploration for ground water resources. Figure 5 
shows how one space photograph taken by Apollo 9 
facilitated a regional ground water appraisal. The 
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FIGURE 4. Interpretation of Gemini photographs 
planning map of a purtiun of 

area photographed is in northern Alabama, a humid 
region of the United States, and a portion of the 
folded Appalachian Mountains. The lines shown on 
the photograph are fracture and fault traces in the 

.........- ._....... _
has produced a geolugic terrain mup nnd lar(] 

the southwestern United States. 

area. The solid lines indicate traces that were known 
previously and Ihe dashed lines show fractures that 
were newly mapped from the photograph. In this 
region large supplies of ground water can be devel· 
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FlCunt: 5. Exploration for large supplies of ground watcr 
iR enhancl!!l hy mapping fracture patterns in folded rocks 
from an Apollo 9 phutograph. 

oped from wells only when they are located along 
fractures or at the intersections of fractures, and 
thus the mapping of these fractures can aid sig. 
nificantly ,in the search for new and increased 
ground water supplies. Wells penetrating the frac· 
tures ean yield from 10 to 100 times as much water 
as wells that do not penetrate fractures. 

The automatic proeesRin~ of space photographs 
can aid in the delineation of some water features. 
Figure 6 shows how the area of surface water in a 

region has been mapped from an Apollo 9 color 
infrared photo. This is a small portion of the photo· 
graph of northern Alabama shown in figure 5. By 
photographic means, the area of exposed surface 
water was mapped for the entire photograph, as in 
the small portion shown on the right. Normal obser· 
vations of the availability of surface water arc made 
of the stage and discharge of streams and the stage 
of lakes and reservoirs. The technique of automatic 
mapping may provide a generalized regional index 
to the availability of surface water that has hereto· 
fore not been possible. 

Figure 7 shows a map and an Apollo 9 photo. 
graph of an area on the edge of the arid high plains 
of western Texas. The geologic map shows a number 
of small brown dots representing playa lakes, which 
are intermittent storage reservoirs for water. One 
key to utilization of water in this nrirl region is the 
amount of water stored in these lakes that can be 
used for irrigation. In addition, significant amounts 
of ground water lire mined from the thick surficial 
aquifer underlying the region. The Apollo 9 photo. 
graph, at lower right, shows the playa lakes. In 
itself, this picture provi,lpo some information as to 
location and area of the lakes; but, to make a com· 
plete analysis of the availability of water in this 
region, it will be necessary to assess the status of 
these lakes over long periods of time to determine 
when they contain water and when they do not. In 
mldition, it is importllnt to know which lakes lose 
water by evaporation to the atmosphere and which 
lose watcr by downward !~cepage to the water table 
in the aquifer. Only with repetitive space images 

FIGUIIE 6. Automatic mapping of surface water can be done from space photographs by photo· 
graphic mcans. Map at right shows watl'r area extracted from color IR photo at left. 
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FICUIIE 7. Playa lake;; in the high plains of Tellas can he mapped and their status 88S('sscd from 
space photographs. 

such as those that will he obtained from ERTS·A 

cun sueh an analysis be readily made. The analysis 
will be a key portion of water management decisions 

on the importation of water to the high plains from 
other re!!ions to supplement the short ground water 

supply. 
Vegetative indicators of the occurrenee of ground 

wat!'r have long been u~ed a~ guides for water 
exploration. Fi!!un~ g shol\'s land use and moisture 

distrihution along a portion of the Texas coast. 
Outlined on this Apollo I) photograph is the alluvium 

of the Brazo~ l{jver, which nOlI'" into the (;ulf of 

Mexico. This; fral'l'd ('olor photo!!raph ~hows dif· 
fercnces in I'('getativ!' ('haral'leristies and moisture 

distrihution ulong that coastal region, thus allow· 

ing ready identification of the pcrmcahlc alluvium, 
which contain;; ~ignifi('antly gl'l'ater amounts of 

ground water than the )'()('b on either side. 
Figure I) shows an Apollo () color infrared photo. 

graph of a portion of the high plains of Texas alHl 
New i\lexico. This is a flat area underlain by a thick 

surfieial aquifer. The land is primarily used for 
irrigated farming. The north'l'(lIlth line that ean be 

seell hisecting the photograph is the State line be· 
tween Texas and Nell' Mexieo. The line is visihle 
in the photograph because of differenees in land 

usc practices Ulill irrigation in the two States. Such 
a photograph shows resource managers and policy 

administrators the effects of land management r1t" 
cisions conce;ning the differellce in ullocation of 

wrtter between the two States. The interpretation of 
suc:' a photograph does not say, in itself, whil'h of 
the two differing water allocatioll practices is helter, 

but it does provide data to the managers wi " .. 'II 
make such a decision. 

Figure 10 i~ the first spal'(, pbotograph of an 

entire /lood at or ncar it~ peak. The an'a ~hown 
includ.,s parb (If Arkansas and Louisiana. It is .lilli· 
cult, tillle l'unsuming, and expellsiv(' to map the 

extent of a hlrf~1' /lood by ground metbods, and such 

mapping must gent'rally be done after the flood has 

receded, which means indirect methods must largely 

be used. The possibility of using space photographs 
for such a purpose is exciting to the hydrologist. It 
means that he may be ahle to obtain information on 

floods that has heretofore not been ohtainuble. 
111e mapping of coastal wetlands is a task of great 

importance not only in the {lnited States, hut in 

man) other countries as well. Figure 11 shows two 

photographs taken simultaneously of the Georgia 
coast from the Apollo C) spacecraft. On the left is a 

color infrared photograph, and on the right is a 
black·and·white infrared photograph. The coastal 
wetlands are the blue or dark.gray areas somewhat 

inland from the vegetated islands, which have either 
red or light tones. The regional delineation of such 
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FIGl'lIt: 8. D ..lin..ation of p..rnwahl(" alluvium containing largt' ~upplies £If grounli water can Ill! 
dO/ll' on the ba,i, of land u"'.. and v("getation dbtrihution in a coastul region. 

STATE LINE 

NEW MEXICO 

FIGUllt: 9. DilTcrenct"s in lund lise pructiccs between adjacent 
Stutes uw shown in this space photugraph. 
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FJ(aJII~: 10. An infran'tJ color photograph fwm Apollo 9 ~how~ the ,'xlI'nt of a flollll of th,' Ouachita 

Hhw in :\rkall!m~. 


wetlands is a simple task from this type of space marily eoneerned with the rll":'jlin~ and identifica
photograph, which is analo~ous to the ima~err that ~ion of re~ional water featl;re~. Additional research 
will be obtained from the ERTS. More detailed has beell and will continue to be conducted on 
observations of wetlands can of course be made (IUantitative measurement of water parnmeters, par
from low-altitude aircraft and from ground obser ticularly those of water quality. However, such 
vations. The examples of remote sensing in the field measurements generally require more sophisticated 
of hydrology that have been shown here are pri remote ~ensing systems thun normal photographic 
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FIGUJlE II. Mapping of wetlands for thcir managcment and preservation can he accomplished on a 
rc~ional basis by color infrurt'(1 and hlack·and·white infrared photography from 'pact'. 

and imaging techniques and are covered in other 
papers presented at this workshop. 

GEOGRAPHY 
The discipline of geography is a major link 

between the resource scientist and society in general. 
Figure 12 shows the functions, products, goals, and 
clients of the geography program conducted hy the 
U.S. Gcologieal Survey. The goals involve the pre
diction of development and environmental changes 
which elln lead to policy alHI management decisions 
for improved larHI usc and environmental quality. 
To reach this goal, remote sensing data in many 
fields are lIsed to map the status of lands, peoples, 
and environments; and to delineate the changes and 
rntes of change of significant features. Two brief 
examples of such products will be given. 

Figure 13 is a photograph from the Gemini 5 

spacecraft of the Imperial Valley of California, an 

irrigated farming region. Along with this photo

graph is a map of land use in that region. Knowl

edge of the ways in which the land is used and of 

trends and changes in its use is of paramount 

importance in decisions on future development and 

on the consel[uences of present development. 

Methods of mapping land use from space photogra

phy arc simple and straightforward and can be 

readily applied to information obtained from the 

EHTS program. 

Figure 14 is an example of metropolitan land-use 

mapping made from an Apollo infrared photograph 

of the Phoenix metropolitan area in Arizona. Map

ping of agricultural, urban, and other land uses is 
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Fler ilE 12. U.S. G""I"l!ienl Sun',,), gt'''gruphy prugralll (unctions, prutlucts, c1i"nts, an,1 I!uals. 

readily rlone from such a photol!l"!tph. As part of 

lite I!eowaphy prol!t'am, lI'e have ohtained high

altitude a~rial photol!t'aph!' of 20 major cities within 

the ljllit,~d States during the past year. Information 

on land lise mapped from those photowaphs will be 

('orrelated with ('('n!'us data taken in these citics in 

IIJ/O to form a datI' '. IJnHl!eS of the same IIreas 

arc to he ohtained L...e ERTS; they will be ana

lyzed for changes and tl -;rds in land usc. An infor

matiun s~·!'telll will he de\'elt,pcd on thc hasis of such 

research. This system should provide usable and 

timely information updated at short intcrvals for 

planning purposes. 

SUMMARY 
In summary, basic research in applications of 

remote sensing to geology, hyclrolog.y, and geogru
phy has led to a determination of the feasibility of 
these techniques for obtaining significant informa

tion for usc in management. It also provides llIl 

integration of the resource and environmental studies 

that historically havc been cOlHluded on separate 
bases. The ERTS experiment is II large-scale test of 
thc feasibility of the data lind information tech

niqucs. Wc will he working diligently to makc this 
cxperiment a SUlTt'5S, and we invite your participa

tion in the program. 
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FIG!!".: l:t Lalld II'" call I ... IlIapp"d frOIlJ 'l"Il'" ph(llo~ral'h~, '1'1", map al ri~ht wa.' ilIad" fwm 
till' phllto at I"fl, whit-h i, a I'ortioll of a lar~t'r 'pae,' phllto of tilt' art'a aroulld ~altoll ~"a, 
California, 
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In January of this year President Richard Nixon 
transmitted to the Congress of the l'nited States his 
annual Aeronautics and Space Report. I nc1uded in 
his letter of transmittal were several references to 
the potential usefulness of aircraft and spacecraft 
for Ute inventory of Earth resources. He pointed 
out that "the potential henefits of a viable Earth 
resources survey program have aroused suhstantial 
international interest" and that "we must apply 
space·related technolol!Y to the elTective use of our 
resources." lie further stated that "Earth resourf'C 
survey satelIites are planne!1 for usc, when ava.ilable, 
to all interested countries." 

Judginp: from the impressive roster of (It·legates 
attending this International Workshop and Sym. 
posium on Helllote Sensing, there already arc a 
great many "interested countries." Many delegates 

have requcsted that. when the first Earth Hesources 
Technology SatelIite CEHTS·A) is launched a scant 
10 months from now, remote sensin).! data he ac· 
quired from it of Earth resources in lheir respective 
countries. It is gratifying to know that their interest 
in such data is not solely hecause of possibilities 
thus olTered for finding previously overlooked de· 
posits of minerals, petroleulII, or other 11 OTIrI'I/C/V· 
able resources in their countries. l\fuch interest is 
expressed also in the possibilities such data will 
olTer for monitoring and managing \'arious rCl/ew· 
able resources, such as timher ancl a)!ricultural 
crops, thereby placing their countries on a sustained 
yield basis for the production of commodities de· 

rivable from these resources. 

It is primarily with this latter category of re· 

sources that my paper will deal. Furthermore, just 

as NASA deals with both ail' and space, so my paper 

will deal with both aircraft and spacecraft as the 
platforms from which remote sensing of agricultural 
and forestry resources can he accomplished. 

RATIONALE FOR THE REMOTE SENSING 
OF AGRICULTURAL AND FOREST 
RESOURCES 

Man will soon be confronted with one of the most 
serious crises of his existence. Basicall y. this crisis 
is developing because the world's population is 
rapidly increasing at the very time wlll'n many of 
its natural resources have dwindled to a very low 
level. The supply·vs .. demand problem is made even 
more seriou~; IIv another recent development. Within 
the past decade a ~reatly increased "awareness of the 

have·nuts," combiaed with an almost insatiable de· 
mal\(l of the "ailluents" for an ever·hi)!her standard 
of Iivin~, hm, resulted in a tremendous increase in 
the per capita demand fur earth resources at virtually 
every I c'olhJlllie level in nearly every country of 

the world. 
In view of these critical circumstances, we need 

the wisest pussiblp, management of the Earth's re· 
sources. An important first step leading to such 
management is that of obtainin/-( resource inven· 
tories accurately and frequently. 

There arc two primary reasons why the ill\'entory 
of timber, agricultural crops, and other natural re· 
sources can he facilitated through the use of photo/-(. 
raphy taken from aireraft or spacecraft. The first of 
these is clearly implied in the simple statement that 
"the face of the land looks to the sky." The task of 
inventorying the Ear,ll's resou rces is, fi r5t of all, 
one of delineatin/-( houndaries between one resource 
characteristic and another. When eonfined to Earth, 

67 
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man often has great (liffieult)' both in recogll1zlll~ 

and ill delineating these boundaries. This difficulty 

is attributable mainly to the limited visihility of 
terr'1in features that IS afforded him, especially in 

areas \', here the topo~raphy is heavily (lissected. In 
contrast, a "continuous plotting" of resource bound

aries often can be performed on vertical photos 
taken froll1 either an aircraft or an Earth·orbiting 
spacecraft. 

TIlC second reason for using aerial or space 

photography results from the sheer vastness of the 

areas in whidl Earth resourcp surveys must he made. 

It is only from aircraft or spacecraft that the hroall 

synoptic view, so essl'ntial for the quick HlIII ceo· 
nomical delineation of Earth resource features, can 
he ohtained. The fact that such \'ast areas can he 

photographl'd quickly and \11l1ler rdatively uniform 
lighting conditions constitutes an additional ad
vantage resulting from the use of aircraft or space· 

craft. 
To hetter appredate how improved resource in· 

vcntories can Icad to improvccl resource manage· 
ment, we need to reco;!lIizc tlw three succcssive steps 

involvell in the managcnll'nt of natural resources: 
inventory. analysis, and operation. 

I n the i1l!,t?Tltory step (the one with whirh most 

of this paper will clpaJ). an effort is made to deter· 
mine hll/I' l/I//('h of what is IOht,rt~ throughout the 

area to 111' manag('cl. The what in this instanre 

usually refer!' to such sperific resourres as timher, 
forage, agricultural nops. or other forms of velH'ta
tion alHl to the soil and water resourcl's that sustain 
vegl'tation. 

I n the aTlalysis sh'p. certain 11,'dsions arc made 
as to how the resources arc to he manag('d. Such 

decisions arc arrived at hy considering two kinds 
of information: (I) information a~ to the amount 
and disposition of resources within the area that 
is to he managed. su('h information havin)! heen 

ohtained in thl' pm'edin~ inventory 3tep: and (2) 
information as to tlw costs likely to he incurreil anel 

the henefits Iikdy to a('cnlP. hy applyin~ to these 
resources eaeh of s('veral management measures. 

For example. will the henefit exceed tIl!' cost if we 

build a dam, control an infestation of weeds, or 

apply fertilizers to impo\'erishell soils? Answel s to 

such questions arc in the process of chan~ing be

cause the worlel's dwindling supply of Earth re· 

sources, comhined with the ever-increasing demand, 

is prompting even the economist to take a second 

look at his cost·henefit ratios. Only a few years ago 

forest economists in the United States usually said 

"We cannot afford to plant after c1ear·cut logging." 
Now they usually say "\~'e can't afford not to plant." 

In the operatioTls step, decisions reaehed in the 
analysis step arc implemented. On the one hand, 

these decisions arc not likely to he wise unless the 
preceding steps j inventory and analysis) have heen 

properly executed. On the other hanel, re)!ardlrss of 

the care with which steps 1 anel 2 have been eXl'cutt'e1, 

nothing of consl'quence is done until the third step 
is takcn, This is so Iwcause the goal is to achieve 
more intelligent managemcnt of the resources and 

therehy a('complish such specific objectives as lll

creasing the yield of croplands and wildlands. 

USER REQUIREMENTS FOR INFORMATION 
ON AGRICULTURAL AND FOREST 
RESOURCES 

Primary t'mphasis in the present section is given 

to vegetation resources and information desired hy 

agriculturists and foresters. Similar information 

could he given ahout other resources (soil. water, 

etc.). hut to do so here woulil make my presenta

tion unduly long anel cumhersome. 

As we IlCl!in a consiclerntion of uscI' requirements 

for information ahout v('getation resources. tahle 1 

provides a useful point of departure. TIds tahle in· 

dicates that there ar(' onl~' four main catel!ories of 

vc!!etation for which information is sought. viz, 

agri('ultural ('rops. timher !'tands. rangelaml vegeta

tion. and hrushland ve!!,etation. Starting with the 

left·hand column of the tahle we see that, hy and 

large, the users of agricultural crop clata nt'ed only 

six catc)!ories of information. ,·iz. crop type, crop 

vi)!or. crop.dama;dn!! agents. crop yield per acre 

hy type. crop aCf('a!!e hy type, an(1 total yield. Pro

ceeding to tIll' other three colmuns of table 1, wc 

note that essentially these same six cate)!orics of 

information are sou)!ht hy mana)!ers of timher lands, 

rangelands, amI hrushlands. 

Various potential users of information about 

"('getation resources hm'e differing requirements as 

to the speed with which information must be proc

essed, once the raw data have been collected, and 

also as to the frequency with which the information 
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Table J. Type 0/ in/ormation desirt!d lor vegetation resource data 

For 
nb'Tirultural crops 

For 
timlJl'r ~tands 

Timlter tYPl! (spccil's 

varil,ty) 

Crop t)'P'! (species an,1 

composition) 

I'n's,'nt crop vigor anti stntc Pr"scnt tn'c lind stantl \'igor 
of maturity Ity 'Iweit's and size dass 

Prcvalt'nce of efllp:dumag. I'rt'\'al,'nc,' of trt",.dama~· 

in~ agents hy type ing aw'nts Ity typl' 

Predict ion of time of l'rt'scnt volunll' and 
maturit), and "wntual crop pfl'diction of prnltaltf" 
yield per acre Ity crop type future volumc IH'r a"rl' Ity 
and vigor class slll,ej,'s and size cla!-' in 

,'al'h stand 

! Total acn'ag" within ...11'1. Total acr,'ag" within ,'ach 

I crop typt' and \'i~lIr l'Iass stand tY/l" and vigor cia" 

Total pTl',,'nt lind prohahl,'I ~:::;~\ ~;,:;s"nt yil'!d Ity 
futufl' yidd hy spl'ci,'s and 
,iw c/as~L__ _ 

must he updated. TIlis consideration has Ir!d to my 
compiling a second table (table 2) in an efTor! to 
document in concise tahular form the variotts user 
requirements for vegetation )'('source data. 

Note that tahle 2 uses the same headinf,!s as tahle 
I for the four vertical colulJlns, Tahle 2 also lists 
six time intervals that are indicath'e of the fre· 
'(uency with which various kinds of informatioll 
ahout vegetation resourel's are needed, 

In considering relationships between the fre· 
I/uency with which Earth resource data shottld he 
collected and the rapidity with which these col· 
Iected data should be processed, the writer has 
found it useful to employ the term "half·life" in 
much the same way as it has heen employed by 

For ForI 
rangeland forage "rushland \,,·w'tation 

Forn~e Iype ('pecies Vl.'gdation t)'(l" (species 
composilion) composition) 

Pr"sent "rang" fI'adincss" I V"gelation density 
, (for grazing hy dom,,,tic or 

wild animals) 

Pn·\'al .. n,'" of foraw,·dam· Otlll'r typ", of information 
a!!in~ ag,'nts (w",'ds. tl<-,in'd will d"p,'nd upon 
roJt·nt~. di,,'a~,·s. I'te,) hy primary importune,· of till! 

t),Pt' \'('~etati"n (whctlll'r for 
wall'rslll'd prolection, gam" 
haloitat, a ..,tlll,til',. "tl'.', 

I'r,',,'nt anirnal"'arr)'in~ 
caparit y and prolfalo'" 
fut un' rapacity per acr,' Ity 

'I"'cil's and rangl' ..ondition 
e1ass in I'al'h foragl' typ" 

Tolal ac"'a!!" within ,'a('h 
fora!!,' tnw and I'Ifndition 
class 

Total prl'~"nt and proha"I,' 
futllrl' animal.carrying 

I'ap.u·ity 

~anll' as allol·,· 

Sam!' as ahove 

__,__ .J 


radiologists and atomh~ )Jhysiei~IS. The shorter Ihe 
isotope's half·life. the 11101'1' quickly 11 scienlist must 
work lI'ilh it 0/11'1' a supply of the isolopl' has hecn 
issued 10 him, Orw half·lif.· afler 1)(' has acquired 
the l11aterial. only half Iff Ihl' original amounl is 
still uSl'ful: two Italf·lin·,; afl"r lI(·'prisilion. onl\' a 
fJuartl'f of Iltl' original amolllil is still useful. "tc, 

This half·life eOl)(·.·pt applies remarkably well to 
nearly erery item list.·d in lahle 2, S)l"cificall\'. if 
the desired fn'(luerH'y of acquisition of any informa· 
tion is divided hy two. a fif,!ure is ohtai/ll·d irltlicat· 
ing the time after data acquisition hy which the 
illformation should he extracted frol11 tire data, It 
is true that some herwfit will acc\'llc e\,1'1l if tire 
information does not hecome known until sometime 
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Interval 

10 to 20 
minutes 

10 to 20 
hours 

10 to 20 
da)'s 

10 tn 20 
nltlnths 

10 tn 20 
),ears 

20 to 100 
years 

EARTH RESOURCES SURVEY SYSTEMS 

Table 2. Frequency with which in/ormation is needed lor vegetatioTi resource data 
(examples only) 

(To convert this information to rapidity with which information is needed, Sl'e text.) 

For agricultural crops 

OhSl'rvl' the advancing waterline 
ill croplands during disa!'trous 
floods. Ohsl'rvc the ~tart of 
locu"t f1i!(hts in a!(ricultural 
nn'as 

~Iap perilllt'ter of on!(oing floods 
and Incust flights. ~Innitor the 
Wheat Belt for outbreaks of 
black slt,m rust dill' to spore 
showers 

:".\ap prngro'" of crops as an aid 
to "wp idl'ntificatioll using 
"('fOP calt'ndars" and to 
e-timating date tn b('gin han'est· 
ing op('rations 

Faeilitalt· annual insp('ction of 
crop rotation and nf cOlilpliance 
with fed('ral ro·quirements for 
1H'Ill'fit paym('nts 

Ol,,('n',· !(rHwth and mortality 
ralt·, in orehards 

Ohs('rvc shifting cultivation 
patterns 

I 
I
I For timber stands 

!-
I 

I 	 Deft'ct the start of 
i 	forest fires durin~ 

periods when there 
is a high ftre danger 
rating 

Map perimcter of 
ullguilt~ f(lr('~t fin· ... 

Deft'ct start of 
insect out breaks in 
timber stands 

Facilitate annual 

inspcction of fire

bn'aks 


Oh~{'n'(' growth and 
lIIortality rates ill 
timber stands 

Ollservc plant 

succession trends 

in the Corest 


For rangeland forage 

Detect the start of 
rIIn!((·land ftres during 
periods wllt'n then' is 

' a high fin' danger 
rating 

~-----J 
Map perimeter of I 
on!(oing ran!("land 
fires 

: Update inCormation 

I on range readiness 
Cor grazing 

Facilitate annual 

in~pection of fire

breaks 


Ohst'n'e ~igns of rangt· 
d('tcriorat ion and 
studr till' spfl'a(1 of 
noxious weeds 

Observe plant sueces· 

sion trends on 

rangelands 


For brushland 
vegetation 

Dell'ct the ~tart of 
bru,hfin's during 
p"riods whcn tlwre is 
a high ftre danger 
rating 

l\lap perimeter oC 
ongoing hru,hftn's 

Update information on 
tim('s of nOll'l'ring 
and pollen production 
in relation to the hee 
indu,trr and to hay 
Cever problems 

Facilitate in'pl'ction 
of firdm'aks 

OI"('f\'(' chang.. , in 
"('dg(, (·fT(·et" of 
hru~hficlds tlUlt afTect 
suitahility as wildlife 
hahitat 

Oh,en'e plant succes· 
sion trends in hrush· 
fwlds 

later. But the rate at which the value of the infor

mation decays is in remarkably close conformity to 
the half-life eOllcept. 

Each item in tahle 2 ean he placed in one of the 
six catei!ories of information listed in table 1. Thus. 

a eertain unity can he found in these two table!'. By 
studyinp: them not just individually, hut in conc(~rt, 

we can hetter appreciate the true nature of the multi· 
faceted user requirement that we seek to satisfy by 
the remote sensin~ of vel!etation resources. 
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GENERAL PROCEDURE TO BE FOLLOWED 
IN THE INVENTORY OF AGRICUL
TURAL AND FOREST RESOURCES 

Specific examples ~iven in a later section of this 
paper will illustrate some uses which c(ln be made 
of remote sensin)!: for the inventory of al!riculturnl 
and forest resources. It should he helpful at this 
point to descrihe one such process in detail. The 
stepwisc procedure dcscrihed helol\' pertains to the 
use of aerial photos, at a scale of approximately 
1 :20 000, for makin~ timher volume inventories. 
Later examples will sholl' how this proeedurc can he 
modified whcn llIultistal!c sallIplin~ with aerial aJl(I 
space Jlhoto~raphy is possible. 

]. The total allowahle expelHliture of time and 
money for the timher volu/llc ill\'entory is asccr· 
tained. 

2. The most suitahlc photol!raphy of the area. 
consistent with cost Iimitati()n~. is procured. 

3. Tlw timber volullll' dasses to 1)(' rccol!nizl'd on 
the photos are defined. typically. in terllIs of thl' 
starHI.heil!ht ranw' and {'/'ol\'IH·losure ranl!e to he 
emhraced hy each class. SOllie field ehl'ckinl! usually 
lIlust he done COIH'uITcntly to {'stalliish "l!rtJulul 
truth." Can' must hc taken at this point to Ill' sure 
that enoul!h classes arc fl'I'ol!nizeri to make till' 
classification useful while avoidin,!! the estahlish· 
ment of mort' classes than ('[III III' r'onsistently identi· 
fied on the photos. lest this lead to inal'l'urndes 
whieh will III~I-!atf' till' value of the whole classifica· 
tion prol'I'dun', Furthermort'. the ciassf's should 
roul!hly {'on form to till' expI'l,It,d ranl-!e of IlI'i;!ilts 
and densities to hI' I'IH'Olllltered in the area to IJI' 
dassified: otherwise. mllst (If till' plot~ mil!ht fall 
into one (II' two da!'ses and nullify thl' primary oil· 
jcctivcs of c1assificatiun. 

4. From preliminary time·cost analyses. the aver· 
al!e cost per field plot anel pel' photo plot are de· 
termined. since it will he hil!hly rbirahle to ficlcl· 
chl~ck several of the photo plot!'. 

5. Also fl'OlII preliminary analy!'es. a /lIea~ure of 
st!llularcl clel'iation within photo \'olullle classes and 
I'ariance hetween photo volume classes is oiJtainell. 

6. From the information oiltainecl in these prc· 
Iiminary steps, a determination is macle of the 
numbcr of ground plots and photo plots that should 
be taken, 

7. The required photo plots arc pinpointed on the 
photos in such a way as to achieve either a systematic 
or a random distribution of plots throul!hout the 
area. 

8. Each photo plot is studied stereos('opicall~'. 

measuremcnts of its stand hcil!ht and crown closure 
are made, and these figures arc cntered in the aerinl· 
photo stand·volullle tahle to compute the stand 
volume of the plot. 

9. Distribution is made of the predou!'ly I~aleu· 

lutcd /Ill/niler of ground plots so that the appropriate 
number will he ohtained in each photo.volume class. 
III this step a sa/llplin~ interval is calculated and is 
used to dccide which photo plots in I'aeh r1as~ will 
also hecome ;.:round plots. The int!'l'val is com· 
puted fOl' each dass hy dividilll-! the lIulllhl'r of 
photo plots in that class hy till' nllllllll'r of )! rollllll 
plots to ile taken in the class. 

10. Field llleaS1Helllt'nts of tIll' timher of !'ach 
;!rllllnd plot are madc. alld frolll Ihes(' nll'aSU/"l'IIwllts 
the timlll'r volumes on the ;!rOIl/1I1 plot arc com· 
puted, The!'!' \'olll/Ilt's art' then applied to the photo 
plots also. e1a~s hy class. 

) J. The fon~st arl'a wi'llill each \'olulllc class is 
det!'rmilled. (,ither by I.!'illl! a spparat!' dot·;.:rid 
eOllnl or hy usill;! thf' proportioll of the intt~rJln't!'r1 

plots IH'I'uITillg ill ('al'h class to determine tlll~ pro· 
portion or the total an~a whir:h sllOuld he allocated 
to that elass. 

) 2. The al'('ral!c tilllhl'r I'olume pl'r IInit area pl~1' 

rlass is found and the timlJl'r·stand volumc ror the 
I~ntire propert~' i~ cOlllpult'd from thl' SUIIIS of thl' 
\'olllmes in various e1as~l's. 

Numerous nwdifiC'ations of the forl'l!oilll! proce· 
dure I:all I}(~ mad(' to arlapt it to any slll'eific timhcr 
inl'tmtol'Y pro hiI'm. T" analyzing the IlOntillllH'1' \'e~I" 
tat ion resoun'l's of an area. ilasically the sallie 
procedure;; ean he followed. 

rnforlllatioll (,lInlailll,d ill the pr!'cl'rlilll! para· 
J!rn(lh~ relativ!' to v('getation ~ll/'\'I'YS is 1'lJually 
applicahle to ~nil sun'ey!'. IIvclrolol!iC' SUI,\,I~yS. or 
surveys of 1II0st otlier n';;ourcI's of intl'rt'sl to the 
funnel' or fon'ster with respt'C't to (a) procurinl! thl' 
he,t aerial photos consistent with J,ucll!('tar~' Iilllita· 
tions: (h) preliminary cheekinl! of represelltati >'c 
ul'eas in the fielcI. photos in hanel, in order to del'elop 
the photo·recognition fentures of salient types; (c) 
measuring distance, direction, slope, and area; (d) 
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determining the relative amounts of field checking 
and photo interpretation which should be performed 
during the course of the survey; and (e) compiling 
the final map and related statistics. 

The figures which accompany this paper pro· 
vide additional details on the means by which 
various types of Earth resources and land use cate· 
gories can be inventoried with the aid of remote 
sensing techniques. Once the reader has examined 
these figures, he can better appreciate the uses and 
limitations of remote sensing techniques. These 
points are also summarized in the following two 
sections. To avoid making these sections unduly 
long and cumhcrsome, only photography is con· 
sidered, rathcr than eonsidcrin)! at each point the 
extent to which thermo)!ram~, radar ima/lery, and 
other forms of rcmote scnsin)! data mi)!ht be used. 
Abo only vC/lctation and soil resources of a)!ficul. 
tural or forested areas are considered. 

IMPORTANT ADVANTAGES OF AERIAL 
AND SPACE PHOTOGRAPHS FOR THE 
EVALUATION OF AGRICULTURAL AND 
FOREST RESOURCES 

A krlOwh·d)!,~ of the a£!vanta/le); whidl aerial and 
space photo)!raphs ofTer to the Earth rc~our('e analyst 
may provc of I'alue to him in two ways: (a) I t may 
SCf\',~ to cnli/lhtl'n him as to a Iwlter way of <Ioin/l 
not only the hasic inventorv phases of his work, 
hut muny of the associated pha~('s as well: and (h) 
It may better pnahl" him to t:onvirH'e a skeptieal 
superior or otlll'r pt'rson whose cooperation is 
needed that SU"'I plllJto/lraphs ofTer the hest solu· 
tion to the n'soul"!'(' analysis prohll'lll. Tn either 
resped, the /ll'ncralized statelllents made in this 
section will assume I!rt'alt,st si/lnificaw'c when 
l'iell'l'd in tlw Ii)!ht of sonlt' speeifie resource·in· 
ventory projl'c\. 

1. Ht'liability. The statement that "pictures don't 
lie" is, for nil practical purposes, true of )!00l1· 
quality aerial and spa('e photo/lraphy. With one 
wink of the camera shutter. images of ohjects on 
the Earth's surface arc permanently recorded in 
conformity with known mathematieal and physical 
laws. Throu/lh application of these laws, the photo. 
/lraphs lend themselves to very reliahle and aecurate 
measurement arul interpretation. 

2, Favorable vantage point, The vantage point 
offered by aerial and space photos is of particular 
importance to a mapper of Earth resources. In at· 
tempting to estimate such features as stand density, 
type boundaries, amI general topography, the ground 
observer frequently is handicapped because of the 
restricted visibility imposed by both vegetation and 
terrain. Often he feels that he could assess condi· 
tions much better if only he could hover above the 
terrain and leisurely look down upon the entire area 
that is to he inventoried. Aerial and space photo. 
)!raphs, in effect, provide him with that opportunity. 

:t Detail. An aerial or space photo/lraph of good 
quality presents almost infinite detail. It shows even 
more detail than eould be Reen with the naked eye 
from the Rame camera station, sinee in taking such 
photo/lraphs it is possible to usc a lens which has 
II1uch )!reater li/lht'l!l1t}wrin)! power than the hUll1an 
eye ami a photo/lraphie film·filter combination 
capahle of penelratiu/l haze and climinating /llare. 
For example, on COIII'I'ntiollal I :20 OOO·!'eale I'crtieal 
photo/lraphy. taken from all altitu(le of ·1· kilnrneters 
ahovl' tlw Earth's ~urfaet', small 11IIshe~ and trees 
wit l• (:rown diamcters of only I II1eter are reeo/lniz· 
ahlt' indidduall~'. and narrow lincar ohje,'ts such 
as trails. pipelilll'g, ami ['I'en fences are frequelltly 
identifiahle. On spare photographs ohtain[,d hy the 
:\ polio alld Gemini vehicles, resolution often has 
het'n poorer than this hy two orders of ITla/lnitude. 
The cOll1bination of such aerial and !'pare photo. 
I!raphs, howel'er, wht'n use(1 in a multista/le sam· 
plirl)! schel1l1', t:an proddt, a very powerful set of 
inl'elltor\' tools. 

t!.. Complrtt'1/t'SS of t:(J1){'ra~t', The photo inter· 
preter eall study I'e/ll'lation and soil ('onditions in 
100 pereent of the area with which lu' is coneerned. 
The )!rolllld sUrl'ey new, hy contrast, ran rarely 
makl' a detailed study of more than S to 10 percent 
of the area and must assume this sample to he repre· 
sentatil'e of the entire area. 'flle photo interpreter 
usually ('1\n sec such features as roads, streams, 
ridl!l'lirll's, l'e/ll'lation·typl' houndaries, and some· 
times even );oil.type houndaries throughout their 
entire extent and ean therefore employ "colltinuo\ls 
plottill)!" methodR when mapping them. The )!ro\lnd 
mapper of tell must interpolate the portions of these 
features which he never sees while fIInnin)! widely 
spaced strips throu/lh the area. 

5. Depth perception. If two aerial photographs of 
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an area taken from different camera stations arc 
properly viewed simultaneously, a three·dimensional 
image is ohtained which greatly facilitates photo
graphic interpretation. Under favora!>le conditions, 
llnd with the aid of rather inexpensive photo!!ram
metric instruments, the trained photo!!rammetrist 
Clln measure heights of trees and di/Terenres in 
!-\round relief with an average error of le~s than 6 
meters on 1:20 OO()·scale aerial ph()to~, and he can 
delineate contours with sufficil!nt accuracy for many 
resource plannin!! 11Ilrposl's. HOWeVl'f, a~ might 1)(' 
expected. depth perception on space photol!faphs 
often is lit least one order of magnitude poorer than 
on such aerial photo!!raphs. 

6. Ease oj i1lt(~rprt·tati(lll. Tlw shape. tone, texture 
and relative size of ohjel·ts appear much the ~ame on 
a photo!!raph as the~' would to tIll' naked eyl! if 
viewed from tll!~ camera ~tation. It tlH'refore is 
frequently ea~il'r to interpret a photograph than 
even the most carefully prepared map. hecau~e tIl!' 
latter must rl'sort to tlH' USf! of symhols. The three· 
dimensional nature of tIll' photographic imag!' 
furtlll'r facilitates its interpretation, 

i. Opportu1lity til extt'nd lilllift'd {.!roulltl o/isrr· 

tlatio1ls. Such features as species and soil types 
sometimes cannot hI, intl'rpn'ted clirertly from aerial 
or space photo!!raphs. Ilowe,'er. )!rolllHI ohsf'rva· 
tions iliadI' with field hinol'ular~ from favorahlt, 
\'anta!!e points can gi\'(~ such information for various 
spots identifiahle on the photos. Then. h~' photo!!. 
raphie interpretation. the areas in whil'h d"tl'rmina· 
tions have hel'n iliadI' can he I'Ilmpared with other 
areas h,l\'in!! a similar photographic appeararH'l'. 
Type houndaries can then hI' df'iilH'atf'd on the 
photographs and transferred to a type map. Further· 
mon'. this can he dOll" without tIll' ground oh· 
server's having to keel' tra('k at all times of his 
hearing and distance from som!' rrfl'r!'nce point. 
By such use of aerial and space photos to extend 
limited !!rouncj ohservations. the :Imount of field 
work required on a variety of resolll , e"aluation 
prohlems can he appreciahly reduced. 

8. Ease tJjllleaslIrcmcnl. Many measurements of 
distance, direction, and height which, prior to the 
advent of aerial and spa~l; photography, could he 
macle only in the field hy the resource mapper, now 
nrc made with comparable or even superior accuracy 
directly on the photographs. Jn making measure
ments in the field, crews may be hnmpered by poor 

visihility, fatigue, adverse weather conditions, ami 
the pressure of trying to complete a gh'en set of 
field measurements in time to return to hase hefore 
nightfall. None of tllt'se adversities Iwed hamper the 
photol!rammetrist who, hy workin!! under the more 
favorahle and uniform conditions of his office, is 
capahle of making unhurrif'd measurements with a 
consistently high order of accuracy. 

9. EaSt' oj c"c'rkiflg jor SOli ret'S ojl'fror. If a fidd 
traver~e (of the type sometimes required in making 
Earth resource surveys) fails to dosf'. it may he 
nl'c'essary to relwat the entire tra"erse in order to 
detert the source of ('rror. However. if a photogram
metric tnl\'('rsl' fails to e1o~e. the sourc(, of I'rror 
usually is readily found. Similarly. till' fif'ld super
visor who alll'mpts to cherk the work of sevc'ral 
field erell'S may find that II large part of his tim!' is 
spent merely in travdin!! from OIl!' erell' to another. 
The photo!'ramnll'tric or photo interpn'tation super· 
visor ordinarilv dol'S not I'III'ount('r this clifficuitv. . 
IWf'ause tlH' modest ollirl~ spacl' fl'f}uirrments of hi!! 
stafT mak!' for compac·tn!':" of th!' unit. 

10. Opportll1lity for study (lj tIlt' arm tillriflg tIlt' 

t'fltift' )'t'ar. [n lIIany of the less de"eiop!'d areas, 
inclement wI'ather hampers or prevents the per· 
fonnam'(' of important field al'livities, ilwludin!! 
topo)!raphic' mapping ancl timlH'r c'nlisin!! I i.e.. 
tilllhl~r volullw estimation). Thosl~ who ar!' ('xpert 
in til!' performance of these tvpes of fi!'ld work (',111 

tlwrdore Ill' hired onl~' s('asonally, unless it is pos
sihit' for tht' rmployer to tide tlH'm O\'l'r with other 
forms of work. at which they usuall~' arc less 
proficil'nt. The use of aerial and spacI' photol!faphs 
h~' rl'soun'p mappers appn'dahly decrl'asec; the 
alllount of fipld work ref}uin'd. By proppr plannin!! 
it usually is possihle to have til!' ('J'I'\I'S complete 
field lI'ork durin/! IlI'riods of favorahlf' lI'eather and 
to perform. in tht' offic!'. some "hotof!"rammetrie 
alltl photo inh'fJHt'I:ltion phases of th!' SallI(' project 
durin!! slack periods caused hy inc·it'ment II'I'atlll'r. 
This rl'~ults in !!fI'ater continuity of employment 
and in performance hy the same individual of huth 
thl' field and officI' phases of \,('w'tatioll.soil ('\·a1ua· 
tion projects in whieh photos are U~I'CI. Such an 
arnlll!!t'ml'nt is hi!!hly desirahle since it /!h't's the 
photo user an opportunity to make frequent field 
checks as to tlw aC'('uracy of his interpretations. The 
opportunity for study of aerial and space photo. 
graphs c1l1rin~ the entire year is of further aclvantage 
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to those who may wish to know immediately what 

the Earth resource conditions are in a given area 
which at the moment is not accessible for ground 

study. 
II. Rapidity 0/ obtaining inventory data. In many 

of the less developed parts of the world, areas in 

which vegetation and soil resources are to be 

evaluated lire vast, extremely difficult to reach, and, 

once reached, must be laboriously studied. Since the 
ohtaining of inventory data is the first step in the 

development of the resources inventoried, it is very 
desirable to have a rapid means of ohtaining this 
information so that resource development on a large 

scale can he unrlertaken promptly. The efficient usc 
of aerial and space photos, combined with only a 
limited amount of field work, provides such a means. 

12. Sui/(/bility lor cOlllparative! studies. Often the 
vegetation expert or soil scientist who is making 

studies in plant succession. soil erosion, ;!rowth, and 

related phenomena has need for detailed informa· 
tion regarding conclitiow; as they existerl in the 
area at various peri oris of time prior to the present 

study. Aerial or sparp photography ohtained peri. 
orlically of the area heing studied constitutes an 

irrefutable means of dating events and situations in 
the an'a of interest. 

1~. Suitability lor filill~.' Because of their con· 
venient and uniform rlimensions, compartness, per· 

nHIlJeIICY, an!1 systematie numlll'ring. aerial and 
space "hotographs afl~ irleally suiterl to filing. They 
are so placed in a ,'ertical file cabilll't that the title 
and numher desi;'!Ilation of p;wh print appear at the 

top where they arc I'asily rearl when Il'afing through 

a folder of photographs. When it is dl'sired to view 
the pllOtographi!' prints (If a ginn area, the IIllmbers 

of the prints covering that an'a arc readily rleter· 
minerl by rt·ference to a photo index. The desired 
prints ean then be loealt'd in the file ('abinets in a 
matter of a few secoIHIs. Because of their 1:0111· 

pact ness, approximately (IO()() prints can be filerl in 
a sin)!le vertical file cahinet (If ~tandaf(1 size. At a 

scale of 1:20000 with r'ol\\'entional amounts of 
overlap, tll!'sc prints would cover nearly flO 000 

SIJllarc kilometers. my contrast, one typical space 

photograph covers an area of 26000 km2.) 

14. ECOTluIII)'. The sayin)!s which can he effected 

through the intelligent usc of aerial and space 

photo/!raphs in making resource evaluations, while 

known to be great, arc very rlifficult to estimate. 

There may be not only a reduction in the cost of 
doing a given job through the use of such photo. 

graphs, but also an appreciable increase in the 
accuracy obtained and a decrease in the time reo 

quired to obtain sufficient information to commence 
development of resources. TIle indirect savings, con· 
sequently, may be even greater than the direct ones. 

In the United States, the cost of having 1:20 000· 
scale aerial photos taken varies from less than $2 

to more than S12 per square kilometer, depending 
upon such factors as size and shape of the area to be 

photographed, proximity to an airfield, and fre· 
quency of clays suitable for the taking of photo. 

/!raphs. The cost of pu rchasing overlapping prints 
from existing photography of the same scale is about 
] 2 cents per square kilometer. Thesc photographs, 

once procured, can he used in a variety of ways, in· 

c1uding the preparation of several kinds of maps 
(planimetric, topographic, vl')!etation typl', soil type, 
etc.), the preliminary location of transportation 

routes, and the preliminary location of sites whcrein 
the soils and c1imatie factors are fa\'orable for the 

production of certain kinds of ITOps. l'ntil it is 
known holl' many of tlIPse uses will be made of the 

photographs. it is difficult to knoll' how to prorate 

the cost of procuring them and making hase maps 
from thelll on which to plot fl'SOUI'l'e invelltory data. 
I n general. howev('1'. the larger anrl less accessible 

the area in which a resou rce in ventor), is to be mad(·, 

the )!reater the savings erl'ected, per unit area, 
through use of aerial photographs. The lise 0: a 

tnJical unnHlllned space vehit'le in the nt'ar future 
will entail an estimated cost of ;{ tn S million dollars. 
Howevcr. if placed in polar orbit. it can photograph 

the cntire globe several times, weather permitting. 
When the total cost is prorated over so vast a land 
area, the cost pCI' unit area is I!\'en It·ss than that of 

('ol\\'entional aerial pllOto)!raph~'. At prcsent, of 
course, it is not realistie to assume that a substan· 

tial usc woulrl b(! made of such photo;!raphy for all 
of the land area photographed. 

IMPORTANT LIMITATIONS OF AERIAL AND 
SPACE PHOTOGRAPHS FOR THE EVALU
ATION OF AGRICULTURAL AND FOREST 
RESOURCES 

A knowledge of the limitations which aerial and 
space photographs impose on the Earth resource 
analyst should prt. Jnt him from making serious 
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errors in estimating the speed and accuracy with 
which he will be able to evaluate Earth resources. 

TIJe following arc among the more important of 
these limitations. 

1. Aaial and space phrJtographs do not entirely 
eliminate field work. For example, the determina· 

tion of such important items as timher.species 

composition, current rate of growth. merchantahle 
length of stem, taper of ~tClil, and amount of defect 

usually must be madt' with the aid of frequent on· 
the·ground checks. Likewise, if accurate base maps 

are to be construl'led photogrammetrically on which 
the Earlh resource information can he plotted, work 

on the ground is required in establishing the basic 

network of horizontal and vertical control points, 
the names of certain features, and the local ion of 

property boundaries. Field work also may he neces· 
sary to determine the exact course followed hy 
secondary roads and trails which w: lei heneath a 

dense canopy of tree crowns. The configuration of 
contours or the nature of understory vegetation in 
areas defilade() from the camera stalion hy inter· 

vening foliage or ohscure() hy dense shadows like· 

wise can he determined only through the making of 
numerous field ohservations. 

2. PmlllnKl'd traiT/iT/I{ aT/d ('aft'/1I1 ,HI[lI'f!JisioT/ II/ 

phlltol{rallllllt·tric alld photo iT/tl'fprt'/atioT/ !wrsOlITII·1 

llIay lit' reqllifec/. A ~Iudenl can Ill' taught to do 

reliable timber cruising 01' soil and \'egl'tation type 

mapping by strictly ground methods in a relati\'el~' 

short time. If he is to learn ml'lhod~ ill\'ol\'ing tl1f' 

use of aerial or space photograph~, prolonged train· 
ing may be required. For example, a training period 
of 6 weeks or lIlore lIlay be required to ll'ach tht' 

student how to do reliahh· timber·stand ('Ias~ifica· 
tion from aerial photographs. Furthermore, freq\ll'nt 

expert supervision of his photfl).!raphie interl'l't·ta. 
tion coupled with periodic field checks is l1l'I'e~sary 

to ensure that he does not gradually and I'rrorlt'ously 

revise his impre,;sion as to the photo).!raphic ehar· 
acteristics of the various timher·stalHI classes. E\'en 

a matter as strai).!htforwanl as the estimation of tn~e 

heights hy measurement of p)lOto/!raphic parallax 

may lWluire upwards of 100 hours of trainin).! he· 

fore the student has mastered the "feel" of making 

correct photo measurements. He obviously can he 

taught ground methods of reliahly measuring tree 

heights in a much shorter period. 

3. Seale usually varies throu{{hout (/ photowaph. 
A map of a small area, heing an orthographic pro· 
jection of a portion of the Earth's surface, shows 

all ohjects at constant scale and in the same plan. 
relation to each other that they benr on thl' ground. 
Therefore true direction~. t1istanrt'S. am) areas ran 

he determillt'd directly fror') a map, .\n aerial 

photograph. Iwin).! a persllI'rlh't' projection of a 
portion of the Earth's surface. ;s subject to relief 

di~plae(,lllents. I Such displaeelll~nts usually arc 
negli).!ihle on space photo).!raphs.) In addition. hoth 

aerial and space plloto).!raphs mually contain tilt 
displacl'lTIents. For these reasons tllt'y do not show 

all ohjccts in their tl'lll relative position~ at ('onstant 
seale. Accordin/!Iy di~tanrt's, directions. alH) areas 

as estimated directly from measurements made on 
such photo).!raphs may It(' \'er~' seriously in I'rror 
unless the photos are suitahly rectifie(1. l11is process 

is performed routilH'ly and at low cost in many large 
photo).!rammet ric proj('t'ts. ho\\,('\'I'(', 

4, Pholographs 11/(1), emp/wsi:e Ih,' lI'ftlllg /t'alures. 

Ohjects which an' in dirert sunli).!ht and in direct 

view from the camera station tend to appear tIl!' 
llIost conspicuous on aerial and ~pace photographs 

regardless of their importance to the rt'souln' 

analyst. For example. aerial photography of a 

forested area often re\'l'als a wealth of relatively 
unimportant tree·crown detail at the expellse of 

showill/! clearly such important features as roads. 
trails, streams, understory \·(·/!etation. rock outcrop 
hl'nt'ath the trl'es :111(1. indeed. tIlt' soil itself. To 

those ('hargt'd with e\'aluatin).! aIH) dl'wlopin).! the 

resourees of an area. tlu' importance of the latter 
f('atures usuall\' is ).!rt'atest in an'as havin).! the 

hight'st merchantable timhrr \'oluml'. wheft'as tlw 
opportunity to disl't'rn them on aerial photo)!raphs 

usually is poorest in such arl'a5. 
S. jJ/ltllof{fllphs 11/(1)" rapitlly lit't:tI1I/t? tlllltllltt·rI. ,\ 

wildland or a).!ricultural area is flot a static corn· 
munity, hut one which is constantly chan).!ing. CUI" 

("cnt aerial Bud ~pace photo).!raphy may he very 
useful for lIlakiu).! \'('gelation aud ~oil iuveutories, 

insect and disease appraisals, snil crosiou analyses. 

suow sun't·y~, alld rt'lated studies, Howe\'er. photog. 

raphy take II at nil earlier date lIlay he worse than 

useless for such slwlies if it leads to fallaeious COil' 

elusions as to the present nature of tlu' area, (Il'rived 

from obsolete photo/!raphic data. 

6. A single photo{!raph rarely shows all 0/ tIlt' 
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desired area. Boundaries of the area shown on a 
single aerial p!-otogruph usually hear no relation to 
boundaries of the area of interest to II soil scientist 
or vegetation 1IIJnly~t. Comlllonly the p.hoto shows 
only part of the desired area and also shows purts 
of surrounding areas with which these men are not 
""ncel'l1ed. They therefore 11111)' find it netessary to 
"piece together" a number of photos in onler to get 
an overllll pICture of the area of intercst. I n con· 
trast, a IIIl1p can be lIIade of sudl dilllem;ons as to 
show the entire area at a COlllmon scale on a single 
sheet. Whill~ thl' foregoillg 1'CI1I~\i\utes a vcry real 
limitation 10 Ihe dirce! use of aerial 1'llOlographs, it 
is 10 be cmphasized that the Illap which oven'omcs 
this dillieulty. as lI'ell as SOIllI' of the difliculties pre· 
viously IIwlltiolled, uflen can hest he made from 
the Herial photographs. III additioll, it must be 
realized that a typieal space photograph often pre· 
sellts //11 projJlelll whatever ill this regard. 

SOME SPECIFIC EXAMPLES OF THE USE 
OF REMOTE SENSING IN AGRICULTURE 
AND FORESTRY 

Oe~ermining the Vigor of Vegetation 

;\s indipOI.leu ill tabll~ 1. all Ill; ,Iager~ of "I'gelation 
rl'~ourr('''' an' illtl·/'I· ... t('d ill lllonillJrin;!: the vigor of 
plaJlts h f.i(ll tllf'~' st'ek to IJaanagc, AI pn~51·nt. the 
hest I'"~·.ai,ililr for d,'kflnining 1111' yig,lr of y(·geta· 
tioll is usually IIfTI~red through photographi"ally 
r{'('ol'ding folia~'I' 1't·1I1·I,t<llIl'1' ill tIll' IlI'ar illfran'd 
I figun· II. Tlw J't·a ... (ln ha~ lIot )'1'1 heell fully 11, 

C{·rtailll'd. Ilut tilt' lI1o~t pro",,"'" I'\plallatioll is a~ 

follows. 
The SIIOIII-!Y IIIl'sllphyll ti~su(' of a healthy Iraf, 

II'hkh is turgid, cli~telHled hy water. and full (If air 
SIJill't·s. it a \'I'ry I'fiicit'1I1 n·llel'lor of allY radiant 
cnl'rl-!)' and 1IIt'I'dore of lIlt' IW.lf ill f ran'c/ wave
len/!ths_ These wa\'elellglhs pass 1111'011;,:11 Ih.~ illter· 
"I'ning palisadl' parelll'hyma tissuf~ (which ahsorhs 
hlue and red and 1'\'/"'d5 gn'l'lI from Ihe visihle), 
WllI'n ils water n'latilllls an' disturhed an(I Ihe 
plant starts tn lose \'igor. the lIIesophyll collapses, 
IIIHI liS a result th"n' lIlay Iw I-!reat loss in thc w· 
OcetlllH'p of nt'ilr infral'l'd (,Ilf'r;!), from the leaves 
IIhnost immediately after tIl!' dallla;dn;! a/!ent has 
struck II plant. Furthermore. this change may occur 
Ion/! befon' Owr!' is allY detectable d,ange in re· 
Oectllnc!' fr'I/Il the visihle parI of the spectrum. sineI' 
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FILl 'HE I. Lit.· !.Ii\!hl (If (lolalo is II1nrt· t'asily di't'l'rnrd 
(Ill ill frar,'" Ii 11'1 (III I han (III panchwlIlal ic film ("). 
( : .. urtl"" ~talll,"r nul Coo(l!'r. lJni\','r,ily of ~Iaillc.) 

no dJanl!'~ has )'I!t occurred in the quantit), or 
quality of chlorophyll in the palisade parenchyma 
cells. 

To detect this ehan/!e photographically, a film 
scnsitive to these ncar infrarerl wavelengths i5 used. 
B1ack·and·white infrared·sensitive fil/lls are sensi· 
tive not only to the near infrared hut also to much 
of the visihle spectrum. To obtain maximum tone 
contrast hdll'ecn healthy and unhealthy foliap,e at 
this early da"~ in the d('ve\opment of the disease, we 
sllOuhl lI~e olll}' the Ilear infrared region, where 
chan;!es ill reflectance havl! occllrred. Consequently, 
IT deep red filter (Wralh'lI fl9B) is commonly used 
in f:OlljUllctioll with the infrarcd·sen5itive film, since 
this filter eflecth·e1y prevents the unwallted wave· 
lengths from reaehill/! the film. On positive prints 
made with this infrared·HOB comhination, !Iealthy 
plants consistelltl~' appear Iip,htc.. in tone than un· 
healthy aliI's. j'anchromatic or ~om entional color 
pholop,rIIph y f e.p,., uerinl Ektacllromc) taken at the 
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FlcunE 2. Thes,~ three simultaneous phulos iIIuslrale IIII~ value of Illultihallfl pholollraphy for 1111' 

idenlificalion and analysis of "mosaic disease" Oil sUJ!:ar heels !!rtJwn in all eXllI'rillwlllal plOI 
011 Ihe Da\is Campus of Ihe Ullivefsily of California. lJi,,'uH'd an'a, an' of IIII' "lnll' 1011t' as 
haff~ suil in Ihe middl .. and rillhl pholos; ht'lIe,'. IIII' Io,It pholll is 1I1""ltooi 10 ,.hllw which pari' 
of till' fid" an~ d,'void of V"II,'lnlion. The mOl'l n'c"lIlly inf.. slt·" aff'as app,'ar dark ill 111111' Oil 

IIII' infrared phllio I arrow) I,,'fllff' IIlf'Y upl"'ar Iiv,hl ill lilli" lin IIII' middll' phllill. which was 
lahll wilh panehromalit' film and a lillhl. haz,'.cullin!! liltl'r. Ihu, ff'(,lIrdinv, IInly IIII' visihl,' 
porliun of lilt' ~IJf'l'lrU!ll. 1I,'ne,' Ih,' middl,' and righl phlll'" un' III'cd,'d III dill"ff'nlial,' n'c,'nl 
from uld"f dj,,,,asl' infeslaliuns and Ih'~ff'h)' 1Il"a,ur,' ralt' and oIiff,etion IIf 'pff'aol. TIlt' Ihn,,'·hand 
"lone siv,lIalure," ~umlllariz,'d helow afe Ihus S""II lu Ill' n,',"'''ary and suflil'i,'nl (IIr difll'f('nlialinv, 
Ihe four fl',oun:e l'alev,ori,'s of illll'n'sl in Ihi" un'a: 

TOIII' aa~ 

TYIlI' of n'!-'ollf<'t' f,'alun' Ultraviolcl 

Bnw Il ro Ulld Lillhl 
IIt'althy V"II,'lalioll Dark 
H"t'enlly di",'asl'd v,'v,l'Ialion Dark 
I'fI'viously di,e,l';t'" v"g,'lalion Dark 

fUllclioll IIf "III','lral hand 

Visihlt, Infran',1 

Li!!hl Dark 
Dark Lillht 
lJark Dark 
Liv,hl Dark 

sumc time, howcver, ~how~ lilllc or no tonc llifTcrencc ish appcarancc, in contrast with the normal green 
between the heahhy and thc unhcalthy plants, re· plants; and this diffcrcnce in spectral rdlechlllCI! 
gardless of the filter used, (As thc term panchro· ('an be disccrned on pall!:hromatie plwtography 
mutic implics, thi~ film is sensitive to all eolors of takcn with either a minus hlue (Wrallen 12) or II 

thc visible ~pcclrum,) Corollary to the fact that at light rCll (W mttcn 2;'jA) filter. (See fil!ures 2 and 3.) 
this carly date we cannot obtain a tOIW difTercnce Falsc color films that have infrared sensitivity 
betwctll healthy and discased plants on panchro. also can bc USf:r1 in the early r1cteeJion of loss of 
matic 01' aerial EktaehrollH' film, nt'itllt'r can we ~ee vigor in plants. Thc purpose of tIle false color is to 
a color difTcrcnee with the nakl,d eye. This Icads to acccntuatc certain fcatures and facilitate the making 
thc rathcr startling conclusion. already horne out by of certain distinctions, even at the expcnse of mak· 
numcrous tcsts, that a los~ of vigor in man)' plants ing features of Icsser impo ':.nec less interpretahle. 
can hc secn more rcadily on infrared photography One ~uch film is Kodak Infrarcd Acro film (E.:~ 

takcn from an altitude of scveral kilomdcrs abovc )lroces~) which also is refcrred to cither as infrarcd 
thc Earth's surfacc than hy an cxpcrt on thc ground Ektachrolllc or color infrared film. Sincc thc film 
as he walks through thc field~. is normally exposed through a W ratlcn J2 filtcr, 

Evcntually thc loss of vigor may also lead to a hlue light docs not contrihute to formation of thc 
rcduction in thc chlorophyll contcnt of leaves and to imagc. 111C thrcl' dycs of this film n:spollfl to grecn, 
an unmasking of thc yellow pigmcnts. By that timc red, and infrarcd wavelengths, rc~pcetivcly, with thc 
the unhealthy plants cxhibit a characteristic yellow. nct result that grccn ohjccts (cxcept healthy vegcta· 
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FICUIIE 3. Panchromatic vcrtical acrial photograph of orchards in the Santa Clara Valll'Y of 
California in which the lighHoDi,d circular spols indicatt' area~ wl...n· Ihe shIne fruil trc('s 
(mainly prunes and apricots) arc suffering from attacks hy tlw (lak root fungus (Armillaria 
mel/ea) • 

tion, which is also highly infrared reflective) ap
pear hlue, red ohjecl<; appear green, and infrared

refleelive ohjeels whieh have relatively low reflec

tance in the visihle part of the spectrum (such as 

healthy ve~etation) appear rell. 
Because of the unusual colors with whid, fpatures 

are rendered on infrared Ektachrome film, we would 
do well to desl:ribe the unique properties of this 
film. 11,is is doubly important because image color 
is used to such an extent ill idl,ntifying vegetation 

types and estimating plant vigor on this type of 

photo graphy. Consequently, unless the photo inter
pret .. knows the spectral responses of the three

layer emulsion eomprising that film, he is likely to 
make many erroneous interpretations of photogra
phy taken with it. 

Infrare«1 Ektachrome is known as a "suhtractive 

reversal" color film. In such a film, dye responses 
(when the film is processed) are inversely propor
tional to the exposures received hy the respective 

emulsion layers. In devising infrared Ektachrome 

film, the manufacturers had one major objective 
in mind: that of causing healthy vegetation to ex
hihit a strong photographic color contrast with re

spect to all other features. More specifically, it was 
decided that a suhstractive reversal photographic 
film should he devised on which healthy vegetation 

would appear hright red while everything else would 
appear in eolors other than red. To accomplish this 
ohjective, it was necessary to exploit the fact that 

healthy vegetation exhihits very high infrared re
flectance and relatively low reflectance of visible 

light. Thus, when the manufacturers were devising 

the three-layer emulsion of infrared Ektachrome 

film, they linked a cyan dye to the infrared-sensitive 

layer of the film, and they linked yellow and ma
genta dyes to till' grel'n- and red·~ensiti\'(, layers, 

respecli\'(·ly. Although tltis film has undergone some 

modifications ~ince it was first produced durin!! 
World War II as "camouflagc detection film," the 

foregoing i~ all aCCllnltl' des('ription of its present 
charaeteristies. Whatever hlue.sensitivitr exists ill 

the three la)'er~ is relldered inconsequential throu!!h 
use of a "minlls blue" (\\' ralten l~ or ].1) filter 

over the camera lens at thc time of photography. 
Consistent with the forel!oinl!. and kerping in 

mind that dye responses arc ill\'erselr proportiullal 

to exposures receivrd, the followillg responses occur 
in each area on infrared Ektachrome film where 

healthy ,'cgetation is imaged: (]) There is a great 

deal of yellow and magellta dye Idt in the film after 

processing, hecausc the film was only weakly ex
poscd to the rell and green \I':I\'(~lellgths to which 

thosc dyes. respe«~tively. are linked: and (2) there 
is ]ittle or no cyan dY'~ h·ft in thc film after process

ing because the film was strongly exposed hy in
frared wavelenl!ths to II'hich that dye is linked. 

When processed infrared Ektachrome film in 

transparency form is viell'ed over a light tablc 
through which white light is shilling (i.e., light 

which contains approximatcly cqual amounts of 

blue, green. and red), thc followilll! factors are 
operative in those parts of the transparency where 
healthy vegetation is imal!ed: (1) Thc concentra



79 APPLICATIONS OF REMOTE SENSING IN AGRICULTURE AND FORESTRY 

tion of yellow dye is so high that blue light is al· 
most completely ahsorhed, (2) the concentration of 
cyan dye is so high that green light is almost com· 
pletely absorbed, and f:~) healthy vegetation appears 
red. Since virtually no other features have this 
peculiar combination of spectral reflectances, there 
arc no other features which appear red on the 
transparency. Because of its sensitivity to long wave· 
lengths unci the exclusion of short ones through use 
of a Wrallen 12 filter, this film has the ahility to 
penetrate haze exceptionally well, 

A false color film containing only two dyes and 
known as "SN·2 spectrozonal film" is produced in 

the U,S.S.R. One layer of the emulsion responds to 
visible wavelengths of ener~')'; the other, to infrared 
wuvelen~ths in the O.7·to.O.9·fLm region. During 
film development, color dyes are introduced into 
both layers to produce images in various colors. 

Fi~ure 4 shows several representative examples 
of the appearance of healthy and unhealthy vegeta. 
tion on infrared Ektachrome photography. The 
hlue·green color of unhealthy folia~e (such as that 
to the left of the numher 6 on figure 4) is in sharp 
contrast to the bright red of healthy fuliag{! (such as 
that to the left of the number 7). 

A few studies have indicated that loss of vigor in 

FIGum: 4. Largc.~caJIl (I :5(00) pho:"~raph of porI ion of NASA '('esl Silt" San I'ahln H,'s"rvnir, 
Californiu. (I) IIJll'n wat,'r IIf San Pablo H,'s,'rvoir; (2) shon'l rw hydrophYIl~s, mainly s"d~,'s 
and rush,'s; f:i) rangt'land f"ra!!,'. rrrainly wild oals; (4) an olt! plantalion of monIer,')' pin" 
(l'in!l,~ ralfia/a); (5) a )'Ollnl-\ plantalion of IIwnh'ft'y pirw; ((,) an admixlure (If p"i,"n oak 
(Rhll,~ t/iJ!f'fsifu/ud and coy"I,' hrush (/J(/I't'huri,~ /lillJ{(l,i,~); (7) IlI'allh)' laurd Irees (lim, 
belll/lflTi(l m{i/umira); (/I) unlll'altlay ('oasl IiV(~ uak (QIJf'ft'IU awi/olill) , lH'avily (]cofoliall'" 
by insl'cls; (9) a JllJr(' ,land of puison oak; flO) IIUW stands (If w)'ulc hrush. 
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plants is accompanied by reduced transpiration 
rates from the foliage with the result that there is 
less cooling of the leaves, In such instances the un· 
healthy plants, in effect, have a "fever," just as 
unheahhy animals fre(luently exhibit the same char· 
acteristic, Such a cundition results in higher thermal 
emission from the unhealthy plants, thereby making 
them discernible 011 thermal infrared imagery (e,g., 
in the 8·11t /lln wavelength band), Figure 5 is such 
II thermal infrared image of the entire San Pablo 

Reservoir Test Site of which figure 'l is a part. Be· 

cause of the limited resulution, it is not possible to 

determine from figure 5 whether there is a thermal 

difference between healthy and unhealthy plants, 

However, many other interesting comparisons can 
be made between figure 4. (which exploits renectance 
phenomena of resource features) and figure 5 
(which exploits emission phenomena). Consistent 
with the concept of multiband reconnaissance, more 
information about the multiple resources within the 
area commoll to figures 4. and 5 can be discerned 
from a comparative analysis of the two figures than 
from an analysis of either of the figures alone, 

Determining the Species Composition 
of Vegetation 

Figures 6 through 10 indicate the extent to which 
it is possible to determine the species composit ion 

FICIIIlf: 5, Tht'rlllal infrared imagery of the NASA San Pahlu H,'sl'rvoir T.'st Site, ohtaint'd in thc 
8·14 1'111 wal'l"lenglh hand from an altillllle of 1;;00 ml'h'rs at lO:(X) P,III, (approximaldy five 
hours after sun",t I in January 1'170, Of the rI'SlIurc., f.'alun" shoWII hl'rl', wat!'r has Ihe lighh'st 
tonI! Oil Ihis posilive prinl hecausl', with ils high sp.'cifil' IlI'at and high "lllI'rlllul ilWrlia," il has 
cuult'd olT Ilw ll'ast since SUllset, It is Iherefore warlller Ihan it, surroulldings and is radiating 
ilion, .'nNgy to tIll' "'II'"r. An'as cllv"n'd hy dt'n", lillllll'r or hrw·h apl"'ar allllo,1 as li!,drt us 
the wlIl.'r I,,'cau,,' lIlt' insululing ('IT.'ct of IIII' v"g,'lution has gi\'l'1I Ih.,,,, an'a' a high Iherlllal 
illl'rlia also, Art'as ..( han' soil and thll'" clI\'I'rt'd hy (,nly a Ihill lIIanll., of gras, already had 
fOIlI(,tl nIT hy tIll' tilll" Ihi, IllI'rnmgralll was lak('n, Silll'" sUl'h art'as haw lilll., IlI'at Il'h to giVl' 
ofT, th(')' app.'ar dark('sl ill t.III1', Noh' that 1III'rc is alnll,,1 a "0111"1.'1,, I"I'VI'rsal of lon.'s in this 
thermogram "" l'olllllOlr,," wilh tIll' jlhnlograjlh (figure 4) of IIII' art'a wilhin IIII' rt'(:lan~lc 
iruli('ull'd on this figil fI'. (TllI'rmogralll courtl'sy o( Carlwrighl ".'rial Sur\'(')'s) 
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of vegetation by means of remote sensing from air· 
craft and spacecraft. 

On large.scale aerial photos such as the one shown 
in figure 6 (scale 1:2500) it is possible to classify 
agricultural crops into six major categories or 
types. These six categories of crops occur not only 
at the NASA Davis Test Site (figure 6) }jut also in 
most other agricultural areas of the world. Once a 
gh'en crop category has been identified ill a par· 
ticular field, reference is made to a detailed photo 
interpretation key which further distillguishes 

. ... 

• 

IN AGRICULTURE AND FORESTRY 

among the specific kinds of crops belonging to that 
crop category and knuwn to be grown in the area 
that is being inventoried. 

Even on large·scale photography it is 1I0t always 
possible to make positive idelltifications as to the 
specifie kinds of crops, field by field, Two ap· 
proaches that will facilitate this effort are the use 
of multi band remute sensing and the use of crop 
calendars. 

The first of thcse appruaches is illustrated hy the 
radar imagery of figure 7, which serves to dif· 

t~ I. 

F 

o = ORCHARD CROPS 
V =VINE AND BUSH CROPS 
R = ROW CROPS 
C =CONTINUOUS COVER CROPS 
I =IRRIGATED PASTURE CROPS 
F = FALLOW GROUND 

.. ~.•..~ 

FIGUIIE 6. I'nnchwmulic verlical nt'rinl pholol!ruph nf an aft'a in Cnlifornia ~howing Ih,' six major 
cwpt)'pes thnt nft' foulld in mo~t nf the world's ugrirulturul un'a~. TIlt' ~ix t)'I"'~ ('lin I", fI'/I(JiI), 

recogniz('d on pholos of the (IUalily ~howlI h('ft,. For sum,' ugrit-ultural ar"a-. a dl'\ail"d plwto 
illterpn'tutinll kt-)' has beell eOllstfl.ch'd 10 IIssi~t ill itl"lItilyillg tIlt' major "WI" wilhill ,'ueh of 
these types, COII""IU"lItl)" once th,~ initial identifientioll as to major ('r0l' type has 1ll'''11 IIwd,'. 
further idclltification /IS to individual species all,l vari(!ty of crup fre'lu,'ntly i, po~siJ,It, through 
use of the appropriate kcy. 
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FIClinE 7. An example of K·band radar imagery laken of agrieuhllral fi .. lds Iwar Garden Cit)', 
Kan!\ll~, in thr' }·:i cm wnvden~th rangt'o Li~ht.t()nl'd fid,ls are ~lI~ar IlI'l'I~. Noh' that lin such 
imagl'ry (whidl can he taken day or night and undtor nearly all wt'atlll'r l'on,litioIlS) it would 
be p()H~ihll' not only to idt'ntify certain crop type~, hut aI,,, to tlclt~nnill'~ 1i,'I,I ~IHII)('s and /lI'ld 
acrl'agt~s. (Photos taken hy Westinghouse Corporation ullller conlracl with NASA and the 

Army Signal Corps) 

11 
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FIGlIIU: 8. Crop ('all'ndar illlikating ('ulti\'atilln pattl'rns and duration IIf ('ach of fnur majllr crnps 

in till' ImpI'rial VallI'}' h·,t an'a (from l'"ttin~('r 1'1 Ill .• 1969. 
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ferentiate sugar beets from all other crop types or 
field conditions. Within the wavelength range for 
which most photographic films are sensitive (ap. 
proxiMately 0.40 to 1.0 /Lm), sugar beet plants havc 
essentially thc sall1e reflectaflce properties (and 
hence exhihit essentially the same photographic 
tones) as lI1any other kinds of crops. However, 
sugar beet plants ha\'e unusually high dielectric 
properties, which causes them to appear brighter 
than most other kinds of plants on radar imagery 
such as that shown in figure 7. 

The second approach (use of crop calendars) i!' 
illustrated by figure R. In most instances this con· 

cept can he exploited only through the acquisition 
of sequential pho",,; of thc area of interest at proper 
time intervals during the growing season. Once this 
capability is assured. however, the photo interpre· 
ter may find it possible to identify crop types merely 
by noting tIll' presence or ahscnre of vegetation, 
field hy field and date by date. When sllch a simpli. 
fied approach is possible. se(plcntial space photog. 
mph)' (such as that which will be provided at 

Fllanu: 9. Enlaq:I'm('nl of part of a CI'minl !i plrotogrnplr 
lak('n frum an altitudl' IIf approximall'ly 2(X) kill in 
AUp;UM 1965. This is a "lack,aIJlI,whih~ rl'production 

from tIll' Ekladlf<.ml' Iransl'an'nq'. NOli' Ihl' I'U'" with 
which Ont' ('an di"'I'rn IIIl' 11m'!' major wildlund (~at(~, 

goril's (hrush. tn'I's. and harl' ground) and IIII' tlm'l' 
agricultun' fil,lt/ ~tall'~ (fallow. ""n,,'ly v('w'lat('t.I. un(1 
sJlarS('ly vI'gl'hlh',l)' Crull tYIII's IIr!' Ill'sl it/..nlifil·t/ on 
$rqlll'lltilli SPIII'I' plwtograllllY IllrlHIgh USf' of a ('fUP 
calendar. which IIll'r('ly n"luin's phuto inh'rpfl'llIlion uf 
fid(1 slah~ III two IIr tltr«,(~ speeifi(,t/ datI'S, Fllr furllll'r 

delails "'~l' urticl('s Ity Colwl'" (191'11)) lind I'I,ttingl'r 

approximately 17.day intervals by ERTS.A) may be (1969) , 

http:Ekladlf<.ml
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adequate, at least for those fields which are of 
sufficient size to be clearly resolved. Figure 9, 
which is an enlargement of part of a space photo. 
graph taken hy the Gemini S astronauts, indicates 
the feasibility of using such photography to deter· 
mine the presence or absence of crops, field by field, 
on any given date. 

Our experience to date indicates that tcmporal 
differences in crop types are more (liagnostie than 
.~fJcctflll differences. Consistent with this ohserva· 
tion, it appears that crop types arc hetter identified 
using mllltMate flhotos taken ill a single /Jaw/ than 
on mlliti/uulll flhotos tllkcn (In (/ .~inglc dllil'. In either 
event the u~e (If an optical ('omhiner to form one 
color composite image frolll several hlack·and·white 
photos (see figure 10) can greatly facilitate the 
crop identification task. 

In wildland areas the task of determining the 
species composition of \'t~getation hy means of re· 
mote sensing often entails the liS!' of mllltiS/agl' 
techniques. As indicated hy figure 9. it usually is 
possihle, hen on space photography. to distinguish 
hetll'een wildland and clIlti\'ated areas and, within 
the wildland areas, thost· portions that arc forested, 
hrush·covered, or grass·em·ered. This fact is further 

illustrated by the stereo pair of space photos com· 
prising figure 11. Space photography, by providing 
an overall view of the entire area to he classified, 
permits a 100'percent delineation of the major 
wildland types and contributes the first stage in a 
multistage sampling scheme, even though it may 
provide resolution of only 100 to 150 meters. Such 
photography may merely permit one to discriminate 
between features and thus draw accurate houndaries 
to separate them. What also i~ needed is accurate 
identificatioTl of resource features on either side of 
the boundary. It is for this reason that closer looks 
are needed at representative area~, throu~h the 
lIlultistage sampling process. 

For the second stage, photography of Illuch 
higher resolution (e,g., I to 1..1 lIleters) usually is 
relluired (see figure 12). hut only of representative 
areas sell'ctt'd from a study of the first.stage spa('e 
photography. And for the thinl stagl', photography 
of still higher resolution Ic.g,. 7 to 12 cm) usually 
is required (see figure B), hut only of still smaller 
areas sclected from the seCIIIHI.sta.~e photography. 

Often the viewpoint is advalll'l'd that the conI· 
plexities of Illultisal!e sampling I lIloderate though 
they are) could he dilllinatecl if only it were pos· 

FIGlInE 10. On Ilw left nrc tIm'" Pan·25A photos of nn are'n in ImJl"rial Vall,'y, CaJiCornia, tnkrn 
from an ollitutl,· of 20 km in Marl'll, :'Ilay. anti August. 1969. On the riAhl is a color cOlllposite 
1110,1,· (rom thl'~" tllrl"~ JlllOlo~ u,inA an oplical comhiner. 1I""auS!' of Ilw crop "al,'ntlar cllnel'll l• 
II unilJlI" "..IIlor sillnalur,·" i, Ihlls prutluc,·tI (or each crop Iype, as tlisclI",·tI in Ih .. I!'xt. 
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FIGUflE II. ~It'reo pair IIf ,,,an' pllOtlll-,'ral'lp; IIf an area in ,olltllt'rn Arizona 1111 which the thn'" 
major vegetatillll/Ii'rrain l'Ollllitillll' art' n'adily d"linl'a,,'d: (I) Ilt'arly flat t,'rrain with whitl' 

thorn, tarhru,h, and crt'O'lItl' Iml,h; (2) hilly t,'rrain with IIln'luit" alollg <lraw, allli 11 "tmr",~ 
cover of lIlixed xt'rophylt" ,'I>I'wlll'n'; and (;{, nlllllntaillOIlS It'rrain mainly with an oak wood· 

lalld/jullip,'r/chapparal vt'gl'latillll cover, COlllpare olltlilll'd an'a with large·'call' "h"to, "f 
figllwH, 

sible to have high.resolution imagery of the cntiw photo interpreter is involved in the task, In uny 
area that is to be inventoried, Then, it is argued. multistage sampling scheme this factor of con· 
there would be no need for imagery of moderate to sistency of category delilleatioll assumes very great 
low resolution. In cvaluating this vicwpoint we may importance, III additioll, a ('omparisoll (If figun's 
find it 1H'lpful to compare that part of the lo\\" 11 and B will clearly show that such houllliarics 
resolution space photos appearing in figure 11 with can he delineated lIIuch lIIore quickly on the spun' 
the sanll! area as imagl·d 011 the lIIuch higlll·r.n·sol". photos than Oil tlH' aerial photos. 

tion aerial photo of fi;.:urc I'k On so dllillg we will 
Determining Changes in Land Usc andfilld. as ill countless other illstallcl's, that the illl' 

Resource Statusportallt lIIajor /'l'sourcc houlldaries are delilleatt'd as 
accurately Oil the lo\\'·resolutioll spar!' photos as The forl';.:oillg examples han' indi('atl'd the fl'a· 
011 the high·resolutioll aerial photos. Furthcrmore. sibility of lI~ill;': remote ~1'1I~ill;': t('rlllliqtJe~ to dl'll·r· 
('xp!'rielu't' has sho\\,l1 that 011 the space photos those milH' fur an~ ;.:i\'t·n datl' the land lise alld n'~ourl'e 

major boundaries aPJ delineated more l'onsistelltly status for each portion of the area that b heillg 

throu;.:houl a vast area, especially if 1II0re than olle ill\'clltoril'd, Cl'rtaill advnJ\tage~ al~() ha\'e heen 
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FIGUIlE 12. Photo interprt'lation of this forested area has 
permitted it to be "strntifiell" into essentially homoge. 
neous units as regards (1) age c1a~5 of timher (left half 
of numerator), c.g., O=old: Y=yuung; (2) dcnsity of 
sawlog·size timlll'r (first digit of numl'rator) and of all 
timher regurdle~s of size (second digit), c.g., 1 significs 
80 tu 100 perc!'nt of ground is cOI'I'n,d lIy crowns uf 
trees; (3) l'I'getation 1,II'mcnts presl'nt (dmlllminator), 
c.g., C=commercial !'I>Ilifl'r; H=hardwood, etc.; N in 
nUlllt'ratllr irlllicates nontimlll'r site: i.e., soil too poor to 
grow timlll'r at a sufficit!ntly rapid ratc for commercial 
purposes. 

FIGlIm; 1.1. Oil this laq!I""'all' I'I'rtical sterl'ogram takt'll from a 1II'IiI'opll·r. till' most important tfl'C 
'pt'cil'S Ifir, (,I'clar. ancl IlI'mlot'k' arf! act:urall,ly itlt'lltifiabh·. Trt'I' IlI'igltls frt'qul'ntly call he 
dl'll'rlllillt'll llIort' a!'curalt'ly from 'tl'rl.,,!'opie parallax m,'asurl'IHI'lIts on pl"'I'" ,uch us thest' 
thall from !'lflll'.'nlional oll·tlll'·gr",",,1 1I,,'a"IfI'm"lIls macl., with an "blll'Y h'I'l'1 or other 
hyp,om,'tl'r, As "'I'll ""ar till' Idt C"lIt.'r of tltis 't,'n'ol~r'lln. a >1110111 gas,fjl\.,d balloon rai,cd 
fmm till' ground 10 sli!!ltll)' allll\'l' tn,.'top 1"1"'( fa!'ilitall';; th., lo!'ation of ,amph· plots ,ud, as 
this hy till' 11I·licopll·r pilot ancl photograplll'r. II), imag" comparison. tltl' pltoto intl'fprl'l.'f can 
I!xtrapolall' informatio" III' ha, obtainl'cI from largl··'l'al.· photography 'UI'It as tltis alld apply it 
to si1.abl.· adjac"lIt arl'as of similar app"arant'e for which 0111)' ,mall·,,·al.· pltotllgraplty is avail· 
ahle. (Photos courtl'SY of E. II. Lyon, alld till' IIriti,h Columbia Furt'st Sl'l'I'k..) 
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FIGI:IIF. H, Phulu inll'rprl'laliun and a"ucial ..d ti ..!.1 work hal'l' "na"','" IIII' rangl' ,"rv,'yor 10 
,Iralify lid, ar.. ;! illl .. ",""lIliaily htollllll!"n"IIII' IIl1il" I.ill'·, wilh no,,,', [1'1'[1""111 ("111'1", lin", 
wilhoul (T""'" !'I'pr""'lIt Ill'" "ollll"arin, \\'uhill ,·a .. h '11allllll a halld·dr,lwlI ')1111,," al'l',·ar,. 
whi"h gil'l" 11m'" tYlII" to( ill(oflllalioll: III IIII' !;llIg" 11(11' I,·.g., I 'igllili," gfa--I.III" .. Ih,'r Ihall 
lIIt'a"o\\'" II ,.igllifi,'" "olli(,'roll, lill" ...r land with an III1,kr'lory o( (or;lg" 1'1.1111" 1'1 ..,1; 121 till' 
nw~t allUlIdant ~JJI'I'il'~ ft·.~ .• Far !-oigni(j(':-' ('· .... ('111' gra ...... I Fe'.Hllnt (/li:'O";I"{/I, Pi» .... i~lIi'i'· .. 1'011' 

derosa pint', I'll',); I;{I IIII' ,,'gl'laljoll ,Jroll'ily I,'.:.:...2;; ,ignifi," Illal :?;; (wIT"nt o( IIII' groun" 
,urfacl.' j, c()\'I'rt'd with \'''gl'lalioll), I Court,·,y o( 1',:-;, Fort',1 :-;"l'\'i .. ,'1 

indicated for use of a technique bas(,d 011 the "COlli' 

paralil'e analysis" of "sl''Iuelllial pirolll;!raphy," 
These same concepls can be applied ill dt'It'rJllin· 

ing (1) the exlent to which furcsl lalld is beill/-! 
convcrted to a;!ricultural land f top half of fi;!ure 
15) and f 2) the exlt'nt to whieh a;!ricullural lalld 
is being COJlVerll'(\ to urhaJl d(,l'c1oplllellt f hollolll 
half of figure I.') l. (II addilion, the lIalure of plalll 
succession 011 the de;!I't'c of acceleralion of soil 
erosioll that is illdu(,('d hy various rpsouJ'('C lIIall· 
agl'II1('lIt practicl's can he detl'rmilll'd IJY sueh mCallS, 
Examples of Ihe lallcr will he found ill a separale 
paper f Coh\'l'II, IIJW). 

The value of llcin)! able to make such oh~ervations 
Ihrough the proper usc of relllote sensillg techlliques 
call scarcely be overelilphasized. Too oftt'll we telld 

to n·gard a /"l'soun'l' ill\'!'nlory as all I'm! in ilself. 
Agaill. we must remind ourseh-I's. 1111'rdore. thaI 
the ultimate ohjl'clive is IiClll'f n'.WUfce /lli/flU':/', 

lIlelll IllrIJu;!h the previousl y descrilH'd Ihree·step 
I'rOC('SS f illl'enlory. analysis. aIHI op('.ralilln~ \. Once 
we kilO\\, Ihe challges ill land use alld rcsource 
stalus lliat are "nIlJ;!hl ahoul Ihrou)!h \'arious reo 
SOU('l.'e mlllHlgl'mclIt Pfactil'l's. \\'(~ ('HII ddl'rmillc Ihe 
courses of a('lioli which Ihe resource mana/-!er should 
follow. arl'a Ily an';(. ill Ihe futu re to achieve till' 
most d('sirabl(~ challgt'~, 

Planning Engineering Activities That Will 

Lead to Resource Development 


COllstrul'lion !'lIgillt'I'rs call intl'rprd aerial plw. 
tos, splice photos, alld other forms 0 r relllOle sensing 
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FIGl'In: 15. For a di'l'II,·ion "I h,,1I' a 'pact' I'holn slI('h as IIii, c'an I,,' analyz,'cI I"r rc',"'lIrr,' 
d"\"'I"I'IIH'nl, ".t' Ie'xl. 

data to aici in ~ele(,tinl! ~ite~ for dalll". I,,\'ct'~, and 
otlll'l' walt'l' ('ontl'ol ~tructUrt,~: la~ inl! out hil!ll\\'ay~. 
airfidd~. ('anal~. and pipelilll''': and otlll'nd,c plan. 
nin~ for full exploitation and \\ i"t' nHlIlal!('nwnt of 
a~ri(:ultural and wildland rt~"OUI,(,t'~. ~illC't· tht'y art' 
intercsted in land form~. l'(H'k lIIalt'rial~. soik Vt'1!1:' 

IlIlion Iypc!'. and drainal!t' (·cllldilion~. mlll'h of whal 
hils already IlI'lm di"t'u~~erl i~ as applicahle 10 en~i. 

necrin~ as 10 al!ri!'ulturt' and forl'!'lry. 
Figure \S provides an I'x('cllenl illuslralion of 

how Ihe enl!inl'l'r mi;.dlt USI~ !'atellite photography 10 

help solve an important t'ngillt'erinf! prohll'llI, 'I1\e 
mountainolls an'as !'hown here have rnoderatdy 
high rainfall. prohalll~' is to 12S ('III per year. 
judf!in~ from the Jl <;('111'(' of dark·tone(1 woody 
vegelation and Ihl' nunll'rous ~Ircalll channel~. Ncar· 
hy arc large fit'lds in n'c'tangular pattern. withoul 
deeply inrisl'rl draimlf!e: these fir'lds must he mod· 
erall·ly /lat and. judf!in~ from Ihe size of the ill' 

dividual fields. musl he plante(1 til dry·lanel ('rops, 
This comhinalion of ClllllliliollS Sl:ggl~sts Ihal the soil 
i~ fertile and Ihat food production would he in· 
cn'asl'd if watn ('ould lIP illlpoullllt'd in a n~"t'rvoir 
and u~cd to irrigatl' the fil·ld,. Furlher shuly of the 
photograph rt~\'t'als that a large stn'am is COli· 

slriclt'd in a dcep ranyoll at poillt A. Here a dam 
could he IlI/ilt. c'oll\'ertilll! IIIP mounlain valley im· 
IIIl'diatt'ly upstn'alll into a Inq!(~ reservior. This 
valley dOl's nlll apl"'al' In 1)(' den~e1y populatell, so 
the property ('oldd I,rohahl~' Ill' :1I'!Juirr,rI at rea~(JII' 

a"lr~ ('o~t. Tit!' waterslll'rI rlrainillg into this mOl/n· 
tain vall£'y is lari!l~ enough 10 sl/pply ample waler to 
IIIl' propo~ ..d r('~('r\'oir. Since the canyon at point A 
is ripeI'. a clam built Ilrere prohahly wo1/1e1 create II 

waterfall sufiicicnl to gl'nerate grl'at amollnts of 
Iryrlroeler·trir power. Tltere appears to be a rapirl fall 
in the strl'am from the proposed sile to nearby point 
B. From this point water might be ferl into a second 
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power plant at C. Closer study, howc\'er, !'hows Ihat 
this part of the plan would not lit' feasihle, he· 
cause the water eoluluils woule! ha\'e to lra\'('rse 
many d('ep canyons between points A and B. 

The top half of fif.!,ure 15 shows alt"rr1atin~ moull
lain~ and \·alleys. Whcll Ihis area is studi,.d aC(")f(I· 

illf!, 10 the criteria jusl mentinlwcl. h"\I·"\·I'I'. 
top0f!,raphy and eultufl~ are seell to III! unrOlI'oral,I" 
for dam c'onstruC'lion, ernp irril-!atioll. illld hydro
c1('c~tri(' d,weloplIlcnt. 

Tire illll!rprp.tal ion clc~s''ri hl,d I..,,,, II'as madl! 
ql/ickly and (';Isily hl'callse tllf' entire' a/,.a p,'rlillf'lll 

10 Ihe i1llalysb was illl;I~l'd "II a "ill;!!" ph"lo!!raph. 
Till! illterprt'lalioll has Iwell ('ollli/med ,ilH'C II ..· 

ph"lof!ral'h" I~"r,· l"k"II, L\I'h dl'n'llIpIJ1I'1I1 1't!('OIl;' 
IIlc'IHII'd hy 1111' photo illlnpr,'I,'r ha~ Iwell mad,·: 
('ad, d,'\,,'lppIIICIlI ,'ow.idl'/'I'd I,I' him. 11111 di"mi,,,,,,'" 

as 11111 f,'a~ij,lp. \\'a~ iIHII'IWIlIl"lllh' di';llIis"e,1 1'1 
ellgillcers lIIak iIll! I-! rolllHI .;11111 i",... Of "Oil rs,', 11.1' 
photo illll'rprdl'r's ('/'(,lIlllllICIHIOltioll of a dam or 
fllllI!r c:ollslrlldion sill' IllIIst Ill' cardllllv r-I""'kc,d Oil 

til!' I-!rolJllcl lH'fol'l! a lillal dl'('i .. i"l1 i.. lIIadl', 

A photol!raph Slid, ,\,; til-!un' l:i ('(jill.! al-o b" 
IIsed lola\, oul possihlt' rOI/II'" fill' a PlllpoSI!d hil-!h. 
wa\,. railroad. or pipplilll" 0111'1' III!' p"""il,ililil's an' 
delilll'all'c!, Iarl-!I',s('ale photograplll wlluld. of ('0111 ."1'. 

Il(' IIpeded of II", 111'0 or 11/1'1'" 1110"1 promi~ill!! ~'"ul,'-, 
'111(' (Illal sell'l'Iioll (If Ihe rllu'" I\lIuld I'lIl.lii prop 
!'Tly valuatioll. t'~lilllalion of ,'ul alii I fill. alld c1,'I"" 
millalillll of "lIil. ro('k, alld draillal-!" dJaraell'risli,'~. 

all of which (,flulcl III' macl!' wilh lal'!!".'('al" photog
raph~' I'O/ll"illt'd \Iith IIIII\' a lilllil"d arnOllll1 IIf 
I-!roullIlwork. '11Iu~. III! Sl',' ill Ihi" "xOlll1pl" :1110111('1' 
opporlullill' to exploil Ih,' C'OIl('I'pl kl10WII ,1." multi· 
slal-!I' sall1plillg. 

SUMMARY AND CONCLUSIONS 

III Ihis paper. all altl'lI1pl h,,· 111'/'11 lIIadl' III (II 

f'xl"ess IIII' raliollal" Ihal P!",illpls IIIII' prc'~('111 I-!n'al 
illll'ff'sl ill possih"! applil'aliolls of 1'1'111011" "1'1I~i/i1-! 

in agric~ulturc' a/ld fon'''1 n: I~ 1 ('all"gorizp alld 

tahulah' IllI! I'arious uSl'r n'quirt'l!Wll1s for illfol'llla· 
lioll 011 agri('ultllral alld for"'1 n'soUITI'S: 1,1'1 oul· 
lille gelleral prol'edlln', hased Oil IIII' II~" of rt'lIIol!~ 

sensing data, Ihat has pro\'l'd highly \\'orkahll' oil 
IWIIIY occasiolls wlll!lI illl'Pllloril"s weI'" 10 Ill' mad!' of 
agricultllral alld fOff'sl rt'SOlll'l'ps: ('\.I lisl alld db· 
CIISS !lolh till' ad\'alltagl's alld limilatiolls el/rrt~lItly 

associaled wilh till! IISI' of aerial alld spal'e photo· 

graphs for Ihe el'aillalion of agriCllltllral alld fore~t 

/'I'SO 1/1'1 'es ; and (.'i) prodcle 1I1/llll'rtJlIS specifie (!x· 
HlI1P"'S of !'I'moll' sellsilll! IIses in aI-! ricuitll rt, al1d 
forestry. 

Based 011 il1formatiol1 l'ol1tail1l!d ill this pap('r al1d 

ill Ih,' works lisled ill the hihlilll-!raphl'. thl~ followil1, 
('()1Ir1usillll" s('em jll,tilil'd: (I) Hardl' i~ all till' 

n''''lIn~'' illfornwtioll thaI is d,'sin'" hI' all al!ricul. 
luri,1 or fon',-ter Ilhlaillal",' fl'lI/II l'xamillaliol1 of a 

"ill I-! lr' phorlll-!ral'h "OI'Nill;! lilt' an'a which 111' sl'l'b 
III m,l/lag/': 121 IIIII/Ii/,,",t! phlllol-!raplrl' prm'idl's 

111111'1' illformalilll1 tlrall i- ""lailla"II' frlllll ollil· Oil" 

I,alld. I:~ 1 fllil/lit/II/" plrfllllrral'llI' prllvidl!' 1I111n' 

illfflrlllatioll Ihall i, ol,laill,d.l,' frfl/ll 01111- 0111' dale: 
1,1,1 1II11/li'\/lIp' !,hlllll~ral'll\' prfll'idl'~ n1OI'I' illforma· 
lioll IIiali i, ohlailla},l" fro/ll ollil 0111' sta~I': I;j 1 
/I"d,i"'/lIItIllI'('d pIJIIIII~raph\ prlll'idl''' mort' infoI" 

lI1alillll Ihall i" ohlai"'I"I" from 01111' lilli' ('nhaIH'I!' 
IIwlIl: 161 lIIultl/lllff/fI,I/' alld 1II1I/lin',Hlllf,'" ~llIdies. 

mad,' "I' a 1III1IIidisl'i/llil/llf), pam'l flf 1'\p!'l'I~, pro
\ id,' IIII'I!' illformalioll thall ~illcdl"PIII if', sin:,!!,,· 
/'1'''0111'1'1' sllIrlic', I1l1Id" III lillI' illdil i.ll/al who i" 
I~\llt'l t ill IIllly 0111' di-C'iplillf" alld I' 1 ('olll'('lil'l' 

!laill- /'I'aliza"I,~ Ihl'oll~h all 1111' aJ,IIII'·/IWllriolll'd 
"Oll""pl, makl' il p"""iJd,, 10 appll' /'1'11/1111' ~I'II~illl-! 

1",'hlli,l'lI" ill it hil-!hll' "'f"('ril'l' 111;111111'1' ill almosl 
"\1'1" -illlaliflll whep' Ihl' primal'\' ""j,,,'lin' is til 
II "lila!.'" ;I~I i,'ulrllral alld flllt',1 1'1'."0111'1'1" a" \l'i~I'h' 

;1" !'"",.i"I". 
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Renlote Sensing Oceanography 

Jom: W. SHEllMAN, lIT 
MllllllP''', SpIl/'cerajt O/'t'l/llo~mp")' Projt't·t, 


I\'atiolla/ ()/,/·(IfIII~f(/p".r 0Uit'/' 


The development of remote sensing technology 
has had a logical extension to studies and investiga
tions of the world's oceans, Such sensors arc capable 
of prodding an overview of surface 01' immedialt' 
suhsurface conditions in near-real time, For this 
reason remote sensors are customarily related to 
the role of synoptic data ('ollection, or in the context 
of this paper to "synoptie oct'anography," 

The colll'etion of ocean-related data on a synoptic 
hasis is important becausl' the hydro!"phere cowrs 
approximately 70 percent of the Earth's total surface, 
For many applications the overvi/'w can 1lP. as im
portant as detailed data collected at a single lo('ation, 
The development of rClllote sensing tedllliques, when 
related to satellite platforms, ofTel's potential t'over
al!(' of tllP l\'Odd's IJ{'/'an~ on a I!lohal ha~is, which 
is an illl(lorta"! asp('1'1 IIllI'n thl' d!'plo)'llIt'nt of otlwr 
types of data t:olleC'\ioll platforllls is ('onsidt'rerl, 

It should be rct'lll!lIized tll1l1 rClllot(' s('nsing h'rh
nology docs lI11t replac'e ill ,\;tu data colle!'lion tech
niques that are used and continually beillg impro\'ed, 
lnd!'ed, it appears that the USI' of n'mote sensors 
may require quite stringent ill situ measurements 
to permit full interpretation of the remotely col
lected data, To illustrate this feature, note that sea 
surface temperature can he measured ill situ simply 
with a bucket and thermometer, while th~ usc of a 
n'mote sensor for this measurement requires the 
measurement of not only the slIdac!' It'mperature 
hut also the effects of the atmosphere, A further 
complicating faelor in using n'mote sensors is that 
many phenolllena can alter the signature of the data 
thnt would not nffeel an ill situ measurement. For 
('xamplt·, a wa\"e staff ean .'lleasure wa\'e height of 

f!ra\'ity wa\'I'~. hut et~rtain remc·te ~ensors that 1l"mld 
measure \\ ave Iwil!ht are further influenced hy the 
capillary Ila\'e stmcture, Such an OlTurrence can 
lit: hl'nefiein', hut it Iw\'erthdt'ss incwas('s tht, re
quirement fOi ill situ measurements for ('apillar~' 

stru!'lure in ('C'Lcert with the rernolt'ly sens(,d data, 
Another asp' It in de\'eloping rernote sensors for 

oc'pan stlldies b Ihm the remote' sensillg o(,l'anogra
phel' c:annot isolate tIle ~inl!le event he may wish to 
IIwasure and i~nore the otllt'rs, As an (~xamp\t" if 
one wishes to 111I'asllre chlorophyll COIlCentration 
ill situ, it is a rdati,'e1y strail!htforward experiment, 
\\'hilc~ the sallie measllrement mad!' with a remote 
scnsor requin'~ that data on surfac'(' I'OlIl!hness, Sun 
all!-de, e10ud cOI'pr alld atmospheri(, ('oIH\itions, hot
tom t~ pt' in shallol\' watl'l'. and otlll'r lI'atl'r ('om, 
pOIII'nts !"uch as sl'dilnent load, elL ht~ nH'asured in 
order to analyze and illtl'rprt't the data, 

Once a iull interpretation of remotely senst'd 
data is quantitati\'e1y estahlished, then 1I0t only cun 
a chlorophyll IlWaSlll'ement he madt', for example, 
hut many other rdated features rnay he measurt,d as 
well. ilenee, hy using II limited numher of regions 
of the world for dc\'e1opmellt, test, and calihration 
of sensors, the tp('llIIology cun he extended to other 
regions of the globe until a resl'ardl satellite clln 
eoJlect tlH'st' data on a glohal hasis, The original 
test and calihration sites may then be Ilsed to verify 
thl' sat(,llite 0pc'rations, 

The primary tY1l1'S of relllote sensors presentl}' 
heing applied to stlldil's of the world's oceans nre 
aeoustie, c1e!'lromaglll'lic:, gravity, alld magnet ie, 
This paper lI'ill he limited to the potential applica
tions of e1ectrollHll!lIctie !<ellsors to studies of the 
oeClIllS, 
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AREAS OF FEASIBLE APPLICATION 

The objectives of thc remotc sensing program in 

devclopillg space tcchniqucs for ocean data collec· 
tion fall into the following four general categories: 

( I) To identify, test, and evaluate techniques 

which ean be used on Earth survey spacecraft to 

provide meaningful anri useful synoptic oceano· 
graphie data, 

(2 I To rstablish the reliability of spacccraft. 

aelJuirrd oceanographic data by comparison with 

remotely sensed surface data and relate these data 
to surface and subsurface ocean phenomena. 

(:~) To develop and test tt.'chniques of displaying 
spacc.ac(juircd data on a global basis consistent 
lI'ith convcntional sYlloptic datu, 

(,1) To dcvelop cnvironmcntal forecasting tech· 
niques for dynamic ocean phenomena using space· 
acquircd duta. 

III cstablishing the feasibility of concepts for 
potcntial space systcms, sc\'cral platforms have heen 
used or arc planncd for lise in the remote sensing 

FIGUIlE 1. I'hlllllgraphs IIf Ihe surfacl' IIf IIII' ocean ~uhjeclcd 10 surfae!' winds of 20, 40, 60, and 
HO knill" I'hnlns hy Naval Air SIal inn, Jacksnnvill,'. Flnrida (frulll rd, I). 
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studies of the oceans. These include fixed pi!'rs lind 
towers, suhmersibles, buoy systems, ships, and lIir
crllft. These platforms are capllble of pro"idinp; use
ful oeean data in themsel\'es and should not be 
ref!;lIrded as mere stepping stones to a space system. 
Each platform ('an contribute uniquely to our under
standing of the o('('ans lind \I ill remain as basie com
ponents in a d(~ploFd r('scHlch spac!' sy~tem. 

PROPERTIES OF THE OCEAN 

TI"'re arc two fundamentlll properties of the 
ocean surface that must he understood by anyone 
studyinj! tlH' ocean with t'!!'('tromllgne!:e sensors. 
These lire tlw rou:.:llIless features of the orean SUI" 

face and the p(,ltetration of clectroma:,rnetie energy 
into water. 

The surface of the ocean is highl~' vuriable. It 
can be a mirror-smooth surfa(~e acting as a specular 
scallerer under calm ('olulitions, or an extremely 
dangerous mass (If white water when driven by high 
winds for an f'xtended period of time. Figure I 

(from ref. II illustrates how the ocean surfnce liP
pears from an IIltitude of upproximately 1;'0 to 250 
meters lit an an~de of uhout '~5° when driv('n by 
winds of 20, ilO, 60, lind llO knots (approximately 
10,20. :W, and 40 m/s). 

Bl'cause of the inherent danger to those who must 
ply the Sf'as, remote s('nsors are IICing developed to 
measurt! and, with appropriate datil processing, 
predict the ('onclitions of the ocean surface uncler 
1111 \Ieather conditions. The all-wcathcr eapllhility is 
important lH'cause turlmlent surfae(~ conditions are 
often ac('om]HlIIied hy storm and l'Ioud systems, 
whil'h must be p(·netratt·d for surface IIwa~Urelllt'llts. 
Thus. while :.:Iitlt'r pattern allalysis from visible
rq!illll n'lIlOle ~eIlSllr,; can permit lIIe1bUrenH'nt of 
surfact' rou;!hlwss ill cloud-free an'as, clourly cOlldi
tions n'quin' the u~e of eithl'r active or ]la~sivc 

microwavc ~rnsors ttl make thc roughness measure
mellt. ~I ierowa\'e ('IH'r;!), is all('nuatl'd much less by 
douds tlran b l'ledromll;!nf'lic ('IIt'r;!), in the visible 
and thermal I'l':.:ions of the spectrum. 
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FIGUlu: 2. AUcnuatioll coefficient vs. wavelength and frequency for seawater (from ref. 2). 
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The second esscntial property of the oeellns is the 
manner in which clectromagnetic energy can pene· 
tratc water. Thc dcgrce to which radio Wllves, micro· 
wavcs, thcnnal encrgy, and visiblc light arc allenu· 
ated is showII ill figun' 2 (datil tllkcn from rcf. 2). 
Note that sigllificant w!lter pcnctration occurs only 
in two gcncral rl'giolls of the spectrum: at vcry low 
frequencies on the order of I kllz (wavelength about 
~O() km) and at a frequency of about 7XlO II kHz 
(wllvelellgth ahout O..1S ,ml). Bceause it is imprac' 
tical to Imild remolt~ sensors to operate at the very 
long wavciengths, thl' only portion of the spcctrum 
where significant 1!l'rwtration is possible with remote 
sensors is the hlue'gn'en portion of the visible band 
from 0,4 to OJ, l'lII. 

Figure :~ sllO\\'s the altl'lIuation eoefficicnt of sev· 
eral tYJlI'S of wakr at wavelengths of O.:~S to 0.70 
ILIlI. Mean m'('alli(: \\'atl'r is ollly slightly lIIore at· 
It!lluuting than di~tilled water in this portion of the 
spedrum, so that ('nerg), in the blue·greell (OAS to 
n.s;; /,1111 ('('i!ion is atlt'nuated h)' 1;,( in a distancc 
on the mdt'r of 10 to 20 I1ll'ters, while in the red 
n'gioll this distaru'l' i,.. n:tiw'c(1 te ollly a fell' meters. 
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1I'llgth for plln' watl'r and H'awat/'r (frolll rd. 2). 

A furthcr fcuturc shown in figure :3 is the shift 
in the regioll of maximum penetration from the blue 
to the green region u!. the wuter changes from that 
typical of the open occan to that found in the 
coastal area. Thus, depending on the type of ocean 
water, there may he a preferencc in the portions of 
the visible spectrum to he used. Thc I'e~ponsc of 
Ii;.\ht erll'r!!y interaetin~ with thc occan can he iIIus· 
trated on a qualitativc basis by using a four·band 
multi~peclral canH'1'a with filters cO\'cring the blue, 
green, red, IIIHI a combination hlne and !!I'ecn as 
shown in figure .J.. These filters were nsed to photo· 
!!raph simultaneously the n('T! FraT!HiT! submersihlc 
used by Dr. Jacques Piccanl prior to his :W.day 
cruise in thc Gulf Stn'l1m during the summer of 
1%1) (ref. :~). Figure .') ~hows photographs of the 
/leT! Fmllldill at the ocean surface, takl'n in cach 
of the band,.. of fi!!ure .\., The deck \\',IS paintcd with 
a gray. spectrally nat paint. and the conning tower 
was yellow. Thr shroud tuhing (located fore aIHI 
aft on clwh side I. which protected the four small 
propelll'r.~ u~l'd for manl'u\'erin!!. (',111 be seen in 
figure .1. As shown in figures (" 7, and H, the /Jt'T! 
FrallkliT! was photographed in Gulf Stream water 
(typical of mean orl~anil' water in figure :~) at 
depths of l(). IS, and 2.1 melers. At a lO·mder depth 
thc submcrsihle is not visihle in the red band, 
wlw!'eas ('\'I'n the "hroud tuhing is still distinguish. 
able in the other three hands. At I.'i ml'lt!rs the con· 
trast is suflil'iently redul.'('d to ohliLPrate tIle shroud 
featu!'e, IlItt the I'orllling tower is ~till distinguish· 
ab!!,. At 2,1 meters till' /l1'T! Franklill is still visihle 
in all thrcl' hands. hut tl)(' contrast is reduced to 
where only the !!enl'ral outline can be seen, \I ith the 
feature!> of tilt' cllnrlin!! tm\!'r obscured. 

With an 1II1(It'I'"tarl(lin;,! of these g('neral properties 
of the o('('an, s(!veral appli('ations of ),('l1lOte sensing 
tel'hniqucs will be di~(·ussed. nle scnsors ean be 
simple or more adnllll'!'II, hut in all cases the remotc 
loeation of thl' Sl'nS(II' abo\'(! the ocean surflwe pro· 
vides sii!nifil'ant atlvanta;,!l's not available from II 

surface location. 

FISHERY ENVIRONMENT ASSESSMENT 
TIll' dcteelion of fish and thc given environmcntal 

conditions in whi('h a parti(,ular "Iweies of fish is 
most likely to Iw fo III1(1 have been shown til be 
amenable til l'l'nlOte sl'nsill!! npplieatiolls in sevcrnl 
studies I r-d. 4, S, (,). ~tudies of the direct dctection 
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of fil'h include ~peelrometer mca~urement of fish 
oils, photo!-\raphy of ~d\Oolinl! fish for behavioral 
analysis, spectral and lIuOl'esr:cnt propertics of fish, 
and biolumincscencc displays rcsultinl! from cxcita· 
tion of Iight.producing plankton by the mechani('al 
mot i ,lII of swimming fish. The environmcntal con
ditions to which fish are known to correlate include 
hoth temperature and water-mass/ocean-eolor char
acteristics. 

It is not necessary to operate expensive rcmote 
sensors to assist in thc dctection and capture of fish. 
The human P}'C and brain, bl·ing quite sophil'ticated 
as a sensor lind data processor, can he used to p;rcat 
advantllge as a rcmotc sensor when trained. Thc 
vantage point of a man in II crow's nest has het'n 
extendcd to that of a man in a spotter aircraft with 
radio communication to the fishing vcsscl or vcsscls. 
Using such data as water discoloration and known 
locations of fish on a previous day, a spotter 
searches for a givcn species of fish I :pon succcssful 
detection of a fish school, the !--rotler may further 
assist in the aequisition of the fish by directing thc 
laying of nets. While simplc in COIII:('l't, this is a 
proven applhltion of a l1Ian operatin;! from a 
vllntagc point ;!iving improved search capahility. 

The other forms of fish deteetion arc all dcpendent 

on daylight. t'XCI'pt stimulated fluon'5('enee and 
oh,.('rvation hy hiolumillescenc(' emission. Stimu
lated lIuort'scl'llI'e has not he('n fully explored, cvcn 
in the lallOnilory, while IIIl' dcleclion of hiuhlmines
c{'n('(' phenol1ll'lla has been dl'mollslraled from air
craft. Biolul1linescl'nl organisms appear 10 hc dis
trihuted Ihrou;.dIOUI tht' world's o('('<Ins and arc most 
ahullllanl II'hl're nulrit'llls are the hi;.:hest. A typical 
emissioll ~pel'lrulll is ~ho\l'n ill /i:':lII'e I) (from ref. 7). 
1'lIller ordinary ('in:ulllslanccs Ihesc emissions are 
100 \l'eak 10 he !'I'('n hy the unaided eye. Howevcr, 
Ihe dt'\'t'lopmenl of imagt' inlt'nsifit'l'!' has extendcd 
thc eye's rapabilily to operalc at low light le\'els. 
As a re!'ult, it appears feasihle 10 exlend the spollcr 
pilol's roll' to include nighllime operalion wilh a 
!'cnsor ('allcd a IO\l'-Ii;!hl-leve! lelc\'ision system. 
The viell' Ihal a spOiler pilot mil!ht have on a moon
Ic~s ni:.:hl fwm about ) km altitudc is shown in 
figure) II. The school has exciled the bioluminescent 
organisms inlo radiating very loll' Icvels of light 
energy, thus outlining the school. Such systems 
appear al pn'sl'nl 10 he ori('llled 10\l'ard aircraft 
ratht'r than spael'l'rafl, o/ferin;! a rdlltiv{,ly inex
pensive lJIeans of {'xlt'IHlin:.: IhL' period of lime to 
scardl for fish. 

The assessllIent of the fi!'hery cnvirollJuellt calls 
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FI(;I'IIt: 5. ~lultispcc\ral phll\ugrnphy III /JCII frllll/;/i/l tin ~\lrfac[' (Irom ref. 3). 
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Fu;uII f: 6. ~Iultisp"clral plillllll!ruphy II! /1"11 FTtlllklill al <I'I,lh '" 10 IIwl.'rs 'fwlII rd. :Ii. 
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FII;t:III: 7. ;\llIlti~llI'clral ph(ll/)~raph)' of II/'n Prell/k/ill al (J,'plh of 15 1I11'ftors (from ref. 3\. 
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FICUJlE B. l\IultispI'clrul phulllgraph)' of 11(~11 Fralll.1ill al deplh IIf 25 1Ill'Il'rs f frum rd. :~). 
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FIGCIlE 9, 111 I'iro cmi""ion spectrum of luminescence' pro, 
duccd nn "liIJl',lalioll of P. ba/rumellsr ((rulll ref, 7), 

FIGI'm: 10, L"",·!iAlrl·"'\',,1 I""'\'i,illn imag" of hiolumilll" 
c"rH',' induc·c'.) J,\, 'l'lillolinA 1i,,1r. laken fwm ahiluclc of 
uppwxirllal,'ly I kilt (Courlc'sy K, IJr,'nnan, Burt'au of 
COIIIIIH'reial Fi-}"'ri"" l'a",·ul-0ula. :\\i"issil'pi), 

for studies of tll'l'an temperaturc and colul', These 
will be clJnsidl~red in the discussions which follow. 
It has histol'il'aliy hecn very difficult to study fish 
habits except at the location where the fish arc being 

cuptured. The ecological drives which govern the 
movenlCnt of fish and their pre~ence ut a gi\'en place 
and time remain relati\'ely unexplored, A satellite 
system capahll~ of lIlonitoring the ocean environ
ment will allow hehavioral ~tudies of life in the Hea, 
which nrc fundamental to understanding and pre· 
ser\'ing this worldwide resource. 

SEA SURFACE TEMPERATURE 

One of the first upplications of ~mote sensors to 
ocean studies was the measurement of sea surface 
temperature. Aircraft infrared images such as fig
ure 11 can reveal considerable fine detail about the 

FIGVIl~: 11. Aircraft infrared ima~c of Gulf Sircum with a 
ruclialion thcrmometcr temperature profile, 

ocean thermul structure that is not possible using 
ship measurements, The manner in which the sur
face temperature relates to the thermocline will 
require joint ship and remote platform measure· 
ments. A satellite thermal image, as shown in 
figure 12, docs not show the fine detail of the air
craft image but does allow a synoptic view of sea 
surface temperature, including not only the warm 
Gulf Stream (darkest tone) and the near coastal 
currents, hut also the intermediale water masses 
associated with the Western Atlantic shelf waters. 
This image, provided by the National Ocean and 
Atmospheric Administration, is from the Direct 
Readout Infrnred (DHIH) system on 11'0S, taken 
on October 19, 1970 (9 km spatial resolution, 1 °C 
thermal resolution, and 10.5 to 12.5 /Lm wavc· 
length \. While the DRIn system was designed pri· 
marily to map cloud ellvcr at night (douds appear 
cold or whitt, in figure 12, us compared to the 
darker or wanner terrain and \l'uter feutures), it 
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can map relative sea surf aee temperatures when 
clouds ure ahsen\. 

The conventional mall/wr for displayiJ'~ seu sur· 
fuce temperatures is with isothl'rmal eontours. The 
digital datu from which the image of figure 12 was 
pr(Jel~ssed can abo he uSI~d to generate isothermal 
maps of the surfaee. Figure I;{ is an isothermal map 
made from the type of data used in figure 12, with 
u 2 DC templ'rature resolution. It has hl!cn shown in 
other experimlmts that tlw agJ'('ement hetween satel· 
lite uml ship data is quitl' ~ond whell rclatiVl! tern· 
peratures are compan,d. 

'('I'mperature can he relatpd directly to certain 
fislwril!s. The hel'l'ing fishery ill tlw North Atluntir
correlates very strongly \l'ith the gradil'nt induced 
by the Arctic water mass normally found lIorthcast 
of Iceland. But during IWi7 the eold tongue of 

FWlJIlf: 12. Direct rearlout iufrun'rI (()RIIO ~yRtl'm hUIl!:f' 
of WI!stcrn North Atlantic on till' National OCf'anic anti 
Atmospheric Arlministration (NOAA) ITOS ~atf'llitc. 

Oct. 19, 1970. 

Arctil~ \l'ater moved further south and significantly 
altered the behavior of the herring. A stlf\'ey hy tht' 
Naval Oceanographil' OfJiee \ NAVOCEA NO) for 
the Icelandic goverrlJncllt alerted h·e!u/III to tlH' I~on· 
tinued anomalous Iwhavior of the Ar!'lie water mass. 

Because of the extl'ndl'd soutlwrly rem'h of the 
An~til: tongue of lI'atl'r, /lHllly fishing vessels in 
Northe/'JI Iceland wcre irehou/ld, whl'n ulllier more 
normal conditions tllf'~'I' \'I'ssels eould have left port 
m()n~ fn'd~'. HCIII'c. ~t'a sllrfal'" tl'mpI'ratl"'I' and tlw 
general ~ea·air intl'r,H'tion l'aJl play a ~trong role in 
IlHIlIV a~pcl'ls of ellvironmental Illollitorilll! which 
rdatf' din'l'lly or illdirl'l'lly to a g/n'n application. 
as illu~tratl!d lu'/'(' hr f"lwri('s. 

SEA ICE 

Tht' Ardif' alld Antar('(ir: a/'(~ I'o\'cn'd with if'(', thl' 
former with a (l\"nalllic ict' eanopy oVl'r the OI:!'!1Jl 
that /"(,,\('111'" thi( k/lt"~I'~ on thl' ordl!r of :{ to S 
llH'tt'rs. alld tIll' laller with a rdath"t'ly static ice 
('nH ('()rl~rinl! tIll' ("lIlti/lt'nt lip 10 hU/lllrl'd~ of 
Illl'tt'r" Ihi(-k, lef' jll Ihl' d\"llaJllic \orlh 1'011' r('~ifl/l 

llIay IlIl1l"f' :\" IlIIH'h.,. 7.i kIll ill a ria\,. \\Ilt'rea" oJlly 
in an'a,; ';(/.,h a,; tIll' \\"('ddf'lI :->"a i,; tht'/"f' nwasl/l"' 
"bll' il'l! 1I10\"('tnt'nt ill tIlt' an'a .. f thl' :-illuth I'lIlt,. :\11 
~l/f'h icc /llorcllI('1I1 a!T('d ... transportation and till' 
heal l'xl'hallg!' whi(,h or'('ur,; ill tlll'~t' r('~ioJl';, 

Be('aust' of tilt' drnalllic nail"",, of till' \orth Polr' 
ar('a and tht' high I)ITU/Tf'lIt't' of ('loud,. alld fog, 
llIi('J"owave Sl'Jlsor~ an' IIl1df'r dl'\"('loPIIH'lIt to 11I'/1e' 
trak the cloud ('O\'PI". TII('~t' sl'n';/lr,; illt'lud(, both 
al'lil"e and pas~i\'l' illlagf'rs OIl hllth airnaft alld 
spacecraft. With sat('lIitf" ill polar orhit. a lllap of 
i('e rOlldition~ in thf! An'li(' ('all Ill' 1!('lwratf,d on a 
daill" basi,; alltl. hr 1'0flJ"(linatioll with lIl('tl~orol0l!ical 
dat,;. for('('a~t~ or i('t' ('onditilln,. call III' preparecl 
and dis~clIlinatt'(1. 

The salllt' JIli('J"o\\"a\"t! ,1'/"or, (',Ill abo be I/~I'd to 
flh~I'f\'(' till' :-;lIuth Pol .. area. bUI til(' fn''ll/I'"cy of 
ollS!'r\'atioll 1I1'I,d not Iw as gn·at ill IIII' Alltardi(' 
regioll. :\lany ehallg!''' ill till' if'l' lil,ld ill 1111' Antarclil: 
can Ill' ohs!'n'ed wilh I'xistin~ ll'1t!visioll systems by 
nlOnitorilll! rdativd~" stati(' CO/ltlitiolls when 110 cloud 
cover iml)Pdt'~ obs('!'vatioll. 

OCEAN COLOR ANALYSIS 

The ('olor of tIll' ocean is dctt'fmi/ll'd primarily 
by nutrients, plankton, sediment load, pollutants, 
and often by bollom type und water depth. Phyto. 



ICELAND 

I 
7° 

I 
.- ._. _·_ ....--1-_··

I ! 
I I 
! I 

-~--

I 
! 

I
~I j~-~--- ..-

I i 

I 

102 EARTH RESOURCES SURVEY SYSTEMS 

66°r-----r---~~r_~----~----~----~----_r----~----,_----~--~ 

63°~--~~--~----~----~----~----~----~----~----~----~--~ 
17° 16° 15° 14° 13° 12° 11° 10° Ogo OSO 07° 06° 

W LONGITUDE 

FIGI!IIt: 1:l. I.uealiull (,r a 5 c: ~lIrract! "'I11/lt'raturc change aerially chart I'd on 9 April 1%8 hy 
NA VOCE:\NO. 

65° 
w 
0 
::l 
I
j:: 
<t 
..J 

Z 

64° 

plallktoll abutulalwe lItay be a Iw!<ic illdicator of 
the produdi\'c potclltial of a water mass. Li\'ill~ 

plallts are capable of a,silllilatill~ ha!'ic chemical 
lIutriPllt, from tlw "ea through pllOtosYlltlJ!'sis, for 
which (·lIlorophyll is required., '1'111' ahility to deled 
alld qualltitatively IIwasure l'hlorophyll is 1)e1i(~\'l'd 

to he a flllldalllt'lltal t:OI'lIl~rstOlll' ill IIl1d('rstarlllillg 
till' lift, ('yt:l(~ of the world's ()('('alls. :-;Udl lI11'asure· 
IIWllts 011 a global basis call evelltually pl'odde (~sti· 

mates of the pwdUdidty of tIll' (weallS alld aid ill 
pl'l~s(~r\'atioll of "Iin'stu('k" ill thc !<ea,. 

'I'lw dp\'l'loPIIWllt of 1'l'lIwt" S(~llsors to study 
('hlol"llphyll ill the ot:l'all takl's 1111 a differellt char
actcr fro III thos(~ d(~\'(~llIped for l'hlorophyll measure· 
mellt from plallt material gl'o\\illg over terraill. 
Chlorophyll has a very high reflectance ill the tll'ar 
illfrared regioll (approximately D.I to lUI ILm). 

1Il'lIce, Ill'althy dtlorophyll shows a brilliallt rer! in 
(~lllor illfral'l,d photography. The same technique 
whl'lI applied to chlorophyll ill the occan will detect 
ollly the surfaee chlorophyll (ill the upper meter or 
so), The detpetioll of kelp heds alld surface al~ae 
is an appli(:atioll of such photography. l\lany oceall 
pllllltS. hOll'ev!'r, ~row at depths Oil till! order of tens 
of ml'ters, II'llI're red light eller~y is readily abo 
~orhed hy lIalt'r I see figures 2 alld :{ I, so the red 

reflectance of chlorophyll callnot be observed from 
these depths. 

Chlorophyll has a strong absorption balld in tlw 
hlue region, from ahout 0.'12 to llA6 Iml. (There 
also appears to he a slight increa~e in the relatil'e 
rdleetarwe associated with chlorophyll in the greell 
portion of the spectrum.) It is this absorption in 
the hlue hy chlorophyll. rather thall reflectanee in 
the red, that is being utilized to develop an ocean 
eolor system to measure ocean plant crops. 

Fi~ure I·J. shows the llUlIlller in which the up· 
lIellirrg light as a pel'('('nt of incident light ehanges 
as a fundioll of l'hlorophyll concentratioll in the 
water and the I\'avdellgth of measurement. These 
data I\'ere acquired from an airl,orne spee\rometer 
at al)Out :{2.i meters altitude with a O.OOS-ILm spec
tral resolution, s('arlllill~ from 0.'10 to 0.6:; ILm in 
II. !<eeonds (ref. g I. The very loll' chlorophyll con· 
centration is typical of vcry sterile lI'ater (like tlte 
Sar~asso Sea 1 where chlorophyll is less than D.I 
mg Im:l; the 101\' l'hlorophyll eondition is typical 
of eoastal slope lI'ater alld is on the order of O.:{ 
mg/m:!; the high ('hlorophyll eoncentration is de
fined as up to ahout :l Ill;': 1m:!. It can be seen tltat 
as dlOrophyll conCl'lItratinll inereas('s the water will 
tend to he less blue and mort' green. I t is anticipated 
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thuL UII imugillg o(~t'all 1'0101' spectrometer s~'stem 

will he ('lIlmhle of ml'a~uring chlorophyll 011 a 
lJualititativ(~ ha~is with II logal'ithmie sea'" (i.e., 
<().:~, O.:~ to OJI, O.f! to 1.2. 1.2 to 2.,1 m~ '111\ de. I 
o\'t~1' tlw inlt~l'\'al fl'.Il11 ahollt O.:~ to III'rhal's 20 
mg 'm:!. This range is tlll~ regiOlI of mORt illtl'l'e~t 

fol' typi':al ddo)'Ophyll llU'asllrements. 
Thel'(' are otlwr fadol's \\'hi!'ll mllsl he cOII~idert'd 

and ass(!s~('d in Illl'asllring ol'can (,lilliI'. TIII'se a)'l~ 

Ihe atlllosplll·),('. SlIn ;.ditlt'l'. and foam. Thl' efT('('ls 
of tlw allJlosphen'. (~sl)('('ially in Ihl' "1111' J'(';.doll. 
mllst III' delermilll'd and ('xtl'al'lt'd from Ihe spec· 
tl'OIll('tel signatIJr(·. TIII~ alllollni of data ('olleded 
Ihlls far is too nll'agn 10 allo\\' any Sllt'dfll' slalt'· 
ments olhl'l' Ihan it dol's apP"al' that IItmllsplll'l'i(' 
efTl'('ls I'an Iw dealt wilh for I'dati\'e1y dear sky 
1'01111 ilions. 

Sun glitl(·1' O(TUrS as a \"I'sldl of din'c\ reflection 
of sunlight frolll IIII' ot'ean sUl'facf'. Tlw closer to 
lIIidday a visible· region Sf'nsor is IIperalf'd. the more 
likely a glitter patlern will IIcell:' in the field of vir.\\' 
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FII;nu: J.l. H"lal in' "llI'rI\Y n·II.·.·lt'd from "l'..au walt'r a' 
a fllneliou "f wan·l .. nglh alHI (In''''lIr.. "f ,'hlorophyll 
(Crolll rl'C. BI. 

of tIll' instl'lIl11l'nl, thllS ohliterating informalion 
aholll the lI'atl"l' ('OIUlllll ilsdf. Oil the olhel' hand. 
Ih(· dosl'l' 10 midday 0111' opelllle~ a vi~ihlt··n'gioll 

~ell~or the mo('l' Iikt·ly Ihal Illeal h;.ze (,Ollllilioll~ will 
have dissipall'd. providing a mon' fa\'ol'ahle ('II' 

vi roll 1111'11 I fill' oh"l'r\'atioll, II lIIi~ht apP"ar Ihell 
thai th,' 1110,,1 dl'"irallll' tillll' for oh~I'r\'alioll 1\lIl1ld 
he ill IIII' "fll'rllolln 10 avoid holh hazl' alld I!litt(,r, 
111111"'\'('1', in IIHIII~' ('('giolls ('om'I·,'li\'1' :lI'tivily may 
pl'()dlll'l~ all ahllllllarll'l~ of ('umulus ,·llIlIIls mill po~si. 

hll" 1IIlIIIIII'r~lorlll huildup by Ih(, aftl'mooll, pn·~elll· 
1Il~ all additiollal hilldrall"I' 10 ohsl'natioll. 

For 'H'l'all 1'111,,1' allaln"'~ n,lall,d to I'oaslal 
PI'W:(,ss,:s, whit'h "ill III' di"I'u,;sed ill a follllwilll! 
s('('lioll, tlll~ ~llli I!llttl'r prllhlelll mlbl al"" Iw n·lalt'd 
10 Ihe lidal ('~dl ill a gi\'t'll n'gillll, ()J""'r\'alilllls 
11t'('d 10 Ill' mad(, ill 1II0si ('asl's I!urin~ hoth hi;!h 
and loll' lidl' 1'(' lilioll';, \\,hl'n tidal ('I"'I'S are 
n·lalt·1! 10 111l' ~un t lill('r prohll'm. 11\('('(, lIJay 1\'(·11 Ill' 
only two or 11m'" days a lI\1lntlt wlll'n dr"di\'(' 
oh"pl'\'aliolls ('all h,· mad('. 

It is implIl'lallt d,;n III "onsider Ihat glitter pat. 
Iern data an' flf !"I'I'al \'ahtt· in delillealing surfa!'e 
f('atllrl'''. pal'lil'\Jl:u'l\' thosl' of pollulion, Illdeed, 
IIIit'll ,w.·all pllt 1.111111'11:1 n,lall'd to sUl'fa('(~ ('fT,'('ls 
an' rl''1uil'l"d. 111, U~I' of ;.!lilll'l' pattern allalysis 
"llIIuld lit' illl·lu( ..d. 

:\nal\'~{'" of 01'1'1111 1'0101' an' IlI'sl rnadp wilh calm 
",'a ,'ollrlilillll';. ;I,aill 10 aVllid glilll'l' Ihal mi;.!ht lit' 
n'III,,·It·d fl'olll II an'';. hUI al';l1 10 lIIinimizl" IIII' 
allloulIl "f foalll Ihal might hi' pl't'''t'nl. Fllam i,; 
gl'nl'rall,d I,\, h"lh Im·akillg wal I''; and willd alld 
('all lit' dealt II iill "n a slaliqi/'al ha,i, if 1l('I'p,;sary 
J,~. al'eragillg oh-I'r\'alioll, 0\','1' IiIIit', 110111'1'1'1'. in, 
dividual or sh .. rl ,;allll'll''; \If "1'1'1'11'111111'11'1'·1\')11' dala 
,;hollid I,,· ;1\·oirll'll. 'Ih' l'un'I''' ill fl.:.! un' I·\. whil(' 
al'quin·d with a ,1"';1'('01111 sl'allllill;! sl'('(·II'OIlIl'II'I'. 
al'l~ l'III11I'''''''d of IIHili I' ~lll'h salllpl(,,; (Iolalillg "III' 
10 111'0 lIIiII lIt('S I whil'h haw 111'1'11 an'ragl'd ill "rdl'r 
III plilJlillatl' major "lIrfa"I' difTprt'llI't's. 

SHOAL AND COASTAL MAPPING 

Coaslal mal')lill;.! lise,; thl' ';:'1111' 11'r1l11iqul's as 
I('rresll'ial Illapl'ill;!. Ihe major difT('r!'III'I'S Ilt'ill;.! 
Ihal in lIIallY 11l"atiolls I'oaslal 1I'~ioll lalld II all"l' 
illll"l'fat'l·~ dlall!!I' IIII1t'h 111111'1' rapidly. Ti,!al I'yd(,,; 
1';)11 eausl' rlay·to.da\' dtalll!('S, hul i,a,;ir ('oa~tlinl''; 

are charled primarily for tlw high,watel' ('ollliition, 
This ellllliitioll is IIIP one lIsually ~howlI 011 ('harts. 
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Horizontal dimensions of coastlines in some areas 
may change pcrmancntly hy IlJagnitudes on Ihc order 
of huntll'l,ds of me\erli lJl~r year, This phenomenon 
oftcn leads 10 scn'ral forms of land tli~llUlc if such 
chanl-!cs are not Jlropcrl~ rl'corded un cuaslal maps 
or hrought to Ihe attention (If appropriatc land 
authurities, 

The hathy lII.. try of ('oa~tline~ may changc on a 
pcrIlJanent as 11'1'11 as a ~ca~onal hasis, duc 10 sand 
shifting lI'ilh IIII' seasonal cmirllnillent. In mall}' 
cascs 111t~ ,..Iliftill~ is fa\'orahle 10 redllcing storm 
dalllagl', :'lIch scasollal changc~ are Illcasllll,d lI'ith 
ill situ techlliquc:;, III relati\'clr shallow II';\IPr, to a 
dcplh of ~() 10 :1O lII!'lcrs, rClllole ,ellsors of se\'cral 
types lIIay he lJ~ed fIJI' :-lIch IIwa,;llI cmclIls, The 
tl'chniqUl~s illl'ludc IIII' lise of \'i,ihlc'rl'!!ioll pholo. 
graphs 01' illlages. as 1\'1,11 as la"cl' s)'!'II'IIl" II'hi('h 
din'l'\ly IIlt'a,lrn' the dl'pth fl'OlII airl'raft. 

Shoals an' ,..halloll ,w1Ikr fl'atlll'l's whil'h I'lldallger 
\'essels 1)(,l'allsl' tlll'Y tl'pically /'t'lIIaill slllllllerged 
hl,lolI' thl' ,..I'a "lIdal'l:, (1ftI'll tlII'Y are a~sol'iatl'd 

wilh tile ,.lllIlIm\ II alNS alollg tIl!' ('oasllille, hilI thl'l' 
also OCI'lIr a~ alllllllalollS feat IIres in ollll'rll'isl' dccp 
wllter. 'j'll!' 1I11'Ihods proposl'd 10 d!'\l'cl alld I'harl 
Ihc :W()() or 11101'1' "dollhtflll" ~h(l,tls' are Ihl' same 
as Ihose for hatlllllll'tri(' SIII\'I'Y" of I'IIa,tlillPs u~in;! 
l'I'I/lOte ~I'n"ill;! tl'I'hlliqlll", 

nl~I'all"l~ onll tlll~ "1'1I,itl' ,..Iicill.'! te('hniqlle for 
pllotograplll has had app/'l"~iahll' II", in II1l'asllrilig 
relali\'e d('pth. it I' ill hi' di~t'u~,t'd bril'lh It"n', Tit" 
lI'al'P l'(,fr,lI'tioll tl'l:t1l iqlll' i~' dl'PI'llIlI'lIt nn propl'l 
en\'irollIJlI'lIlal l'Ollllitioll~ i /'I,r. I)), alld t1w 1,!'I'r 
approach i~ 11011 IIlIdl'r dl'l'lo/OPlllt'lIt, with tlll~ n~~1I1t 

thai neither of thl'''' h,lI'c 1)('1'11 IIs('d to the exlt'llt 
of dl'lI~it~ sli('ill~, 

!'hotography or ima;!I'ry in tlw hlll(' or gr{,l'n POl" 

t il.n of tlw ~pl" t1'11111 i~ iJOwd in dl'tl'rmilling : ,'Iative 
depth ill a gi\,l'n lo('ation, Lmlll~ioll I('\'eh, of the 
sanlP dl~n~it~ may lie selt'ell''' I/lo~t ~illlply with a 
d('nsitllll)!'tl'r ,,'an of film lor bl' ('omplIll'r "election 
I)f di;,dtal illlagl'l'\' data I along alII' portion of thc 
lilm (rd, 10), This dl~lIsitl' slicl' r.orrelates qllill' 
well with dl'pth if waleI' contaminanls and Iwt\om 
type an' ullif"ml, 1\1o/'(~ sophisticall,d dellsity slicing 
can be al',~ompli~hl'd pholographically wherein 
whole layer" of a gi\'t'n I'xposurc dl'lIsit)' arc sliced 

• Thl'~" an' ,hallow'walt'r I,.:·tllrt·, whit'h hal'(' 111'''/1 rl" 
pClrtt'd h)' ,hip "1I111r1i/l~' hili h,l\'I' nut hl'l'lI cIIllfirnwd hy II 

Jln'('i~t, fix 1111 hyrlrCll!ruphie chart" 

SURVEY SYSTEMS 

from the photograph, The rCf:J1t is II "slice" which 
gcnerates relati\'c dl~plh contours, Such slices are 
frequ('nlly given a false color and 11 composite of 
the slices reformatted, allowing the relati\'e dcpth 
I:ontours to he liell'l'd in the context of thc original 
image I ref. J1), 

The analysis of pholography hy this dellsity slic· 
ing tedllliqlw is made dillieull whell there arc vary· 
iIII-! sedimcnt loads ill Ilw Wilier or whl'II tlw bOllum 

t.:hallgl's apPfl't.:iahly liver tilt' regioll of inlerest. 
,\'('v('rthel('ss, the tcchniqlw has bcell used to analyze 
"pace data and is an excell(~lIt tedlllique fUf moni· 
turing r('!!iolls whl'n' deplhs are subject to change. 

COASTAL MARINE PROCESSES 
Tlte gelll!ral stud\' area of eoaslallllarilll~ prt)(!e~ses 

int:illdl's: II\!' phI sil~al illtl'raclillll helween Ol'l:an, 
I:oaslal. and ri\'l'r·illdll(,pd ('urrt~lIt systems; tlw pre· 
I'aililll-! 1'lIl'irOllllll:lltal I:OllllitioIlS: the rotation of 
lhe Earlh ahout il~ axis: till' I-!ra\'itatiollal cfT('I~ts of 
the ~1()oll awl ~IIII: and lIla/l'lIladl~ (~Ireds, III addi· 
tioll. til(' "tlllh of 1'lIa,tal lIIarill!' prlll'I~SSl'S lila), :t!~o 
I", I'xtl'ndl'd to illl'lude tIll' Ielillionship betwl'l'lI thc 
plt~ ,il'al 1'lI\'iroUIIlI'nt a/lll Ihe hi"lo)!i('al l'nl'iron· 
1111'111 I p.• rtit'llIad\' ill ll'!!ions IOf I:oastal Ilpwelling) 
alld til!' inlllH'III'I' of man Oil thi~ relatiollship, 

\0 sp"l'ial rl'lIIotl~ "1'1I~urs an: n:qllir,'d for ~ll/(lies 
"f I'lIa"tal lIJarill!' i'rOI'('~~CS, silll't~ it appI'ars that 
tlw i'l,tl'llln"lIts dl'I,'I"p,'d f,)r t"I'J'aili and ollH'r 
(l('I'ali ;q)plil'atillil" an' ap(lropliatt' to tlti~ sludy, 
IlIdl'l'd. Ihl' ill,tlllllll'lIt, dl'\'I'llIlwd 'lI\d to he dl!' 
pllI\,,'d 1111 th,' Ii 1',1 Earl h HI~SOII/'l'I'S T!'l'hlllJlo)!y 
,";atdlite I EI:T~,A) l'illI I)(~ IIsed for the~e typcs of 
,.tudie~, 

1lI'I'a\J!'I~ IIf tIl!' illlllll'diall' appliealioll of EI{TS·A 
10 the "tUlil of l'llil .. tal marilll' 11/'01:(,S~t:S. all IlIler· 
lIatiollal \\'orblt"p papl~r I'lltilled "O,','alll',:!raphie 
i IIterprl'lalion of :\ polio Photographs" has 1)('1'11 

prepared hy ;\1r. Hollt'l't ;\lairs (volullw JI of Ihesl~ 
prol't'l'dillgs J, SOllie of Ihe types of analysis neces' 
sary fo,. coastalll1arille proCI'SS SIIlCIiI's alld the mall' 
ncr ill which EHTS·A data lIlay he used to assist in 
these studies an' dl'st;rihcd in this paper, 

SYNOPTIC OCEANOGRAPHY 
Rcmole scnsors 011 both aircraft and satellites 

have showlI thaI the ocean is a very dynumic en
vironmellt. In order to quuntify the remotely sensed 
dnta from these platforms, remote sensors in labom
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torie~, towers, and ships arc being employed to pro· 
vide the link between eonvcnlional oceanographic 
iT! situ tedl!!il:'1~:" and Ihosc using air· and spacl~' 

horne plalforlllB. TI...~,· surface remoll' sellsors ran).!;!' 
from th .. I'leclron micl"os(,f1pe to the radio "'Icscop(' 
and from complex spcclromPll'rs to rclali\"(~ly ~illlplt, 

eamcras. Liven the proper quantitative data for in· 
Icrprdin).! aircrafl and spacecraft data, a sil!niiieani 
measurc of Ihe nalure of Ihc world's oceans polcn· 
tially ('1111 be assessrd. 

Is such an assessllwnt necessary, and if so, is il 
appropriale 10 do so using re/llole s('nsors '[ TIlt' 
answcr 10 the first pori ion of the queslion is clearly 
afiinnativc because relllole sensors have aln'ady 
shO\\'ll that IWIIIY an'as of IIH' ocean are nol th(' nIsi 
wastidalHj of slerile water IIH'y hare hislurically heell 
helicved 10 he. Tlw ~yn(Jplic view of Ihe I)('('ans pro· 
dded by rem()t(~ sl'nsors allows II'hal :ie('1ll 10 1)(' n'ry 
sli;.dll dHlnl!es at 11 spt'dfil' point and lilll!' 10 /)(' 

placl'd in the context (If similar changes in olh,'r 
reldons at IIH~ sallie tilllf'. The ,('('ond portion of II ... 
qUl'stion I'annut Ill' ans\\·(~n·d fairl~' unlil furllwr n'· 
sean:h is ('ollliuded frolll surfac!', air(')"aft. alld 
sntdlilc pial forms. Indl'l'd, an (I('('an 1I111l1il(.rin!2 
sysll'1Il will in all likelihood ('olltaill el(·nH'lIb. of ill 
situ ~"'I~or~ al t1w sUl"fa,,(' :111'/ 'lIh~lIrLII'('. airnafl 
illSII"lIlIl('lIlalioll I .. nlt'a~urc' holh ,>/'t'<I1I alld almo,· 
"Iwrit' (·IIIIt/ilioll,.. alld ~alt'IIil(';; 1'1 pl""l'idl' Iltt' 111"'1"' 

view flf O('('all /H·!tm·ior-a ..,·Ialil'('''· 111'\\' fi('ld flf 
(~x[lI()l"alioll I"allt'd .-\ ,wplil' O(·(·;\III1.:,nq,llI. 
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Ellvironnlental Monitoring By Renl0te Sensing 

Frolll Air and Space 


WII.L1AJ\I O. DAVIS 

/)epllt)" Odej oj Atll/osph/'ric alit! SpII/'(! /)illisioll 

Natiollal Occallic afl(l A tll/mph/'ric Adll/illistrtltioll 

Peoplc around thc world ha\'c today bccome 
newly awarc of thc cnvironmcnt, not only as tl\(' 
provider of rcsourccs for economic de\'elopment, 
but as thc basis of lifc itself, within whieh man and 
his childrcn must livc for centuries to come, if Ihey 
lire to live at all, There is ri~ing ('onl:rl'll all o\'er 
thc world hoth for the c/T('c:\ of the natural en\'iron
ment on man and his activities and fill' the rat(' at 
which the en\'ironment is being dq!raded with Ihe 
growth of Il'ehnolog~' and the Jlrogr('''~ of ('t'ollomit' 
dcve/opnwllt. Thel'(' i~ gelluinl' fl'ar that environ
melltal quality lIlay not only def'lille suflicil'ntly to 
make life uIIJlll'a~ant_ but ('\'I'n 10 the (~xt('nt that 
humall life llIay hl'{'onw impussible on the tt'IT,'strial 
globl" In the nll';!111 illll', growing population densi
ties and int'I'I'asl'd \o:lIuc of slmctun's and property 
mean Ihat er('ry III'\\' hurrican(', earthquake, or olher 
natural di~ast('1' )lolentiallr takes an inereasill;.! toll 
of human lift' and ('conomi(' resources, TIlliS, a~ a 
matter of self prcsl'noation, we must bccome ('on
('t'/'lled \\'ilh tilt' 1'lIvil'lIl1llH'nt in all its aspl'c:ts. We 
must Ica/'ll to undcl'stand the lIatural en\'iroJJlnr~nl 

lind its processes and the thn'als it may POSI', as 
well as the mcalls ),)' whil'h man's activities illterad 
with the ellvirOlllnl'nt and \(~nd to dwnge it. 

All importalll first skp to\\'ard aclJic\'ing these 
objcctives is to deserihe the total environment in 
sullicient detail to permil mode/in;.! of its processes 
and measuring its ehangcs on a worldwide basis. 
This process of observing the environment and 
mcasuring its changes is callcd cnvironmental moni
toring. Environmental monitoring ohviously is not 
a lIew activity. For well over a hundred ycars regular 

o"~ervations of atmospheric variahles have heen 
llIadl' over wide ).!;I'of!raphic an'as from surfal'r. sta
tiOIl~_ anti latel' from halloons and olher plat form~. 
To a more limited dcgrec, oceanic parameters ha\'l~ 
al~(I hl'I'II ml'a~ured for many yl'ar~. What is com
paratin,ly ncw is the nl'ed to measure and ohsl'l'\'f! 
all eh'ml'nt~ of the I'nvirollnll'nt ov('r Ihe elltire ).!;lol)t' 
and to ,\('quiTl~ slll~h dala in a relati\'l'ly ~hort period 
of tillw. It is in this ('olltl''\l that remote sensing from 
air and !'pal'e is Iwginnin;.! to play slll'h an importallt 
roll' in I'II\'ironmcntal monitoring. and it is 'his 
applicalion of n~mol(' scnsin).!; which I wish to dis
cuss with ~oou loday. 

\Ve monitor tlw environment for a nUllIlwr (If 
di/f,'rent flu!")",!'(,s. To all ('xl('lIt. tlIP JlurpOSl' tI('h'r
minI'S how quickly W(' ne('d the data and over how 
large an area. Of highest illlllH'diate priority in 
lerm~ of Jlrot('I'ling hUllIan life is lJl'rhap~ Ihe direct 
dell'etioll of immilll'nt l'IlVirollm(~lltal hazards and 
Ihc provision of tinll'ly warnill).!; to thn'ateJll'd an'as. 
Such hazard!' illl'lud(~ hurrican('s. tornadoes, alld 
otlwr severe slorms: tSlIIHlmis (seismic sea waves) : 
floods, lalldslidl'~. and UIlllS1Jally he;!vy sllowfall: 
and other evellts similar ill natlln' whl'l'l~ timely 
warnillgs could permit taking action to save lives 
and proteel property. 

A sl'cond nitical applil'ation of envirollmental 
monituring is to tlw prediction of short·term en
vironnll'IItal chal1).!;'~: forecast in;.! the weather, the 
state of the Sl'a, the prohahility of earthquakcs, or 
the occurrencc of a solar flare whidl might produce 
radiation le\'cls in the upper atmosphere hazardous 
to high-flying aircraft. Another type of environ

107 
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mental change of growing importance in the preser· 
vation of environmental quality is the long.range 
climatic change which may he caused inadvertcntly 
by man's activities. An application to this problem 
that is becoming more vital every day is the moni· 
toring of air and water pollution, both regionally 
and globally. Hegional aspects of pollution moni· 
toring will he discusscd in more detail in the fol· 
lowing paper. 

Finally, environmental monitoring is directly re· 
lated to the identification and management of the 
resources of the atmosphere, the oceans, lakes and 
rivers, lind the solid Earth. These applications will 
he discusse(\ in many papers presented at this work· 
shop. The ('mphitsi~ here is on applications of en· 
vironmental monitorinl-! techniques to warnings of 
environmental behavior and measurements of cn· 
vironmental quality on a global scale. 

Much progress has alrcady becn made. To some 
extcnt, environmental monitoring from space is 
IIlmul)' being dor\(' operationally by the United 
States, using the environmental satt'liites of the Na· 
tional Oceanic and Atmospheric Administrution 
(NOAA I, and to a lesser extent hy other nations. 
The polar·orhiting Improved Tiros Op"rational Sat· 
ellites (I,[,OS) now oh~;erve the entire Earth twice 
a day, taking tele\'ision cloud pictures and radio· 
metric images. Beginninl-! ill 11)72. these satellites 
will ..btain daily !"I·adings glohally of the \'I'ftit'al 
distrihution of atmosplu·ri,' t('mpenltllre and humid· 
ity. Imal-!ing !"I!solution will be improved to approxi. 
mately I kilometl'r di!"l'dly Iwlow the ~atdlites. The 
Geostationary Op(!rational Environmental ~atellik 

(GOE~ I system. also sc\ll'duled for operationl1\ 
ehrl'kout in (1)72, is capahle of continuous obser,'a· 
tion of the region over which it is positioned; it 
will produce lI1ultislll'1"l ral I visual and in f rare'! ) 
images of most of the Western IIemisphere night 
and day at haif.llI)uriy intervals, Both systems will 
carry sensors to monitor emissions from the Sun. 

With regard to observation of the ~olid Earth, 
satellites usa hie for obtaining areurate geodetic loea· 
tion of points on the surface of the Earth, even at 
intercontinental distances, have been flying since 
the launch of Echo I in }C)(,1. While no satellites 
havc been launched specifically to monitor the 
world's oceans, a start has heen made using datu 
available from meteorological satellites. 

Aircraft also have I)('('n used for environmental 

monitoring by the United States and other coun· 
tries. For example, cireraft of the United Statcs 
Navy, Air Force, and the NOAA have been used 
for man)' rears in locating and tracking tropical 
storms and monitoring other meteorological phe· 
nomena. Aircraft photography also has been used 
to determine snow cover over portions of the United 
States to assist in predictions of runoff and flood 
potential. Scientists of the NASA Earth Hesollrccs 
5urvey Aircraft Program have been investigating 
the US(! of remote sensors for a variety of environ· 
mental applications, most of which will he described 
at this workshop. The first Earth Hesources Tech· 
no log\" Satellite (EHTS) is sdlCdnled for f1i/-!ht 
in pariy 11)7:~, as is the Earth Hesources Experi· 
1I11'lItal Paekagc I EH EP) on the manned Skylah 
satellite. Both are expected to increase ollr under· 
standing of the extent to which remote sensing from 
space ran contrihute to environmenta I monitoring. 

While I have been emphasizing the use of space· 
craft and aireraft for t'nvironmental monitoring, I 
do not wish to minimize the importance of surface 
lind other in situ ~(·f1sors. Som(' data can he collected 
only ill situ. EVl'n where remote sensing may be the 
predominant mode of data acquisition. there is an 
axiom that holds true for all applications: Hemotc 
sen~inl-! data are usell'ss in th,' ahscnce of adequate 
ground truth or othpr in .~itll information. For ex· 
ample. sakllite cloud photographs cllnnot he used to 
make weather fon'rasts IlnI.!ss the relationships he· 
tween doud forms and I\'('ather plwnollll'na have 
heen estahlislH'd previousl). I n keeping \lith the 
theme of this workshop. however, thc cmpha~i!i in 
tlli~ paper is prirll"ipally on remote sensing hy ~at('1 

lite and airnaft a~ an e1em('nt of till' total spcdnull 
of data a"'(lrisition requin,d for efll'ironmental 
monitorinl-!. 

I would like now to rl'view some accomplishments 
in environmental Illonitorinl! which have heen 
achieved lIsinl! data acquired h~' remote sensing 
f rom air and space. tOl!e1her with data from other 
sou recs. 

Satellih~ data have powcrful applications in the 
foreeastinl-( ami warning of our most dan~erous 

II cather phenomena, the deadly and destructive hur· 
I eanes and tornadoes. Since inauguration of the 
operationul satellite serviee in the l'nited States, 
probably no tropical storm has l!one undetected 
anywhere in the worldwide tropical oceans. Dis· 
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covery is invariably by satellite. For example, in the 

\'irlual absence of other weather reporls south and 

cast of Hawaii in the Central Pacific, many tropical 
storms would go undetected without satellite sur· 

veillance, and a violent storm could strike the islands 
without warning as has happened in the past. Fig. 
ure I shows an example. In late August 1970, 

Hurricanes Maggie and Lorraine were cast of 
Hawaii and were thought to be weakening. But in 

the satellite picture for August 2;:) the cloud struc· 

ture of Maggie, the ner.rer storm, showed she was 
still intense. On the basis of this information, the 

foreeaster called for much heavier precipitation than 
he otherwise would have. The next day Maggie 

brushed by the island of Hawaii and produced very 
hcavy rainfall. Lorraine, on the other hand, was 

correctly forecast from the satellite pictures to be 

no threat to the islands. 

Figure 2 is a photograph of an approaching tor· 
nado-the most dangerous of all storms. We do not 

yet ulllJerstand how to predict the occurrence of 
tOl'llacloes with any (kgree of certainty. On the other 

hand, the nearly continuous cloud photographs avail· 
able from geosynchronous satellites, such as the 

REMOTE SENSING FROM AIR AND SPACE 

sequence from ATS II I shown in figure :~, permit 

quick identification of regions in which such severe 
storms might occur. Ground·based radar, another 

form of remote sensing, because of its current avail· 
ability to the forecaster, is of special value whcn 

tornadoes are forming. Figllfl' .~ ~hOII'S a sequence 

of radar photographs made in the vicinity of Lub· 
bock on the sallie day as the satellite photos of 
figurc :t 

Whilc thcre IIrc a nUllIber of applications of 
remotc sensing techniques to cnvironmental threats 

and di~asters, of whieh thesc two eXllmples are 
repn'scntlltivc, thl'l't~ an' otlll'r types of disastcrs 

I carthquakcs. for examl'l!·) for which wc hll\'l~ not 

yet developed warning tcchlliques. It is hoped that, 
as we gain !~X perienee with remote sensing, these 

techniques will he developed. 
In thc area of short·term prcdietion of cl1\·iron· 

mental event~. there hilS been significant applieation 
of environmental monitoring by remote sensing 

techniques. Figure 5 is a computer·prepared mosaic 
of the Northern Hemisphere on September I:{. IC)(iIJ, 
which shows the distribution of clouds for the entire 
redon. This type of mosaic is nOlI' used rolltinely 

FICURE 1. Hurricanes Maggie and Lorraine east of Hawaii, August 25, 1970. 
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FIGURE 2. The most dangt·rous and unprcdictuhlt· of all ~torm~. u tornado approaches with 
dcva~tatinll spt·ed. 

by the National l\leteorological Center al Suitland, 
l\llIryland in the preparation of Northern Hemi
sphere and i'\orth American weather analyses. 

While clotHI photu1!raphs are of great value in 
pnrtrayinl! thl' weather situation. the meteorologist 
cannot prl'parl' a forecast without quantitative data 
on the state of the atmosphl'rl'. A IH'l!inning has been 
made in obtaininl! Ijuantitative data from satdlite
bOl'lle remote sensors. 

Figure (j cumparcs remote sensinl! data taken 
from the satellite infrared spectrometer (SIBS) 
Ilown on Nimbus HI with conventional sounding 
dlltll tllken from balloonboJ'lle radiosondes the slime 
dllY. SillS uses infrared radiance lit a vllriety of 
wavelengths to dl'lermine the vertical temperllture 
profile of the atmosphere. Agreement with conven
tionally obtained observation is excellent at this 
stilt ion. 

AltllOl\gh such infmred obsen'ations from a satel

lite can be made only above the c1oudtop level, 
except in cloud-free areas, the data permit the con
struction of a number of useful products. For exam
ple, figure () also shows a 300-millibar constant
1)J'e~~un' l'iJart prepart·d entirely from satellite sound
ings as cOlllpared with the chart for the same time 
period pn'pared frolll conventional sounding data. 
Such dlarts are used in the preparation of weather 
forecasts. 

Knowledge of the global sea surface temperature 
is an essential type of data for improving long-range 
weather forecasts because it contributes to knowl
edge of the total energy balance of the ocean-atmos
phere system. Figure i represents the temperature 
distribution in the Pacific Ocean as determined hy 
satellite infrared sensors on Nimbus II. This type uf 
information is currently available on an experi
mental basis in cloud-free areas over the entire 
globe. 
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FICUflE :-1. Scrip, o( pholographs (1'(1111 ATS "'. lakl'1I :11 

I·hour inlen'als (In .\lay II. JlJ70. ,ho\\'s IlJrlHulu :u'lil'il)' 
in !he vicinily o( LuhlllJPk, T,'xas. 

Knowledgc of thc prc!'cncc of ice und snow ovcr 

land und !'cu is importunt hoth for wcathcr furc' 
casting anti for prclliding thc umount of wuter 

which will he a\'uilablc in rivcrs and lakcs following 

runoff. Such information is also of importance in 

REMOTE SENSING FROM AIR AND SPACE 

predicting hazardous floods. Figure 8 is a satellite 
photographic mosaic for March lO, 1970, showing 
clouds usually visible in a satellite photograph. By 
a spccial process, a cumposite mosaic (figure 9) 

showing only the minimum brightness that appeared 
over an area during 5 successive clays is produced. 
In this composite all but the most persistent c1oudi· 

ness has been removed, and the remaining hright 

areas rcpre!'cnt ice und snow. TIlis type of product 

is now being prepared regularly by the National 
Environmental ~atellite Servicc. 

Jnten~st in environmcntul prediction extends to 
rcgions other than thc atmosphere and oceans. For 
cxample, sunspots, solar flares, and other types of 

disturbances may aITect communications, spaec and 
aircraft operations, and even electric powcr net· 
works on thc Earth's surface, so it is nccessary to 

predict such events and their effects on other regions 
of the environment as accuratcly as possible. The 

Space Disturhance Forecast Center of the NOAA 

makes such predictions, making extensive use of 
satellite data. Figurc 10 shows schcmatically how 

this function i~ performed. At prescnt, the principal 

sources of satellitc data to the renter arc the NASA 

ATS satellitt·s and the 1'\OAA satellites. Begilllling 
in carly JlJ7:{, thc GOES satellih's will become an 

important sourcc of data. and other sources will be 

lidded in futurc years. 
'Vc comc no\\' to an application af(~a of \'ery great 

importance, cn'n tllOugh thc time depelllience of till' 
data is bs critical. The application I refer to is that 

of dl'lecling elinwtic change. whether allrihutable to 
natural cml~es or to rhan!!{'s COIIlIf'c\ed with wl'atllf'r 

us we normally think of it. hut also to chunges or 
trends in any aspl'c\ of l~nVirOrlll1entnl quality. This 

is currently an area of vcry 1!J'('at COlH'CI'Il in till' 
I~nited States. In n'~pon~c to this concern, NOAA 

ha~ recently prepared a !!{'ophysical monitoring plun 
for climatic change. liNe we IIrc concerned, for 

examph', with trends in a\'crage temperntures und 
rninfall, the amount of carhon dioxide in the atmos· 

phere, pollution of the atmosphcre hy harmful 
particulatc and gaseous matter, water pollution, lind 

land use. 
Vl'ry al'I'llI'att' point ohscrrations are made at kcy 

climatic referelll:e !'tations, such as the one at the 

top of Mauna Loa on the island of Hawaii (fig. 

ure II). Such stations, located in regions genl'rnlly 

fre(~ from local pollution sources, provide refcrencc 
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FICURE 4. Sl'rics of ground·hased radar phOlus slwws ~nlllc lumado aclivity ncar Luhbock on 
!\toy 11. 1970. 
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1-'/(;(:/11: 5. Cloud di,trilllltion O\'l'r "ntin' NlJrthern 1Il'lIIi· 

,pht'fI' is ,I",wn in this <:IJIIII'utl'r'/ln'IHlfI'" "hotorno,ail'. 

dutu to which other obsl!rvutions may be related. 
Byrd Station in Antarctica is anothcr kcy refcrcncc 
station. 

Since a largc perccntage of thc world's frcsh 
water is storcd in thc form of snow and ice on the 
Antarctic Contincnt, and sincc approximatcly 6.') 
perccnt of the nct hlackbody radiation ncedcd to 
maintain the Earth's cquilibrium tpmperaturc is 
emittcd fnJlII that continent. tcmperatun' and prc· 
cipitation trcnds in tlli~ re~ion arc critical to world 
dimatl'. To furthcr this knowledgc, decp holcs have 
I)('en drilled in thc ~Iaeial ice at Byrd Station :tnd 
at Camp Ccntury in Grcenland. Examination of the 
various layers of ice has rcvcaled thc climatic his· 
tory of the Earth for approximately the pas I 4,0000 
years, pro\'iding a refcrencc for present trends. 
Figure 12 is a c1oud·frec photograph of the Antarctic 
Continent made using the composite minimum 
brightncss tcchniquc. 

Thc significant valuc of satellitc remote scnsing 
obscrvations is that thcy provide a mcans for rela· 
th·d)' reliablc interpolation bctwcen surfaec climatic 
rcfcrcncc stations. For examplc, figure U represents 
a 30.day hrightness averagc from mid.July to mid· 
August lCJ69 for the Northcrn Hemisphcrc; this is 
1111 indication of the mean cloud cover and precipi. 
tation for the month. Figure 14 is a 90.<la), average 
during the winter of 1970-71. 

Turning nol\' to another part of thc {'nvironment, 
thc coastal zones of the eontincnts arc an important 
source of both mineral and biologieal resources. 
But they are very susceptible both to pollution and 
to misuse by man. The so·called wetlands or marshy 
areas in thc vicinity of the eoast arc vcry important 
ceologically. Figure ] 5 shows a black·and·whitt, 
print of a falsc·color infrared photograph (top I and 
a print of thc infrared channel only (hottom) of the 
coastal area of the State of Gcorgia in the southcast 
part of the (rnited Statc~. This type of photography 
permits dear irif'ntifieation of the wetlands, as ean 
he ~een in tlte upper photograph. Hepctitivc eo\,cr· 
age perll1it~ monitoring the quality of this portion 
of the cnvironment and rapid detcction of an)' sig· 
nificant change. 

TIICS!! examples indicate what has heen done and 
can hc dOll(' with current teehnology for environ· 
mcntal monitorinl!. We haw only hegun to use 
remolc ~ensin~ for thi~ purpo~I~: most applications 
are still in tire planning stllg('. Because of thc im· 
port1lnCI' to all of us of the future of the glohal 
cnvironment. I would like now to talk a bit ahout 
tire future and what it ma\' brin~ in the way of 
tools for en\'ironmental nJ(;nitoring. r would' also 
like to speeulah' a hit ahout ways in whieh we ma~' 
work togellH'r in till' future to in~t1re a beltl'r I'n· 
\'ironment for all mankind. 

I ha\'e ml'ntio/u'd thc valuc of salellite rcmote 
!wn~ing for intl'qmlation het wel'/I surface ohser\'a· 
tions. Thb application ~hould inf'l'e:tst' in till' future 
as I\'(' find //learlS to IIH'aSUf(' mon' \'ariahlcs b\' 
n'nlOte ~t'n~inl!. For example. the ahility to ohtain 
global tl'lIIjJerature alld humidity soundings daily. 
el'en from relllott' an'as whcn' there are no oh~ervers 
I)f'f'~ent, will gn'all\' contributl' to our knowledge of 
world dimalology. 

The acqui~ition awl storing of data, while of 
great \'alul' in itself. is not itself ~uflieicnt to solvc 
all cnvironmental prohll'ms. A very high.priorit)' 
objedive must he to dc\'dop a t'apahility tn model 
thc total en\'irulllllcnt a1111 its intcraelions. Only 
with ~uch models C'an wc dcterminc the eonseCIUcnl'CS 
of man's aetidties. Thc IIhility to ohserve and eol· 
lect data eontinuously ovcr the cntirc glohe will 
incvitllhly make a major contribution to meeting 
this objective. 

Already wc IIrc modeling the Earth's atmos· 
phere, at least to some extent; these models are the 
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hasis of lon~-range weather forecasts, We must 
now extend this concept to includc the total spec
tnun of the environment, from the input of solar 
energy through the dynamic processes of the upper 
and lower atmosphere to interactions with the tur
bulent oceans and the solid Earth beneath. Our 
models must be sufiiciently accurate to predict the 
long-term clfcets of collective human actions such 
as pollution, as well as individual actions such as 
wcuthcr modification experiments. Within the next 
10 years or so, wc should have the capability to 
ohscrvc virtually thc entire physical environment 
unci its dynamic changcs. Continuous glohal obscr
vations will cnahlc us to complete the modeling 
necessary for IIccuratf' prediction. 

Other regional lind global measurements will he 

data. 

needed to monitor environmental quality and pre, 
vcnt its degradation. We will need to identify cer
tain key indices of quality and attempt to relate 
these indices to parameters which may he ohserved 
from air and space. I should like now to speculate 
as to what some of these indices might he and how 
data for their monitoring might be obtained. 

What are the significant indices of environmental 
quality? In the absence of adequate environmental 
models, this question is difficult to answer. We are 
not sure we understand all of the parameters or the 
functional relationships between these parameters 
and environmental quality. Nonetheless, it may be 
useful to suggest II list as a starting point for 
discussion. 

First of all, we do not understand by what means 
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events on the Sun alTect the environment here on 
Earth. At the same time, it would he foolish to 
assume at this point that solar events do not afTect 
environmental cvents, at least in the upper atmos· 
phere. We arl' already collecting data, mlu:h of it by 
satellite, concerninp: ~unspots, solar flares, solar 
particle cmissions. and other significant events. In 
each cast', indices of activity can be established. 
Similarly, we measure electron and ion densities in 
the upper atmosphere and fluctuations in the Earth's 
magnctic field. 

In the lower atmosphere, there arc undoubtedly 
a numher of parameters related to environlllental 
quality. These parameters in general have signifi. 
cance both regionally and globally and hence must 
be indexcd as a function of time, place, and alti· 
tude. Such parallleters include the vertical distribu· 
tion of atmospheric tempcrature, humidity, density, 
cloud covel', and prccipitation, all of which are con· 
ventional climatic parameters. Surface temperature 
is another important parameter which must be 

indexed, and the mean temperature of the Earth is 
almost certainly an enrironmental !fuality factor of 
great importanec. 

With particular regard to ail' pollution, sevcral 
additional paraml'lers might he nll'a~urcd. Thesc 
include, in addition to the climatic variables already 
identified, such factor'i as turbidity. particulate and 
gaseous contaminants, and the height of the mixing 
layer. As an example of how an index might he 
derived for one of these parameters by remote sens· 
ing, one might install high.intensity monochromatic 
light sources at key cities around the world for 
vicwing by multispcl'tral sensors. Whenert'r cloud· 
free Gontiitions exist. both ubsorption aIHI frG(lul'nGY 
shift eould be observed, lind nel particulate Gon· 
tamination as well as particle size distrihution might 
he deduced. Active Illser systems carried on a 
satellite might make )lossihle the measurement by 
Hamun sealt('ring of gaseous contaminants such liS 

NO and NO~ for the same regions. With this typc 
of data uvailllble, it should be possible to de\'elop 
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FIGUIlE 9. Five·llay compo~ite minimum.hrightness m()~aic 

removes most c1oull~, leaving snow alHl icc clearly visihle. 

FIGIJllt: B. Sall'lIilt, pholllJllosaic showing l'nlirc vis.ihlc cloud 
cover, 
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FIGUllt: 10, Schcmatic diagrnm of solar forecasting activities. 
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FIGlJIIF. 11. :\luur,a Lou climalic rt'fefl'nre station. 

an index of pollution, based on monthly averages, 

for each of the cities with the high-intensity light 
sources, These local index numbers could be com

bined in some form to produce regional and na
tional indices, and finally a global index of 

poll ution might be computed at regular intervals. 

For the oceans, lakes, and coastal zone~, we will 
be interested in other parumeters. The po~itions and 
motions of large ocean currents have major elTf'cts 

upon climate throughout the world. General circu
lations of the oceans should be deducible from the 
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sea slope produced by gravitational anomolies, 
measurement of which may be obtainuble in the 

future from low-altitude drag-free satellites. Me
teorological observations aLJ measurements of sea 
c()ndition~ will give ~(lIIIC indication of probable 

change in position of major currents, as well as 
the behavior of ~maJler currents. ~ea surfuc'c t('m

perature b an important parametl'r relatt,d to OCl'an 

cluality, as an~ ehlorophyJl content and the pr('st'nl't' 
of algae, all of which may someday be detectable 
with satellite sensors. Sea il't', another factor alTect

ing ocean quality, can be observed by remote 

sensing. 

FIGUnE 13. Thirty·clay aVl'faj:t',hrightnc~s l'nmpositl' shows 
FIGUnE 12. Fivf'o(lay composite minimum-hrightm'ss photo mean cloud CllVI'r alill pTf'cipilatilln oVI'r Northern 

of Antarctica. Hcmi~Jlhere. 
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F/!; (: Ill: 11. Nilll'ty·day a\'''raw··llri~htn,·,.~ composite show~ 
mean rloud (·ol'.. r (11101 pn'cipitation fOf fmtife season. 

Over the land areas of the world, another set of 
parameters will be of importance. We will be con· 
eerned with icc and snm\' cover; 80il moisture and 
types of soils; nature, extent, and health of vegeta· 
tive co\'('r; allli latul lise practices, all of which 
afTed f'ndronnH'ntal quality and could be measured 
by aircraft and satellite renlote sensor.;. The Earth's 
mu~netic field may prove to playa significant role 
in environmental "uality. It has been suggested, for 
example, that the Earth's magnetic field may he 
slowly reversing, in which case it would pass 
through zero at some future time. Since in ~he 

absence of a ma~netic field solar purticles would 
not be denected, u dangerous rise in cosmic radia· 
tion harmful to human bein~s and other animals 
mi~ht then take place at the Earth's surface. 

Finally, as has been suggested earlier, the irregu. 
lur motion of the poles us the E'lrth rotutes muy beur 
an important relutionship to major eurthquakes 
and other seismic events. 

The list I huve given is far from complete, but it 

FU;('IIE IS. Infran'd phlltoimal!"fY j,J,'ntifi,'s w('(lands on 
r,"orv:ia coast in '"nthl'a.;r'·fn 1)5. 

does suggest the great variety of measurements 
which may be necessary if we are to fully uncler· 
stand our environment and prevent its degradation. 
There seems little question that remote sensing from 
space and from aircraft i~ destined to playa major 
role in our uttempt to preserve the global environ· 
ment for future generations. Since we arc all reo 
volving around the same Sun together and the 

environment is global, I have no doubt that the 
problem of sur\'iving on Earth can he approached 
only through a common efTort of all nations wVlk. 
ing together. In the next few decades we may well 
face tire greatest challenge to survival in the history 
of the human race. With the uid of remote sensing 
from space and from uireraft, let us dedicate our· 
selves to mreting that challenge. 
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Man's progress during a particular decade is often 
labeled to indicate what happened during that 

period. In the case of the 1970's, a label was attached 

before the first year in the new decade was half 
over. So much emphasis has been placed on the 
future of the resources of this planet that the 70's 

are ulmost certain to be known as the Decade of 

Resources and the Environment. 
During the last few years, through the eyes of 

astronauts, cosmonauts, and unmanned space "e
hicles, mell throughout the 1I'0rid have had the 

opportunity to vie\\' our planet from an entirely new 
perspective. From hundreds amI thousands of miles 

out in space, we have seen holl' fi"ite this globe of 

ollrs really is. Using this new perspective, we must 

now consider how to monitor and direct ollr future 
activities so that we can insure that many more 

generations will he able to sun'ive on this planet 

with some degree of comfort. 
Many people have gone to great lengths to illus

trate what (Jur present problems arc and what they 

will be in the fllture. This exercise could appro
priately he termed the "pessimistic phase" of our 
lIew ell\·ironmental concel'Jl, where one selects a 

subject, gathers statistics, examines predictions, and 
urrive5 at the inevituble conclusion thut man is in 

serious trouble if he continlles to misuse his tech
nology and his environment. Rut it is this same 
technology that is the key to monitoring and im

proving the environment. It is time to enter a second 
phase of environmental awareness-to begin pre

senting a positi"e upproach to assessing und im
proving environmental quality. 

An excellent way to accomplish this task is 

through the use of remote sensing. Remote sensing, 

it shollld be remembered, applies to a series of 

related activities. It includes not only the selection 
of appropriute instruments, but data collection, 
processing, distribution, und analysis. Furthermore, 
as stated in the NASA Training COllrs/! in /(1'11/ ')Ie 

Sensing, prepared by the Willow Hun Laboratories 
of the University of Michigan, remote sensing is 

based on inference fe.g.: "If cause C, exists, then 

elTect E, will be observed; and if elTt'c't E, is ob
served, then cause C, must exist" J _ This cause-and

elTect relationship is exactly what environmental 

quality assessment involves and is elT('ctively illus

trated by figu re 1. 
In trying to assess the quality of 1111 environment, 

it is sometimes easiest to single out the negative 
aspects. This practice is being followed throughout 

the world today whene\'er somcO/w studies or dis
eusses pollution. Hceently, the Geographic Appliea
tions Program of the U.S. Geological Survey 
( IISGS) completed a study entitled "Ht'nlOte Sensing 

of Environmental Pollution." This work was done 
as a special projcc~t for the Dcpartmt'nt of the In
terior's Earth Hesourees Ohsernltion Systems 
( EHOS) Program and for the Earth Ohservation;, 

Program of the National Aeronuutics and Space 

Administration (NASA I. The inlt'nt was to illus
trate the capabilities of various remote sensing de
vices to detect, identify, measure, monitor, and 

determine the effects of environmental pollution. 
Samples of remotely sensed data were classified 

as water, air, or land pollution, and within each 

category an attempt was made to illustrate what cun 

be observed and/or monitored from current splice
cruft, high- and low-altitude aircraft, and ground
based platforms. Examples of datil from a variety 
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of WilHIte sellsilll! ill~lnlJlH'nb and (If special nnalysb. and u~c of remotely sensed duta, a series 
pJ'Oc!essinl!, enltallc·tmwnt, and IIIHtI~'sis k('lltIiqllf" of steps and procedures cun he outlined and used 
were al~o included. a~ guidelines to sho\\' how rcmotc sensing can he 

Durin/! tlte tutorial portion of tltis worksltop, used tn uccomplish the following objectivcs: 
some of tlte 12:i illustrations contained witltin thl' 

I. ColiI'd data for land use mapping. 
rejlort lI'ill Ill' c!x:tJlIilH'd and discussed in detail. 

Tltese illu,tratiolls 1'0\'1'1' mort· tltall .')() of the ell· 2. j)('\ecl alien sui>stunces in the environment. 

viruulIH'utal prol,lems fac'eel hy this 0;lItlOn. SOJlle 


:~. Identify ~pecifie pollutants and classes of
of these IIIII\, he prohlc!lJls in ~'our t:CJulltry, whilc 

pollutants.
others may tlOt IH'; tlwir l'xtClit ulld tlte ability to 

reeol!lIizl' alld COJlt' witlt elicit of tltem will vury 4. Measure varying concentratiuns of pullutants 


from ('oulltry to country. Wltat one natioll deter· through time. 


mincs to bl' a criti(,al t!lIrironnH'ntal prohlem mu)' 
 S. 1\1 C1nitol' the source, movement. anri fute of 
not Ill' l·ollsidc!rt·c1 C'l'iti('al hy a ncil!hhor unlI, in pollutants.
fad, may rate a 1II111'1t 10\\,1'1' priority in tcrms of 

6. Determine the efTeets of pollutants on thethat nat ion',. CI\'erall !!,oak l/o\\'c\'('I', UH lIatiolls 
end ron men\. eontilllw to ilJ(llt~triali1.(·. they must learn from cadi 

other, a~sist cndl otlll'r, allll (·~tablish practices that 7. Analyze remotely scnscd data to determine 
will ll1akl' lin nc(·('ptahlt· quality of environment environmclltal quality, determinc the susceptihility 
practicable. of tlw environment to degradation, and provide 

To sholl' holl' ar:tion ran he stimulated to im· data for comprehensivc environmental planning and 
provc environmental lJuality through the collection, modeling. 
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STEPS AND PROCEDURES 
The following steps and procedures are intended 

to serve as suggested guidelines for conducting a 
regional environmental quality study. They ilIus' 
trate how a logical, orderly process should be fol· 
lowed so that all the potential as well as currellt 
environmental problems can be located and defined. 
fly following these guidelines or variations of them, 
according to capabilities and resources availablc, it 
is possiblc to carry out studies in differcnt arcas 
and obtain consistcnt rcsults. 

Step 1. The first stcp in this regional study is to 
define thc area to be surveyed and then to collcct 
whatever environmental data are availahle. This 
would include such things as geologic maps, soil~ 
maps, topographic maps, climate and weather data, 
recreation plans, utilities maps, etc. Such data are 
usually referred to in a remote sensing program n~ 
ground truth information and represent the first 
step in gaining an understanding of a region. 

Step 2. While ground truth is Iwinl! colleeled, a 
set of high·quality aerial photop'aphs of the area 
should be acquired. Experience with N!'.SA's Ea'rth 
Resources Aircraft Program has demonstratrd that 
medium·to.high.altitude (j to 18 km) color infra· 
red coverage, with either a 150· or :{()()·mm·lcns 
metric camera, can provide the hest data. Color 
infrared is extremely useful, since it penetrates haze 
bettcr than color emulsions, can he uspd cfTedively 
to make black·and·white prints, is best for dis· 
criminating various land uses, and provides dues 
as to the health and \'igor of various types of vel!e' 
tation. 

Step 3. After the acrial photography has becn 
... ·'1uired, it is advisable to prepare controlled mo· 
saics of the coveral!e. Mosaics are made by piecing 
together the strips of photography that cover tlw 
study nrea, thus creating a photographic "map" of 
the region. Users find that it is easier to relate to 
a photomosaic than a map because of the increas('ci 
numher of identifiahlc features. This type of product 
is also 1II1 excellent storage medium for geodetic 

positioning information. Such mosaics have proved 

useful in various USGS and NASA projects. An 

example of part of a controlled mosaie of Washing· 

ton, D.C. is shown in figure 2D. The white grid 
superimposed on this mosaic is the l.by.l.kilometer 

Universal Transverse Mercator grid used to plot 

and/or extend positioning data. Paris A, D, and C 
of figure 2 show the test site map, f1ightIine map, 
and camera coverage diagrams for a mission flown 
over Washington, D.C. as part of a research pro· 
gram to develop an atlas of land use changes for 
each of the cities or regions shown on the map. 
This program will be discussed in detail during the 
second week of the International Workshop. 

Step ,t.. Since it is necessary to know where 
people are loeated and in what numbers, a fourth 
step is to plot cellsus traets at the same scale as the 
mosaics and aerial photography. A census tract is a 
standard area used by the U.S. Bureau of the 
Census for purposes of locating population totals. 
While tract specifications may not be stalldard 
throughout the world, many nations use a variation 
of thelll to locate people counted during each census. 
Figure 2E shows the census tracts and numericnl 
illdieators for part of the Washington, D.C. area. 

S/I'!, S. TIle fifth step in an environmental 
allalysis llIay rcquire the use of photo interpreters, 
diseiplille scientist,.;, or relllote ~pnsing specialisl". 
This step involves the preparation of a land use 
llIap of the area, as shown in figure 2F. The various 
colors on the map represent the difTerent kinds of 
land use or activity in the !>tudy area. It mil!ht indio 
c~ate where such things as industrial areas, gnrhnge 
clumps, sewage plants, parks, and recreational facili· 
ties are located. By measuring these areas, it is 
possihle to determine how much Innd area is de· 
voted to each activity. 

Whenever. a project recIuires land usc mapping, 
there is always a Ifuestioll of what scale or level of 
illformatioll i" required. Does the requestor want 
to know where a partieular type of industriul plant 
is, or dot's he wallt to know where all industrial 
plants arc? Is he intere"ted in a small group of 
trees 01' the elltin~ forest '? This is true of remote 
sensing of cnvirollmental lIuality. While it may he 
nec(~ssar)' to photol-(raph in detail a purticular nega· 
tive or positive aspect of the environment, such as 
a sewage plant diluent, one still needs to know 
what its place is in the total environment. To get 

this pic~ture you lieI'd so·called synoptic or small· 

scale data. Thi~ data can be acquired from satellites 

as shown in figure 3, by high.altitude aireraft, or 

by using a short·focal.length eamera fro III lower 

altitudes. 
This type of land usc information can be ex· 
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FIGlllIf: 2. Elcmcnts of Cl'n~lIs Cities Project 

tremely useful to various people besides those con
dUding the environmental analysis, and in most 
cnses it is usually collected for reasons other than 
to determine environmental quality. Health officials, 
for example, may wish to know where all the wet
lands ure so that they can adequately fight mos
quitoes and thus cut down on the incidence of 
mularia. Planners must know whether they are 
allowing their cities to expand over the best agricul, 
tural soils. while allowing the poorer areas to go 
undeveloped. People concerned with pollution will 
wnnt to know where industries are located so that 
they cun determine which streams will probably be 
carrying industrial hyproducts. Synoptic studies 

E 

F 

anti Alias 0/ Urball IIlId RCMion1/1 Chl/llge. 

provide the basis for determining where detailed 
work should be curried out and eliminate the 
troublesome task of collecting vast quantities of 
large-scale data only to find that just a few photo
graphs are useful. 

Step 6. Once the first fi\'e steps have been com
pleted, one can hegin extracting the specific infor
mation concerning the detection, identification, and 
monitoring of environmental pollutants. By careful 
exumination of the photography and use of stereo 
and microscopic devices, interpreters can effectively 
carry out u cataloging and inventory of effiuents, 
sewage plant locations, smokestack plumes, etc. By 
plotting this data along with such things as the 
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Land Use I.egend -'c;-
FJ(;l"Iu; :t :\Iap"in~ nlt'lrupolilail land 

location of heavy industry, automohile junkyards, 

etc., which may already have hcen located during 
the preparation of the hasic land use overlays, a 

hase map of pollution sources and indicators ean 
he compiled. 

Once the basic: photograph it' ('overage has bet~n 

analyzed, the rerpriremcnts for further photography 

will het:onw obvious. It is at Ihis point that special 
sensors, altitude!'. and film/filter comhinations will 

be required. For example, it is higl.ly recommended 
that an infrarcU or multispectral line scanner he 

flown over the major river systems in the region. 

These data will provide information from the ultra· 
violet to the infrared portion of the spectrum and 

detect and record such things as oil spills and 
thermal emuents. Figurl' 4 illustrates what varied 
detections can be made with a multispectral scanner. 

Another problem that will arise is the need for 
time·variance or change·detection data. Figure 5 

shows how coverage over a particular dIluent 
changed with time and allowcd interpreters to iden· 
tify it as corning £.om a nearby textile plant. Thus 

the pollutants \lere not (111)' detected, but I'lso 
identified and monitored through time. From these 

observations, certnin conclusions can he drawn re· 
garding the movement and fate of pollutants am] 
what areas will he affected hy their presence. With 

usc (rum Ap(llIo color IR pholollraphy. 

emuent data for determining the vertical profile, 
plus knowledge of the areal extent of the plumes on 

the photographs, it is also possihle to make nn esti· 
mate of conccntrations. 

It mar also be very important to have seasonal 
CO\'eragt', espt~cially if thew is only one Sl't of aerial 

photographs over the region. An exeell"nt example 
of wh~' this is important is shown in figure 6. This 

illustration shows how early spring coverage de· 
teeled the sccondary efTecL~ of a ground walf~r system 

contaminated with municipal sewage. I t is an eXl'el· 
lent example of Iwl\' remote sensing detected the 
effects of a pollutant on an environment herore the 

pollutant itself was seen or identified. 
Many other specialty sensors could be employed 

in a study area. Tlwy include such thin/!s as a 
scintillation detector for radiation problems, a 
decibel recorder for environmental noise. microwave 

radiometers for temperature studies. and a variety 
of instruments that can he operated on tllt~ ground. 

A Fraunhofer line discriminator for deteeling sub· 
stances that fluoresee and a corrcllltion spectrometer 
for measuring quantities of air pollutants are cur· 

rently undergoing research and development tests 
and may soon he availahle. Examples of these in· 
struments will he discussed in the second half of this 

workshop. 
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Step 7. To facilitate analysis of the remotely 
sensed data, several photographic lind color en· 
han('ement processes should be investigated. Fig. 
ure 7 shows how thermal infrared imagery over a 
nuclear power plant eflluent can be improved hy 
color enhancement, utal how a boresighted radio 
ometer can provide temperature data at the same 
time the thermal infrared imagery is acquired. 
Figure 8 shows how a microdensitometer can be 
IIsed to hreak down '.ilC !'ubtle surface temperatures 
of a thermal plume. Data of this sort is useful in 
df'termining the extent and fate of thermal eilluents 
and for in!licating where sampling devices should 
he Jilaced. Figure!) illustrates results of the process 
of density slicing. The individual color photos show 
how an original hlack·anrl·white photograph has 
heen quantified into five discrete hands correspond. 
ing to the density, or grey shades, on the original 
imagery. Each density level is then printed in a 

different color and comhined to form the composite 
photo ill the upper left corner. 

These arc but a few of the ways remote sensing 
data can be exploited to produce environmental 
information. Even more sophisticated techniques 
are being explore!1 to allow a computer to compare 
multispectral imagery of specific pollutant images 
or signatures. In fact, it is eventually hoped that 
a signature clata ba~e can he established for various 
types of pollutants. 

Step R. The next step in determining environ· 
mental quality is to establish an information system 
and a working model for the region. This involves 
the use of a computer to store the availahle environ· 
mental information on a particular region. Each 
new set of data may then be entered and compared 
with previously collected data. Out of this com· 
parison may come new information on which to 
base conclusions regarding environmental quality 
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FICUIIE 5. Chanj,(" dpleclion dala. The Ihn'" low·altilude culur photol!raphs in Ihis figure were 
laken during a Jlcriutl of st,veral weeks ovcr Ihe same art·a. Analysis uf Ihl' firsl phllloj,(raph 
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assessment. For example, if someone wishes to know 
what the phosphate content of a certain stream is, a 
researcher could check to see how much fertilizer 
containing phosphate has been purchased in the 
area; next, he could eheck the land use overlays to 
see where the a~ricultural areas are; then he could 
check the 3\'era~e rainfall and ~round slope con(li
tions to determine where phosllhate runofT might 
occur; he also could check on the sewage plants in 
the area to see what percent of phosphates they are 
treating or allowing to be dumped into the rivers; 
and finally, he could update this information with 
any new data or changes. From all of this data he 
should be able to suggest what the phosphate pat
tern of the stream is likely to be and to show where 
sampling devices should be located to provide spe
cific information. The same procedures can be used 
to compute how much garbage and waste will be 
produced in a certain region or how many junked 

automobiles may exist from one year to the next. 
In this way, environmental planners and decision 
makers can havc heller information on which to 
make land use decisions and, in turn, improve en
vironmental quality. 

Step 9. The filial step in a regional environ
mental quality study is to initiate corrective pro
~rams and practices. This involves decisions which 
Illust be made by administrators, resource managers, 
ecolo~ists, planners, developers, etc. The first eight 
steps outlined in this paper can provide informa
tion on which to base most of these decisions. Once 
corrective actions have been taken, it will probably 
be of interest to these decision makers to monitor 
the re~ion for assessing environmental improve
ments and/or violations. ll1is, of course, can be 
accomplished with remote sensing. Thus, if periodic 
remote sensor coverage is acquired, it can be used 
not only to produce new data to be analyzed and 
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entered into the information system, but it cun also occurrences of algae, salty water, acid water, vol· 


be used to IIssess the success or failure of the cor· canic dust, smoke, and silt. These cannot be cute· 


rective action prol!rnms lind practices. gorically classified as pollution, because they are 

products of natural processes but, on the other hand, 

man must be capable of ('oping with these hyprod. 


IIcts of nature. Our society has removed or greatly
CONCLUSIONS 
modified el'rtain aspects of the natural environment 

Mlln has never lived in blissful harmony with and ignored mallY others, By stimulating or restriet· 
nllture, lind nature hilS seldom provided the perfect ing natural processes allel inereasinl! his consump· 
home fur IIllln by his own definition. There have tion rates, model'll man is locally overburdening his 

ulways be(,l1 dl'IIlt'nls in thl' ,'nvironment which w('re environllleni and, in so eloinf!. is caw-dng pollution 

Ullllesirablt, nllll llerond his eOlltrol, such us specific lind degradation of en\'ironlJJental quality. 
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FIGlillt: i. Color c'nhnnt'l'mc'lIl of Illf'nnal IR illlaj!c'ry, Till' 
Ihermal IR imagery ,hoII'll al 101' was eollt,t~It'd t)\'t'r Ih/, 
emuenl of a lIud/'ar pow/'r plallt. Tht, radillmt'lt'r Irace 
(cenler) rCj!islercII a rise in Il'mpc'ralufI' of B ·C al IIII' 

puinl II'lwfI' Ihe rin'r alld Iht' hili walt'r 1111'1 '1'111' j!fI'yI. 

lunes of Ihe imagery WI'fI' Ihen t'llll\'erlt~d illio ('olors 
(I)(IlIom) 10 aid in 1111' discrimillalion of ~urfart~ Icm· 
peralurl' pall/'rlls. II .II/Iuld III' nOll,d Ihal an incoming 
lide ha~ cnrric'd IIIl' hllllt'r wall'r up,ln'am pa~l IIH' 
channe·1 mOlllh when' 1111' l·mllt'lIl PIIII'rs Ihe rin,r. This 
cn~all'S a pruIJlc'm ill Ihl' nurmal di~pl'rsal and dissipalion 
Ilf IlI'al in Ihe river. 

Remote sensing cun help provide the duta thut 
man must have to guide him in the future. En· 
vironmentalists, planners, health officials, fishermen, 
industrialists, ed ucators, students, scientists, and 
government decision makers will one day huve to 
rely to u great extent on these types of duta to tell 
them whut is happenin~ to the natural and physical 

Earth thut sustains us. As mentioned in this paper, 

one wuy to secure re~ional data on which to muke 

environmental quality assessments is through the 

use of remote sensin~ according to the following 

nine steps thut huve just been discussed. 

1. Collect environmental information relating to 
the study region. 

2. Acquire high.quality aeriul photography of the 
region. 

:t Prepare controlled mosuics of the photogra· 
phy. 

4. Collect census data und plot this information 
on mosaics. 

5. Prepare a land use map of the region. 

6. Extract und plot ull identifiable sources and 

potentiul sources of land, air, aptl water pollution. 

7. Employ special unulysis unci enhancement 

techniques to increuse the level of informution 
extraction. 

8. Establish an information system und working 

mudel for the region. 

9. Initiute corrective action programs and prac· 
tices. 

Althou~h it is desirable to approuch a regional 

environmental quality study accordin~ to the nine 

~teps cliscussed in this puper, environmental quulity 

can he assessed without having to eomplete each unel 

erery step, If, for example, you cannot at'cpJire 

controlled mosaies. an uncontrolled mosaic: or stand· 

arcl map could he used to show the various lanel 

use categories or sources of pollution. If your re· 

sources do not allow you to acquire special sensor 

data, emplo ... special enhancement or analysis tech· 

niques, or establish a computerized in formation 

system, you should not he diseouraged from col· 

lecting aerial photography and using it in your 

study. If your census data are not arailable hy 
tracts, you may lI'ish to eliminate this step com· 

pletely. rn other words, your financial ullfl tech· 

nical resources will probably he the he~t indicator 

as to which of the nine steps you ure able to eom· 

plete. However, for most regional environmental 

a!'sessment programs it is recommended that steps 

I, 2, S, 6, and 9 he undertaken. 

Remote sensing is a tool, or a source of informa· 

tion, hut it will not solve each und every problem. 

It must be understood, interpreted, and carefully 

u~ed before it can provide man)' of the answers that 

users desire of it, In a remedial context its use is 

direct, in that it consists of locating und monitoring; 

in u preventive context it is indirect, since it Clln 

only point out potentiul problems on the basis of 

previous detections. 
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I 
I 

Today there is talk of worldwide pollution prob. 
lems and what modern man is doing to ecological 
cycles. Nations must move toward establishing in· 
ternational monitoring and analysis programs, and 
remotely sensed data could prove to be the linking 
element in such efforts. Cooperative aircraft pro· 
grams and the availability of Earth Resources Tech· 
nology Satellite data could be two important steps 
toward establishing a quality environment through. 
out the world. 

FIGURE 8. Microdensitometry cnhancement of thermal IR 
imagery. The thermal infrared imagery at the left was 
collected over a thermal electric power plant. To en· 
hance the image of the effiuent from this plant a film 
transparency of the imagery was scanned with an ex· 
tremely small light source contained within a micro· 
densitometer. In this process very subtle temperature 
gradients can be defined, as on the graph below, accord· 
ing to the amount of light that passes through the film. 
Once the graph has been completed and surface tern· 
perature samples plotted (indicated by X's) , temperature 
contours of the surface layer of hot water can be drawn. 

What are the environmental problems in your 
country? What potential problems will you have to 
face? What is your role in the international moni· 
toring programs? Can you, or should you, use 
remotely sensed data to help solve your problems? 
These are questions that each of you should keep in 
mind and seek answers to, during the next week 
and when you have departed from this Interna· 
tional Workshop on Earth Resources Survey Sys· 
terns. 
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FIGIJIIE 9. Density slicing. The phntogruphs in this figum 
arc reductions of six cnlor s'~purutions of a single 
gn·en·hanrl hluck·and·white photograph. Th,' original 
photograph has he!'n qunntifil'd intu fivl' di"'rl'll' Slll'elrul 
hands enrrl'sJlnnding til tilt' dl'nsit)" nr grl')' shndt'~, nn 
the originlll imllg". Euch It'wl is then IIssigrlt'd a CIllnr 
lind IIrintlld on II tranSJlUfl~nt muterial sn that they call 
he eomhirll'd in various comhillations liS iIIustrlltl'd hy 
tlw composite photograph in the uppl'r left·hund cnrner. 
Collateral ground checking indicates that tht, hright 
ycllow cotllr in thl' upJll'r part of thl' photograph is 
related to sewng!' in the wnt,'r ancl th" hright fl'd or 
purple color is IIil lying on th" surface of th" wuter. 
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The Earth Resources Survey Flight Programs 

ARCH B. PARK 

Chief, Earth Resources Survey Program, NASA 

In the Earth Resources Survey Program of the 
National Aeronautics and Space Administration 
(NASA), three space flight experiments ure 
planned: the Earth Resources Tcchnology Satellite 
A (ERTS.A), scheduled to be launched in ]\~arch 

1972; the Earth Resources Experiment Package 
(EREP) of the manned Skylab orhital facility, 
scheduled for launch in April 1973; and ERTS·O, 
scheduled for launch in May 1973 (fi~ure 1). 

These experimental flights will collect sensor data 
which may he applied to research in agriculture, 
forestry, ecology, geology, geography, meteorology, 
geomorphology, hydrology, hydrography, ocea~l' 

ography, and other fields for the purpose of identify. 
ing agricultural species; measu ring growth rates; 
assessing crop vigor und stress; classifying land 
use; determining land surface composition and 
structure; mapping snow cover and assessing water 
runoff characteristics; mapping pollution, shorelines, 
and estuaries; evaluating sea roughness conditions; 
and similar projects. Proposals to investigate auto· 
matic data processing tcchniques and instrument 
performance (such as the altimeter) will also be 
considered. ERTS·A and 0 will he placed in a Sun· 
synchronous near·, ,olar orbit at an altitude of 
910 km. 

DESCRIPTION OF SPACE SYSTEMS 
The ERTS·A and B sensor payload consists of 

(l) a multispectral TV system using return·heam 
vidicon (RBV) cameras, (2) a multispectral scan· 
ner (MSS) system, and (3) a data collection sys. 
tem for collecting data from sensors at known 
locations on the Earth. The ROV cameras arc 
sensitive to the following wavelengths: camera ], 
0.475 to 0.575 fLm; camera 2, 0.580 to 0.680 fLm; 

, 

FfGllfIE 1. The newest Eurth ob"'r1'atilln 'at.,lIilt,.: EHTS 

(left) and Skylah. 

camera 3, 0.690 to 0.B30 Ilm. The u\'erage ground 
resolution per TV line ranges from SO meters for 
high.contrast scenes (desert sand vs. shadow) to as 
meters for low·contrast scenes (vegetation \'s. dark 
soil) . 

The MSS is sensiti\'e to the follOlling wavelengths: 
band I, 0.5 to 0.6 "m; bUild 2, Ol, to 0.7 !tln; band 
3, 0.7 to O.B Ilm; band 4, 0.8 to 1.1 !LlII; hand 
5, 10.4 to 12.6 !,m (E/tTS·B only I. Comparable 
ground resolution for the scanfler is approximately 
ao meters, except for band ;'l. which is 220 meters. 

The hulk data processin(.: operation eonsists of 
conversion of recorded \'id,'o siglfals frolll the /tHV 
cameras and the multisl','ctral scanner to photo. 
graphic film, plus additiofl of suirable annotation 
to these images. '111l' processing opl'ration also in· 
c1udes pf(wl's~ing of spacl'<Taft \wusekcl'ping telem· 
etry for the purpose of ('xtrartilfg camera shutler 
timcs, sensor calihrarion informarioll. and spaec· 
craft attitude. The computation of spacccraft attitudc 
and geographic coordinates of image centers is also 
It major data proce!'sing operation. Selected image 

133 
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sets will be digitized, registered, rectified, and con
verted to some standard map projection system, 
e.g., Universal Transverse Mercator. 

The Data Services Laboratory (DSL) for ERTS· 
A and B will provide users, principal investigators, 
project personnel, lind archives: (1) RBV and MSS 
bulk images (to user agencies and investigators) ; 
(2) RBV and MSS digitized <lata (per arrangement 
with user agencies and investigators) ; (3) RBV and 
MSS precision. processed images (per arrangement 
with user agencies and investigators); (4) data col· 
leeted from platforms, listings, or digital tapes 
(per arrangement with user agencies and investiga· 
tors); (5) master digital tapes containing space· 
craft performance parameters, orbit and attitude 
data (per arrangement with user agencies and in· 
vestigators) . 

The ERTS photographic lab wil1 be established 
to provide: (I) master and second·generation nega· 
tives, (2) positive transparencies and prints, (3) 
color composites, (4) high. precision imagery in 
many forms, (5) montage catalog prints and bound 
volumes. Magnetic tape duplication and listing 
facilities will be provided to produce second copies 
of recorded analog and digital tapes. 

Skylah will be a solar·pointing, inertially stahi· 
Iized spacecraft. To use the EREP ~ensors, Skylah 
will be maneuvered to I'n Earth·oriented mode. A 
minimum of 45 maneuvers are planned for the 8· 
month mission. Specific sensors under development 
for Skylab (EREP) are as follow!l: 

S-190-/\ '1ix·hand multispectral photographic 
facility using 70·mm film. The wavelength response 
of the 5-190 is as follows: camera 1, 0.5 to 0.6 
/Lm; camera 2, 0.6 to 0.7 I'm; camera 3, 0.7 to 0.8 
I'm; camera 4, 0.8 to 0.9 /Lm; camera 5, 0.5 to 
0.88 /Lm: camera 6, 0.4 to 0.7 JLm. The lenses will 
have a focal length of 15.2 cm (21.2° field of view 
across flats), providing an approximately 163·km 
Hquare surface coverage (26600 km2 ) from the 435· 
kilometer orbit. 

S-191-A filter·wheel infrared speetflimeter 
which covers the 0.4-to·2.4 and 6.2·to· '.5.5.·/Lm 
bands. 

S-192-A multispectral scanner operating in the 
band from 0.4 to 12.5 I'm. The wavelength response 
(in /Lm) of the S-I92 is as follows: (1) 0.410 to 
0.460; (2) 0.460 to 0.510; (3) 0.520 to 0.556; (4) 
0.565 to 0.609; (5) 0.620 to 0.670; (6) 0.680 to 

0.762; (7) 0.783 to 0.880; (8) 0.980 to 1.080; (9) 
1.090 to 1.190; (10) 1.200 to 1.300; (11) 1.550 
to 1.750; (12) 2.100 to 2.350: (13) 10.200 to 
12.500. The sensitivity (noise equivalent reflectivity) 
of the visihle and reflective infrared bands will be 
ahout 1 percent, and the sensitivity (noise equiv. 
alent temperature) of the thermal band will be 0.4 
K. Each band will have an instantaneous field of 
view of 80 meters square. 

S-193-A microwave radiometerlscallerometer 
and altimeter facility operating ncar 13.9 GHz. 

S-194-A passive L·hand radiometer operating 
near 1.4 GHz. 

All data will be cataloged, indexed, and entered 
into an information storage and retrieval system. 
Lists will be published showing the data existing 
from the Skylah EREP and other Earth Resources 
Survey Program.acquired data. Maps will he pre· 
pared to show the flight track and area covered 
by each sensor for all approved test sites. 

Data packages will be formed for each approved 
investigator, containing the following items as ap· 
propriate for his investigation: fi 1m from 5-190 and 
5-191 (positive andlor negative); quick.look film 
and digital CCT's of S-I92 data; digital tapes, 
plots, and tabulations of 5-193 and 5-194 data; 
flight logs; hest·estimate trajectory; voice tran· 
scripts versus time; mission anomalies versus time; 
and maps of flight track showing coverage. 

All 5-190 film will be annotatp.d to show eo· 
ordinates of the principal point and corner points 
of the photograph (latitude, longitude), time, 01· 
titude, wavelength band of photo, film type, e .• j1osure 
time, f.number, density and gamma used for process· 
ing, filter, and generation of the copy. 

NA5A's Earth Resources Aircraft Program 
(ERAP) is directed primarily at testing a variety 
of remote sensing instruments and techniques in 
aircraft flights over preselected test sites mostly in 
the continental United States, although sites in 
other countries aJlll geographic areas (such as the 
Gulf of Mexico, the Caribbean Sea, the Atlantic 
Ocean, and South America) are also chosen as the 
occasion warrants. 

THE EARTH RESOURCES AIRCRAFT 

PROGRAM 


The ERAP presently includes three aircraft, op· 
erated and scheduled out of the Manned Spacecraft 
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Center (MSC) at Houston, Texas. They are the 
NP-3A, NC-130B, and HC-!l7B aircraft. In addi· 
tion, MSC coordinates the scheduling and operation 
of a C-47 contract aircraft operated by the Univer· 
sity of Michigan. The program has recently been 
augmented by the acquisition of two U-2 aircraft, 
to be managed by the Ames Research Center with 
primary basing lit Moffett Field, California, for the 
high.altitude acquisition of ERTS simulation data. 
From time to time other NASA aircraft or aircraft 
of other agencies fill in to meet specific program 
needs. The ERA P aircra ft and sensor systems arc 
deseribed below .. 

N P-3A (NASA 927)-A version of the Lockheed 
P-3A Orion, this aircraft was aequired on loan 
from the Navy in December 1965 and became 
operational in 1967. Its funetion is to acquire data 
from low and intermediate altitudes, and it is 
heavily involved in obtaining oceanographic data. 

The NP-3A is a four·engine turboprop aircraft 
with an operational ceiling of 7.5 km and an. en· 
durance of 6 hours at altitude, approaehing a 
3200·km range. It can attain airspeeds of 275 to 
610 km/h and carries a three·man flight crew. It 
can also carry a survey crew of up to 11 men, de· 
pending on the sensors being. used. 

Sensors which may be carried include camera 
systems, a laser profiler, infrared systems, an hnag. 
ing line scanner (RS-14 dual·channel scanner), 
passive microwave, active microwave (radar), and 
environmental systems. 

Camera systems include two Wild.Heerhrugg 
RC-8 cameras, four Chicago Aerial KA62 multi· 
band cameras, and a Flight Restarch model 207 
(boresight) camera. 

Infrared systems include a filter·wheel spectrom· 
eter, an infrared radiometer, and a precision radia
tion thermometer (PTR-5). 

The passh'e microwave systems comprise a mu~ti· 
frequency microwave radiometer (MFMR) and a 
passive microwave imaging system (PMIS). 

The active microwave (radar) system has as its 
components a 16.5·GHz side.looking airhorne radar 
(SLAR) and two scatlerometers in the 400·MHz 
and 13.3·GHz frequency ranges. 

The environmental systems comprise a liquid 
water content indicator, a total air temperature in· 
dicator, and a dewpoint hygrometer. 

Systems which support the aircraft and the opera· 

tion of these sensor arrays include a radar altimeter 
(APN-159l, a doppler radar, an inertial navigation 
system (LTN-51), a loran navigation system, an 
auxiliary data annotation system (ADAS l, a 14· 
channel tape recorder (ARI600) and a four·channel 
strip chart recorder. 

The ADAS provides information as to altitude, 
groundspeed, drift angle, pitch, roll, heading, and 
other such information needed to correlate the data 
acquired with time and geographic position. 

The tape recorder provides a direct record with 
I.S·MHz response at 152.4 cm/s, with signal con· 
ditioning for continuous bandwidth, proportional 
bandwidth. and pulse.code modulation. 

NC-J30R (NASA 929}-ln September 1969, a 
Lockheed Hercules was obtaine!1 to provide the 
program with greater ranges, altitudes, and pay
loads. The NC-130B is a four.engine turboprop 
aircraft, with an operational l~eiIing of 9 km, an 
endurance of 8 hours at this altitude, and a range of 
4000 km. True airspeeds range from 275 to 610 
km/h. Three men make up the flight crew. and 
accommodations can be made for an eight-man 
survey crew, depending on the sensors heing em
ployed. 

Sensor systems include eameras (two Wild· 
Heerbrugg RC-8's and six Hasselhlad EL-!lOn 
multiband cameras), an infrared preeision radiation 
thermometer (PRT-5), imnging line scanners (a 
24·channel multispectral scanner and a Recol1ofax 
IV infrared scanner), a 13.:~·GHz active microwave 
scatlerometer, amI environmental sY:itmns including 
a liquid water content indieator, a total air tem
perature indicator, and a dewpoint hygrometer. 

Support systems include the radar altimeter 
(APN-159), the LTN-51 inertial navigation sys· 
tern, a c1osed·circuit television system. and a two· 
channel strip eharl rccorder. Til" ADAS lind the 
AR 1600 14-channel tape recorder arc similar to 
those in the NP-3A aircraft. 

RR-.'i7F (AFl350J }-An agreement with the 
U.S. Air Force permitted flight time aboard an Ail' 
Weather Service RR-S7F reconnaissance aircraft 
for the high·altitude phase of the program which 

began in July 1969. 
The RB-S7F is equipped with two TF-33 turbo· 

fan engines plus two J-60 auxiliary engines. It can 
cruise at an operational altitude of from 12 to IB 
km, with 5 hours' endurance over a range of 4000 
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km at a true airspeed of 740 km/h at maximum 
altitude. The craft carries a two·man crew con· 
sisting of the pilot and a systems operator/navigator. 

Camera systems on hoard consist of two Wild· 
Heerbrugg RC-8 cameras, either a Zeiss RMK 
30/23 or IS/23 camera or a Chicago Aerial KASOA 
camera, six Hasselblad EL-SOO multiband cameras, 
and a Flight Research model 207 (boresight) 
camera. 

Infrared systems include 'the filter· wheel spectrom· 
eter and the infrared radiometer. 

TIlC RS-7 infrared scanner provides an imaging 
line scanner to complete the sensor array. 

Support systems on the RB-S7F aircraft are 
identical to those on the NC-130B, less the strip 
chart recorder. 

C-47-'nle C-47 aircraft operated by the Willow 
Hun Laboratories of the University of Michigan 
serves as an aerial platform for the multispectral 
data collection system developed by the university 
under Government sponsorship. TIlis system is com· 
posed of four d('\ector assemblies, one installed at 
each cnd of two dual·channel scanners which pro· 
vide calibrated radiation references through 18 
multi band data channels in the O.:~·to.14.0·i!m 

wavelen~th region. 
The airborne sensor equipment is installed in 

two instrumentation wells ill the holtom of the C-47 
aircraft, housing the ima;.:ing equipment. The air· 
borne system is operated by a crew of seven, in· 
cluding the pilot, copilot, and flight en;.:ineer. Data 
is collected at flight altitudes from ISO meters to 
,t5 km above sea level. 

At an altitude of :~OO meters, spectral signatures 
of targets as small as approximately ~ meters in 
diameter can he re,.:istered quantitatively in 18 bands 
on magnetic tape. The quantitative measure of the 
signal level (radiance) in each hand is established 
by interpolation hetween two known radiation in· 
puts at the scanner aperture. The radiation inputs 
arc common to data channels within a scanner and 
can be compiired between scanners. 

U-2-NASA is expanding its airborne research 
program hy acquirinl! two U-2 aircraft on loan 
from the U.S. Air Forct'. The primary function of 
these high.altitude aircraft will be to provide ERTS 
simulation data. Other uses will be to collect under· 
flight data over various test sites simultaneously 
with passes of the ERTS satellites and Skylah and 

to support Earth resources survey programs of other 
agencies. 

The U-2 is a single.seat aircraft powered by a 
J-7S turbojet engine. It is capable of flying at an 
altitude of about 20 km at true airspeeds of 720 
km/h and is thus ideally suited as a platform for 
remote sensing of large areas. For example, a single 
photograph from high altitude can encompass 130 
square kilometers of the Earth's surface. 

Initially, it is planned to fly the International 
Imaging Systems Mark I multispectral camera on 
these aircraft. Subsequently, cameras of the 70·mm 
film format with 4S.mm.focal.length lens will be 
installed as the "workhorse" sensors to provide 
small.scale, multispectral, repetitive data for selected 
areas ill the ERTS simulation program. 

Figures 2 through 4 show the location of the 
sensors on three of the aircraft in the program. The 
ERTS simulation cameras in the U-2 will be 
located conventionally in the camera bay. 

::1
;?r,, APN·159 RECEIVER 
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, BLANK FOR 13.3·GHZ 
• SCATTEROMETER 

RC·8 CAMEHAS-~'7l1: 
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MULTIBAND 
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APN·159 

TRANSMITTER 

ANTENNA 


FIGllnt: 2. Bu\lolll view of N C-130n. 

AN INTEGRATED PROGRAM 

The aircraft program has supported the basic and 
applied research which has been conducted by 
NASA and the cooperating agC'ncies of the Govern· 
ment since 1965. The ERTS simulation to be per· 
formed by the U-2 aircraft involves the overflight 
of three different arcus in the U.S. representing 
different resource management problem areas. 
Flights will be repeated each 18 days so that in· 
vestigators studying these areas will have experience 
with data supplied by the multispectral cameras, 
which have the same frequency response and repeti. 
tion rate as the ERTS television cameras. 
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FIGI'UE 4. Blltttllll vit'\\' 11£ RIl-57A. 

When ERTS·A is launched, the aircraft in the senior investigators in the Earth Hesources Survey 
program will by flying in support of the spacecraft Program that there is a role for hoth aircraft ami 
experiments, many of which require multistage spacecraft in the program, and that the two systems 
sampling, which is to be described later in the should not be considered to he in competition, but 
workshop. It is the opinion of the majority of the as complementary parts of an integrated program. 





Systems Approach to the Use of Remote Sensing 
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Director, Laboratory lor Applicatiolls 01 Remote SeT/siT/g, 
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A tutorial discussion is prcsenlt'd of Earth rC50UrC(', inforlllation !'plt~IIIS which utiliw sntdlih's 
as sensor platforms, It points out that informatiun lIIay 1)(' deril'(,tI hy H'nsinll and .tIlalFinll the 
spectral, spatial, and tt'mporul I'uriations of elt'ctronHl~JI(,tir fi"ltl, ,'manatinl! (1'0111 till' Earth's 
surfuce, After an overview of a systI'/Il organization is prCH'nt('t1, the two broad eat('l!oril" of _ysteJll 
types arc discussed: (1) syst.'lIIs in whieh high,quality imal!cry i!' (',,('ntial and 12) 'y,t('IIIS that 
arc more numerically oriented, Semors are also discuss,'d with this ealt'gorizatio/l of ,y,t('IIIS in mint!, 

The multispectral approach and pall('rn recognition art' .Iescrilwt! <1>; ('xumplt" of tlata 'lIwlysis 
procedures for numerieally oriented s),st"'II>, 1'1", slt'ps nce('ss,ry in IIsinll it pall"rn rl'eognition 
scheme arc dcserihed and illustrated with data oblain('d from Apollo 9, Bolh manual and lIIachin(~· 

aided training techni.Jues ure n,'scribed for Ihl' pallt'rn recognition alJ!urithm, 

WHAT IS REM'JTE SENSING? 
Imaginc that you arc high above thc surfacc of 

the Earth looking down on it and that you wHnt to 
survcy the Earth's surfacc in order to Icarn about 
its resourccs and thus to mana!!e thcm hellcr. HoI\' 
can this information he derived? What must the 
system to extract it look likc? 

The ficld of rcmote sensing provides somc of 
the answcrs, Remote sensing is thc science and art 
of acquiring information ahout material objects 
from measurements made at a distance, without 
coming into physical contact with the objects. ]n 
remote sensing, information may be transmitted to 
the observer either through force fields or elect roo 
magnetic fields, and in particular through the 
spectral, spatial, anrl tcmporal \'ariations of these 
fields. Thcrefore, to derivc information from these 
field variations. one must bc ablc to measure the 
variations and relate these measurements to those 
of known objcct!' or materials, If, for cxample, onc 
desires a map showing all of the water bodies of a 
certain re~ion of thc Earth, it is clear that one can· 
not sense the water directly from spacecraft altitudes, 
hut only the manifestations of water that exist at 

that hcight. Thesc manifcstations, in the form of 
e1cctromal!nctic radiation, must therefore hc meas· 
ured and the measurements analyzed to determine 
which points on thc Earth contain water and which 
do not. 

Of the two types of ficlds mcntioned above, 
electroma~nctie fields prodde Jlerhaps thc greatest 
potentbl. Thc remaindcr of thesc rClllarks will he 
confincd to fields of this type, Figure] providcs a 
revicw of thc e1eclrorml!!netic spcctrum, The visiblc 

portien, cxtending from 0.4 to 0.7 Itlll, is thc most 
familLr to us becausc it is this portion of thc 

spcctrum to which our eyes arc sensitive. Scn;;ors 

can be huilt, howcver, to cover a much broader 

range of wavelcngths. The entire portion from 0,3 

to 15 flm, referrcd to us the optical wavelcngth por· 
tion, is of particular interest. TIlt! optical II'uve· 

lengths shortcr than 0.1 flm are in thc ultraviolct 

region. Thc portion with wavelcngths longer than 

0.7 flm is thc infrared region, with thc hand from 

0.7 to approximately 3 [tm referred to as the reo 

flcctivc infrarcd and the rcgion from 3 to 15 I!m 
called the emissive or thermal infrared region, In 

this lalter portion of the spectrum, energy is 
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FICURE 1. The electromagnetic spectrum. 

emitted from a body as a result of its thermal 
activity, or heat, rather than being rcflcctcd from it. 

In addition to the optical wavelcngths, the micro· 
wave rangc is also useful in rcmote scnsing. Prc· 
Iiminary rcsults using both passivc microwavc and 
radar scnsors indicatc considcrahlc promise for thc 
microwavc portion of thc spcctrum. For reasons of 
simplicity and in thc intcrest of timc, however, wc 
shall limit our considerations in the remainder of 
this discussion to the optical portion of the spectrum. 

Figure 2 is a diagram of the organization of an 
Earth survey systcm. It is neccssary, of course, to 
have a sensor systcm viewing the portion of the 
Earth under consideration. There will necessarily 
he a certain amount of onboard data processing. 
TIds will perhaps include the merging of data from 
other sources, such as sensor calihration ami data 
ahout where the sensor was pointed. 

One must next transport the data back to Earth 
for further analysis and processing. This may bc 
done through a telcmctry system, as will he the case 
for the Earth Rcsource Tcchnology Satellite 
(EHTS). or through physical package rcturn, as 
will be used with Sky lab. There is then usually a 
need for certain preprocessing of the data before 
the final processing with one or more of the data 
reduction algorithms. It is at this point in the 
system, when the data is reduced to information, 
that it is usually helpful to merge ancillary informa· 

EPHEMERAL DATA. ] 
CALIBRATION, ETC. 

TELEMETRY PREPROCESSING 

ANCILLARY ----;=====:::::.___-1 
DATA 

DATA REDUCTION 
ALGORITHMISI 

INFORMATION 
CONSUMPTION 

l'ICUIlE 2. Block diagram of an Earth survey system. 

tion, perhaps derived from sources on the surface 
of the Earth. 

An important part of the system which must not 
be overlooked is indicated by the last block in 
figure 2, that of information consumption, for there 
is no reason to go through the whole exercise if 
the information produced is not to be used. In the 
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case of an Earth resources information system, this 
last portion can prove to be the most challenging 
to design and organize, since many potential con
sumers of this information are not accustomed to 
receiving it from a space system and may indeed 
know very little about the information-providing 
capabilities. 

E Rodlallon from Almo.ph.,. 

\ 
\ 

R and E Rodlatlon \ 
fram 

-'- ~-

E Radlallon... - ...
fram Ground 

to deal with these experimental variables in several 
ways. We shall touch hriefly on this point later in 
the discus~:.un. 

Summarizing, then, it is possible to derive in
formation about the Earth's surface and the con
dition of its resources hy measuring the spectral, 
spatial, and temporal variations of the electro· 

Sunlight 

FIGUIIE 3. Reflected (R I and ('mitlt'rJ (E) radiunt ('n('rgy I'xchangl' in a natural ('nvirnnnlt'nt. 

Before leaving the matter of the organization of 
an information system, the necessity of having a 
thorough understanding of the portion of the system 
preceding the sensor must be pointed out. Figure 
3 shows a simplified version of the energy exchange 
in a natural environment. It is possible, of course, 
to detect the presence of vegetation on the Earth's 
surface hy measuring the reflected and emitted 
radiation emanating from the vegetation. One must 
understand, however, that there are many experi
mental variables active. For example, the Sun pro· 
vides a constant source of illumination from above 
the atmosphere, but the amount of radiation that 
is reflected from the Earth's surface depends upon 
the condition of the atmosphere, the existence of 
surrounding objects, and the angle hetween the 
Sun and the Earth's surface, as well liS the angle 
between the Earth's surface and the point of oh· 
servation. Even more important is the variation 
which will exist in the vegetation itself. It is possible 

magnetic fields emanating from points of interest 
and then analyzing these measurements to relate 
them to specific classes of materials. To do so, 
however, requires an adequate understandinl-( of 
the materials to be sensed and. to make the informa
tion useful, precise knowledge about how the in
formation will be used ancl hy whom. 

THE DUALITY OF SYSTEM TYPES 
When we consider the state of the art of remote 

sensing today, a duality of system types becomes 
readily apparent. Development in the field has had 
two major stems ~ince it oril-(inated from two some
what different types of technology. These two types 
of systems will be referred to here as (1) image 
oriented and (2) numerically oriented. 

An example of an image·oriented system might 
he simply an aerial camera and a photointerpreter. 
The photographic film is used to measure the spatial 
variations of the electromagnetic fields, and the 

http:discus~:.un


142 EARTH RESOURCES SURVEY SYSTEMS 

photointerpreter relates these variations to specific 
classes of surface cover. Numerically oriented sys
tems, on the other hand, tend to involve computers 
for data analysis. Although the photointerpreter 
and the computer, respectively, tend to be typical 
of the two types of systems, it would be an over
simplification and indeed incorrect to say that they 
are uniquely related to these system types. This 
becomes clearer upon further examination. 

Figure 4. compares the organization of the two 
systcm types. Both types of system need a sensor 
and some preprocessing. The distinction between 
the types can perhaps be hrought out most clearly 
by noting the location of the FOHM IMAGE block in 
the two diagrams. In the image-oriented type, it is 
in line with the data stream and must precede the 
ANAI.YSIS hlock. Numerically oriented systems, on 
the other hand, need not necessarily contain a FORM 

IMAGE hlock. If they do, and in Earth resources 
they usually do, it may be at the side of the data 
stream, as shown. It may thus be used to monitor 
the operation of the system and perhaps to do some 
special. purpose analysis as needed. 

In considering the design of information gather
ing systems, it is of great importance that the sensor, 
as well as the means of analysis to he used, be well 
mated to the type of system orientation. Let us 
briefly consider the types of imaging space sensors 
availahle. 

Perhaps the single most distinguishing character
istic of Earth resources information systems is that 
a very large amount of data can he, and indeed 
must be, gathertd in order to derh'e the desired in
formation. Since an image is a \'ery efficient way 
to communicate large quantities of data to man, we 
shall arhitrarily restrict this discussion to sensors 
which are capahle of creating images. Imaging 
sensors can he broadly classified as photographic, 
television, nnd scanner types. 

The great advantage of photography is the high 
spatial res' lution that can be achieved; but to main
tain this high resolution, datn retrieval by physical 
package return is required. Also, photography as 
u sensor is useful only in the visible portion and 
a small part of the reflective infrared portion of 
the spectrum. 

Television has the advantage that the signal 
occurs in e1ectricnl form nnd is therefore immedi· 
ately ready to be transmitted back to the Earth. 

~Preprocassing~ ~ ResuH,Analysis 

Image Orienlation 

Results 

Numerical Orienlatlon 

FIGURE 4. Organization of image·oriented and numerically 
oriented systems. 

Storage of the data, howe\'er, is not inherently pres
ent in the system in a permanent form, as it is in 
the case of photography. In using a television sensor 
in a space system, it is not necessary to carry along 
a large quantity of a storage medium (such as 
photographic film). This advantage may be viewed 
both as an advantage of size and weight and as one 
of efficiency in that a satellite may be operated a 
very long time with a single servicing. Television 
sensors are restricted to approximately the same 
spectral range as photography. however. 

Scanners can be huilt to operate o\'er the entire 
optical wavelength range. They can also provide a 
greater photometric dynamic range. I n order to 
achieve these advantages, however, they tend to be 
more mechanicalIy complex. 

It is important to realize that the advantar.es and 
disadvantages mentioned here must be considered 
only as examples, since the advantages and disad
vantages in any specific instance will depend upon 
the precise details of the system. General statements 
are also difficult to make as to the type of sensors 
that will be best for image-oriented and numerically 
oriented systems. There is a clear tendency to favor 
photography for image.oriented systems because 
of its high spatial resolution capability, while multi
band scanners tend to be favored for numerically 
oriented systems because they make available greater 
spectral and dynamic ranges. 

The technology for pictorially oriented systems 
is relatively welI developed. Sensors best suited to 
this type of system have been in use for some time, 
as have appropriate analysis techniques. This type 

http:advantar.es
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of system also has the advantage of being easily 
acceptable to the layman or neophyte. This is an 
important advantage in the Earth resources field, 
since many new data users are expected. Similarly, 
it is well suited for producing subjective informa· 
tion and is especially well suited to circumstances 
where the classes into which the data is to be 
analyzed cannot be precisely establish cd beforehand. 
Thus man, with his supcrior intellil!cnce, can be 
deeply im'olved in the analysis activity. Pictorially 
oriented systems also can be relatively simple and 
inexpcnsivc, On the other hand, it is difficult to usc 
them for large.scale surveys over very large areas 
involving vcry hUl!c amounts of data. 

In the casc of numerically oricntcd systems, the 
technology is much newcr and not ncarly so well 
developed, though vcry rapid prol!rcss is being 
made. Because the various steps involved tend to he 
more abstract, they tend to be less readily under· 
standable to Ihe layman, This type of system is bcst 
suited for producing objective information, and 
large.scale su rveys covering larl!e areas are cer· 
tainly possible. Numerically oriented systems tend 
to he generally more complex, however. 

In summary to this point, the state of thc art is 
such that therc are two I!cneral types of systems. 
This duality exists primarily for historical reasons 
and because of di/Terences of the points from which 
technology development bCl!an. Onc type is based 
on imagery, and therefore a key goal of an inter· 
mediate portion of the system is the general ion of 
high·quality imal!ery. In the other case, imagery is 
less important and indeed may not he necessary at 
all. It is not appropriate to view these two types of 
systems as heing in competition with one another, 
since they have di/Terent capabilities and are useful 
in di/Terent circ1lmstances. These two stems of 
technology are approaching one another so that the 
di/Terences between them are becoming less distinct. 

We will proceed now to a further consideration 
of numerically oriented systems, since this type 
may be less familiar. In particular, we shall examine 
a type of data analysis that is useful in this type of 
systtm. 

THE MULTISPECTRAL APPROACH AND 
PATTERN RECOGNITION 

In recent years considerable e/Tort has been 
devoted to what is referred to as the multispectral 
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FIGUIIE 5. Multispeclral photography of color cards. 

approach for data analysis. An initial understanding 
of what is meant by the term multispectral approach 
may be obtained by considering figure 5. In the 
upper left is II reproduction of a conventional color 
photograph of a set of color cards. TIle remainder 
of the figure shows photographs of the same color 
cards taken with black·and-white film and several 
di/Terent filters. The passband of each filter is in· 
(licated beneath the particular color card set. For 
example, in the O.62.to-O.68-/Lm hand, which is in 
the red portion of the visible spectrum, the red 
cards appear white in the hlack-and-white photo, 
indicating a high response, or a larl!e amount of 
red Iil!ht enerl!y being reflected from these cards. 
TIle multispcctral approach in this case amounts to 
identifyinl! any color by noting the set of I!ray-scale 

0.4-0.7 11m 0.7-0.9um 4.S-S.Sum 

FIGUIIE 6. Multispectral respollse of corn, alfalfa, stubble, 
and bare soil. 
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values produced on the black·and·white photographs 
for that particular color rectangle. 

Figure 6 shows images of an agricultural scene 
taken in three different portions of the spectrum. 
Note that in the three bands alfalfa has responses 
which are dark, light, dark, respectively, whereas 
bare soil is gray, dark, white. Thus alfalfa can be 
discriminated from bare soil by identifying the 
fields which are dark, light, dark in order in these 
three spectral bands. 

One may initially think of the multispectral ap· 
proach as one in which a very quantitative measure 
of the color of a material is used to identify it. 
Color, however, is a term usually related to the 
response of the human eye. The terminology of 
spectroscopy is more precise and therefore more 
useful in understanding the multispectral approach, 
which is applicable beyond the visible region. 

In order to understand this approach and to see 
how a numerically oriented system may be based 
upon it, consider figure 7. Shown at the top is a 
graph of relative response (reflectance) as a func· 
tion of wavelength for three types of Earth·surface 
cover material: vegetation, soil, and water. Let hyo 
wavelengths marked At and A~ be selected. Shown 
in the lower part of this figure arc response data for 
these three materials at these two wavelengths, 
plotted with respect to one another. For example, in 
the upper graph soil has the largest response at 
wavelength At: this manifests itself in the lower 
plot in that soil has the largest abscissa value (the 
greatest displacement to the right). 

It is readily apparent that two materials whose 
response as a function of wavelength arc different 
will lie in different portions of the two·dimensional 
space.* When this occurs, one speaks of the materials 
involved as having unique spectral signatures. This 
concept will be pursued further presently; at this 
point it is important to recognize that the concept 
of a spectral signature is a relative one. One cannot 
know that vegetation has a unique spectral signature, 
for example, until one sees the plots resulting from 
the spectral response of other materials within the 
scene to be analyzed. Note also that a larger number 
of bands can be used. The response at A, could be 
used and the data plotted in three dimensions. Four 
or more dimensions indeed have meaning and 

• This spoce is referred 10 as {ealurt! spRce. 
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fIGURE 7. Spectral doto in two·dimensional feature space. 

utility, even though an actual plot of the data is not 
possible. 

So far no spatial or temporal information has 
been involved, only spectral. Temporal information 
can be utilized in several ways. Time is always a 
parameter of the spectral response of surface rna· 
terials. As an example, consider the problem of 
discriminating between soybeans and corn. Under 
cultivation, these two plants have approximately 
140.day growing cI'des. Figure 8 illustrates what 
the two·dimensional response plot might be for fields 
of these two plants with time as a parameter. Upon 
planting ancl for some period thereafter, fields of 
soybeans and corn would merely appear to be bare 
soil from an observation platform above them. 
Eventually though, both plants wouM emerge from 
the soil, develop a canopy of green vegetation, and 
diminish. As viewed from above, the fields of soy· 
beans ancl corn would, in fact, always be mixtures 
of green vegetation and soil. In addition to the 
vegeta~ion of the two plants having a slightly dif· 
ferent response as a function of wavelength, the 
growing cycles and plant geometries are different. 
Thus, the mixture parameters permit an even more 
obvious difference between the two plants than the 
spectral response difference of the plant leaves 
themselves. This is shown in figure 8 by the rather 
large difference between the two crops at 30 days 
from planting date (partial canopy) as compared to 
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75 days (full canopy). Thus, one way in which 
temporal information is used is simply in determin' 
ing the optimum time at which to conduct a survey 
of given materials. 

A second use of temporal information is perhaps 
less obvious. Consider the situation of figure 8 at 
the 75.day and l00·day points. In this ca~e the 
separation of the two materials is relatively slight. 
However, if this data is replotted in four·cHmen· 
sional space with AI and A~ at 75 days a~ dimensions 
one and two and AI and A~ at 100 days as dimensions 
three and four, the small separations at the two times 
can often be made to augment one another. 

A third use of temporal information is simply 
that of change detection. In many Earth resources 
problems it is necessary to have an accurate his· 
torical record of the changes taking place in a scene 
as a function of time. 

Let us move now to consider how a procedure 
can be devised for analyzing multispectral data. In 
the process, one further facet of the multispectral 
approach must be takell illto accoullt. The radiation 
from all soybean fields will not have precisely the 
same spectr'll response. since all will not have had 
the ~:;lIIe planting date. soil preparation, moisture 
conditions, and so on. Indeed, response variation 

Response, 
.\2 

30 days 

...... • Soybeans 
.... 0 Corn 

IOOdays 

Response, ~I 

FIGURE 8. Temporal change in two·dimensional feature 
space. 

within a class may be expected of any Earth·surface 
cover. The extent of response differellces of this 
type certainly has an effect upon the existence of a 
spectral signature, i.e., the degree of separahility of 
one material from another. Consider. for example, 
a scene composed of soyhean, corn, and wheat 
fields. If five samples of each material arc drawn, 
the two·dimensional response patterns might he as 
shown ill figure 9, indicating some variahility 
exists within the three classes. Suppose now all un· 
known point is drawn from the scene and plotted. 
as indieated by the poillt marked ll. 

The design of all analysis system in this case 
comes down to partitioning this two·climensional 
feature space so that each such possihle unknown 
point is ulliquely associated with one of the classes. 
The engineering amI ~tatistical literature of the 
world abounds with algorithms or procedures by 
which this can he done. One very simple one is 
shown ill figure 10. III this case the conditional 
centroid or center poillt of each class is first cleter· 
mined. Next the locus of points equidistant from 
these three cC'ntroids is plotted. resulting in three 
straight line segments as shown.· These lines form. 
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FIGURE 9. Samp\e$ in two.dimen~ional feature space. 

• When more Ihan two dimensions (spectral hands) arc 
heing used. this locus hecomes a 'surface rather than a line. 
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FICUIIE 10. Minimum distance to means classification. 

in effect, decision boundaries. In this example the 
unknown point U would be associated with the class 
soybeans as a result of the location of it ..'t respect 
to the decison boundaries. 

This technique of analysis is referred to as 
pattern recognition, and there are many more 
sophisticated procedures resulting in both linear 
and nonlinear decision boundaries. The procedure 
of using a few initial samples to determine the de· 
cision boundaries is common to a large number of 
them. The initial samples are referred to as training 
samples, and the general class of classifiers in which 
training samples are used in this way are referred 
to as supervised classifiers. 

Up to this point the implication has been that 
photography or multispectral photography is the 
sensor to be used in generating data for this type 
of analysis procedure. While indeed this data source 
can be used, a perhaps more appropriate one is a 
device known as a multispectral scanner. Figure 11 
diagrams such a device as it might he used in an 
aircraft. 

Basically the device consists of a multiband 
spectrometer whose instantaneous field of view is 

FICUIIE 11. Schematic diagram of an airhorne lI1ulti~peclral scanner. 
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scanned across the scene. The scanning in this case 
is accomplished by a motor·driven scanning mirror. 

At a given instant the device is gathering energy 

from a single resolution element. The energy from 
this element passes through appropriate optics and 

may, in the case of the visible portion of the 
spectrum, be directed through a prism. The prism 
spreads out the ener!,!:}, according to the portion of 

the spectrum; detectors are located at the output 
of the prism. The output of the detectors can then 
he recorded on ma!,!:lIetic tape or tran~lIJilled directly 

to the ground. Gratings arc commonly used as dis· 

persive devices for the illfrared portion of the 

spectrum. 
A most important property of this type of system 

is that all energy from a given scene clement in all 

parts of a spectrum passes through the same optical 
aperture. Thus, hy simultaneously sampling the 

output of all detectors, one has, in efTect, determined 
the response as a function of wavelength in each 

spectral band for the scene element in view at that 
inatant. 

Of course. the scanning mirror causes the scene 

to be scanned acros!! the field of view at ri~ht angles 
to the direction of plutform motion, and the motion 

of the platform (aircraf I provides the appropriate 

motion in the other dimension so that in time every 
element in the scelle has heen in the instantaneous 

field of view of the instrument. 

As an example of the use of this type of sensor 
and analysis procedure, results of the analysis of a 

f1ightline will be presented in brief form. The par· 
ticular example involvcs the classification of a 1.6· 
kilometer strip into classes of agricultural signifi. 

caneI'. Four·diml'lIsional data (four speetral ballds I 
were used for the classification. The data are sholl'lI 

in figure 12 along with a convelltional panchromatic 
airphoto of the scene on which the correct clas~ifica· 

tion of each field has heen indicated. The s\'Iuhols 

on the airphoto represent the folloll'ing c1a~ses: 

S, soybeans; C, corn: 0, oats: W. wheat: A, alfalfa; 

T, timothy; He red clover; H. rye; Sudan, sudall 
grass; P, pasture; DA, diverted acres: and Ti. hay. 

Figure 13 shows the results of the c1assi: ication. 

Two simple classes are shown. All points of the 

scene classified as row crops (either corn or soy· 

beans) arc indicated in the center of the figure. On 

the right are indicated all points classified as ccreal 

grains (either wheat or oats) . 

A quantitative evaluation of the ac('uracy was 
condul'ted by designating for tabulation the correct 

class of a large numher of fields in the f1ightline. 
The result of this tahulation is presented in figure 

14, which shows that all results for all c1a~ses arc 
more than 80'pen:ent correct. 

The same procedures using aircraft Juta have 
been utilized for II wide nUlllber of c1l1ssification 

tasks in addition to crop species identificat ion. 
Some of the~e arc: tests of agricultural and engim'er. 

ing soil: geologic feature mapping: water quality 
mappirlg and mensuration using hoth reflective alld 
emissive spectra ; forest co,'er identification and 

tree species delilleation; and delineation illto geo' 
graphic and land use mapping categories. 

SOME PROCEDURAL DETAILS IN THE 
USE OF PATTERN RECOGNITION 

With the basic concept of pattern recognition in 

mind, it is possible to proceed to sume further de· 
tails on how it may be applied. One of the mon' 

important of these details is the definition of tlw 
classes into wlJil'h the data are to be categorized. 

There are two conditions that a class must me,'t 
in order to he useful: TIII~ l'Iass must be separahlt' 
from all others, and it must he of informatiol/al 
VllItW. For example. it does no good to define a 
class called iro:1 orc deposits if the spN·tral re~p(lnst' 

whil'h iron ore provides is not suffici,'ntly disti/u·t 
frolll all other Earth·~UI·fa\·,· materials over which 

data are to he !!athered. On the other hand. if /10 

one is interested in lo('atin!! the iron ore deposits 

within the re!!ioll to h(' surveyed. there is IIIl rea SOIl 

to define su('h a dass. \\", shall see prl's('ntly that 
nne ilia\, nanll' l'Iasst's of informational valul' and 

then check their separahility. or vi('e n'r!'a. 
:\ secOlul malin is determining thl' point at 

whil'h a clas~ <If'tuall\' IWCnllH'S defin('d. III an a~ri. 
cultural sIH,'ey. simpl\' namillg 11 ('Im~ "~nyheans" 

dOl'S 1I0t defi/II' it prel'isely ('lIough. For examplt,. 

what percent I! I'OU luI co,'er is required III' fore a 

given resolutioll ('1('n1<'nt should haw its rlassifi('a· 

tioll ('hallg('d frolll han' soil to !'odJt'alls? What 
percent of a r(,solution ('len)(,lIt may 1)1' ('overed with 

weeds and so on? TIll' fa(,t is that the class Iw!'om{'s 

precisely defined only by the trainin!! !'alllpll's to Ilf' 
ufed for it. Tlll/s. an important st,'p in the pro('edure 
is the selection of training sarnJlI{·s which arc suf· 

ficiently typical of the whole class ill question. 
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Flr,UIIE 12. Data colll'clt'd in four wavdcngths, compan'rI to panchromatic photoimogc. 

One must also rccognize that the dcfinition of a As a result of these factors, it is apparent that 
class is always a rclalive matter. That is, it is the selection of training sum pies is especially im
relativc to the other classes uscd in the same classi portant. Therc are two approaches to obtaining 
fication. Tlte efl:':d of the decision boundaries is to training data; we shull refer to them here as the 
divide up the feature space (figure 9) into non signature bank approach and the extrapolation 
overlapping rc/!iow; depcnding on Ihe relative loca mode. 
tion of the class training ~ets relative to one another. Using the signature bunk approach, the researcher 

It should also be noted, however, that as a result, first decides on a list of appropriate classes and 
cvcry point in the space automatically becomes then draws from a signature bank previously col
associated wit;' one of the namcd c1asscs. It is thcre lected Jilt I on the classes of material identical to 
forc nccessary that thc list of c1asscs bc exhaustive those selccted. This approach has a considerable 
so that thcre is a lo/!ical class to which cvery point amount of acsthetic appeul. Presumably one could 
in thc sccne to bc analyzed may hc assigned. accumulate a very large bank of data from typical 

http:0.66-0.72
http:0.52-0.55
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FIGURE 13. Spectral p,llIern fI'cognition of row crops and 
ct'real grains. 

classes and thereafter always have training data 
available for any situation without further effort. 

However, such an approach would place stringent 
constraints on the sensor system, since absolute 
measurements of scene radiance would he necessary 
if they arc to be referenced to a future data-gather
ing mission. Furthermore, the extent to which de
tailed and sophisticated classes could he utilized 
would be limited by the ability to determine and 
adjust for the instantaneous values of all the other 
experimental parameters, such as the condition of 
the atmosphere, the Sun and view angles, possible 
seasonal variations in the ve~etation, the natural 
statistical distribution of the data for various classes, 
etc. In short, while such a procedure is posgihle. it 
results in more stringent requirements on the sensor 
system and requires considerable data preprocessing 

100'1(,
C 9911~ 10 96" 93" 92% 

~ 9 C 86%85'11. 8411 81%~ 8 0... 
0~ 7 

.. ~d 6 0 

hl ~ 0 
a: 
a: 4 0 
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ffi 2 0 
u 
a: 
w 0 ... 

'" ROW WHEAT OATS PASTURE HAY 8ARE HOADS TREES WATER 
CROPS SOil 

FIGUnE 14. Classification results for tt'st samples. 

in order to achieve this maximum utility. Alterna
tively, it would have to be restricted to cases in 
which only relatively simple classes were neeesgary. 

The extrapolation mode has somewhat different 
characteristics. In this method training data for 
each of the classes arc obtained hy locating within 
the data to be analyzed specific examples of each 
of the classes to be utilized. The classification pro
cedure, therefore. amounts to an extrapolation from 
point'! of known c1as~ification within the scene to 
the remaining portions of the e1ata. This approach 
has the advanta~e of relluiring less exactness in the 
calibration capability of the sensor system and in 
the knowledge of the other experimental variables. 
since only variation of these factors within the data
gathering mission, and not those from mission to 

mission, must he accounted for. On the other hand, 
it has the disadvantage of relJuiring some knowledge 
about the scene to Ill' analyzed before the analysis 
can proceed. In the case of populated or aecessihle 
areas, this knowled;.:e usually cOllies fro III ground 
observations. In the case of inaccessihll' areas as 
well as accessible and'or populated ones, it could 
perhaps also corne from a very limited. low-altitude 
aircraft mission. The relative cost or this additionul 
information often tUrIIS out to be low. The ex
trapolation mode was used in both the preceding 
example and the one to follow. 

To illustrate these details anel proeedures, all cx
ample follows in whieh a pallern·rel·o~nition scheme 
was trained and then used to classify a relatively 
large amount of data. Data for this experiment were 
collected uboard the Apollo I) space vchicle as a 
part of an experiment known as S065. This example 

was selected because, in addition to illustrating the 
steps described abovc, it provides the first indica
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tion of how these techniques may perform on space 
data. Both the ground resolution and the spectral 
resolution of these data lire similllr to those which 
will be ohtained by the ERTS. However, since the 
S065 experiment involveel photographic sensors, the 
results ohtained may be on the conservative side of 
those from ERTS hecause, as previously indicated, 
photography does not ordinarily provide the optimlll 
type of data for this analysh: procedure. Further
more, since the sensors were photographic, somc 
preliminary proccssing steps to prepare thc data for 
anlllysis wcre neccssary. These stcps involvcd first 
scalllling the photography (on a rotating.drum 
microdensitracer) to convert it to digital form, 
then bringing the images gathered ovcr the same 
scene in the diO'erent spectrnl hands into spatial 
ulinemcnt with one another. These steps arc not 
typieal anel arc heyond the seopc of the discussion 
lit hand. We will proceed from the point at which 
the preprocessing stcps provided four·dimensional 
dllta for annlysis. The fOllr spectral hands involved 
were o..17 to 0,61 ILm, 0.59 to 0.715 Itm, 0.68 to 
0.H9 Itm. nnd 0.51 to 0.89 ILm. TI\Cse hanels were 
determined hy the film and filter comhinations used 
on the fOllr camems. 

Figure I.') shows a color infrared version of the 
particular frame uscd. a portion of Southcrn Cnli· 
fornia, Arizona, and Northern Mexico. In the lower 
left of the frame is thc Imperial Valley, an irrigated 
IIrea of very i!reat importalJ(~e agriculturally. Also 
shown in the figure is a computer.generated gray 
scale printout of OIW hand of the data. The scene 
covers ahout 2G 000 square kilometers and con· 
tains altout five million points. 

In order to test the scparaltility of various classes, 
two analysis tasks were carried out. The first, in· 
volving agrieultural ehlsses. was carried out in the 
IIrea desil!lHlted hy the smull rectanl!le in the lower 
left of the printout. ri~ure ]() ~hows a high.rcsolu. 
tion printout of this sallie area. The individual 
fidds of the srl'lH' are clearly c\'idcnt in this printout. 
To hel!in with, ~ome relatively ~ill\plc classes were 
defined. These wl're ~rc('n ve~etation. ha rc soil, 
water, and salt flats. Figure 17 show~ the result of 
c1l1ssifying the data into these catc~ories. The 
accuracy of this c1l1ssificlltion was judged to he very 
hi~h, and as a result it was decidcd to attempt a 
classification with mow detailed categories. TIle 
result of this classification is shown in figurc 1 B. 

? 
.I'-~',':!II . 

FIG11J1E ]5. Color infran·d photo from Apollo 9 and gray· 
seal,· panchrol1la1ic r.OlllJlIl,,·r printoll1 of 11IlpI'riai Valle}' 
area in California. \'isibll' gre"n is T!'pn''''n1ed hy hillc 
uyt·. visihl,· n·t! appt'ars gn'l'n. and infrared appt'ars n·d. 

It is seen that the classes used were barley, II IfaIfa , 
su~ar heets, hllre soil, salt flat, and water. A quanti. 
tative a~se~sment of the accuracy in this case in· 
(licated an average accuracy of approximately 70 
percent. 

The second analysis task cllrried out on this data 
set \VIIS done over the whole framc. Clllsses of geo· 
logic interest werc defined in this case, and lin lit· 
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FIGURE 16. High,resolution printout of a section of digitized 
image shown in figure Hi, 

FIGURE 17. Classification of Apollo 9 duta into green vegeta· 
tion, salt nats, water, and hare soil classes. (Bare soil is 
represented by all eolors other :han tlwse identified.) 

tempt was made to achieve what amounts to a 
geologic map of the arca. Thc result of this c1assifi· 
cation is shown in figure 19. Some but not all of the 
classes used arc indicated at the bottom of this 
figure. The results of this classification were com· 
pared with existing geologic maps of the area by a 

~ SUGAR BEETS 

BARE SOIL 

r::=J SALT FLAT 

BARLEY 

:,~~ ALFALFA 

•• WATER 

FIGunr. 18. Hesults of classification of alfalfa, harley, sugar 
beets, hare soil, ~alt (Jats, and water. 

professional geologist, aJ)(1 :Il-(ain thc results "'ere 
judgcd to be highly satisfactory. 

With an ovcrview of the experimcnt and the reo 
suits achieved in mind. let us now examine thc 
procedures used to ohtain the results. In the case of 
an agricultural prohlem, the classes of intercst 
usually exist in well defin~d fields. It is thercfore 
relatively easy to locate sample fields of eaeh class 
from which to draw traininl-( samples. In this case, 
ground observations from a relatively small rcgion 
on the ground can be used to derivc a sufficient 
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ALLUVIUM 

FICUIlt: 19. Apollo 9 computer map of Imperial Vallc)' 
rcgion. 

number of trainin~ samples for each class. The 

number of trainin;! ~alJlples ne('('s~ary for each class 

depends upon the 11I1IJIber of spectral hands to be 
used IIlJ10ng other thin;.!!'. nut gelll'rally no more 
than a fell' hundred arc required, fewer in simpler 

situations. Fi;.!tHe 20 depicts a typical situation for 
this type of c1assifi(,ation. The fields outlined here 
arc a typical set of tr..inin/-! fields for such a c1assi· 

fication task. 
The classification of a natural area presents a 

slightly different situation, however. ] n this case 
it may he more difficult to locate traininf!; samples 
manually hecause boundaries between different ma· 
terials will be more difficult to locate. Over the 
last year or tll'O, research has heen directed toward 

devising some machine·aidecl procedures for de· 
riving traininf!; slOmples in this circumstance. One 
such procedure involves the use of a type of classifier 
that does nut employ training samples and is there· 

CLOUD SHADOW _ 

Gi.9m VEGETATION 

C--- -.J SAND DUNES 

,

.. '. 
. r·' 

.' -. ~ . 

,, 

FIGI'IIr. 20. High·rc~olution printout with training fields. 

fore referred to as an nonsupervised classifier. The 
hasic idea behind nOllsupervised classifiers hecomes 

apparent hy considering the next several figures. 
Assume that you have some two·dimensional data 

as shown in figure 21. Assume also that you know 
there are three classes of material represented hy 

these data, but the correct association of the in· 

dividual points with the three classes is unknown. 
The approach is to assume initially that the three 

classes are separable and check this hypothesis 

suhsequently. 
There arc algorithms available that will auto· 

matically associate a p;roup of such points with an 
arhitrary number of mode centers or cluster points. 

These procedures, known as clustering techniques, 
can be used to so divide the data, and the result of 

apply in;! suclr a procedure might be as shown in 
figure 22, There remains, then, the matter of check· 
ing to be sure that tire points assip;ned to a single 

cluster all belonged to the same class of material. 
In passing it is worth not in!! a comparison between 
sUJlervised ant! nonsupervised classifiers. In the 

supervised case. one ~enerally names classes of in· 
formational value and then checks to see if tire 
classes arc separahle. Tire reverse is the case in the 
nonsuperviscd scheme. One separates the data and 

then checks to sec if the resultinf! dusters are indeed 
associated with the classes of informational value. 

Figure 23 shows the result of applyinf! such a 
clustering technique to some multispectral data. The 
algorithm was instructed to form five cluster points. 
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FIGt:lIf: 21. Samples of IlIn'" clas~c5 in two·dimensional 
feature ~pacl·. 

Cluster I 

Cluster 3 

Cluster 2 

Response, AI 

FIGURE 22. Clustering of samples in two·dimensional fea. 
ture space. 

Comparison of the clustering results wilh the data 
in image form shows that the clusters indeed were 

associated with individual fields. Cluster {our, for 
example, was associated with fields in the upper 

left and and lower right, clusters two and three with 
the field in the lower left, and so on. Such a tech. 
nique is used to speed the training phase of the 
f'i:IC ii;er by aiding the human operator in obtaining 
points grouped accorcling to class; the statistics of 
each cluster point can be immediately computed 
from the clustered results so that decision hound. 
aries are located. The operator is thus relieved of 
the necessity of locating and separating individual 
fields for training ellch class. 

The value of such a procedure is ev'~n grellter in 
cases where the houndary hetween classes is not so 
distinct in the data. Figure 24 shows the result of 
clustering dala for a soils mapping classification. 
Here it would he more difllcult to select samples 
associated with specific soil types. As a result of the 
clustering, the operator has only to associate the 
soil type with each cluster point, and training 
samples are immediately availahle for furth"r 
processing. 

It was this latter procedure that was used in 
deriving training for the geologic Illap in the Apollo 
9 data. Figure 2.') ~hows the outline of duster plots 
from which training was deri\'ed. In this easl~ it was 

necessary only to Illark regions containing at least 
the samples of the classes desired. thus greatly 
simplifying and speeding the training of the c1assi· 
fier. The specific steps to he followed then are: 

1. 	 Decide on the list of dasses and determine 
the gel1('ral locality of examples of these 
classes, hased on limited ground ohservation. 
This informatiol1 ilia), he from a low·altitude 
aircrnft pass. information availahle from a 
perhaps out·of·date or inac(,urate map. or a 
limited ground survey. 

2. 	 Designate these regions to the dustering 
algorithm and. after dustering. identify the 
specific clusters associated with the classes of 

interest. 
3. 	 From this point the statistics of each class 

can he computed from appropriate clusters 
and the classification can proceed. 

In conclusion. it must he emphasized thnt the 
techniques are stiII evolving and nrc very experi. 
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FIGURE 23. Clustered data using four spectral bands. 
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FICllllF. 2·i. Clustered dala from poorly dcfim'd classes. 

mental in nature. Muny questions ahout the utility 
of the extrapolation mode und machine-aided train· 
ing procedures remain to be answered. Not the least 
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FIGUUE 25. Cluster fields for machine·aided training • 

of these are the extent over which a given dassifier 
can generalize or extrapolate from its training areas 
and the extent to which machine·aidcd training 
procedures actually expedite the training of c1assi· 
fiers for practical situations. The Earth Hesources 
Technolo!!y Satellite will, for the first time, provide 
a data hase from which answers to these questions 
may be sou!!ht. 
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Advances in sensor tcchnology now allow us to statistical serviccs have not yct appcared. For ex· 

scnse radiation from thc ultraviolct to the micro· ample, the arcas of cultivatcd lands are wcll known 

wave regions of thc spcctrum. A numhcr of con· in thc Unitcd Statcs, but such information from 

scquenccs result from thcse expanded capahilities. aerial survcys may he of significant value to plan. 

First, it is now possihle to collect information ncrs in developing countries. In these countrics 

undcr a varicty of wcathcr condition~: poor visi· there may well he great value in modern sensor ancl 

hility is not ncccs~arily a major barricr. recognition technology in areas no lonl!c'r applic'ahle 

Sccond, thc spatial rcco;.!nition of objects. which in thc I '.S. It is thereforc useful to I!O hac·k and 

dcpends on rccognizing the objcct's shape and sur· cxamine some of the past stud iI's that have 1)(,l'n 

rounding contcxt, is now made casier because of madc and consider thdr applicahility els(-wllt'rt- ill 

thc possibility of selccting bands in which the the world. The data sclec·ted for tltis paper weI t' 

contrast is hcst rcprcs('ntecl. collected in the Jleriod from IC)(j() til l<JfiS. Thl- syS' 

TIlird. thc availability of data in many spectral telll used for data collel'lion lI'a~ the l\1ichil!lln 

regions simultancously permits the identification of nc-:{ aireraft. camera syst('m~ (quite old). and till

ohjects by thc spectral distribution of thcir rc· multispectral scanner. 

flcctcd or emittcd radiation. In addition. such 
SINGLE-BAND CONTRAST ENHANCEMENTspcctral identification can he made automatically 

by the use of modern computing technology. It is generally known that th .. contra~t het\\'een thc 
The rcsult of thesc threc considcrations is that we ohject that we set'k to find and its hackgrouIHI ean 

arc bcllcr able to obtain a maximum of information he enhanced hy appropriate selection of the spectral 
from thc \'ast quantity of data our moclern semors hand using lahoratory measurelllents of rcller-tidt)' 
arc capablc of collecting. TIle EIlTS lIlultispcl'lral and emissivity for hoth tarl!et objeds and hack· 
scanncr and thc Houston airhorne lIlultispectral ground ohjects. In the examples that follow. I pre· 
scanncr will be prcmium tools in this PXIHlIlding sent only a fcll' of these cast's. Otl1l'rs have IlI'en 
tcchnology. produced hy simple filtering of photography or by 

Hcmotc scnsing has already come a long way in the Illultispeetral scanner that 1I't' use at tht' l lni· 

thc Unitecl States. Wc have gone hcyond the point versity of l\lichigan. More advancecl infrared scan· 
of making simple survcys alHl have gone on to ners and Hlrious radars will he eo\'(-red hrielly 
crop idcntification, yicld prcdiction, and cliseasc later in this paper. 
rccognition as Illcans of making more effident use In the first l'xample (figure 1) we src a picture 
of our agricultural resourccs. Howcvcr. rcmote of II rural area. The sccne contains roads, some 
scnsing survcy tcchniques lIlay still have immcnsc fields, and a few huildings. \Ve note that in the (U2· 
valuc in dcveloping countries whcre sophisticatcd to·O.:m·Jlm hand most of the contrast in the scene 
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FIGI'III: 1. EfTcCls of lI1ulii'lH'ctral ima~t'ry on contrast. 

has he«'n diminated p"«'ppt for the road~ 1IIHI the 
one fairly hright tin·roofed building in the ~cene. 

As we look at the other hands in tIll' imagery, we 
sec much mon' geluoral «'ontras\. Itighli~hting various 
terrain areas. Ililt till' huilding no longer ~tands out 
quite as dearly as it docs in the top phot()~raph. 

Figure I illustrates two pr/ints: , I) that ~lIme ohjects 
app.'a. in one spel'lral hand hut not in others and 
'2) thlt appropria\t' ~election of ~pl'(·tral hands 
eliminalt" U!I\\'anlt'd contrast. The illustration uSl'd 
here denH,I1!'lrales a possihle application for census 
of housing '11 developing countrit's. where tin roofs 
are somelilnt·~ used. In figlHI' 2 we ~ee a second 
distinction hetl\! en the (U2·to·o,:m· and 4.5-to· 
5.5'/'111 haIH\'" In this (',Hie we are seeking contrasts 
hetween two diffel,'nl soil types. We see in the two 
images that holh !l1'l' Iral balHIs show a contrmit 
between the clay loam a:lrl the ~ih loam. While we 
might at first ~elect the ',:{2·to.f).:iB·/1111 band, it 
is fairly evident from the image that a considerably 
more regular contrast can be obtairll'd in the 4.:;· 
to·5.5·/lUl band, with the ad(led advantage that the 
contrast is available in the nighttime hours. 

Figu re :~ shows images of a potato fiehl, collected 
in two wavelength halHls. The hright area in the 
100\'I~r ima:re is a pigweed infestation in a potato 

-~I
',,-& 

;':. 

FIGmll: 2. Comparativt~ contrast of soil types in difTcrent 
spectral hands. 

licit!. The differences in refIedh'ity hetween the 
pigweed and potato ilIustra te tire di iTerent per· 
centages of groulHI COV('r uccupied hy weeds and 
potatoes in the two I:rop areas. The contrast in the 
2.().to-2.6·/lm band therefore elllphasizes such eon· 
ditions as weell inft'station in fields. 

ncc:lII~e no single hand is u~cful for all identifica· 
tion purposes. the ahility to select one hand for a 
particular identification and another harHI for others 
provides the power to solve several problems simul
taneuusly. The selection of spectral bands depends 
on the ohjeet we seck to distinguish from the hack· 
:rrounds. Collecting data in more than nnc hand is 
important if w«~ would havc optimal contrast for all 
types of problems. Let us turn our attention to yet 
a different prohlelll. 

A major resource of an)' country, developed or 
developing, is water. One type of water resource 
is the ground moisture. Figure 4 shows a moist 
arca. The lower portion of the fi;!IIre is an infrared 
image taken from an altitu(\e of 1)00 111. The upper 
image is a panchrolllatic photograph, taken at 
ground level, of thc sallie area, with the wet spot 
fairly well delineated. The very dear contrast in 
the O.H5.to.0.1:1)'/11ll band is to he expeeted heclluse 
the reflecth'ity of lIIoist soils is in general much less 
than that of dry soil, regardless of the type of soil. 
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0.32-0.38 lim 

2.0-2.6 lim 

POTATOES PIGWEED 

F,GUIIE :t Cornparlllh'O' ('ontra~t IIr vl'gdatilln tYPl'S in 
different spectral hands, 

Thus, in lookin~ at an infrared aerial photograph 
collected in the O.B5·to·().lllJ'/Lm band, we expect 
to find moist areas which arc darker Ihan those 
that arc drier, Therefore, if we arc looking for 
water or moist soil photographically, we should 
consider the O.7-to·1.0·JL m band as Lei"g most 
appropriate. If we usc not only photographie equip· 
ment hut also IH scanner equipment, we find even 
more appropriate hands for detection of water. 

Figure 5 shows a time sequence of three images 
of a hog area collected in the .L=j.to.5..=j·/Hll region. 
In this imagery we arc looking at emitted radiation 
from the terrain, rather than reflected energy. All 
reflected radiation has heen filtered out to insure 
that we sec only the emitted signal. The bright area 
in the predawn ima~e is the water; the surrounding 

PANCHROMATIC FILM 

0.85-0.89 ~m 

F,GI:/If; ,t Cllntra;1 or ~lIil IIIl1i,tllrt' flifff'n'/wf's in aerial 
I H photll l'oflfpart·d III ground panl'hl'll/lial if' pholll. 

terrain eools considerably n. .! durin/! the ni/!ht· 
time than does the water, silwe the thermal capm'ity 
of the water is greater than that of the terrain. After 
dawn the contrast !wgins to fade, until fly midmorn· 
ing the water appears coolcr than the sunoundin/! 
terrain. Thus, although ('ontrast varies al difTerenl 
times of day. water is clearly deteelahle hoth day 
and night, provided the atmosphere allows us to 
sce through it. 

We should note that atmospiwric transmission is 
considerahly superior in the longer wavclcn/!th hand, 
and in gcneral we ('an sec throu!!h more haze in the 
inf rared region than we can in the visihle. 

Oecause emitted radiation is e1o~e1y connected to 
the temperuturc of the terrain, we may also expect 
to see a seasonal variation in the contrast. Figure 6 

http:0.85-0.89
http:0.32-0.38
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F/CUIIE 5. Nigh/·to·dar transition in contrast of bog area 
recorded in 4.5.to·5.5·J.lm band. 

shows a seasonal comparison of the same bog area 
(in Michigan). In June the watcr after midnight is 
warmer thun the lund, as would be expected. In Sep· 
temher the water is l'till warmer than the surround· 
ing terrain, although some of the surrounding 
terrain is of comparable temperature. By midwinter 
the water has of course frozen und is considerably 
colder thun the surrounding terrain. The interpreta. 
tion of infrared emission imagery must therefore 
take intn uccount the season as well as the time of 

day. This imagery !'hows clearly that the detection 
of both standing water and surface soil moisture is 
greatly facilitated hy use of the infrared hands. 

Remote detection of reflected electromagnetic 
radiation is useful not only in determining the sur· 
face condition of the terrain, hut can also be used 
to infer conditions helow the surface, such as suh· 
surface water. Figure 7 shows an area of sink holes 
in Florida. The sink holes are produced when lime· 
stone substrata are dissolved by water, forming a 
cavern which eventually erodes to the point where 
the surface collapses. When the surface collapses, 
the sink hole is easily detectahle, hut hy then it is 
too late to do anything ahout it. The detection job, 
in general, is to determine potential sink hole areas 
prior to collapse. The sink hole area of concern is 

F/CURE 6. Seasonal variation in contrast (bog area photo. 
graphed in 4.5·to·5.5·J.lm band between midnight and 
dawn on dates shown). 

in the dotted outline in figure 7. Notice also the 
area at the left center of the image where the roads 
intersect. The circular areas inside the dotted patch 
are collapsed sink holes. If we were to take a thermal 
infrared or emitted image of this area, we would 
sec that the eroded cavern underneath the surface 
exhibits a thermal capacity greatly differing from 
that of the surrounding solid terrain. 

Figure 8 shows the thermal contrast in the area of 
sink holes surrounded hy the dotted line in figure 7. 

Note the cold region (figure 8) where the sink hole 
appears in the infrared photography (figure 7). Note 
also the additional dark areas at the left·hand side 
of the image. These areas do not show collapsed sink 
holes, hut sink holes where no surface manifesta· 
tion has yet occurred. The presence of sink holes 
was verified by ground observation after this 
imagery had heen collected. 

Figure 9 shows multispectral imagery of sea 
ice in the Smith Bay a/ea. TIlC visible and reflected 
IIt regions show considerable contrast, cracks in 
glare icc, and other phenomena. The reflective 
hright patches in the upper two reflected images, 
corresponding to dark areas in the emission im· 
agery, are solid ice packs which are considerably 
colder than the surrounding area and more reo 

http:4.5�to�5.5�J.lm
http:4.5.to�5.5�J.lm
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FICUIU'; 7. IR color photo of ~ink holt, aTf~a. 

F,,;\lut: 8. Color.coded tlwrmul contour nHlJl flf sink art'a. B1ack=27.8 'C; ),1'11011'=28.7 ·C; 
rt'Il=29..l °C; hlue=30.3 .c. 

lIective. The use of two or more images to determine spray. The area marked C in the upper image con· 
the content of the scene is, of course, the beginning tains sugar heets, whose rather broad leaves are 
of a multispectral analysis. efficient rellectors because of differences in orienta· 

We now move from passive detection systems to tion. Today we have very little information about 
till active system using radar. Figure 10 shows two the interpretation of radar imagery because of 
radar images of an agricultural area arou/J(~ Garden problems in separation of geometrical from optical 
City, Kansas. The upper image is polarized hori· properties. As work progresses, however, we eel" 
zl'lItal.horizontal, and the lower image horizontal. tainly lIlay expect increased sophistication in the 
vertical. TIle wavelength is K hane\. The area marked interpretation of radar imagery. 
A, a small circular light outline, is a swamp area. So far we have covered fairly simple systems for 
Its counterpart in terms of water content is the area collecting imagery in single spectral hands. From 
marked B, an irrigated area with an overhead them we may draw some fairly elementary con· 
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0.40-0.44 J.1I1l 

0.80-1.0 J.1I1l 

4.5-5.5 J.1I1l 

8-13.5/J1T1 

FlGuru: 9. 	 Images of sea ice in Smith Bay taken in four 
speclral hands from 600·m nltiturle. 

elusions. First, there are good reasons to carry a 
multiplicity of sensors aboard any platform. We see 
that, for various applications, different spectral 
bands give us optimal contrasts, and so we should 
consider not only photographic instrumentation 
hut infrared and radar as well. These may be 
separate instruments in different wells in the air
craft. In fact, we at Michigan have for many years 
carried separate instruments operating in a multi
plicity of hands. 

MULTISPECTRAL PROCESSING 

The hasis for multispectral processing is the 
distribution of the received radiance from terrain 
ohjects. Recognition is hased upon this spectral dis
trihution of radiance for each resolution element of 
the scene. As a consequen(,e, we must have a single
aperture instrument so that for every resolution 
element on the ground we are ahle to measure this 
spectral distrihution of radiance. A number of such 
instruments arc available today. 

The basic instrument is an electrooptical scanner 
that is commonly used for infrared imagery. In 
place of a single detector, it has an entrance slit 

for a spectrometer whose dispersing ebment is 
either a prism or a grating. The dispersed spectrum 
is detected by a number of individual point de
tectors placed in the dispersed spectrum. The detec
tor outputs are recorded in either analog or digital 
form on magnetic tape. 

The first of these instruments was built at the 
University of Michigan and operates in the 04.-to
1-/-Im hand. Subsequently, NASA has sponsored the 
development of a 24-band instrument operating in 
the 0.4-to-14'/-Im region. The ERTS-A instrument 
is the first of the spaceborne multispectral instru
ments, with four bands in the 0.4.to-l-/-Im region. 
The EREP package of the Apollo Skylab project is 
a 10-band instrument operatillg in the 0.4-to-14
/-1m region. While these instruments sound fairly 
complex, they are in fact fairly simple. Although 
the main intent is to produce data for multispectral 
processing, the imagery can be used as if it were 
produced by single-hand instruments, and the in
terpretation would proceed as discussed ahove. 

Before we hegin a general description of multi
spectral processing, Irl us consider a few fairly 
simple examples. It is well known that the penetra
tion of water by liglll depends on the wavelength of 
the light. Figure 11 shows images selected from 
various spectral hands of some water scenes from 
the Caeser Creek area off the coast of Florida. Note 
that the peak penetration is in the green portion of 
the spectrum. In the O.B-to-l-/-Im hand, only the 
land outlines arc visible. The differential penetra
tion of light in the various spectral hands can be 
used to estimate the water depth. It turns out that 
the formula for estimating this depth depends upon 
the ratios of the scattering coefficients of the water 
and the hottom reflectance in two bands. These ratios 
are fairly constant for most holtom types and most 
water types. With a priori estimates of the ratio of 
scattering coefficients and the ratio of hottom re
flectances in the two hands, we may then estimate 
the water depth. 

A computer map of the calculated water depth for 
the Caeser Creek area is shown in figure 12. It shows 
good comparison with the actual chart recordings 
shown in figure 11, except in the channel area. 
Here, the water depths arc underestimated because 
of heavy silt concentrations. The depths estimated 
are really effective depths, i~c\uding the amount 
of silt suspended in the water. This use of multi

http:0.40-0.44
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FIGI:nE 10. K.hand radar inHIIl"s of farllliand rwar (;ar"l'li Cily. Kall'"'' Ppllf'r illl;,,!" i. p"laril.,·d 

Iwrizonlal·lroriwnl"l; low('r iIl1l1i-:('. horiwnlal'\',·rlil'al. :\. '",al1lp; B. arc'a irrigalo',f I" 'prinkl"r-: 

C. 'Ullar 1",,'1_. 

spectral data illvolvcs speciali:-cd ('alclilation~ 10 

provide Ihe d, ,Jth. 
Another example is indicatcd Ily figllre I~. ~ilkal!' 

rocks are c1assifil'd aeidil~ 01' hasie, roll~hly on the 
hasis of their silicon dioxide ('ontent. The silicalt-s 
I~xhihit r('~lstrahlt-n ahsorption hands in Ilw g·lo. 
H"/m) region. Thc posilion of Ihl' minimum of llli, 
rcststrahlcn emissivilY dcpends IIpon Ihc acidity or 
thc pcrcentagc of silicon dioxide in tllP ftH'k. as 
shown in fi gil rt' I :~. r.cn rally speaking. rocks wilh 
Icss silicon dioxidc content have resblrahlt'n minima 
at longcr \\'a\·e1I'n~lhs. In figlln~ ].t. imagt'ry from 
fnirly simplc laminar dctectors in Ihe :1.2·10·1 (J.t). 

and 1),4.to.12.1·/tln hallds shows how tlds ('fiert is 
exploitcd. The three illlag!'s shown an~ of a sand 
quarry near Mill Creek, Oklahoma. The laminar 
detectors are in fact two detectors. nne placec) Oil 

top of the othcr so as to measure two hanels sill1ul· 

lalll·'''I,I~. By Iilkin~ 111f~ rali .... f IIII' 111'11 hallds. WI' 
are ahlt~ III id"lllify Iht' 'I"anl' art'a ~llOl\'n ill IIIf' 
righl.hand illla,~(' of lip.III'l' )"" \011' :dslI 1111' oUlline 
of lilt' hod\' of waler, whirh is rimllH'd hI' qllartz 
saluislolll' olllcropl'inp.s. 

Thesl~ l'xalllples are fairly s)lN'ial casl's of multi· 
spectral )lfOc!'ssing. Lei liS 11/1"/1 nul' a!lt'ntilln now 
10 SOIllC lIIore p.,-n,·ral inslrumenlalion alld SOliif' 

11101'{' p.'·III'ral I'xamples, kl'epilll! in milld that this 
general illstnllllt'nlalion is rapahl.. of doillp. Ihe tasks 
Ihat WI' have aln'ad\' clc~nihed. 

Fi;,:ufl' I;; shows a panchromatic llIo~ajp of a 
Calif o I'll ia fanning art'a inciudinl! lil'lds of ricc alld 
samower alld ~Ollte hal'f~ fil'lds and roack Fi!! II f(' 

16 shol\'s illlal!l's of Ihe ~:lIJ1(' an'" c'oll!'cl!'d in 
s('parale sp('c·tral hands wilh a nlllllil'lwrtral sc'all/wr 
whose dispersion is achieved hy a pri~lll, with a 
common spatial aperture for all spI'elral Irancls. The 
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HYDROGRAPHIC MAP 

0.40-0.44 11m 

0.50-0.52 11m 

signals from the IB channels are then analyzcd 

usin~ standard statistical discrimination technillucs 
to identify the ohjects in the scenc, in this case the 
variolls ficlds. The paramctcrs of statistical pro· 
ccdures are olttained Ity taking training samples of 
thc various oltject types, suel, as immature rice, 
maturc grecn rice, barc earth, roads, and saffiower. 

[n figure 17, important areas of crop have bccn 

appropriately identified in a digital recognition 
map. The importance of thc multispectral scanner 
lies in the fact that it can be uscd for automatic 
diserimination, as in this examplc. 

Modern sensor instrumcnts are capahle of pro· 
ducing information much fuster than a human 
interpreter or group of humun interprcters can 
handle it. Multh;pectral mcthods providc a fairly 

0.55-0.58 11m 

0.62-0.68 JIm 

0.80-1.00 11m 

simplc and straightforward way to aid thc inter· 

pretcr in ohtaining from data collccted by scnsors 

the information he sccks. 
Thc hUlllan interpretcr still must specify the 

training scts for our statistical proccdurc. But the 
automatic intcrpre:ation devicc extends possible 
identification into (:feas bcyond thosc which the 

intcrpreter can identify. It is alsu able to perform 
a numbcr of other routinc tasks for the intcrpreter, 
such as the measurcment of area, thc m('asurement 

of pcrimcters of areas, allli othcr numcrical opcra· 
tions. 

[n the prcvious discussions we havc shown how 

simple it is to idcntify the prescncc of water. In this 
next example, we are concerned with finding ponds 
of water for the purpose of estimating duck popula. 

http:0.80-1.00
http:0.62-0.68
http:0.55-0.58
http:0.50-0.52
http:0.40-0.44
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FIr.I'II!: 12. ClllllplI("r iliaI' Ilf eaiclllall'd wakr cI"plh fllr Cllt'~ar Cre,·k. 

lion. Eslimates of duck population depend not only 
on the water area, hut also on the ~hape of Ihe 
pond. An ilTegularly shaped pond is capahle of 
supporting. larger duck population than a more 
nearly circuLI' pond of the same an~a. The walt~r 
is identified automatically and reeorded on dil.dtal 
maps sueh as that shown in figure] a. The computer 
is programed to caleulale the area awl pt'rimeter of 
each pond. as well as a shape faetor which is related 
10 the estimate of d\l('k population. 

We saw hefore that one of the purposes of 
multispeetral processing i~ to extt'nt! the ahility of 
the intt'rpreler to idt'ntify certain areas hoth spa· 
tially ant! tt'mporall~·. There arc a numher of atmos· 
pheric efTeet~ which intl'rfere with this extension 
of tilt! leaminl! set. Ohjeets in tilt' seene ha\'e dif· 
ferent optical characteristics depelltling upon the 
illumination and dewing angles u~('el. Cl'rtainly 
shadowed ami sunlit areas look considerahl\' elif· 
ferent. As a consequence, we find variations in the 
spel'lral Sil!llIItures of ohjeets that arc not related 
to the telTain itself hut rather to variations in the 
atrnosplll're, transmission. illumination. and haek· 
scatter. These atmospheric variations are. of course. 
noise 10 the system. There are, in filet, Ihree rather 
general methods used to eliminate Ihese variations. 

The fi rst is ttl pick some transformations on the 
data. the re~ult of wi ~ch is to leave the Illultispectral 
data relati\'ely invariant under \'ariations in the 
atmo!"phere. TIlt' second is to IJse aneillar~' instru· 
mentation to mcasure the atmosphere in terms of 
SIH'h quantities as illumination at the ~ens()r plat. 
form. Laser prohes can he used to measure hae·k· 
seatter. The third method i;; to seleC'! rt'ferent'l's 
al!ainst which to measure atmnsplwrit' ('Heels. 

Fi)!ure III illustrates tllt!;;t· efTt~ets. '1'111' two axt'S 
represented an~ si)!nals from Spt'l·tral channels i 
ane! j. Variatioll;; in angular drl'cts ha\'(~ heen shown 
to he approximat('ly Iint'ar. as are those for iIIu· 
mination l'lfect;;. As a conse'lUt'III't'. we mi)!ht ('xp"ct 
that thl' ratio of adjac nt spt'etml challllt'ls (.'I; '.'I; 1 ,) 

will lit' invariant witl, r('speC'! to variations of thl' 
atmosphere. 

Fi)!ure 20 shows reeol!nition maps for soyheans 
in an area enntainin~ hoth ('Ortl and soyll('ans when 
there are e10ud shadows oVt'r tlw an'a. In tIlt' upprr 
map a eonsiderahle portion (If the fielll has Ill'en 
missed. The ratio preprocessinv- l!,dlllique of 8;/S(I.' 
used for the lower map shows rt'eo~niti()n of the 
entire field area. 

These preprocessinl! tl .:hniques are in vcry carly 
slal!es of de\'elopment. So far they have enahleel us 
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far we will be able to extend si~naturcs, hut it is 
our expectation that they will he extendahle over 
long periods of time, certainly over many seasons 
or years amI over IIlany thousalllls of kilometers. 

The implementation o{ these automatic reco/!ni
tion techniqucs is, of COUl'se, slIllwwhat more 
sophisticatt'd than the human interpretation that we 
discussed ill the previuus section. It requires fairly 
standard /!eneral-purpose di/!ital computin/! elJuip
ment that is easily implemented. That such reco/!ni
tion techniques arc worthwhile seems ob\'iollS. 
Whether or not they are practical for developing 
('ountries, in terms of seale of operation, we are not 
in a po!;ition to say, althou/!h it appears vpry much 
as if they would he. 

INSTRUMENTAllON 
The fore/!oing examples have indieated the wide 

scope and numerous applications of narrow-I,aml 
amI nlllltispel'l ral remote sen~inp'. Af'. the seimtee 
has d"\'elop"d and the applications (·xpandt'll. so 
too has the instl'llnH'ntatioll ad\'alll'(~d 10 surprisin/! 
de/!l'I·es of sophislicatioll. II mils till' gamul from 
satt'l\ ilehoriH' 11111 It ispp(·tral ,.;canllers tn automatic
dislTimination comlllltt·r,.;. Currently. milch of the 
t'\pmentar\' remote st'nsin/! equipment is hecoming 
Hnlilahlt' at reasonahle ('ost 10 new elltries in the 
field. Tltt· hasic requirements for H I't~mote sensin/! 
system are desnihed brit·ny hdow. 

Certainly the hasic IH,(,pssity for all\' n~motc 

st'n~ing program is tlH' airplane---the airhorne plat
furm for the sensors. '1'111' type of airplane IIsell is 
hi/!hly dependent on what is availahll' to the ex
perimenter, with ccrtain minimllm requirements. 
As a be/!innin/!, much can lie done with a sin/!le
cn/!ine propeller aircraft. Desirahll' features are: 
reasonable maintenance eost!;, nominal four-place 
capacity to provide adequate space for instrulllents 
and erew: high-wing conslrutlion to cn!lanee visi
hilit)' and facilitate instrument installation; low 
spct'd and high stahilily: and I'an/!e compatible with 
the type of mission and the airport (acilities avail
ahle in a rural area. 

In the early days of remote sensin/! at the lIni
versity of Miehi/!an, the DeJiavilland Beaver (L-20) 
shown in fi/!urc 21 served this purpose well. Two 
of these rceonnaissanl'e-type aircraft were obtained 
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tu extenll si/!lHlturcs in somc cascs (or as much as 
a year in time and o\'cr I GO kilometers. But thcre 
nrc still miln)' cases wherl' such extension is not 
possihle. It is not possihlc to say at this time hoI\' 
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BARE 

EARTH GRAVEL SHOULDER!; & TREES SAFFLOWER 

IMMATURE 
RICE 

FIG I'!! f: 15. l'anrhwlIIalic I1\II-ail' 

on lonn from tl, )nited States Army. When a 
mission requircd m, ~(! equipment than could he 
cnrricd by one airplnne, :\\'0 wcrc used ns i"IJ~lraled 
in fiI!ure 22. Of course the rCI!istration of lhl' data 
ohtained is somcthing less than perfect. hut the 
hnsic data nl'eded for exploratory studies has /teen 
ohtnined in this II'ny. 

IRRIGATION 


DITCH 


of Califllrnia tannillj: an·a. 

As ilHlicatl'r1 in li;':l/n' 22, each airplane rarricfl 
a K-17 and a P·~2 canwra and an S-5 infran·r1 
scanner and film printer. Fi)!urt' 2,1 shows tl/(' Sl'an· 
ncr inslaIJation and the op('ratClr'~ position inside 
til!' airrraft, \\'hill' fi)!un· 2·1 shows tl)(· nlOl/ntin).! of 
OIJ(' of the eamcras f K ~ \7) oUlside lhe aircraft. A 
somewhal mon' sophbtirah'" air('raft f FaiJ'l'hilrl 
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FIG lJlI t: 16. ~rultispl'ctral imagl'ry of area shown in figure 15 (Davis. California) 
Rame time from the same altitude (600 n,l. 

BAND (J,lm) 

0.62-0.66 

4.5-5.5 

.~1t.. 
I .'" 8.0-13.5 

r-' 

taken at the 

FIr.l'm: 17. Jli~ital rl'cognition map (If 

Hiller lIeli-Porter turboprop), with the sellsor 

installation currelltly useu hy a commercial relllote 
sensing agency, is illustrated ill figure 2;,). 

The call1era it still a hasic tool in airhorne remote 
sensill~. A wide variety of film and filter combina
tions (buth black-lind-white and color) are available 
in the visible allll ncar IH regiuns (0.5 to o.na ftm) 
which lend themselves to multispectrnl studies. 

area ~h(Jwn in figures 15 mill 16. 

Many fine aerial cameras in a variety of formats 

ranging frolll 70 mm to 23 cm arc availahle from 
companies in the United States dealing ill govern

ment surplus e(luipment. Typical unit costs range 
from S100 to $300, depending 011 the lellses and 
condition. IntervalolJleters, gimhaled mounts, re
mote controls, filters, alld a wide range of film 

types all arc availahle at reasonahle cost to increase 

http:0.62-0.66
http:0.55-0.58
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FICllm: 18. Digital cOll1putt'r gray lIIap of ponds in Woodworth study area, North Dakota, frolll 
imagery taken in 1.5·to.1.8·1'1II hand at 600 111 • 

ANGLE 
EFFECTS 

./
/ 

~"",,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,~Si 

FICllllt: 19. Effects of lI1ultiplicalive factors on signal scatter 
diagram. 

FICUIIE 20. Soybean rccognition maps u,inl! (tnp) a target signatun· d('ril'cd from a ~IHIII[)\I'cd 

area and (hottom) a hinllldal targl·t signatuw map. 
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FII.II11: 21. 1l..Ila\'iliaud B"a\"T II. :.!Ol airer,lft 11"'" ror n'II111'" "'u'in~ at th,' 1'lIivl'r,ity lOr 
.\lichil!.111. 

FIGUR!; 22. Schematic uf .lirhornc operations. 

the utility of the I'anw!'a as 1\ n'nlOte ~cnsin1-! tool. 
Sources of surplus (new and used) aerial camera 
cquipment arc reallily ohtaincd from the advertise· 
ments in the numerous optical joul'lluls puhlished 
in the U.S. 

Similarly, anyone financially ahle to take ad· 
vantuge of the latest ati\';tn('cs in llt'rial ('amera tech· 
nolo!!y will find many fine products lIIh'ertised. 
Initiul costs Idght he roughly triple those of similar 
used tsurplus) equipment. 

Very often, ori;.dnal elTort ('an produ('e r('~ults 

FI1;1"IIE 2:1. Sl'all111'r iu,tallation in 1,--20 aircraft. 

not otherwise ohtainal,le. For example, one of the 
original multispectral r('searl'h tools used at the 
University of Mil:higan was the homemade nine·lens 
camera illustrated in figure 26. Tlte IHlsie unit is a 
K-17 case with a 2:i·cm format. The filter plate 
assembly, also shown in figure 26, permits taking 
nine simultaneous pictures in dilTerent spcctral 
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I 
"GAMMA RAY SPECTROMETER REPLACES 
RC-8 FOR GEOPHYSICAL MISSIONS 

VJ) 

Flcunr. 26. Ninc·ll'ns ranlt'ra an, I filr"r "In"! (I"vis,'" at tlw tJnin·rsity or ~Iichigall. 
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hands, all in satisfactory registration. An example 
of the output is shown in figure 27. 

11:.. " 
lilI

0.38-0.44 Lim 

0.85-0.89 JlI11 

FU;I'IIf: 2i. Ima~.· formal of ninf'·I .. n~ I'allll'ra. ,holl'in~ 

I ypiral lIlulti'lH'ctral ima~ ..ry. 

A !'olltcwhat Iltore ~ophi~ticatcci (and Iltore ex· 
pcn~ive) lltulti~pC!'lral camera array currelltly in 
use ),y a comllwrrial aerial ~Ut'\'e~'cr con~i~ts of 
four lIa~~c1)'lad 70'llIm camcras with the samc film· 
filtl'r com),illatioll~ that have )'1'1'11 u~ecl ill ~ASA 's 
remote ~I>n~ing airl'l'aft anel the A polio C) SOGS 
expl·rimcnl. The call1eras prneluce high.quality im· 
a)!cs on a 70·mlll ~quare film forlllat that can he 
f(·adily examined for tOllal elifTcJ'I'nc'e!' rcsultin~ 

from !'u),tll' relll·l·tivity challgl's on thl' Earth'~ sur· 
face. TIIC four callwras are alitwel with optical axes 
parallel. lInel all !'hut\ers are artuatc·d !'illlultancously. 
Film·filtl'f c'oJllhination~ arc as follows: 

r:(/1/1 r f(/ Fill/l Filla Spl'l'Iral band 

:qOO (Panatolltic·X) 2.') A 0.60 to 0.70 Inn 

2 :HOO (l'anatomic·X) .'iB 0 . .10 to O..SH flm 

:l .'i,J.2-I. I B& W IH) WJB 0.41) to 0.88 fllll 

4 ~H'~:l I Color lit) IS 0 . .12 to O.IlB Ilm 

To perform !'tuclie~ in the thermal infrarecl reo 
/!ions an oplkal ~c'atltl!'r is an ahsolute ItI'cessity. 
since photographic film~ do not extend heyotHl 

Jlm. But here modern technology has done even more 
to help the beginner get started at a reasonable cost. 
Relatively inexpensive infrared scanners are now 
available commercially in the United States. Notahle 
'~xamples include the following: 

Manufacturer 	 Model 

Bendix Corporation TM/LN-3 Thermal 
Al'ro~pacc Division Mapper 
Ann Arhor, Michigan 48107 

Daedalus Enh·rpriscs. Inc. Airborne Line Scanner 
Ann Arhor, Michigan 48106 

H.H.B. Sinj.\er. Inc. Reconofax IV and VI 
Stall' ColiI'llI'. Pa. l/i801 

Texas 	Inslrul11ellt~, Inc. RS-130 Infrared Line 
Equipment Group Scanner 
Dallll'" T.'xlls i5222 

In each case the scanner is a somewhat modular 
device. in that various detectors and auxiliary 
cquipments can he incorporated to fit the needs and 
budget of the user. The prices of the equipment 
listed ahove range from rou~hly S2S 000 for a bare 
scanner to perhaps S7S noo for a complete airborne 
!'et of in!'tl'tlmcntation. FipJt'(~s 211 throul!h :n iIIus· 
trate additional details of this equipnwnt. 

CONCLUSIONS 

Modern sensor tcchnolo!!)' has de\'l·loped the 
capability to construct imai!es in almost all portions 
of the electromagnetic spectrum, The nl'ccssity for 
such multispectral imagery seems evielent if \\'e c·on· 
sieler the problem of contrast alone. which in some 
cases invol\'cs simply makinl! the target vi~ihle 

against the barkgrouncl. Furthermofl>. the rapahility 
to produce multispectral imagery provides for 
automatic processing. If we ('onsider the large areas 
surveyed in lIlany of thc de\'('lopinl! countrie!'. this 
automatic processing is certainly important in view 
of what must be a limited !'upply of trained phot(l' 
I!raphic imagery interpreth'e personnel. The c1e· 
velopment of sophisticatcd or lJua~i.~ophisticatecl 

proces!'inl! teelltliqul's is, in faC'\, not as forbidding 
a~ it looks. The stati~tical r('rognition tedllliques 
aw eIPmenlary and are well known by most under· 
I!racluate scientifiC' students today. Thc rather so· 
phistiralcd remote sensing that 11'(' ha\'(' heen talking 
about is really nothing more than an extension of 
the aerial survey tpchniquC's which have such a long 
history in the field of de\'rlopment and resource 

http:0.85-0.89
http:0.38-0.44
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", 

FIGUUE 28. Daedalus line scanrll'r and accessories. 

FIGl'u!: 29. 1\"llIlix T:\r/LN-3 tlll'rlllal mapper. 
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Flr.cut: 30. Optkul l:ollfiJ,\uratioll of SillJ,\t'r Hl'c()lIofax IV. 

RELAY MIRROR 

GaAs LIGHT 
EMITTER 

RECORDING 
OBJECTIVES 



173 NEW TECHNOLOGY TO COLLECT AND ANALYZE EARTH RESOURCE DATA 

identification. It is an extension in two directions. 
First, it enahles us to identify 1II0re ohjects, evell 
with ~illl.df'·hallcl imagt'r)', than we were capahle of 
with standard at~rial slIrvey s~·;;tellls. :-;ccollll. and 
per/raps in the lOll!! run mlldl IIIMe important, it 
!!ives liS Ilu' eapahility III aulolllale some of tlie more 
lediolls johs thaI we nol\' pre!wnl 10 the hllmall 
inlcrl'n·ler. As a ClllIse«IICIH'C. much largcr areas 

of terrain can he covered in a lIIuch shorter time 
with fell'er trained personllel. It is 0111' opinion that 
ill dt~\'elopillg COlllltrit~S the lise of aulolllalioll, al· 
though it seclIls prohihitivc illitiall\', llIay ill the 
IOllg I'IIn he the besl appro:ll:h to IIH~ inn~ntory 1'1" 

source stlldies that are so imporlant in making 
plans for IlOth admillistralion alld project devdop' 
llIent ill these coulllries. 



SESSION IV 


Chairman: Ervin L. Peterson 




Introductory RCluarks 

ERVIN 1. PETERSON 

J)1?PUty As.listant Administralor lor T"chflit:al Assistaflce 


A!.(CflCY lor I fltcmatiollul /)1",,·l0[J1ll/mt 


One purpose of this workshop, as I undcrstand 
it, is to cxaminc tccillli(IUCS, processe~, and methods 
for idcntifyin).!:, 100~atin!!, amI JIleasuring Earth re
sources in terms of their prcsent \j~efulne~s and 
futurc potential. A considerable technolo;.:y appli
cable to the~e purJl()se~ has dcveloped in recent 
years; acrial photop'aphy, radar and magnetometer 
survcys, and infrared tedllliqucs are SOJllC of the 
areas explored_ These Illethods havl' been u;\cd for 
topo;.:raphie mappinl!, forestry surveys, mineral ex
ploration, water resource evaluations, crop di~ease 
delimitation, and othcr purP()S(·s. They promise to 
savc timc, money, and elTort. While the;;/' It'ehniqlll's 
do not replace detailed I!round examination, tl\('y 
do serve to idl'ntify ~pc(·j(il' arl'a~ for :'u('h detailed 
inn~stigations. We ;.:roup these nelll'r methods 
undcr thc caption "remote st'n~ing." Worldwide 
intcrest in rcmotc sensin;.: te(,hniques i~ (·vid(·III·cd 
by the prcscncc here of rcpresentativ/'s from many 
countries. 

Clcarly, every eountr), dcsircs the development 
of its physical resourccs for their contribution to 
its growth anrl to providin;.: a broader material base 
for improving thc incomes and living eonditions 
of its pcople. But eaeh nation must first know what, 
wherc, and how cxtensiv{' its rc~()urces are. l1w 
eonstraints of manpowl'r and money ('ommand that 
elTorts be dircded toward the development of .hosc 
rcsources most nceded, best located, and with the 
greatcst prospect of quick payoff. Conventional 
methods of resource location and delimitation are 
timc consuming und costly- Rcmote scnsing promiscs 
u rapid, Icss eostly, and eomprehcnsh'c mcans of 

idl'ntifying total resources and making selcctive 
detailcd examination as a preliminary to full-scale 
dI'Vel 0 pmcn t. 

We arc here today to consider ways and ml'i\I's of 
adapting this new methodology to tlw special necds 
and conditions of developing (~Olll1tries. With carc
ful ~e1et:lion and appli('ation of pre~l'ntly availahlc 
techniques and systems, growth alHI developlllent 
for mallY, pI~rhaps all, eountries may hc quiekl',wd, 
mall powl'r and money for dcvel0PJllent more dT.·c
tively u~ed, johs and employment more rapidly 
crcated, and the lives of pl'ople more quickly im
proved. 

Tlwre arl', as might he I'xpl'dl'd, ~(JIlJe cautions 
whil·h shouhl tl!mper our eXII/!clations. HI'mote 
sensing is a (h!\'doping It'dlllology. It is ~oplristi

cated, rcquiring a high df!gn·e of skill in its opera
tion: personnel mllst be cOllll'dent a IIII wI·1I train('d 
in data a(Turnulation, intcrpretation, and recording. 
Hemote sensing dm's not yl'l dirninate the nl'l!d for 
detailed ground illv('~tigation or ground \'/'rifil'ation 
of data sC('url'd by use of n'mott' sensilll! tedllliques. 
Any systcm .,e!- ,I must he /'\'ahral('d ill !Pnns of 
/'osts alld helll'fits, op('rahility, alld 1I~/'flllll{'sS of 
olltpUt. 

Our sl'~sion tlri~ aftel'lloon was plan lied 10 address 
the cconoll1il~ aspl'(·ts of Eartlr rcsOUfl'PS data ae
quisition and intl'rprl'tatioll and to ('on~idl'r the rolc 
of sll1all airnll£! for ~lln'l'y I'urposl's. Our speakers 
have both /'xpf'fieIH:I~ and expertise. We look to 
thcm for hclp in dl!\'e1oping n hroad Ilf'rspcl'tivt' of 
the unique capabilities, eonstrainb, and relative 
c. sts of various survey tcchniques. 
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Some Criteria for Making Decisions to Invest in Resource 

Surveys, with Special Emphasis on Developing Countries 


KIRK P. ROGEHS 

lJirector, 0 Dice oj Regio1lallJl!ve/(}pml!llt 
Orga1lizatioll oj AIII(!fica1l States 

The new technology related to Earth resouree 
surveys, which has been the stimulus for holding 
this workshop, dearly cannot he examined without 
considering the Jlolitical, institutional, and economic 
frameworks in which it will he applied. My purpose 
is to contribute some ideas to the essential hut dilli· 
cult task of estahlishing sound criteria for inrest· 
ments ill resouree surveys. 

I have chosen as the framework for my discussion 
the developing countries, not only hecau:;e they arc 
the focus of this workshop, hut hecause dcdsions 
about inrestments in resource surveys arc more 
critieal for them. Developing coufltries financially 
call afford fewer mistakes. Their eriteria for de· 
eisions must he clearer and sharper. Unwise in· 
vestments in resource sun't'Ys thr.. would hardly 
eause more than a ripple ill the economy of the 
Ullited States or a Western European country can 
have lasting and damaging efft'ets on the t~conomies 
of small, imJloverished countries. 

Having t!stahlisllt·d the lIeeessity of wise deeision· 
making in dealing with this new technology in 
developing countries, I must hasten to add that our 
record to date has been very poor. Bad deeisions 
about investments in re:;ource surveys have been 
numerous, and wastes of human and finandal re· 
sources have heen f-\reat. If we are honest with 
ourselves, I think we must recognize that at this 
moment our knowledf-\c of resource survey tech· 
nolof-\y is far greater than our skill in using it 
efficiently in an eeonomie sense. 

\Ve do not as yet have bound objective economic 
criteria for deeisions about investments ill resouree 

surveys. \Ve do not have decision models we can 
trust, 1I0r have we perfected our eost·bcnefit criteria 
to apply to man)' forms of survey investments. Lack. 
ing tbese detailed criteria, however, we do have 
some general 1-!uidelines which have heen derived 
from our experience and our mistakes. Having 
/Jeen a {'ontributor to these mistakt!s through a 
decade of association witb an intemational orga· 
nization engaged in assisting developing eountries, 
I ft~d qualified to discuss what we do and do not 
know ahout investing in resoul'!:e surveys. 

GENERAL ECONOMIC CONSIDERATIONS 

The first and critical issue in makillg decisiolls is 
where to IW1-!in. I hdieve eXpt~rielll~e has taught us 
that we must begin with the demand for data. The 
hasic I( uestion is not how are we f-\oilll~ to gct a 
partil:ular kind of information, hut what alld why. 
Some of tlw \\"Or:-;t Inistakl:s of the past have /Jcen 
made Iweause of pn:oecupatioll with nwam; for cuI· 
lecting data--lI'ith aerial data collection sptems, 
kchnitfues for mappinf-\. approadlCs to data analy. 
sis, data stOnlf-\c awl retrieval, etc.-rather than the 
purpose of the data. 

In a dt'velopillf-\ COUllt!y, the major emphasis ill 
collecting Earth resourct:s data sllOuld he to providt~ 
a basis for dpI'e/oprncllt. I want to make it clear 
that I am ill no way helilllillg the importance of 
basic scielltific researeh, hut I thillk we havc to 
remind oursl·h'es tlHlt developing coulltries with 
limited manpower and funds call1lot alford the 
luxury of unfocused general·purpose data f-\utherinf-\. 

The fact that new data collection tedulOlogies 
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have reduced eosts means that wc arc able to do 
thinl-\~ which before were out of reach. As II rcsult, 
it is 11011' possihle to I-\lItlrer qllil'kly \'cry largl! qUlin· 
tities of information, Illlleh morc in faet thun can 
he IISI'II. TIH' possibilitil's of mismanlll-\cment are 
therefore ;,:reatcr. 1l1'1'isions ahout resource survey 
programs should, iliOn! than ew!r, he made on til!! 
hasis of al!tuul data re1luirl'IIIents for de\'('lopnll'nt 
ohjedi\'('s. rathl'r than assnmin;,: that wha\el'cr is 
('olll'l'Il!d will 1'1'I'ntuall), he useful. Ilecisions should 
tlwrdol'l! Ill' hased on a country\ national ;:;oals and 
prioritil's for de\'e10pllH'llt, ih projected rates of 
I!roll'lh in dilren!nt l'I'onornil' sl'l'lors. arid its 1'1" 

;,:ionlll or spatial stratl'l!), for dl!I'I'lopnll'nl. In short, 
a I!ountry sllOuld ('olll'l,t data nt'(,II.'d to plan its 
dl!I'eloplIlI'nt and 1!)(I'I:IIII' spel'ilie dl'\'e10PIllt'nt 
projel'ls. 

TIll! I!oal should III' a sy~tcm wlH'rehy (hta colleI" 
tion pro;,:rams are eontinually l.Iljuslt'd to delllands 
ercalt,d hy I'ril'alt! arid puhlil' data.usin!! I'ntitil's. 
Tlw I'xtrernl' to Ill' a\'oidl,d is illl'l!stml'nt in resoun'(' 
d(!l't,lollllwnt lI'ilhout data, hut information col· 
leell'd llithout a "'I'ari), ddined purpose is ('qually 
to Il(, a\'oidl'd. 

Anotlll'r hasil! rt!ality is that resouree data lIlust 
h(, joillt'd with olhcr information to hI' useful for 
iJll'(!stnH'nt d('('isions. TIH' prOl'l'durc hy which this 
is tradilionally a('('ollll',islll'd is the hcnefit·cost 
analysis. EI'II1111mil' /,ot'lltials of lIatllral Il'soun'l'S 
an! assl'ssl'd hi fl'l'din;~ physical. cnl!ilw('rinl!. I'CO' 
1I0rni(', and otlll'r data into a eall!ulalion of IlI'nl'fits 
alld ('osts II'ht'1 (' tlH' 1'I'lationship Iwl\l'l'en inpnts and 
oUtpllts ('an III' I'xalllilwd, Our proct'durt,s are 11'1'11 
I'stahli"llI'd for IlI'llI'lit·('ost analysis of projccts in· 
\'oll'in;,: dirt,(,t ust' of I'hysieal resoun'l's such as 
irrigation projccts, hydrrll'll'l'tri(! projl'cts. coloniza· 
tion of nl'll' lands. I'll!. \VI' knoll' with soml' dl'l!n'e 
of ('I'rtaillt~, what typP, quantity, and quality of data 
afl' l"I'quin,d for tll!'~w allaly~('s. All de\'c1oplllellt 
hallks haw ~u('h niteria arid ad' constantly rdininl! 
tlll'm, 

\VIlPn~ WI' afl' \\,I'akest is in ollr criteria for I!CII' 
Nal ~lIn'l'ys prior to thl' idelltification of speeifie 
prnjcets. HI'SOIllTt! Sllfl'('I'S at the rt'conllaissallCl' 
le\'l'l ('ntail prospel'lillg with high risks, If a survey 
is too illtl'lIsil't! alld 11'1' I'oll(,r:t a lot of data hilt £In 
not identify dl'\'I,loplIII'nt possihilitil's, we may wasil! 
1II01U'y. On till' otlll'r hllnd, if our data (!ollcetioll is 
too slIperficial allIl promi:.illg opportunities lire 

on'r\onked, we may retard de\'e1opment. It is ex· 
aelly ill this area of recollllaissance survey of 
physieal rt~~ources that sOllie of our nell' teehllologies 
IIsing Earth resouJ'l.'e satellites sholl' greatest prom· 
ise. If tl'chllique~ call I)(~ pt'rfl'I,t(,d to carry out 
eOlllprehensil'c n'cIIlIlHli"salll'1' surreys (If phpical 
resources ill larl!t' areas at loll' costs, we will he 
solving 0111' of the lIIost critical problems we face 
Imlay ill ('oulltril's hegillllilll! to den'lop their natural 
re~oll r('t's. 

Before passill!! Oil til cOII~idt'r slime 1I01l('t'ollomie 
nitl'ria for lIIakill;': dC('isiolls to illl'est ill rl'SOIlrCe 
surl'eys, it is important to t'lIIplaasize that ('IHlJltries 
at diiTI,rt!lIt 1t'1'I~1" of 1!l'OIlOlllif' de\'l'loplIlI'lIt ha\'e 
di ifl'l'I'nl data rcqllin'lIlt'lIts. Tltt' 11'11011' disl'ussion 
IIf I'I'Slllll'l'l' surn!y niteria "llOuld really he!!in Ilith 
a l'flllSidl'ralion IIf dl'\'t'lopnlt'nt 11'\'1'1. Tlw typI', 
quality. and quantity of reSIIUITI' data nl'eded hy 
l'anll!lJay ("hi..!1 is I'ariy ill its dt'l'clopnwnt) is 
(,lImpl!'11'11 diiTl'f('lIt frlllll tho~I' IH'I'dl'd by ils next· 
door IlI'ighbors. Brazil and :\rI!I'lItina. A ('ountry's 
11'1'd flf de\,l'lnpnll'lIt fn'quelltly detl'rmilH's its ('a· 
pa('ity to fillanl'l' data al'quisitioll at'li\'itil's and 
utilizl' n'sults. 

GEOGRAPHIC CONSIDERATIONS 

In additilln to !!I'lIl'ral 1'('OIlOlllic consideratiolls, 
a ('ountry's stralt'gy for n'soulI'e surl'ey is inllu· 
l'III'ed strllngly bl' ;,'l'o!!ral'hi(' fa!'lors, AIIIOIII! the 
most importallt an' OI'I'rall I!l'0graplti(' siw of the 
country. dl'nsit~ and distrihutioll of population, 
I!xistill!! ill fra"t nl!'llJ 1"1'. alld spatial distribution of 
lIatural I"I'SIlIlITI'S. :\ lar!!I', sparsely populall'd ('OUII· 
tn with a uniform a;,:ri(,lIltural lalld hasl' shoultl 
adopt a dilfl'n'lIt strall'!!y than a "mall. dl'n~('ly popu' 
lated ('ount ry II it h Iimill'd agricultural resources 
COIlI'l'lItratl,d in a fl'\\, an'as, 

Th(, int('n~ity and timilll! of a surn')' al't' oll\'i· 
ou~ly alreeled hy tlaest' ;,:('ol!rnplaie realitil's. The 
larl!e ('ountr), Ilith tIlt, spars!! population amI thc 
uniformly distrihuted J'('SOUI'I'('S, for example. may 
helwfit mort! imml'dialt'l~' from ~ur\'ey~ utilizing 
satellitl' illtal!l'ry. IlI'cause it III'('d~ )'('('ollllais!<nnt:e 
data for lar!!I' lalltl an'as. Tlal' ~lIlaJl, dl'lIsl'l), settlell 
('oulltr), may Iwed detailed ~tudil's of limitcd areas, 
employing nll'thotls relJuirinl! mlll'h more ;,:round 
truth. 

I ~laould IIl1'ntion in pa!'sing a crili('al geographic 
faetor that is ~olJletiJlles overlooked in the design 
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of resource ~Ul'\'('~'~, The ~iglli(jl~allt cllrirollmclltal 
diffcrcllccs betll'cell tcmpt'nltf' IIlId tropical ZOlll'S 
lIrc !'ollwtimes forgottf~1I ill the Sl'lt'dioll of keh· 
Ilologies alld lIlf'thodolo)!if's, ~ill('e the majority of 
thc dc\'t,lopilig ('oulltries an' ('oll('elltratf'd ill tropical 
latitudes. this is all import alit cOllsideration ill allY 
survey dl'l'isioll, 

INSTITUTIONAL FACTORS 

Criti('al to allY d{'cisioll about all ill"f'strncllt ill 
a (,('SoUrCf! sur"f'Y ill a dt'''I'lopill).! ('olllltry is a eart', 
ful aSSf'ssmf'lIt of I'xistiug illstitutiolls alld a\'ailabll' 
trailled lIlallpOIII'r. Expf'rielll'f' Ita, ShOll1l that it is 
ulmisf' to import larg\! qllalliitit,s of ford).!11 ('xl)('r· 
tist' to do the 11'11011' job of dala ('oll('I,tioll. )'f'I'aIlS(' 
fl'l'lJlll'ntly all thf'Y If'an~ IlI'hind b a halldsolll(' 
/'1'1 lIlI" t and 110 on(~ abl(' to l'Olltilllll' tllf' allah sis or 
df(,(,ti\'dy IItiliz(' tIll' illformatioll, In f,fTl'd, ulIll'sS 
tlll'l'I! is sigllil)(',lIlt parti('ipatioll III thl' profl'''siollals 
of thl' d('\"t'lopifl).! ('Olllltr~' in data acquisitioll pro· 
gl'llIllS, tIll' rl'~ldls I iiiI \ Ill' lI'a't,,(1. Th{, Iimitiflg 
fador is tht' ('a/,a('ill of tilt' ('Pllfltry 10 1I~t' fon'i).!11 
{'xp{'/'tise to ,'ompl"lIIl'lIt IUt'al ,'apabilities, 

ElJually as illlportani as trailll,d lot'al prof!'s. 
siollals is tilt' dt'\'('loP"lI'lIt 1f'I',,1 (If slIn','\' illstitu· 
tiollS, III lIIalir parts of th,' Ilorid. th,'rt' an' \11'11 
trailll'd p/'()f,~s"ioIHlls Ilho"l' produdi\'ity is \'('1'\' lOll' 
1)('('ausI' tllf'Y an' lIot ).!in'lI ad('qllalt' Il'adl'J'ship alld 
illstitutiollal support illld b('('alls!' illstitlltiolls an' 
IIl1stabl(" TIlt' limilill).! fador ('illI illd"l'd III' thl' 
t'apa('it~· of illstitlltions, rathl'r tlHlI1 Iht' qualltit\' 
alld lJuality of traillt'd illdi\'iduals, I'ro).!rams dt'· 
si)!lIt'd to hllild illstitutions a' wt'll as to ('ollect data 
arc lI('et!I,d. 

III additioll 10 ('apaciti(''; of illstitutiolls alit! illdi· 
riduals. a \'('r~' illlportalit fadOl' 1'lIt('rill)! illto dp· 
cisiolls rqral'llill)! rt'SOIIl,(,(' sU/,\,t'y:< is th(, a\'ailability 
of existillg data, Aftl'r th(, "('OIlOlllil' 11I'(,ds ha\'(~ 

1)('1'11 idl!lItili('d alld tIll' ('ol/lItn':-; illstitl/tio/lal alld 
pi'll fl';;,i 011011 lilllitatiolls hill(' l'l'('11 cll'ally idl'lIli· 
/i{'d, allY plall fol' ),(';;0111,(,(' data a('qllisitioll ~IIOI/Id 

take filII a('('Ollllt of IIhat data alrl'ad~ ('xists. ~I/r· 

prisill)!I)', mall)' ('OUlltri('" do lIot ~('I'/11 to kilO\\' 
what data is al/'t'ady ,II'ailahll~ alld, ill ;; (ll Ill' ('as('s, 
liP S('(' tIlt' tnl)!(,dy of /'l'llI'alill).!' Sl//'\'I'~' work I'll" 

vi(lusl~ ('(I/llplded, III all ill\'l'lItory alld ('atalogillg 
of exislill~ al'l'ial pllOto;.:"aphy alld mappill).! ('ar· 
ried Ol/t hy Ihl' Or).!'allizatioll of AnH'rinlll ~tatcs ill 
Latin Amcl'it:a ill IIJG,I-(,,'l, it lIaS strikillg to lIote 

tlw llllllllll~r of ('aSI'S of duplication of mappillg hy 
diffen'lIt a)!I'llI'ips at dilren'lIt tillll's, It was ('qually 
illlpres"i\'(' to ol,sl'I'\'P tilt' \'('r~' ).!'l'l'at f'xll'lIt to \\'hil'h 
Latill AnH'ri('a had 111'1'11 photo)!nlplll,d a 1111 the l'l'ry 
small ,'xtt'lIl to whit'h it had 1"'('11 mapped willi 
photol!raphy, TIll' limit ill)! fartor III'''!, did not ap· 
,war 10 1)(' tIll' a\'ailaj,ilit~ of illla)!!!r)" hut the I'a· 
pal'il iI'S of tht' ('ol/litrif's to :lllalyZl' tlwi" imag('ry 
alld CO/ll'l'rt it illto data thaI ('ould hI' utilized ill 
lIIakill)! dl'\'I'loPlIll'lIt decisiolls, 

SOME CONCEPTS OF ENVIRONMENTAL 
DATA COLLECTIO'~ DERIVED FROM 
LATIN AMERICAN EXPERIENCE 

1,I't 1111' pro('('(,d 110\1' Ilith the P)'("'l'llta!ioll of sOIll(' 

;':l'lIl'1'al ('IIIII"'llIs fol' ('II\'irUIIIII('lItal data l'olll'dioll 
d('l'i\ I'd frolll (1:\:-; ('''p('l'i!'I'''1' ill Latill A1I11'1'it-a , 
11111'1'(' I har(' 1)('('11 ilJ\'IIhl'd, Th!',,' /'I'lIlal'ks :-hollld 
-t'/'I(' al"o til pI/II tll;.:l'1ll1'r SOIll(' IIr till' thill)!' I ha\'e 
,aid p/'l'lilluo.l~, 

Fir,,1. I 1I11l/ld lik,. til /'I'it('rat" 1111 IJI'lil'f Ihal 
/'1""1/1'('1' "I//'I('y" ill d('rl'lol'ilig ('ol/lllri,'- ~llOlIld he 
prilllarily d('\ (·101'1111'111 oril'lIt('d alld II lit ~t'i('lItifi(' 

resl'ar!'h ori,'nl('d. I 1)('li('\'" that r(',,"uI'I'(' slll'ley 
prO)!l'illll_ "hlll/Id I", dt'\'I'lol'(,d ill 1'1"1)011'" 10 IlI'eds 
fol' dillil, a,- d"lt-l'lllilll'd III lIatiollal III' 1'I')!iollHl 
('('Ollllllli(' plall~ fill' d('\'('lol'III('III, II ilh id('lIli(jl'd 
;.:oal~ alld ,'''Iahli-hl'd priorilil's, III Ih(' ('a,t' IIf 
Lalill ,'\lIlI'l'i('a, III' hal't.' lIalillllall','ollOllli!' plall/lill)! 
Iwal'd" II hii'll ill thl' la,,1 d(','ad(, llill" p/'l'lHlrl'd ('('0' 
IlIIlIli,' d('I'('lol'lIl1'lIl plalls of I'al'l ill;': dl/ralion wilh 
,tillt,d d('\'I'lol"III'111 t!0al" alld ('UIIL"',' of adioll, 
:-;Ut,h plall~ alld pro;.:ralll_ IllU~t III' lakl'lI illtll at:· 

('ollllt ill d('\'I,lol'illg pro;.:ralll~ for Earlh n',oun'!' 
:-111'1'1'1 s, IIIr{'~tllll'lIts ill data ('oll('clioll sllOlIld h(, 
jl/stilialtl(, oil tIl(' IlHSi" of ol'('rall dl'l'l'lojllll('lIt 

~t,.nlcgy. 

~I'('Olldh, \1(' ;;hol/ld poilll out ('I('ady that a 
1'1',,01//'1'(' ~I/I'r('\ j, l'\p('lIsi\'(', tillll' ('OIl~l/llIill)!. 011111 

d('lIlillldill)! ill 1"1'111- of till' illPllt (If s('al'l'(' I'l'Of(,,,· 
sillllal l,d('1I1. I lata ('oll(,(,tioll .. hol/ld 1I0t hI' 01'1'11 

('llIll'd. :-;1 slt'lllilti,' illl'('lItlll'i('S of physi('al ),(';;olll'l'(,S 

for tIlt' ;I('(Jlli~itioll of kllllllletl)!c abollt tlit' physi('al 

('lIvirOlllll'lIt lritli 1111 partil'lllal' ('lid ill \'i('II' an' 
potl'lIl iall Y II astl'flll ill d,,\, .. lopill;': ('Ollllt ri ..s, ,\ II 

(''''I'ptioll to tlli' i" a g('llI'ral \'f'('OIlIWissalll'(' ovcr· 
riel\' of tIll' ('II\'irOllllll'lIt illt('lllled to gllid(~ th .. fo/'· 

lIlatioll of lIatiollal de\'dlljlllll'lIt poli('i('s IIl1d foells 
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later investigations of physical resources in areas 
of high development potential. Every country needs 

some kind of a reconnaissance overview of its en· 
vironment for intelligent development planning. 

Our greatest concern is with open·ended resource 

surveys that involve systematic mapping at medium 
and large scales of large land areas, since a country 
needs a high level of development to afford this. 

We arc also somewhat concerned with the involve· 

ment of technicians in some developing countries in 
basic remote scnsing research. It is easy to aUract 

first·c1ass scientists in developing countries to this 

glamorous field, but we may in the process divert 
them from tasks of greater immediate importance 
to their cu<lntries. 

Thirdly, Oil" experience ha~ shown that one of the 
most enicient ways to carry out development-oriented 
investigations is through a program which proceeds 

in phases. The hroad o\'erview of a large area 

known to hI' of development interest should he 

followcd hy mow ddail(~d inve!'tigations in limited 

areas with possihilities for specific projects. The 
final pha~c of investigation should then he a de
tailed study of physical farloni invoh'ed in the' eco
nomic and t(~dlllical justification of a s)lCcilic 

project. Thl' main point here is that the minimulll 
invcstment should bc made in eaeh phase hefore 
proce(·ding. 

Scientists often want to extend work in their dis

ciplines more than n('ces,ar~' hecause they \I"ant to 
producc the perfed geologie mal' or make a major 

contribution to the krlllll'll·dge of soil seienel'. It is 
dillil'uit to restrain thelJl, hut it must he done he
eall~e finarH'ial and human resOllrt'cs arc scarce in 
developing (·ountril's. 

Finally, experierH'c has taught us that investiga
tions of the phpical l'nrirollJncnt should, as much 
as pllssihle, h(, inte!!rated and multitlbciplinary in 

their approach. The objective is not only to econo· 

mize on data collection and analysis by investi· 
gating several factors simultaneously, but more 
importantly to retain an overall view of the natural 

environment, What we are talking about here is 
basically the ecologic approach to resource survey. 

History is cluttered with examples of development 
failures which wcrc also ecological disasters be

cause projects were initiated withollt due regard for 
the dynamic cI)uilibrium of the environment. The 

integrated approach of interdisciplinary teams will 
not protect us from all failurcs, but it will cnhance 

chances for successful dcvelopment with minimum 

damage. 
In summary, \l'e have said that data collection 

allOut the physical environment should be develop

ment oriented, integrated, and ideally proceed in a 
~eries of phases of increasing intensity from recon

nabsance of lilr!!c area~ to detailed project studies. 
The data collection and analysis process should be 

continuous and orderly to yield speeific develop

menb. 
We rarely achieve any goal without setbacks. 

Heeonnais~ance sur\'t~ys indicating a need for more 

intense study in certain prolll1smg areas go lin

heeded IIhile costly data ends up in sophisticuted 
reports whil'h cannot he used by decisionmukers, 

The interfaee between data producers, economists, 

and en!!ineers who implement dcvelopment is criti

cal. 

As lie look ahead to the application of the new 

ted\llolo!!ies for resource surveys in devcloping 
countries, \Ie should constantly focus 0111' attention 

on the el'itical need for an efTective dialo~ue he
tween data producers and users; it is this communi

cation interface, rather than our ability to use tech
nology, that I belie\'e will determine our success 

or fail\ll'e. 
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(!II iter! Nati/llls IJl!l'dO[JIIII'lIt IJro[!,flllII 


This paper is primarily eOlu'l'l"Iled \l'ilh dl!ci~ion 

models for dlOosing lechnillues and pl'OI'l'durl's 10 
oblain inforlnalion for ill\'cslnH'1I1 dt'ci~i(llls in Ihc 
field of natural I'esolln'!'s dl'vt'lopllH'nt f type :\ 
model~ '. It will deal only bri!'II~' willr dl'ci~ioll 

modcls for improdll!! lire I'llicicllcy of IlHlIla!!illl! 
cXislill!! rcsour(,I' systems f Iq)(' B IllOdeiSI. It \l'ill 
hc 1I0led tlral ill Sl)fnl~ ('asl'S Ilrl' 1\1'0 IllOdl,ls cOllld 
he l'ornbilll'll. tlru~ allowilll! si;,!lIifil'alll I'('ononri"s in 
llHllla;,!in!! n'sollre'c sy;;II'm- Illren d('I'e/op('cl. TIll' 
informal ion ;;ouglrl is ddilll'd hy Ilw sla!!e in Ilrl' 
deeisionmakin;,! pre)!'ess ILl',. ).!l'nl'ral fl'asihililv 
sllldies or I'n).!ifl('('rin!! desi;,!nl and by III!' drarac'· 
Icrisli('s of Ilrl' I'CSOlln'(' SI'~II'III 10 hl~ dl~\""'opl'd or 
to be elli('il'nlly IlHllla).!l'd. \\'lril!' nro~1 of lire pllh, 
lislwd sludil's are' mainly C'OIIl'I'rII('d Ilillr improrin).! 
tire l'fIi('icfl('~' of marla!!in;,! already.dc\'('loped 1'1." 

source systl'ms. il is felt Ilral more alll'nlion slrould 
he givcn to Ihe Iypl' A Ilwdl'ls IILidl ma\' offer 
!!rcatl'r imrnedialt' advanlages to dcn'lopin!! ('olln
trics, 

TYPE A MODELS 

Tire cost eff!'c\ivcness ('rilerion for dlOosing 
among altl'rnativc It,dlniqu!'s and pl'Ocedun~s \l'iII 
be supplemcnled by a lilll!' cff('cliveness crilel'ion 
when it may nol he feasihle 10 (';;Iimale Ib, I'('onomic 
loss function resulting from IIII' 1II'I'd 10 poslpone 
un in\'eslmenl dc('ision dUI' 10 Ilw differill!! limes 
rcquired to ohtuiu a gin'n illformalioll mix. Tire 
charal'terislics of Ilrc new rcmole sensing l('clrni'lul's, 
whethcr airborne 01' spacehol"lll', ofT!'r el'ollomies of 
scale alld of multiproduct ()pel'alion~. (onsl'lJu!'lItly 
the projeel-orienled approach of much presell! 111

formal ion gatherill~ will fleed to he I'eplnced by 

illfol'lIIalioll ;!allwrilli! procedures d('~iI!IH'd 10 meel 
lilt' IH,t,d!" of a lar!!(' lIulllllt,l' of I'olllpll~ml'nlary cco
IWlllil' a!'lirilil's, Thu~. ill addilioll 10 ohlaillillg 
!!n'al(')" c'o~1 ('ITI~l'Iin'III'~~ alld lim(' ('frl'l'Iivene~~ in 
illformalion I!allwrill!!, il may lit' IlOs!"ihll' 10 o/'Iaill 
~I'I'olulary bl'nl'fil.- n'~ul!illg from inl(';,!rall'd plall
lIin!! flf indiridllal pl'ojet"(-. willJin OIU' lar;!l' ('I'gioll 
or II ilhill l'olltill;,!UOIIS a)"l'as. Thl' a/'o\'I' approadl 
wOllld ill/lic'all' Ilral mil ('I , of Ihl' availahle H&D dol
lars I'ould Ill' c1I'l"oll'd 10 dl'v('lopill!! I'osl fUIlI'liolls 
for alll'nralil"I' sl,II'm:' of illformalion !!alherill).!. as 
11"1,11 a~ for dl'l"l'lopilli! oplimal mi\I'- of informalioll 
unib III' poinls 10 Ill' oblaillt'd from 0111' dala ).!allll'r
ill;,! ~y~It'rrr. II hiell 1n;1~" c'oll~i,1 flf a I'orrrhinalion of 
rl'!'Iors 011 airnafl 01' spa"(,lTafl ill c'onjlllll'lioll wilh 
ground I·(llllro/. II II"ill lit' 1IIlII,d Ihal Ilri~ allaly~i~ is 
qllill' "impll' and ill mo,,1 l'a~I" I'olrld he limited 
Jll'imal'il~" 10 :lIIal~,,('~ of alll'mali\'(' ('osls alolll'. II i~ 

al!"o !"Irt,,,,,'d Ihal IIJi .. papl'r doc'~ 1101 Ireat lilt' gell
('ral suhj,,1'1 of tilt' ('('ollomic's of ill formal ion, or 
"hal I'om'lilllll'~ I"alid informalion r('quireuwnls for 
allY ;,!il'(,11 illl"I'~lml'nl c1I'l'ision in a r('~ources d(~\'('I

opllll'lIl ~('helllt'. 

TYPE B MODELS 

J)I'('i~ioll modf'l~ allll IWlld11 anal\'~c'~ for improl'
illg IIII' I'fIic'il'nl'Y of rnanaginl! existill!! re~(lUl'ee sys
I('/Il~. "hich han' hl'l'n lire suhjl'l'l of mo~t of Ihe 
sludi!', ulull'I"lakl'n direclly hy or for ~ASA, are 
dealt Ilith onl~' bridly, Thesl' lItodl'l~ sllOuld ('enter 
ill lilt' firsl ill!"lanl'I' !In id('ntif~"illl! ongoilli! data 
i!alhering al'livilil's Oil a glohal hasi~ hy intema
tiollal a).!ellt'ie~ alld or 1'1.I:uu'd al'li\'ilil'~ for Ihe 
nl'ar fulul'l'. Tire real eo~ls of 111I'!"l' acli\'ilil'~ should 
III' adelJuately eslirnall'd so Ihat IIr!'y lItay serv!! as a 
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basis for comparing them with the cost of obtain· No. 6H-1077 (AIAA Fifth Annual Meeting, Octo· 
ing the same information through the application bel' 21-24, I96H) ancl in Summers' puper presented 
of spacehorne sensors. The models outlined if/ta to the Sixth Annual Symposiulll on Hemote Sensing 
alia in the Planning Hcsearch Corporation study of Envirolllllent, Octoher 1:1-16, 1969, servc as a 
and in the A. H. Muir and H. A. Summers paper basic theoretical framework for this purpose. 
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Director, JJllrt~all olilltematiollal Scielltific alld 

Tec//1w/ogica/ Affairs, Departmellt 01 State 


]11 his ullllual report Oil forei~1I poliey is~ued just 
over two mOllths ago, Presidellt ;\ixoll stated, 
"Space is til!' c1eare~t example of the IIcce!;sity for 
intemational ~dl'ntific ('oollt'ration and the henl'fits 
that ac'(TUt' from it. Thl' lIorid commullity has 
aln'ady ddl'rmill!'d and a).!rl'ed that ~pa('e is open 
to all alld ('all Ill' mad,' the spl'cial provin('I' of lIone, 
Spal'l' is till' ne\\ frulltil'r of mall, hoth a physical 
alHl an illli'III'l'lual frollti,'r," 

This I\'orhhop, IIhich has I:O/lH' illto Iwing as ,nl 
('al'lll"t of I'n',idellt \ixoll's IIbh to ~hare the helle· 
fits of our 1'I'lIlOt" s!'nsill).! program with the re~t of 
the 1I0rld, will dl'mollstrat(' the potential of this 
IWI\' li'I'hnolol!il'al tool and hOIl it can he II-(':! f,,!" 
lIIall's 1H'll!'fit. I wish to stress at till' JH'gillllilll! that. 
if n'moll' sl'lIsilll! is to lil'!' up to ih great promise, 
it dl'llI'lIds Oil closl' illtel'llatiollal (,1)()lu'ratioll alld a 
widl'spn'ad n'l'ogllitioll that "" hal'" importallt n:· 
sullI'I'('~ ill ,'omll1OII. 1.1'1 IIII' ill\l~tratl' how the State 
Depaltlll"lIt arid 11\1 (;0\'1'1'111111'11, ~l'e thi~ program, 

Importallt ta~k" cOllfrolltillg 11111' 111111 COlllltr), reo 
quin' illformatioll dl'vl'lop,'d 011 a hroad allci iIi 
SOIlI!' n"I)('I't s glo"al hasis, This is ,'ll'arly so, for 
exampll', ill til!' l'aSI! of "lIl'irolllll"lItal, I)('('ano· 
graphic, alld n'solln'l' prohll'lIIS which trans!:enci 
national Irolllidaril's, To 1lll'I't our olin lIec(b, WI' 
JIlust I'olllltll't thl' program on a hasis which will 
IIl1'rit illll'l'Ilational al'l'I'ptalH'e, 

We call1lot insure our own welfare in isolation; 
we Jllllst find ways to enable other countries to 
partil'ipate ill and cOlltribllte to this program, We 
III II st also look for ways of relating our own work 
to comparahle efTorts of other coulltries, as we have 
already done with Brazil, J'llexi(:o, alld Callada, Let 
me al~o I'itl' the re('t'llt IIl1derstarHling betll'een NASA 
and the S()yit't Acadcmy of ~eiellces to consider 
techniqlll's for studying the natllral environment. 

We han' Ilt'cn and Idll remain mindful of the 
special nl'l'ds of den'loping ('oulltries, We must seek 
way~ of 1'I'latilll! thi~ progralll's potential COlltriUU' 
tiOIl to tho~I' needs, 

As 0111' und('rstandill~ of eommoll prohlems de· 
velops, III' lIIay ~t'l' till' ta~b confronting the world 
('omlllunity in a lie\\, perspective, Alld as li;!W oppor· 
tllllitil's for joillt action emerge, \\(~ must try to 
exploit tllt'III, For exalllpil', ~ul'h joillt action will 
he illlperatin' in dl'alill;,! II ith illtl'rraatiollal or iIHHI· 
\'('l'Iellt lIIodifi('ation of till' I'nvirolllnent. Therefore, 
11(' fed WI' mu~t hI' prepan'd to seek illternational 
I'oolll'ratioll ill pullin;,! to work tire information 
rt'slIltilll! frolll tltis program. so that ('ommon under· 
~tallding of ollr shared prohlems lIIay he deepelled 
alld IIIl1tllally h('lIl'fi('ial approaclll's developed, 

I alii hOllOl'I'd to 1)(' the dtairmall of tlris session, 
in which I\t' shall IH'ar deseriptions of other COUll' 
tries' prograllls, 
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Brazilian Progranl for Rcnlotc Sensing of Earth Resources 
(Project Sere) 

JOAO BOTELHO MACHADO 

Comisslio I\'acioflal de Atillidades Espllciais (CNAE) 

This rcport prcsents II description of the Hemote 
Scnsing of Earth Resources Program heing imple· 
mentcd in Brazil. Emphasis is on the main features 
of the program. Possihle future rcpl'rcw,sillns of 
trcnds becoming apparent arc also discussed. 

Because of the way the program is heing dcvel· 
oped, we could not avoid an almost purely descrip' 
tive presclltation. Thl'refore, in ollly a few eases are 
opcrational aspects supplemented by specific data 
which we hope \\"ill rellect as faithfully as possible 
our program's fcatures alld problems. 

Ohviously, our program concept, ('ontellts, aims, 
and methods were determined hy our country\; 
social and economic system, level of development, 
geographical extellsion and situation, srientific and 
tcchnological potential, and national traditiolls in 
various spher£'s I such as higher edlleation, scien' 
tific research, industry, etc. I. 

STRUCTURE 
Among the main reasons for the complexity of 

ollr program are the increasing need for the explora. 
tion lind exploitation of vast IIl1kno\\'n regions, thl' 
magnitude of required human alld linallcial re· 
sources (which made government aclioll and sup· 
port a basic responsibility), the limitatiolls of 
available resources I wldeh obliged coordinatin;.: 
authorities to dl'll'rmirll' options and estahlish priori. 
ties I, the illl'rl'asing extl'nt of interllatiollill coopl'ra· 
tion in sdence and teellIIology, and the valit,d nature 
of our objectives. 

The ag£'ney selel'led by thl' Brazilian Covernment 
to implement and coordinate 0111' Hemote Scnsillg 
of Earth Hesources Program is a space !o'ciellce a/l(l 

technology oriented institulion known liS Comissao 
i\'al'ional de Atividades Espaciais (CNAE) and 
linked to tile i\'ational Hl'search Council, a govern· 
/lIental hody that ('()onlinates national research 
activities alld H'ports directly to our President. 

Plans e~ta"li~hcd for C;'\ AE l'OVI'I' the period of 
IIJW to I(Ji:t They pcrmit ;.:ro\lth compatible with 
tire ('ol/lltry\ filHlIll'ial (lotelltial arid are hased 011 a 
realistic appraisal of industrial dl'\'e1opmcnt as well 
as till' qualili(·atiorrs of Brazilian scielltists and liTh· 
nicians. 

Tire eN AI-: \lill soon Ill' rcrrallwd Instituto de 
I'csqui~as Espaciais 111':1'1-:1. It has its lreadc(lllIr. 
tprs at Sao lost' dos Campos, Stale of Sao Paulo, 
and it b tire ollly ci\'ilian illstitution exclusively 
dedil'aled to space SCil!IIl'I' arrd tecllllolo;.:} in Brazil. 
It also ('oordinatt's space adivitil!S of olher groups. 

Sirll'l' its I'featiorr, CN:\ E has doscly cooperated 
with :\:\S,\. This cooperation has helpl'd put Brazil 
ill a positiorr ('omparahle 10 that of other scien· 
tifically ad\'alll'l'd rrations. 

Earl, in 1%(1. :\ASA suggl'sted CNAE partici. 
pation ill a l'oopprati\'e relllOll' nensirrg projl'c:l for 
arr aerial surn')' of seipelI'd areas to hI' used as 
"luBar analogs." This projl'l't was soon ailarrclorred, 
but it rl'slrltcd irr alwthl'r program associating 
Braziliarr and [' rritl'd Statl's grollp' irr the cll!\'dop· 
II1l'rrt of techrril/ul" and s} ~\!'m~ for irrll'rprl'ling and 
utilizirrg Ealth rt'sOrrlTl'S data collC'clt'd hy aireraft 
aIII I in dl'lermirrirrg the poterrtial use of spaet'(~raft 
for till' sanll' purpose. 

This ('ooperative program I)('gall irr 11)(111 with a 
(i·mollth traillillg period for J2 Braziliarr scientists 
in tire t'nited States, In IIJa), ufter the dl'vdol'ment 
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of five Brazilian test sites in cooperntion with local 

user IIgencies, overflights in Brllzil helped us evolve 
lin optional configuration for our own airernft 
sensor system. 

In Oe(ober I<J70, a )lll~eting with NASA repre

sentatives was held at our institution's main center 

for the formal presentation of final reports on the 

third phase of the NASA·CNAE cooperative pro

gram. 
Our eNA E operational flights, which constitute 

the fourth phase of the program, will start soon 

with a Brazilian·hllilt aircraft which is in the process 
of Iwing instrumented. 

Experience ohtained during the preparatory 
phases of the NASA·CNAE mission necessitated a 

fundamental dHlnge in our approach. For example, 
there were extreme differences in pace of work done 

at our uscr agl~ncies due to the lack of internal 
support received hy some principal investigators 

(not a lack of financial resources). One source of 
this difliculty was the manner of pre~entation of 

the projcct to prospl'etive users. Too often, an initial 

proposal concerning n'mote sensing is so appealing 
that ('xpl'r·tl'd n'sults are ('asily overestimated. Thus, 

in cl'rtaill groups, motivation faded rapidly with 
thl' first minor diflicu!ty, while early successes in 
otlU'r I!fllllpS Cfealt,d an ('nthusiastic attitude which 

led to cxtensiv(' aerial SlIrvl')'s with availahle equip. 

ment. Tlw most realistic positions were assumed hy 
inwstigators with a ch~ar undl'rstalHling of their 

sellsor capahilities and the significance of thc sensed 

data, as in thl' ('ase of remotely measured sea·sur
face temperatures for oCl'anographers. 

In tlw heginning of our program, a one·way flow 
of simple support was I~stablished-from the data 
('oIlN·ting alii I processing activity to the data inter

prl'tation pI·rsOImel. Tlw supporting activity ended 

\\'llI'n carefllll~' I~olll'c\f·d HlHI processed data were 
deli\'ered in tl\(' rnalJlH'r sJledfied hy each investi
I!ll\or. We are tryin/! to n~lI1l'dy this situation hy 
estahlishing a SllPdfil' ohjer:tive.nJlltivalt:(1 type of 
op!·ration. 

TIlliS. our in·holls!: diseiplilw interface groups 
(eornpri~illg IIUIlII'fOUS w('11 qualified sllPcialists in 

natllral IIIHI 1'lIltllral Earth resollrces working in 

dost: /'{'Iatiow;hip with 0111' instrumentation, flight 

operal i (ln~. data pnH'('ssing. and data hall k groll rs) 

Iry to mailltaill "dp/llHIII' channels for an exchall:~e 

of id,·w; 011 progn'ss and program development 

between Brazilian user agencies, our own organiza

tion, lind foreign counterparts. They also report 
problems in user areas. In this closed-loop system 

we expect to have resource-minded, instrument

IIcquainted, in·house people-not just instrumenta
tion experl<; providing subsystems of data collection. 

To keep thc system working smoothly, we will have 
an internal system IInalysis group in charge of 

project planning and control. 
To assure adaptability and f1exihility in dealing 

with the frequently ehallging ohjectives of sub
projects, a matrix type of organization chart is 

used hy our project. This type of organization (sec 
figure) enahles a well estahlished set of illndional 

groups to support different subprojeds being de

veloped. In other words, the funetional groups pro
vide personnel for aetive suhprojects and support to 

their scientists. 

STAFF -
DIf!ECTOII 
MANAGE II 

SCIENTIFIC COOIIDINATOH 
EXECUfIV[ ASSISTANT 

IDATABANK ~ 
I 

SYSTEM 
ENGINEERING 

I 
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PflUGIIAM 
PLANNING 
CDNlflUL 

~ SECRETARY I 
I 

I I I I 
IlEMDlE 

SENSING 
 DATA INTEHPflE· 

PflOCrSSING fATION 

J 

.... 

HcttNICAL 
MtASUIIE SERVICES 

MENfS 

SOILI  )
IItSOUflCES r--< 

_ MINEltAL f---< )HESQUIICES 

~ SEA I--<., 0R[SDUIICES 

Matrix organi7.1titJn chart fnr remnte sensing prnject. 

Ongoing suhprojects in a matrix organizational 
dlUrt may he shown graphieally as groups of scien· 
tists, horizontally :dilled hy specifil: suhprojects, 

located vertil:ally uJl(ler functional groups. Addi
tional suhprojlds may he easily added lIIul, as com· 
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pIe ted or phased.out subprojects are excluded from 
any organization, personnel are returned to their 
original functional groups. 

HUMAN RESOURCES 

For the development of a progra.n, our institu· 
tion requires highly skillel~ scientists and technicians 
in significant quantities. Due to a lack of remote 
sensing educational ce:lters in Brazil, it was neces· 
sary for CNAE to de\ clop it" own coursc<; with thc 
help of spccialisls tra:ned ill lite United Statcs. 

At the moment, we hah; the following groups of 
speeialists workin~ on our project: 

Agronomists 1:~ l
Geologists B Discipline 
Oceanographers :~ group = 25 
Geographer 1 
Electrical engineers 5 
Electronic engincers 2 
Physicists 2 Data collecting 
Pilots 2 group = 13 
Aerophotogrammetrists 2 
System analysts 3 
Librarian 
Secretaries 2 Total = 44 

The project will be fully operational when the 
Bandeirante PP-ZCN remote sensing aircraft is in 
routine usc, pnbahly by Junc ] 971. Meanwhile, 
discipline specialists arc slill working with data 
collected during NASA aircraft overflights in Brazil 
in close contae! with user agencies. 

Supporting groups arc working on such inter· 
pretation tcchniquc developments as: 

• 	 Analysis or digital information extraetion 
techniques. 

• 	 Dccision·oricnted rcsoun:es and environ· 
mental models, including numerieal predic. 
tion models (e.g., river basin models I , 
conceptual sy~tem 1II(lIlels (e.g., epidemio. 
logical models), managemcnt models (e.g., 
relevant enterprise models I , multistage 
sampling models (e.g., statistieal inven· 
torics), tcmporal models (e.g., crop calen· 
dars), and statistical classification models. 

• 	 Sensor technology work involving such 
numerical parameters as sensitivity, resolu· 
tion, signal·to.noise, error, and degrada. 
tion. 

In cooperation with the Brazilian ColTee Institute, 
data collected by private aircraft is being used for 
coffee planations hit hy frost, infested by ncma· 
tmbs, and infccted by colTcc leaf rust. In this work, 
only photographic sensors arc cmployed, using 
color Ektachrome and false·color I H Ektachromc 
films. 

In addition, CNAE maintains al!reemcnts with 
the following Braziliar! Governmcnt agencics which 
have their own investigators: 

• 	 The Ministry of i\lining arId Energy 
through its Departmcnts of Mincral I'ro· 
due!ion and Water and Elcetrical Energy 

• 	 The Ministry of Agriculture through the 
Ollice of Hescarch and Experimcntation 

I 

• 	 The Mini~tr)' of Trade and Industry 
through its Brazilian ColTee Institute 

• 	 The Ministry of the Navy through its Ily. 
dro;.!raphie Ollice 

• 	 The Sao 1'[1'110 State Senctary for "~ri. 
culture throu;.!h the A;.!l'Onomie Ht'~l'arch 

Institute of Campinas and the Institute of 
Agronomi('al Economy 

• 	 Tlu: I inivcrsit), of S,io Paulo throu;.!h its 
Oceanographic Institute ali(I the Institute 
of Geophysics 

We an: trying to implement and opcrate a syst('m 
of the highest quality compatihle \Iith thc availabl.· 
tall'nl. All clTorts are heinl! mad.' to rl'l'I'uit young 
graduates fwm higher.level Brazilian ('ollt·;.!l's. 

Young scicntists and t'nginl'ers lNlally change 
johs mort' fn'l(lIl'nlly than older olles. Som!' start 
working in a relevallt branch of indll~try and move 
to research, while 1I1l1I1) others move ill tIlt: oppo· 
'iilt, direction, ('spl'('ially in a devclopillg cOUlltry. 
CNAE definitely needs nllln! t'xperiellt'l'd people 
for key positions, hut l'xperienl'ed s(!ientists and 
engineers arc reluctant til mOl'e to other jobs if this 
means relilH[llislting stahl!' ('an'cr prospects. 

MATERIAL RESOURCES 

Budgetary ResourC.1S 

The annual budget of our institution is supplied 
through the National Hl'searcll Coundl. For tl e 
current fiscal Far, it totals about $7 million. 

'I11C National Devclopment Bank, through the 

http:ResourC.1S


192 EARTH RESOURCES SURVEY SYSTEMS 

Technological and Scientific Fund, cooperated in 
the development of our project by providing the 
equipment now in use or being installed on our air
craft. The aircraft itself was hought with resources 
from our own budget. 

CNAE Aircraft 

The Bandeirantc l'l'-ZCN is a two·engine, low
wing aircraft modified to carry passivc sensor 
equipment. It operates fro III small airfields, has a 
maximum takeoff weight of [; 100 kg, and is pO\l'cred 
by two turboprop engines. It rcquires a crcw of 
two pilots, one flight direc~or. alHl t\l'O sensor opera· 
tnrs. It WIlS dcsigned and built by the Embraer 
Company at Sao JOS(~ dos Campos. Its I)('rformance 
charaeteristics include: 

• 	 Maximum altitudt': B..'i kill 

• 	 Air~pt~pck ·1111 kill ill ('ruisill/!); .'i 10 
km h Imax I 

• 	 Payload: woo kg 

• HIlII/!t! (at :{ krn alt.): JB.'iO kill 


In additioll. the aircraft is equippcd with: 


• 	 Wild He-III 1I11'tric carnera 

• 	 lIas~elhlad .'iO() EI/jO four,c'arnera cluster 

• 	 BC~lIdix Li\~:{ tlH'rlllal mappt'r It\l'o dHln· 
nels. one therrnal) 

• 	 Barral's PHT .'1 pn'ci~ion radiation ther· 
mornt'tcr 

• 	 Ampex AH lWO rna/!ndie tapc recorder 

• 	 Belldix IlH A-12 Doppler radar 

• 	 BC'lIdix AN.'APN IBil radar altimcter 

• 	 BClldix 1\1-·1<: autornatic pilot 

Photographic Laboratory 

The CNAE photll/!raphic lab has a basie (~apacity 
for: 

• 	 Automatic' hlark·lllld·white film pro('es~illg 
up to 2,1. t'rn II idt· 

• 	 Scrniautomatic' c'olllr filrn processillg up to 
24 ('Ill \I" itlt~ 

• Log Etrollit· prilltillg up to 2·~ elll \I ide 

• Color arid hlack·and·whitt· elllargcmellts 

Analog/Digital Data Conversion Equipment 

CNAE computer facilitics include: 

• 	 ~HP 2116 B computer {16K-word memory) 

• 	 Teleprinter 

• 	 Paper punch reader 

• 	 Tape punch 

• 	 l\Iagnctic tapc units (2) 

• 	 HP 2311C ADC subsystcm with Walth om 
56 IDA 

• 	 liP 2791 A pacer for high.speed data 
aC(luisition 

FUTURE DEVELOPMENTS 

Three proposals were forwarde(\ to the NASA 
Ollice of Illternatiollal Affairs for illvestigations 
llsillg data from the fir~t Earth resources satellitc as 
part of the fourth phase of the plan of eooperation 
het ween Brazil and the l'nited States for applica
tions of remote sensing. 

Our own in·house proposals ,'o\,er the following 
diseiplilles: 

• 	 Agriculture, forest, and /!rasslarH\ studies 
of tire viahility of sl'ielltiiic uses and eco· 
lIomic substitutiolls for cO'I\'elltional meth· 
ods of sur\'eyill/! natunll and cultural 
re~ources 

• 	 A geologieal study of remote sellsing appli. 
eations 

• 	 An oceanography study to dc\'elop a new 
hathymetric tcdllliclUC 

In additioll. two otht'r proposals hll\"t~ been pre· 
pared hy two ('ooperatillg agt'ncips-IHlmt'ly. tire 
;\Iillistry of i\lillt·s and Energy a))(1 the Brazilian 
Coffec Institlltt~ of the l\lillistry of Trade and IlIdus· 
try. The first was "A Proposal for the Application 
of EHTS·A Data to H('solllTes Analysis of the 
Amazon Basill" alld the sccolld was "Expcrinll'lIta. 
tion to Vf'rify the Viahility of Orbital Imagt~ Illter
pretation of the Physieal Aspc·(·t~ of Brazilian 
Coffee." 

In thc latter proposals, user l!gcrll'ies are sceking 
a n'scareh program to sU(lplemellt two )ln~sl'nt 011· 

going aircraft projccts---namdy, the ;\iinistry of 
:\lines and Ellergy HADAM Projcct and thc Bra· 
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zilian CofTee Institute Photointerpretation Service 
Project. The first is a multidisciplinary project 
hased 011 complete aircraft covcrage of part of the 
Amazon rc;.:ion ( I :i(}/l ()()() km~ I 10 obtain data with 
sYllthctic·apcrtun~ SLAB ill conjunction \Iith limited 
1lI1l0Ullts of llIultihand aerial pho(o).:raphy f)-om hi1!h 
and loll' altilud(·s alld 1!I'OUIII! trulh to map mineral, 
vegdatioll. soil, a/lll water resources. The flight,; arc 
schcduled '0 start ill JUII!' /,rjI alld sllOuld he fin· 
ished ill foul' mOlllhs, 

The se('olld proj,xt is all a1!ricultul'!' projert deal· 
illg with ,,(.(f(·c /I"W'"'('(' lIlilllagcnwllt Ii/lI'ClitoIY, 
yield pl'!·diclio/l, !'I("I, III holh cases, thert' will J)(~ 

correlative data to pcrmit allalysis of data from 
satellitc (''';Jll'fillll'/ll~ in !'hort periods of timc, 

SENSING OF EARTH RESOURCES 

Our institutio/l will coordinatc and work with the 
uscr teams, and will provide support in the follow· 
ing activities: 

• 	 Aircraft under/light 

• 	 Photographic procl'!"sing 

• 	 Data anul)'sis alld illformation extraction 
such as d(·lIsitollll'tr). multispectral projec. 
(iolls, alld cOlllpukr !lI'o('('ssing 

• 	 Data f('('eiving, storillg, retrit·val, and dis· 
trilllltion 

Our in·hou:,,(· proposal. hcsides having specific 
s('iPlitifi(' ohjectivl's. aillls to k(·('p updatillg our 
ill, ('stigalors' ('ollllll't('nl:(' to solvc problems arising 
frolJl a rapidly evolving tecllllology. 





Remote Sensing in the Economic Management of Coffee 
Production and Marketing 

MARCOS H. VELLOSO 

C01llisSlio NacioTlal de Atividades 

Espaciais (CNAE) 


Experimentation was com"Ieted 10 test the viahility of color Eklachrunll' and IH Ektadlrtllll., 
aerial films in the detection of difT.'wnt dl'gn'.'s flf .Iefoliation in a .:ofT.'e ('Wll fllllowin~ a s.'vew 
frnst allack. The reiatinnshi" hetween defoliatillll and Ilruduetilln recover)' is .Iescribed. TIll' In~it: 

of a program for autnmatic analysis IIIIlI mapping of frust .Ialllagc is Ilutlirll'd and its use in 
production prediction is descrihed. 

In the normal input/output situation for an agri. 
cultural economy, inputs usually reflect production 
levels fairly well. However, in the case of colTee 

production in Brazil, much of the crop is concen· 
trated in the States of ParalHi and the southwestern 
part of Suo Paulo State. Both regions suffer from 
frequent frost attacks. Occasionally, water deficicncy 
also alTccts production levels. During such periods, 
the accuracy and timeliness of produetion predic. 
tioll become more difficult because productioll levels 
bear little relationship to the variable inputs of the 
aggregate pror!uction functioll for colTee. The pro· 
duction levels arc more strongly related to the 
broad geographical locations of the colTee regions 
and to frost distribution within those regions. 
Hence, statistics on the extent and degree of frost 

damage are important inputs to an operational pro· 
duction prediction system which, under normal cir· 
cumstances, operates on conventional input!output 
systems of production prediction. 

DEVELOPMENT OF A MODEL FOR 

PRODUCTION 


The recovery in production of a crop defoliated 
by frost is, in general terms, related to the remain· 
ing live leaf area on each bush and follows the well 
known profile of the logistic curve of growth 
(figure I). 
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FIGllIIt: I. Logistic gruwth curvc for rl'cowry flf production. 

The development of a :-<urvey system to ilHliI:atc 
live leaf areas for a crop should permit the ('ollec· 
tion of the following useful information: 

( 1) Estimation of location of frost damage. 

(2) Estimation of production recovery profile 
based on estimates of differing degrees of frost 
damage. 

Theoretically, the effect of frost is to shift produc· 
tion levels down on the agl-'regate production fUllc, 
tion as 5hollll in figure 2. The recovery period is 
related to the degree and extent of frost damage and 
is represented by period HI'. Tire advent of frosts 
during the recovery period has no eiTect on the 
utility of the model, since each frost simply shifts 
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FIG(IIl~: 2. D('pr..~siun in production fulluwinl! lro~t allack. 

the production point further down on the aggregate 

production function. 
He!:overy of the coffee crop from a frost attack is 

related to the remaining leaf area indiccs (LA I) 
of the individual tn't's. Work by l\'lyer~ ('/ al. has 
indicated tlw rdationship hetween LAI and the 
difl'use ren(~etaJ\t'e (If plants of radiation in the 

O.75·to·15'/1111 rqdon. Such reflectance is related 
direetly to the LAI throu)!h a flllH'tion of diminish, 
ing marginal rcHeelan!:!' (regi!'tered II)' the sensor 
concerned) . 

Aecoriling to l\l reI's' result~, we conclude that 
the function relating reHedance to LAI is of the 
following sl'ries form: 

LAI IJi/J1l.H~ reflt'dunce 

IN. 

2 N -1- (O.;{) N. 


;{ U -1- (O.;{jR + (O.:H!!U. 


4 R + (O.:{)/~ + (O.31!!R + (O.:{):lU. 


5 R -1- (O.:~)R +... + (O.3)4R. 


6 U -1- (CU)R + ... + (O.3I roU. 


Graphically, the function takes the form ~hown 
in figure 3. As can he seell, the differences in diffuse 
reflectance hetween LAI = 4, 5, and 6 are almost 
negligible. lience, useful (lifferentiation of LAI is 
possihle only within the range LAI = 0 to LAI = 4. 

METHODOLOGY 

Use was made of color Ektachrome and infrared 
Ektachrome films as well as a PUT-5 sensor. Flights 
were made at altitudes providing scales of 1 :6000, 
I:15000, and 1 :25000. Uoth types of film were ex· 

..--- 

•• _--. 
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FIGUIlE 3. Relationship Ilt'tween diffuse reflectance and leaf 
area index (LAI). 

posed at 1/300 second at f/5.6, with the In film 
exposed through a Wratten I S filter. 

A simple numerical scale, dcveloped for field 
workcrs who surveycd the test site, is illustrated in 
figure 4. It measures the degree of frost defoliation. 

2 3 4 5 6 

FIGUIlE 4. Defoliation ~calc for field survey. 

Field data was also collected on interrow crops, 
eoffee tree spacing, variety, and age. Temperature 
measurements were made of soil ancl leaf surfaces, 
and meteorological conditions were recorded before 
and after each flight. 

ANALYSIS OF THE DATA 

Analysis of the data was hased on photocopying 
techniques using different filter overlays on trans· 
parencies of color and color IR. The aim of the 
photocopying techniques was to delineate broad 
boundaries hetween different degrees of frost attack 
for these reasons: 

• 	 It makes little sense to carry out individual 
tree readings in imagery for a statistics 
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collection system to be applied to thou· 
sands of squure kilometers of terrain. 

• 	 By using broader classifications for frost 
damage, it is simpler to de\'elop pattern 
recognitioll programs for automatic (mal· 
ysis and II dircct input into the production 
prediction model. 

~lIch photocopy frost boundary was plotted hy 
hand on an acrylic screen to test the viability of the 
aerial data in locating ('fOp conditions recorded on 
the I.(round in aceordanee with tl\{' numerical scale. 
The aerial data correlated well with the data from 
the field, alld the be~t results were uhtuin('c1 from 
filtered photocopies of the color IH Ektachrolll(' 
film. 

Since the photo(!opying methods delineate boulld· 
aries of "road areas, we are essentially dealing with 
leaf areas on a field scale rather tban a per·tree 
scale. 

AUTOMATIC DATA ANALYSIS FOR MAP
PING FROST DAMAGE AND ESTIMAT
ING PRODUCTION 

Se\'eral suitable pattern recognition programs call 
plot boulldaries hetwe('n differing target rariahles 
in photoimages. 

Sakai el (II. hare den'loped an operational pro· 
gram for frolltier deteetion which they used for 
face recognition ill photographs dil.dtized with scali· 
ners. The sell/lIJer pruduced a matrix of dl'nsity 
levels, which were separated through computation 
illto line 5t'glllents foll(lwing the points of t!r('att'~t 
gradil·nt l)('tlll'l'n successive points in the llIatrix. 

Sakai 1'1 (/1. also took into accllunt tl\{' ei{!ht points 
surrounding any matrix point I figure ;'j). Each 
point has a specific gray lerel, and the direction 
lind ralue of maximum gradient from the point 
was marked in the printout. This type of progralll 
is ideal fOf ima{!ery of great homogencit y. For 

FIGURE 5. Matrix puint and surrounding Jloints cnnsidcTt!d 
in digital rCCollnition system. 

natural \'egelation, crops, and related phenomena, 
great homogeneity is seldom encountered, howe\'er, 
and a program which plots gradients for each 
matrix point would be too noisy. 

Mc\'eill has derelojled the logic for :I program 
wldeh orercomes the problem of noise in such phe. 
nonJeIHl as crops and natural vegetation. The pro· 
gram is simple and utilizl's single sean lincs of the 
digitizin).!; apparatus I optical c1en~ity, TV, etc.). 

Considl'r the digital gray lerel estimates shown in 
figun~ (, for a single ~('an across a photographie 
image. To SUpprt'SS noi~e in wnes with mean densi· 
ties of ~p,'('ifi(: va hit's. llJoring averages of gray level 
readint!s an' tak(:n in duals, triplets, etc. The num· 
bel' for estimating tlw movin).!; average is propor· 
tional to the variulH'e and {requt'ncy elleountered. 

(!J 
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DISTANCE OF SCAN. D 

'1'111' nt'1I' profile j,. then eonrertl·d itlto a gradient 
profi/I: IIhil'll I'stimat('s the rate of illla;!!! densit~, 
chan;!c with J'I·SJlI,(·t t .. tlw distalJel' along the indio 
ridual sClIn line I fi;!ure 'i). The gradient is erJual 
to dG dD, \Ihen' l; is the gray b'd and D is the 

distatH'e. 
The dC Iin \.; 'UI'S an' plotlf'd in se'luenl'e all(1 

the tlm'shold Ic\·e1 is sl'l for till' I'omputl'r to seiect 
those dC dD points II hil'h I'xceed a specific value. 
Where the dC dD transform \'111UI' exceeds or is 
equal to the thrt'sllOld Il'rel. tlw I'ro)!rHm n'cords a 
mark for a ho!u)(lar~' as shown in figure B-

Altering the thresllOld values also changes tIl(' 
lIumber of iaoundaries recorded (figure ()). The pro· 
gram rt'quires a loop to select the ('orreet threshold 
for specifie CfOP conditions on each photocopy. 
Figure J 0 sholl'S lin example of II printout hased on 
analysis of several photocopies. 

Obviously, this form of conversion can he macle 
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FlclJnt: 7. Cnfrloelc'!1 profiIoo (lop) of Sloan ~ho\l'n in figure (j 

and dG/dD lran"form (hol\om). 
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FlclJIu: 10. Image (top) and printout (bottom). 

more simply on the basis of vidicon con\'ersion 
using difTerent contrast le\'e1s on difTerently filtered 
transparencies. The pro:rram described abo\'e is an 
example of a simple program for lise in the absence 
of stich equipment as a vidicon. 

DIRECT INPUT SYSTEM FOR MODEL 

Following is an example of the application of 
information gained frolll the frontier program. As· 
slime that, on the basi~ of the numerical field scale 
(1 to 6), we have the following distribution for a 
specific re:rioll: 
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Scale class 

1 

2 

3 

,~ 

5 

6 

7 (nell' plantings) 

From agronomic records, Ict us 
gencral reco\'ery paltern for the 
is as follows: 

P,'rC(!lIt 0/ coffee in regioll 

30 

HJ 

15 


20 


15 


10 


10 


assume that the 
seren categories 

Scale class IJacclltage 0/ pre/rost harl1cst 

1 lOll at next har\'est. 

2 gO at next ha n'est and I()O at 2nd. 

3 50 lit next har\'est, WI at 2nd, 100 al 
:~rd. 

3:1 at next han'('~t, ;)0 at 211d, 
:~nl, 100 at 'Ith. 

BO at 

10 at 
31'11, 

next harrest, :tj at 211d, 
' •• IlIlI at ,"}th. 

SO at 

6 

7 ]() at nt'xt han'l'st, ... IO() at Sth. 

Helle!', pl'Odll('tion n'cm't'rl' is a~ SIIOII'Ii in the 
tahle hdoll'. 

TI... I!rnph ~holl'lI ill figure II illu~tratl" the pro· 
duction n'('O\'t'l'\' profilt' rdated to the hypotht'lil'al 
data in the ([rhll'. Both produl'lioll deli('it alld !'('('()\'. 

ery rate ('all Ill' (:aklllatt'd frolll the data. Elwh class 
of defoliated tr(,t' !'l'('m't'rs from a difTt'I't'nt point on 
the IOl-!isti(: ('ur\'l' alld, for ea('h Yl'ar, tIlt' production 
is 'H'i/drted for em'lr l'Iass of dama;.!!'. 

gI00~-----.------'-------r---~~-=~~ 

~ 90 
g 80 
o 
fE 70 
I

::l 60 
a:tt 50 
a: 
Il. 40 
II. _ 

~ 30 
t!) 

;: 20 

~ 10 
u 

3 
.. - ..+,---;------t------+------I 

ffi O~____-L______~______L____-L____--J 

Il. 0 3 4 
HARVEST NUMBER 

Fu;rllf: II. Prodllcrilll1 	 ft'(,l1l'1'ry prolil .. fllr ~t'\'ell class('s of 
fro,1 damng!', 

Data is currently heilil-! ('ollt'cte(1 Oil the test site 
to ('onstnll't a n'cO\'l'r~' profil,! for each dass of 
frost damal-!t'. This data .I1I,(,tioll should he com· 
plt,tt,d hy ] (J"1. 

Ollel' al!l'I'lIomi(' illformatioll has IH:ell eolledcd 
Oil sp'Tifie 1't'(,O\'f'ry profiles for difTt'fI'lIt degrel:s of 
frost damal-!I', tIll' houlldary n't'ol!lIition pro;.:ram 
('all alltomati('ally prodrll't' tlrl' wt'il!lrll'd re(:o\,cry 
prod uel iOIl profi Ie. 

PRT-S DATA RESULTS FOR 

THERMAL REGION 


TIlt' I'HT-:J data (Iillt' trallse('t for B·to·l,l·/Lm 
hand I cOl'rclatl'd lI'ell with templ'l'atures recoJ'(led 
011 tIll' 1!rolllld. IlolI'l'l't,l', I'al'iatioll~ of thermal read· 
inl-!~ "ith nlt'tl'orlllol-!i('al ('onditiolls and time of day 
(lIat('l' I'l';.:i lilt' of soil and plallt~ alld mierotlwrmal 
rt'1!imt') limit tIll' thermal re;.:ioll ill the deteetioll 
of fl'o~t('d I't';.!iolls, It is true that, ill ~t'nl'ral, defolia· 
tion ('au,es :-:n'atl'r ~oill'xposul'e, resulting in higher 
temperatures l'I'cordl,d h} thl' I'HT--:i. 

Il..rlliinlion "'ai,, ('Ia"s 

Hnr\'t'~1 following 
frnsl 2 3 ,~ 5 

I 
hI 30 R 7,5 1.57I 
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20 15 
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The Use of Relllote Sensing in the Detection of 
Coffee Leaf Rust (Hernileia v([statrix) 

MARCOS H. VELLOSO 

COI1l;SStiO Nac;ol/al de Atil,idades 

Espaciais (eN II E) 


Pn·Jjminury work wu~ carrit-cI oUI ill Ib" d,'It'cli,," of II,-mil,-ill ill "0/1,-" lI,illl: color Eklacbroill" 
and IR EklachwlIlP fd III " Work IIwllwclollJ!!)' i, cI,"nil ...d, alld IIII' I"rnl of allaIY'i, i, oUllilll'cI, 
Results indicale lhal cOIl,itlt'raJ.It' Ihoughl ,holllcl I... l!in'lI III II ... 11'" III haz,' lillt'r, IlIr hil!h· 
altilUllc color phulul!raphie wllrk. :\1,". ha-,'d 1111 ,lIc("',,flll I!r<lulld ,hill, wilh IIt 1':"ladIrlIllH', il 
was cOllelucll'cllhal Ih,' a,'rial IH "XP'''Hr'', an' ..rili,'a/. 'I'll ill,lIn' "pli'llal "\I''''lIn', ill Ih,' IlIlm,', 
a Il'lhcrcd hallollll '1,1"111 110" 1""'11 cI,,\,,'llIllI'd I"r pre'flighl 1,"ling "I fillll al IIIII' ,',,,I. 

The di!;co\'ery of /1,.,,,;/";0 1'lIstlltri r ill tile Iha· 
ziliall colTel' crop ill Jalluary I'Jill pre~I'lIted all 
opportullity to Il'~t applil'atiolls of /'t'lIlOt, , ,em·urs 
ill IOl'alill~ difT!'rellt dC;!n~I'S of ill f!'dioll, 

PROPOSED USE OF INFORMATION 

t\;!rOIlll'I('orolo;!il'al r('conl" illdi,'ate r(';!illllal 
sus"l'plif,ility to ('ofh'(' Icaf rus/. Til" ailll of a 
dy"allli,' lo,'atioll syslr'm is to alcrl auilloriti,'s whclI 
Ihl' disl'as(~ b sprl'adill~ to parli('ulariy sus(,l'plihlt, 
I'l';!iolls. Ihus "lIllhlill~ a!'liolls 10 millimizl' lilt, l'fTI'cls 
Oil allllual productioll alit I pt'l'lIIit f('lalin,ly smooth 
tnlllsiliollS ill I'rodUclioll, Themaillad\.allla;!t. of 
rellwlt' SI'IISill;! tl'dllliqlll's is ill Ihe Ust' of p!'l'visllal 
~ii!lIals of thl' disl'aS(~ usill;! th,' Ilt'ar If{ n';!1011 of 
till' ell'droma~lIeti(' spel'trulII, 

METHODOLOGY 

The follO\lill;! field data \\'('re collcdl'd 011 a Il,,,t 
silt' IIcal' Cal'atill;!a. '!illns Ccntis: 

• 	 Pl't'~l'IIl'e or abserlt c of I/clllilc;lI, + or - 

• 	 Pcrl'ellla~e area of illllividllal le:!n's cov
e!'ed lI'itlt 1/1'//1 il"ill, II, 

• 	 Percclltage of ICllvcs of trec afTect(,d with 
1//'lJIilcifl, h~ 

• 	 Color of /ll'lIIi/l';a illfl'slatioll, ell 

• 	 Color of It'a\'t's ill ;!('neral It1iscas..: frct' I, 

• 	 Pen'cllta;!,' area IIf illdil'idual Il'a\'('s e(l\" 

l'rl'd \l'itlt olllt'r di"ea~l's. (II 

• 	 /'cn:cllta;!,' of leal'e~ (Of trct' affected llith 
otllt·1' dist,:tses, (l~ 

• 	 Color IIf othcr di~t'a,.l' irrf(,,,tatioll, c" 

• 	 Leaf I",." of Iltt' trl't'. d 

All II'perl'l'lIl ~lIl'\t'Y JIIdh"dolo;!y II a~ applicd ill 
samplillg illdhidllal ('(I1Tt'I' Iret'- ill tilt' tt'sl silt~, 

AERIAL DATA 

At'rial ph lit ",!! raph~ Ill'I"t' lIIadl' usillg ('olor Ekla· 
ellI'llll\(' alii I II! Ektadl!'OIllI' film~, III additioll, 
:1;"lIIm IH Eklal'ilftlllH' film Ila~ u~l'd II ith \'arious 
fillers, Flights I\('n' iliadI' al allitlldt's p!'ovidill!! 
"l'al,'~ IIi I ::!II(10, I :,111110, I :WOO. 1:BtlIlO. I: 10 000, 
I: \.') (ifIll. I ::,w 111111. allll I :2,'j UOO, Various cXJlo, 
surcs II'l'I'l' madl' al ('adl ahillldt', 

ANALYSIS 

The allalysh was hased 011 ('omparisoll of the 
imager)' I\ith t,'st silc /lillI'S prot/llred hy plollillg 
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h .. h~, CII, ClIO Cm and d ohtained from field survcy 
work. Bccausc of thc mountainous naturc of thc test 
site, thc whole sitc was mapped on thc basis of 
usped and slope. For statistical analysis of thc 
ima!-(cry, only regions of the sallle aspect, slope, 
variet)" a!-(e, and spacing of trees wcrc comparcd. 

RESULTS 

The eolor seale dcveloped for the stud:' provcd 
to be very c/Tcc\ivc in prcdicting usefulness of color 
Ektndll'lJmc film for di~'!'riminating separate visual 
color ('/Teets in foliage. 1IIt'al ,call's for the deteelion 
of IIt'mil"ill with (,0101' Ektadll'lHlw were tentatively 
estimated to Iw I :(,()(I(1 to I :::O()() (requiring an 
altitude of ahout I km). 1I0ll'ever, minus·hlue fil
tert~d :t'l·mm color EktaehronH' photographs indio 
catl,d that optimal ultilude cuuld be increased ap
preeiably through Ihc usc of minus·blue filters, such 
as th,' Kodak JlF serie,. Fulure lesls will include 

SURVEY SYSTEMS 

Ihe seledion of IIF filters for higher-altitudc flights. 
IH Ektachrome film proved to bc ineffective for 

diseusc deled ion work, although copying mcthods 
with blue light showed up nutricnt deficiency symp
toms in tlw crop \'ery wcll. Ground shols madl! with 
new lit Ekladll'lJllJe film d,'monslraled that I/t'milt'iu 
shows up well in film relatively undercxposed in thc 
II{ hand. It was concluded that the balance in scnsi
tivity of the In g"4~~ film bands for !-(reen, red, and 
m should be altcred 10 suppress IH sl!nsitivity in 
order to obtain us('ful imll!!,'s for n'pelilivc disease 
detection work. 

To insure corrt'l'! aerial IIt exposurl's in thc 
future, a small tdhen'd balloon system has bcen 
dp\'doped as a low·\:ost mel hod of detenuining op
limum t'xposlll'es fill' Ihe IClII'l'sl flighl altiludes (:~()() 

melers I. Bnll'kell'd ,'xposures will be used at higher 
altitudes. \VC arc COllfilicnt that, with Ihese preeau
tioll~, Ihe next f1il!hl test will prove successful ill Ihe 
posilive deleelioll of 1/t'I11i1c'ia from the air. 



Sonle Practical Results of Renlote Sensing Over 

Test Site 701, EI Oro-Tlalpujahua, Mexico 


CARLOS ACOSTA DEL CAMPO 

COT/sllltillg Geologist, COllsejo de Rr'r:ursos 

Naturales No RCl1ovables, Secreta ria dr'/ P([trilllol1io N((cioT/a/ 


A comparisnn of imugt'ry galllt,rt·,J hy "'veral r,'IIH1lc "'II,,)r- 1I\'"r Tt·,1 ~ilt· 7(H. EI Oro
TJalpujuhua, ~howt:d III" sUIH'riorily nf infrart',J or fal,,,.rolllr :.Im O\'('r I"olor. "anrhwmalic 
black-and-whitt·, and infrart·" "Iack·and·whilf' "holographh- "mlll,ions in I"rlll' .. f r.·liahilily, 
economy, and sp"ed for economic g,·ology. 

Our sludy of Ihermal imaw·ry is 'Iill ill pwgrt·,s. hUI '"l'h imag"ry appl'ar, 10 hal'" IInly a f,'w 
applicalions 10 economic gl'ology in n·,lriclt·d. '''''dfinJlI), IIrit·nlt·" inl"·'lil!alillns. Hadar imag"r), 
presenled slIIall ~ca"·. poor gfllun,1 /'I·SOllllioll. laek of conlrasl. alit! h"a\)' graillill""; hilI il was 
'Iuile useful in leclonic sludi," alld should 111I·rt·fllrt· I,,· 11I'1"ful ill illll"ligalillns of "I'IIIIIIlIlil" g,·olo!!)'. 
Radar imagery furnislli'" confirlllalion of a '"'IIt"'I"d fault 'ysl"III; and. ill Ihi- rt"p,·,'I. il wa' far 
supt'rior 10 all olh"r 1),111" of ,,'II,llr, Ii"'d al ,/,,"1 Sil" iOJ. 

The Comisiiin i\'acional del I::~plf('io Ext('rior ,I'\a !in's were to dr'lineate heller the already-known 
tional Commission for Outl'r ~pacc I of :\Iexir:o and east-lIl'st and nortllll'est-southeast trending fault s),s
the National Aeronautics ,'nd ~pa('c Administration tems: to complete. ("(J/Ifirm. alld refillr' geolol!ie map 
of the U_S. arc participHll's in an intemational pro unit eOlltacl~. taking advallta~e of rock alld residual 
gram cntitled "Plan for Cooperation Between Mexi soil color variations; to seek lIell' oulerops of tll'O 
can und U.S. Agcncics on Hcsl'arch of Hen.ote specific nll'k ullits, purple tectollic breccias and 
Sensing for Earth Survcy." This program has fOllr black shall', which indicate the prcscllce of valu
phases: t A) cooperativc study and researeh in the ahle milleral dcposits; alld to ('on fi rill the sus
United States, (B I Mexican program developmcnt, peelcd existelll'l' of a IIortlll'ast-snutllll'c,;t fault 5),5

(C) NASA aircraft flil-dlts over i\lexican test sites, tc'rn. 
and (D) operational fli~hts hy Mexic'an ain~raft. 

SITE DESCRIPTIONTo dalt', this prol!;ralll ha~ hecn completed to 
phase C. Tl'st Sitr~ 7111 I fi~un' I) is approxilllalt'ly no km 

In accordan('(' with phase C r'olllmitmcn/s, a 1I0rtllllest of i\lexico City. It lies belll'Pcn FY·I:r 
NASA NP-:~A aircraft r'quipped with relllote sen and 2()" north latitudc alit I hl'lll'cen IOO" a/f(1 
sors new O\'l'r the EI Oro-Tlalpujahua te~t site a/l(l 100" IB' 1I'('st IOllgitllde. It has a rel'langlliar shape 
five other sites in central ;\ll'xico in April lC)m. of :lO km north-MJllth by 2;j kill ('ast-west. with an 
NASA's mission was desi~nalt·d i\Jj'sio/l c)1, and EI arca of 7:;0 km:!. Its e1I'vation ahove sl'a level varies 
Oro-Tlalpujahlla was designated Test Site 701. The bellll!ell :~:ti;i metcrs at the top uf San l\Iiguel Peak 
unly investigator lias the author of tlri~ papl'r. and 2t:~:; meters at thl' Pateo railway station, and 

Test Site 701 was selected hy the Council of Non its l'iirnate ranges fro/ll temperate to cool, with 1111 

renewable Hesources, Ministry of National Heritage, anllual rainfall avcragillg al)olIt C)() rm. 
to eoncluel economic geology investigations and This wne forms part of thl' Lerma Hiver IJasin, 
compare several remote sensors. Other test objec- II'hit-h drains into tile Pacific Oeelln, and its nlltural 
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FHa'lIE I. 11:"11(,,,111 .... 11 .. .1 n,,'lifi ..d ph"lllJII",ak of '1'",1 Sil'~ iOl. 

vegetation consists mainly of pill!! tree forcsts. Its 
main crops are corn, wheat, and f fuit trees. 

It has tlHel' old mining eamps (EI Oro, Dos 
Estrellas, lind Tialpujahllll' which, Ilellr the turn of 
this century, were among the main producers of gold 
ill l\Iexico. All of the mines are nil\\' inacti\'e due to 
the cxhaustion of kno\\'n quartz.gold veins. The 
region has hoth economic awl soc'illl pfohlerns due 
to dellse population, insuflil'ient j IIbs, crosion in 
scarce agricultural an'as, and lack of teellllieal ex· 
ploitation of the forests. 

GEOLOGY 
Tlw geology of Test Site 'iOI is rather complex. 

Starting in the usual sequence, from pre·(retaceous 
to Hol()(:en!', the rock formations arc folded and 
faulted schists, black shale, and limestones; small 
outcrops flf dioritie instrusions; tilted and faulted 
Jlurple tedonie hrcccias; se\'eral types of faulted 
mulesitic no\\'s; faulted andesitic mul basaltic an· 
desitic ignirnhrites; sOllle rhyolitic dikes; undesitic 
tufTs and breccias: faulted hasaltie alHlesitic and 
hasalt noli's; lacllstrine deposits: volcanie basaltic 
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tufTs; and alluvium. Premineralized northwest·south· 
Cllst fissures were filled with gold. nnd silver·hearing 
quartz in hlnck·shale host rock with inten~e folding 
und faulting due to Laramide oro;!enesis. Post· 
mineralized east·west fault fissures and II ·northeast· 
southwest fllult systcm ure now known to cxist. 

Key rock formations for vulullhlc mineral de· 
posits comprise hlaek shales (usually covered hy 
andesitie flows J and purple tectonic hreccias with 
angular allli semiangular ('oarse stratified fra;!ments 
of hlnek shnle, limestone, and I/uartz without frag· 
ments of volcanie or instrusive rock. 

Geomorphology ~hllws mainly reeonstruction of 
the erosion cyclc. The prior surface eOllsisted of an 
elcvated plain (If metamorphic and scdimcntary 
rocks covcred reccntly hy overflows of efTu,;ive rna· 
terinlnnd pyrodaslic dl'posil~. All sholl' the prcscnt 
physiographic aspe!·t of peaks, hills. mesas. vnlleys, 
lind ravines. 

The l~ast'\I"l'st pnstrnillt'ralizalion fault fissl/Tcs he· 
long tn the large 11I'()\'oleanic fault system, and some 
isolated faults in the norllll'ast·southwl'st tn~nd SI'C!ll 
to he the youngest. '1'111'1':- b some douht ahout tIll' 
age of the northeast·southwest faults, hut that dOl'S 
not preelude Ilw likelihood that all of tllf' faults 
hllve ht'en lll'tivi' for scveral gl'olol!i(' periods in 
this re;!ion of hlock mountains. 

REMOTE SENSOR DATA 

]n Nowmher ]f)(jll, IlI'forl' NASA.,. :\lissioll ~I, 

the Couneil of NOl/fellt'lI'ahll~ Ih'sol/rees flell' over 
the test site and obtaillt,d !~olllplete black·alld·white 
stereo ph()tographi(~ cOI'I'rage of the entire area at 
II sealt~ of ) :) S n()(). B1aek·alld·whitt· illf rared aerial 
photol!rHl'hs of the IIorthem part of thc !'ite at a 
scale of 1:2.1 O()() wcre takell in March 19(}(). III 
adclitioll. sonlt' older hlack·alld·lI'hite photo;..:raphie 
material takt~n ill 1960 alld I~:)6 at !'cales of 
1:2.1 000 alld 1:,1:) 000, respI·rtin')y. is anlilahk'. 
TIll' hla(·k·alld·lI'hite photographic material of tilt' 
eoulldl wa" US!'d ill the elahoratioll of topographic 
llJaps at sealtos of I: 10 OO() and ) :2S (lOO, and in 
lI'orkillg out a photogl'ologie map at a scale of 
1:2;1 000, )wcal/se of a lack of adcquatc forward 
O\'erlap ill !';ASA 's aerial photographic material. 
Nevcrtheless. 1111 the materials gathered by rcmote 
loellsors ahoard the NASA aireraft have been ex· 
tremely useful. 

Sensor cquipment on the !,;J>-:iA airemft included 

two Wild HC-I{ Illl'trif~ l'amf'TIIS with 2:i·em format, 
0111' londed with Ektachrome l\!S Aerographic film, 
type 244H, with a clear AY filter, IIIId the other 
with Ekllll'hromc m AeJ't)graphil: film, type S0117, 
\\ ith it Wratlell I S filter: 0111' Texas JIIstrumellts 
dual·challlle! infrared HS-Il~ imager operatillg in 
tile :U}·to·S's·/tIll alld g·to·) ,1.'/1111 nJIIges; IIIId II 
Phileo !'ide·lookillg radar operatilll! at a frequellc), 
of 16.S (;117.. 

The NASA mi",ioll provided mlor alld illfrarcd 
('0101' lwrial Ekta('hrome film coverage of the elltire 
tl'_'t arca with result ill;": material at it scale of 
1:2:) O()O; illfrared seallner imagery from two chan· 
IIels al a ~f!al(' of ] :60 (JO(): and partial wverage 
with radar imal!cry, pularizl,d 11·11 alld I1·Y, at a 
seale of 1::3.')0 (JO() I SCVf'II 10llg cast·wcst f1il!htlillcs 
at :m()() mett'r, ahovc terrain, hut radar olJl'ratcl1 

ollly ovcr 1Iil!htlillf's ) alld II. Partial cOI'crage of 
tIre an'a \\'a~ ohlailled \\-ith thl' ~illnl' cameras alld 
film tYPl'S at a !';('ale If I: 10 (lon. alld tht; illfrared 
SI',IIIIWI' llils operait'd sl'l'f'ral tilllt's hdon~ and after 
da\\ n with hoth dlanlll'ls at a seale of I :,W (101) (six 
,hort IIil!hllilll's at \'iIlO·meter altitudl~ IIortlrwest· 
southeast I . 

Crolllld tl'ulh wa, aCf'omplisllI'Il 211 hours in ad· 
vance. durin;..: thl' lli!!hts, alld 2,1. hOllrs after the 
lli;..:ht:- h~' a I'ompll'lc minolllf'tcorolol!ical statioll at 
blallzllela Dam, whl'n~ readillgs of cal'll illstTllmellt 
were takl~n I~I-I'ry I;) milllltes. For le"'IIf'raturt's of 
Ihe terrain alld water hodies, a scmicontillllo/lS re· 
cordill!! was kl'pt dllrillg the iflfrared scanner f1il!hts. 

To mark the f1i;..:htlines at nil!ht. Omni·Strohe 
l\lark I lil!lrts wen' installed at thl' ends of loll" 
aitillld{, fJightlinl's, nnd they prlll'l'd Vf~r~- efTcelive. 
At the patio of the primary sdlOol of lire Fnlllciseo 
I. i\ladl'ro villag!" fOllr sqllart· eolor panels forming 
a Greek cross shupl' were displayed: each arm was 
a square of ('olon·d paper (yellow, hllll" grccn, or 
red I 20 by 20 meters, with a ecnter sllIlare of open 
;":rflund. This I'olor target was easily seell. l'l'cn from 
;{gOIl mctl'rs. all" prov!'d to he a very flexible, 
el'onomieal, and clfeclivc marker. 

DATA QUALITY 

Metric photo;!rllphy with color and infrared eolor 
film prodded fine J"{'solution and good durit)' of 
detail, nncl ver}' I'xcl'lIcllt false·color relldition was 
ohtailled with Ektac·hrome illfrared SOl17 film. lin· 
fortullately, forward o\'crlnp averaged 41 to .16 
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percent f ')r low-altitude flights and 45 to 56 percent 
for high-altitude flights, instead of the requested 60 
percent minimum, making som~ material inade
quate for full stereoscopic use. 

Illfrured scanner imagery in the H-to-Itt-/m} band 
was good, but that in the :~.to.5.5'/lm hand wa!l not 
so good. 

Side-looking radar imagery was not bad, despite 
its small scale, lack of cllntrust, poor gruund resolu· 
tion, and heavy graininess. 

DATA COMPARISON 

Figure 2 compares four photographic emul~iolls 
(ollly the color and infrured color films were ex· 
posed simultaneously). The inherent ability of infra· 
red color film to penetrate haze, identify difTerent 
materials, and ilHlireetly detect soil moi~ture was 
far superior to other emulsions for photogeology 
in this area. 

Most geological features (such as drainage pat· 
terus, t)'pe~ of erosion, changes in !llope, textures, 
fissures and faults, contacts, and hroad lithology) 
were easily distinguished on the color, hlack·and· 
white, and infrared hlack-and·white film;; hut· the 
laller did not delect contaets hetween yellowish.red 
intemperized hlack shale and purple tectonie 
hreccias, for which the infrared color film also 
showed its superiority. False color film produced a 
hrowllish hue ov(~r small outcrop areas of the purple 
teetllnic breccias against the lighter hrownish tone 
of the more eX\(ollsive outcrops of the intemperized 
hlack shale. It is not yet knowlI whcther this suhtle 
change in eolor represents a difTerenee in miero· 
vegetation developed specifically ovcr the soils de· 
rived from two rock formations or whether it is the 
detection of a slightly difTerent temperature response 
of those rcu:ks at the red end of the visihle electro
magnetic spectrum. Nevertheless, of all the emul
sions, only that of infrared color film showed the 
arcal extent of purple hreccias over yellow-red in
temperized hlack shale. 

It follows that, at this site anrl for studies of 
eeonomie geology, false color film (first) and color 
film (second) are superior to the hlack·aml·white 
and infrared hl:u:k·and·white films, although the 
latter types are less expensive. 

Thermal imagery in the :~·to.5.5·/!m band showed 
only small vegetation fires over the terrain of small 
farms in the neighborhood of EI Oro and Tlalpu

jahua. But imagery in the 8-to-14-/lm range had 
good contrast, mninly in postdawn flights. It dis
tinguishe(1 andesites, basnlt flows, tufTs, and allu
vium. With a mierodensitometer and electronic 
computers, some rock contacts could he traced; in 
dwcking these, however, there is need for much 
ground truth informntion, which is costly and time· 
consuming. Figure :~ shows two thermographs (pre
(lawn and postdawn) in the g·to·14-.· m band, whose 
coverage includes the nrea shown in !jgure 2. The 
prednwn imngery furnished more thermnl data; but 
these data were discernihle in the postdawn imagery, 
which also showed topographic details. In nny case, 
the elaboration of a geologic map is more easily 
accomplished hy the usc of photographic data. The 
study of all the thermal infrared imagery is still in 
progress, however. As of now, it appears lhat infra
red thermal imagcry will he useful in economic 
!!cology in only a few spedficnlly oriented invcsti
gations, sueh ns scarches for aelive faults, ore 
hodit·s assodated with thcrmal activities, geothermal 
Z()lIe~. alHl so on. 

Figure ,1 shows two str;ps of radar imagcry from 
lIightline 7, one with horizontal·horizontal alHl the 
other with horizontal·vertienl polarizntion. Together 
thcy prescnt a pseudo~tereuscopic view of the north
em part of Te!'lt Site 701. Despite small scale, poor 
!!l'OllIId resolution, lack of contrast, heavy graini
ness, and sOll1e hlurred strips, the radar imngery 
showed the three main fault systems, trending north
wcst,sllutlll'ast, (·ast·w(~st, aIHI northeast·southwest. 

The almost vcrtieal walls formed hy columns of 
IJilsnlt lIows in the Lerma Hiver canyon funelioned 
as a trihc(lrnl relledor for the radar, showing 
prominently in the imagery. Also radar shadows 
were noted from San Miguel EI Alto Peak and some 
cast-west faults over Tepelongo Valley, where there 
arc some young volcanoes. (One of the volcanoes 
lies in the intersection of two faults, one running 
northeast·southwest and the other in a northwest· 
southeast trend). 

Hadar imagery thus furnished confirmation of 
the third fault system and proved useful in tectonic 
studies, which arc important in investigations of 
economic geology. 

SOME PRACTICAL RESULTS 

Interpretation of our remote sensing imagery has 
resulted in: 
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FIGllIIE 2. Comparison IIf fllur phulographic t'lIIul,ioll' ~ A. "Ia('k·and-whil!' pallchrnmalic; II. "lack
and-while infrart·"; C, Eklachrllnll' ~ clliorJ: D. ('olor infrart·") 

(a) A photogcologic map of thc entire area, 
huscd on black-and·white photographs with the help 
of false color and color photographs. 

(b) Pscudostcreoscopic II-ll and lJ- V radar 
imagcry that confirmed thc prcsencc of II third fault 
systcm running in the samc direction as vein ore 
bodies of the Angangueo mining di!'trict, which 
rcmains acti\'c. 

(e) Infrared color imagery thut permitted the 
location of scattercd oulerops of pUl pIe tectonic 

hreceia. Its topographical situation I derived from 
fault movcmcnts I, combined with rou!!h ~tralifiea· 
tion, allowed its origin to he l(leah'd ill 11 wne 
slightly southeast of Tlalpujalllla, below 1':1 C"dral 
Peak, which is composed of andl'sitie flows allll 
associated pyroclastics covcrillg f(lld!'d, faulted. mill 
erodcd "lack shale. Since black shale is tl)(' host 
rock of ore v('ins in this re!!ioll, this kllowl,·d!!e n11l) 

possibly "'ad to tIle dis!'o\t'I} of illlportant nell' 
mincml deposits. 
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F'Cllut: 3. Thcrmographs ff'cordcd in 8·lo·14·J.Lm Imnd bdor" dawn IIdl) and aflt'r dawn. 
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FIGURE 4. Radar illl8!!Cry with Ij,·hl IlOriwlllal·horiwlltal and I ri!!hl' hllriwlllal·\'NI ieal p"lariza. 
tion, form ill!! PSCUd()!'tl·rt·()l'(~lIpie vipw "f north·PI·nlral part of test site. 
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Remote Sensing Progranl at Test Site 701, 

EI Oro-Tlalpujahua, Mexico 


FRANCISCO JAVIER TORIBIO ARZATE 

Geology Ellgilleer, MiTlistry oj Public Works 

The Secretaria de Obras P'lblicas (Ministry of 
Public Works) of the Republic of Mexico partici
pated in the experimental stage (NASA Mission (1) 
of the Remote Sensing Program in April 1969. The 
main purpose of this participation was to compare 
information ohtained from the new images with that 
provided by panchromatic and lR hlack-and-white 
aerial photographs hitherto employed hy this minis
try. 

The images analyzed correspond to El Oro
Tlalpujahua, Test Site 701, located within a survey 
strip pertaining to a seclion of the new Mexico
Morelia highway (figures I through 4). 

Comparisons were made from the standpoint of 
highway and railroad engineering-which is the 
main aetivity of this millistry-to cvaluatc the ad
vantages of new techniques for photogrammctrie 
electronic highway dcsign. Tahle I descrih('s tlIP. 
materials analyzed. 

Each type of image was interpreted separately in 
conjunction with ground information obtained dur
ing the flight period, ami the interpretations were 
subsequently checked in the field through 22 control 
points. 

For our purposes, the relative advantages of 
remote sensors employed in this projeet were evalu
ated on a scale of 10 with the resllits shown in table 
2. Figures 5 and 6 arc aerial photographs showing 
geological data obtained from the color photographs. 

Our results indicate that some of the new types 
of remote sensing imagery may indeed be helpful 
for highway design and location. In the immediate 
future, we plan to use color and IH color photo
graphs; later on, m and radar imagery. 

QUERETARO 

PACIFIC OCEAN 

Fu;nm: I. Localiull of SOl' Tesl Silt· iOI. 1-:1 Oro. 
Tlalpujuhua 

OUI' ministry also plans to acquire two iO-mm 
Hasselblad cameras with 40-mm-focal-length lenses. 
These cameras will be operated together with the 
HC-B camera aboard one of 0111' aircraft, and we 
hope to put this system into operation within a y('ur. 

We are planning to employ lR imagery and side
looking airborne radar jointly with other federal 
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Table 1. Survey materials analyzed 

Image type 

Panchromatic 

--- -- - ...._-_._- ."._--

m hlack-and·whitc 

Color Ektachronw 

24-Uj I\IS Aerographic 


m color 

Ektuchronw 8·l<13 In 

Aerogrnphic 


lit ima~ery 

Side·luoking uirlJlJrnc 
radar 

Electromagnetic 
range (wavelength) 

450 to 700 nm 

--- -- -- ---_... _. 

700 to 900 nm 

450 to 750 nm 

550 to 900 nm 

:I to 5.5 /lm 
8 to J.1. /lm 

1.5 em 

Working 
material 

Positive 
prints on 
paper 

Positive 
prints on 
paper 

Slide film 

Slide film 

Positive 
prints on 
paper 

Positive 

I 
Scale 

1:25 000 

1:2.1 000 
1:.1000 

1:25000 
1:10000 

1:10000 

1:41000 
1 :87 000 

1:320000 

Flight date 

18 July 69 

19 Mar 69 

10 Apr 69 

10 Apr 69 

10 to 12 
Apr 69 

10 Apr 69 

Remarks 

OK 
(SOP) 

OK 
(SOP) 

Lark of stereoscopic 
continuity in 1:10 000 
photographs (NASA) 

Lack of stl'reosropic 
continuit), (NASA) 

OK 
(NASA) 

Too small scale; low resolu· 

____ ______ J::~:~"' _______ ___ [~I NAS,\) ________ 

ngencies for rensons of economy. This plnn will 
hecome effective when the Nationnl Commission 
for Outer Spnce of Mexico puts a fully.equipped 
aircraft into service. 

CONCLUSIONS AND 

RECOMMENDATIONS 


For the design of highwnys and other land tmns
portntion systems, as well as for applied geology in 

civil engineering and detailed soil mapping, it wns 
found that (liff(·\'t~lIt soils and their boundaries 
could he idcntified much better with color and IR 
aerinl photographs than with panchromatic photo. 
gmphy. It is therefore recommended that color and 
color IR be used for delniled soil mapping to sim· 

plify and reduce the cost of field checks nnd soil 
exploratory programs. 

Rock outcrops and their eontnct with soils, as well 
as different types of rocks, can be identified much 
beller and with greater confidence by means of collJr 

aerial photographs. The usc of color films is there· 
fore recommended for detniled geologic mapping. 

Color IH aerial photographs arc particularly 
recommended for imestignting zones of potential 
landslides and scepage problems. 

Radar sensors arc considered adequate to detect 
fracture systems and geological structural con· 
ditions in areas where it is difficult to take aerial 
photogmphs because of bad weather, as in the case 
of the usually excessive cloud covel' over the south· 
eastern area of Mexico. 
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Table 2. 1:1'alllalioll u/ Iht' rdalil't' fillless 0/ lilt, /lUllt'rials allalyzed 


I Nllml,,'r, from 0 III 10 n'pn''''nl inl'n'a,in!! IInl .... IIf 'lliialoilily I 


~ 

I 
Ohj",:tiv;:;;-- _________ 


. -'" IlIIa"" 1\'111' 
 l'anl'hrOlllalie
to mll'rpn't ~ to, , 

I 	 -- I 
~ 

I I.and II~I'. Iyp" IIf ellhllr,· 
I 

, 	ItI"nlifi,'alion of land Cllmlllllniealillns 
and all Iyp,,~ of ~trucllln's 

IIrhan til'vl'lopml'nl 

ellhlll'l' Iypl's 

D"limitalion of gl'ol1wrphical 1''''lIIl'nts 

1J"finilion of rock~ and soils 

Ol'l,'rrninalion of rock Il'Ilt's: 1IlI'ir frae· 
tlln', w,'atlll'rin/! cllndilions, and 
lIlelanlllrphism 

Failllft, allli fallh localilln 

Id,'nlificalinn of difTl'r,'nl Iyp"s IIf ",i1s: 
Ih"ir IJri/!in~, stahilil)" d"plh, "low. 
altilily, /!ranlllllllll'lry. pla'lidl)" Inlli,· 
IlIr,', and IIrganil' lIIalt'rial "lInl"nt 

I.llcalizal ion nf un'lahl" IIr poll'nl iall)' 
IIn,laloll' an'a, du,' III \I','alllt'rin/!, 
!oOI'I'pagf'. h·('tflJ1i~rn. I'le. 

Ba-in d"finililJn lind d,'lai"'d id,'nlifi· 
,'alilln of hydrllgraphic I'haracl,'ristirs 

Id,'nlifil'alion nf riv,'r I",tis, stahililY, 
runnfT 1')'c1I'~' I'ro~ion, rrSl'n'nir~, 

/!I'nlogieal fl'alul'l'~ of rivl'r IlI'ds anti 
rh','r hank~, f1nlJd an'D~ 

I 

IH hlack· 
1II111·whitt, 

I) 


I) 


I) 


10 

10 

II 


II 


I) 


I) 


II 

)0 

II 

Color 

10 

10 

In 

I) 

10 

10 

10 

III 

10 

I) 

10 

I) 

IH 
1'111"" 

]() 

10 

10 

10 

t) 

10 

10 

I) 

10 

I) 

IH 
illla!!,'r)' 

i 

7 

7 

7 

7 

II 

II 

I) 

II 

II 

I) 

II 

L. 	 -- -_. --".- ---------------". -----+ ~~--  ._..-_._--" --_. 

II 

I) 

9 

7 

10 

II 

I) 

I) 

1\ 

i 

I) 

1\ 

I 

~id,'.llInkil1/! I 

airhorn,' 


radar 


o 

7 

() 

7 

i 

II 

l! 

i 

i 

II 

(j 

I 
j 

------~ 

NOTE: Figun's 2. 3, 'l, 5, ontl 6 an' 101'1111,,1 al Ihe hnck 
of the book. 





Remote Sensing in India 

P. R. PISIIAROTY 

Indian Space Research Organization 

Physical Research Laboratory 


This paper descrihes a ~mall remote H'nsing project for tht! earl)' dt'h'ctinn of a wilt root di~"a~,! 

affecting CIJcnnut palms in K,'rala Stah'. India. and outlines the construction nf ,III infran'd sranning 
camera hI' the Indian Space Hl"l'areh OrgunilatiIJn in collahoration with thc Lahoratorie dt! 
Mctcorologie Dynami'lue. CNES. France. Work heing dollt! h)' other Indian organizations in the 
field of relllIJte sl'nsing is also discussed. 

REMOTE SENSING OF COCONUT 

WILT ROOT DISEASE 


India has successfully conducted a small remote 

sensing project for the early detection of a virus 
disease. Known as the coconut wilt root disease, it 

is especially damaging to coconut palms in the 

Travancore·Cochin area of Kerala State in South 
India. It alTects about 400 square kilometers of 

plantation and is estimated to reduce annual in· 

come in the area ahout 10 million rupees or S l.3 
million. Hence. any method of detecting the disease 

early will be of great economic value when a cure 
is also found. 

The disease apparently hecame significant after 
the floods of 1882. It is characterized by symptoms 

of wilt accompanied by the flaccidit~· of young 
leaves and abnonnal leaf bemling. Also. the outer 
whorl of leaves often shows premature yellowing. 

The normal annual yield of a palm in Kerala is 
alH/ut 60 nuts, while elsewhere it is nearly 100 nuts. 

When a tree is severely diseased. its yield is prac· 
tically nil. 

Recent studies have shown that the disease is 
caused by a virus visible as rods under an electron 

microscope (ref. 1). TIlis was suspected by Shanta 

and Menon (ref. 2), who discovered that the disease 

could be mechanically transmitted to cowpea (vigna 
sinensis) by rubbing the leaves together. 

By the time the disease is normally detectable to 

a fanner, the tree roots have begun to rot. The~' are 

full of virus and so is the surrounding soil. All a 

farmer can do then is to cut the tree down, remove 
its roots and surrounding soil, and burn them to 

prevent the infection of other palms. 

Following a request from the Indian Space He· 
search Oq!Hnization (lSBO). N A5A sent a scientist 

to India in February and March 1970 to help photo. 

graph coconut plantations containing health~' and 
unhealthy palms from an aerial platform. III' 

hrought a 'iO·mm Hasselblad camera and variolls 
types of film, including the color Ekta('hromt' in· 

frared type. 
A large number of plots including dilT('rent soil 

groups, experimental station plots, and ('ultimtors' 
plantations with hoth healthy and IInhealthy trees 
were photographrd with the IIasselhlacl ranll'ra in 

5e\'en different combinations of lI'avel('n~th hands. 
Expo~ures induded color Ektachrome infrared film. 

Kodak f~I·~:3 film using an B9-B filter, color MS. 

ordinary 2'HH, and hlack·and·white panchromatic
(+ X) No. 2401 with red, blue, and green filters. 

Density measurements along a diameter of the 

image of a palm's crown were made with a non· 
recording Hilger microphotometer. White li~ht as 
well as red, blue, and green filters were used to 

identify sensitive signature fCldons. A large number 
of exposures were mude of healthy and diseased 
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palms from altitudes of 1.10 and ~oo meters in a 
helicopter flying at a speed of ] 00 km per hour. 

Simultaneously, leaf and soil samples were col· 
lected from selected trees from both healthy and 
diseased plantations for analysis in the lahoratoril's 
of the Imlian Agricultural Hesearch Institute. New 
Delhi, and thc Central Coconut He5earch Institute, 
KaYlIInkulam. Kerala. The analyses were carried 
out at these stations to ('orrelate ground truth ob· 
servations with photographs, density measurements, 
etc. 

Figure .1 is a picture of palms originally taken 
with Ektachrome camouflage false·color film. The 
trees' crowns and lean's appeared bright red, while 
the nearby jack fruit trees appeared to have an 
e\'en brighter red hue. The laller trees arc native to 
the tropics and yield large edible fruit,.; with a pine. 
apple flavor, weighing up to 45 kg each. Plants with 
dull red or pink hues were cashew nut trees. This 
picture illustralt'~, the praeli('al n'~ults thut cun he 
obtained from the use of infrared photography for 
making tree inventories. 

FU;UIIE 1. Thi" phllto of a rocket and launcher at a llIi,.,j)1' ,ite in Kcrala State shows a group 
of tall coconut pallll' in till' ha"k~fflllnd. 

RESULTS AND DISCUSSION 
Figure I shows coconut trees at the Thumha 

Equatorial Bo('ht Lallnching Station, an interna· 
tional nwket ran/!t' in KITaia Statl'. A rockl,t ready 
for launeh appcars in tht' fort'grolillCl. 

Figure 2 depids a seriousl~' afTected tree that had 
to he cut down and destroYl'(1. aloll/! with the roots 
and surrouIHlin/! soil, to PI'f'\'I'nt further infeelion. 

Figure 4. /!ives the optieal density of coconut 
('l'Owns appearin/! on falsc·color infrared film. TIICY 
wcrc scanned along a diameter of each crown. A 
healthy palm showed a signifirant decrease in the 
optical density at the center of it crown. The 
lowest curve in figure 4. pertains to a diseased palm. 
When its semipurified sap was suhjected to an ex· 
amination through an eieelron microscope, virus 
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.' 

FIGIJllt: 2. A coconul tree ~l·\'t'rely inft·ct.·,1 with wilt root 
di~casc. 

FII;JJllt: a. An aerial vi,·\\, of u ~rovc afl'a, takt-n with 
Ektachromc fal~e·color fillll. that dcmon'trutcd th,' idl'n· 
tification of various trees hy spcctral properties. 

In 
Z 
W 
C 

eTALL 
. o DWARF (HEALTHY) 

... DWARF (HEALTHY LOOKING 
BUT VIRUS INFECTED) 

0.1 

o __ •.. ._.1.. ._____ 1_ ....1._._ .... 1 ...... _...1.._._.-'---___...1..----' 

2.0 1.5 1.0 0.5 0 0.5 1.0 1.5 

0.6 

0.5 

0.4 

>-
!:: 0.3 

DISTANCE 	 FROM CENTER OF CROWN 
ON FILM (MM) 

FIGI:IIE ·t 	Plott"d in\o'n,ity ml'a'UfI'm"nt, along u dlalllcter 
of th.· (·rllwn,. "I tim'" ('OCOIIUt tfl·I'S. 

particles charadcristie (If wilt rflot disease were 
foulld. The ~ap of thl' other two tn'es whose optical 
d!'ll~iti('s art' plotit'd ill fi;!un' .~ did not have such 
virus partid('~. Of till' illll~trat('d \'arietie~ of palms, 
('n'll 1111' ullillfe(·t!'d dwarf typl' had a lower optical 
dellsity thall the tall typl'. 

A detailed pap!'r (Ill "({('molt' ~l'IlSill;! for Coco· 
Ilut Wilt" is heill;! pJ't'sl'nlt,d later this year (ref. ~). 

I belicve that n'lIwtl' semill;! call 1)(' used to make 
illvcntories (If teakwood alld salldalwood trees, and 
possibly to detect strt'sses ill such plallts. Trces with 
IOllg lives (50 or lJ() yt'ars) ('all Itt, ('xped('(1 to give 
radiatioll wamill;!;; of infectiolls tWII to threc years 
bdnrc th!'y arc seriously dis!'ased. 

INFRARED SCANNING CAMERA 

A senior physicist and all eleetronic ellgineer are 
currelltly engaged in the construction of all infrared 
st'aJlllillg eamera for usc ill the ;{·to·;)'·meter halld 
from all aircraft plntfonn. This ('ameru is hdng 
constructed in one of the lahoralories of CNES in 
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France. When ready, it will be used for the thermal 
mapping of oceans adjacent to India. It is expected 
that this instrument will reveal ocean surface tem
Jlerature anomalies and gradients correlated with 
rich fishing grounds. 

We also expect to use the new scanner for c"i1 
surveys ami possibly to obtain data on forest animals 
such as the black elephant. 

SNOW SURVEYS 
The India Meteorological Department is studying 

variations of snow cover over the Himalayas, with 
the help of satellite cloud pictures, for experiments 
on the estimation of snow-melt contributions to 
Himalayan rivers. 

OTHER STUDIES 
The National Geophysical Hesearch Institute 

(NGHI), Hyderabad, India, has been using air

borne magnetometers and microwave transmitters, 
both Jf indigenous construction, for mineral sur
veys 	on an experimental basis. 

The Geological Survey of India has been con
ducting aerial searches for minerals with airborne 
microwave transmitlen' us the result of short-term 
contracts with foreign commerciul agencies. 
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The Activities of the United Nations in the Area of Space 

Applications 


HUl\IllERTO JOSI~ RICCIAHm 

Expert 011 Space ApplicatioTls, UTlited NatioTls 

One could speak of the involvement and interest 
of the United Nations in the peaceful uses of outl~r 

space in terms of specific reports of thc Committee 
on the Peaceful l'ses of Outer Space and suecessive 

resolutions of the General Assembly over the years. 
While such 11 recital would constitute a fairly accu· 

rate reflection of events, it is nevertheless a rather 

dry account, hardly suitable to serve to an audicnl:c 
which has just enjoyed a very fine lunch. Instead, 

I would with your permission seck to /!h'e you my 

personal impressifln on this suhject-an impression 
hased upon less than a year of serviee to the United 

Nations as the expert on space applieations. 
It was clear to me in the early days of my appoint. 

ment that the bask desire p;overninp; all UN bodies 
concerned was that the henefits from the exploration 

of outer space. ill whatever form these benefits took 
shape, should be shared equally by all memher 

Statcs of the United Nations, irrespective of their 
economic or technological developmcnt. This basic 
philosophy has ncver becn questioned. The only 

question has been how hest the United Nations and 
the specialized a/!encies could fulfill this ohjective. 

As a matter of fact, the specific mandate given 

to the expert on space applications hy the Com· 
mittee on the Peaceful Uses of Outer Space was to 
assess the resources of the United Nations family 

in the field of space applications and ascertain how 

hest these resources can meet the needs of memher 
Stlltes, in particular the less developed countries of 
the world. 

Too often, as was emphasized yesterday, there is 
a tendency to generalize with respect to the needs 

of developing countries, as though all the countries 

faced the same prohlems, in the same time frame, 

with the same available resources. We know this is 

not true, even thoup;h in one sense a generalization 
is applicable. l\lany developing countries are not 

yet aware of the relevance of applications from 

space teeilliolo/!y to tlw array of ecollomic and social 
problems fadng them in their task of development. 

Even in countries where a small Ilumher of scicn· 
tists an~ informl,d of space applications, this in· 

formation is not readily transferred to those in 
/!overnmt'nt who make the poli(!y decisions. There 

are many n'asons for this situation, hut it is sufIi· 
cient to note that the llnited Nations has heen eon· 

sistently aware of the prohl('m lind has at every 

opportunity stressed the need for wide dissemina· 
tion of information on tIll' peaceful uses of outer 

space. 

In IJllrSUlI/lI'e of tlw laller ohjt'cli\'l'. the IInited 
Nations in I()()g I!oll\'ened the first lij'\ ConfewlI('c 

Oil the Exploration alld I'eaeeful l '~es of Outer 
Space. Held in Vienna, Austria, the confl'l'I'lIcl' had 

a~ its primary ohjeetive the assessment of the £IraI" 
tical henefits to he derived from space exploration 

alld the means to share these henl'fits lImong all 
member States. It was in elfed a worldwide ex· 

ehange of information and ideas 011 the suhject of 
space applications. The Unitcd Nations memher 

States and the spceialized a/!encies all contrihuted 
papers to thi..; I:onference. I had the privil<'p;e of 
heing in Vienna, lind I was particularly impressed 
by the diseussions that followed the formal presenta. 

tions of papers. In these candid and informal dis· 
cussion periods, one was constantly aware of the 

needs expressed by the delegations from developing 
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countries and the sincere desire to meet those needs 
expressed hy the delegations from developed coun· 
tries. As a strietly personal reflection, however, it 
was also clear that, unless a country had a clear 
eoncept of what it sought from space applications, 
the whole mechanism of eo operative assistance on 
1111 inter,lational, multinational, or bilateral basis 
would not operate productively. 

I f we examine the record, we see that coopera· 

tion in the implementation of space programs has 
heen truly elTective in only a few of the developing 
countries. In each case, the government of that 
country made a long range commitment of funds 
and pl~rsonnel to a IHltional program. To some 
ohservers the moral is dear: "God helps those who 
help themselves." In a certain way, it is reflected 
by this very workshop we now attend. The United 
States extended an invitation to attend this Inter· 
national Workshop to the entire membership of the 
United Nations, 127 countries, so that every memo 
her State had the opportunity to attend. Why then 
should we coneern ourselves with those countries 
that, for whatever reason, did not attend? 

Uecause we seek a hetter \\'orl(1 not just for our· 
selves, hut for all. Recause we noll' understand that 
we are together on tlli~ planet Earth and our mu· 
tuully interdependent relationship can determine 
whether we will have a beller world to live in. And 
hecause we recognize that this nell' tool from outer 
spaee is indeed a glohal one with all the opportuni. 
ties this affords. 'l1lese are the reasons why we eun· 
not merely sit hack and allow the uninformed to 
remain so. 

I do not, II or does the United Nations family, 
contend that applil:ations from outer space will 
solve all problems. I do not, nor does the United 
Nations family, maintain that every eountry must 
heeome deeply involved in space applications. Rut 
we do say that every nation should be informed to 
the point where it can make a decision whether to 
get involved on the basis of its own best interests. 

The thrust of a meaningful program for the 
United Nations in the area of spaee applieations is 
not to (Iuplicate the immense amount of technologi. 

cal data that has already heen disseminated through 

many national and international meetings, hut to 

translate the data to relate to the specific (;conomic 

und social problems facing a country; not to per· 

suade countries to pursue programs, hut to deter· 

mine whether techniques of space can more eITec· 
tively and economically meet their needs; not to 
rush them into participation, but to detail step· by. 
step procedures for their participation if a space 
application program is to be meaningful to their 
scientifie and tedlllolol-!ical growth and allow them 
to make decisions that are not overcommilting the 
future; not to consider only the olTer of harchnre, 
funds, and so on. but to advise where within the 
international eommunity cooperative assistanee 

might be sought and received; not to be the pro· 
moter promising salvation through space tech· 
nology, but to be the prompter of the possibilities 
lind potentialiti,·s. This, I say, is a role for the 
United Nations at this time and stage of the devel· 
opment of space applications. 

It was in this spirit that the Committee on the 
Peaeeful Uses of Outer Space, considering the role 
of meteorologieul sateJlites in the early years of the 
space age, encouraged the creation of the World 
Weather Wateh and U1'ged all member States to 
extend their national and regional meteorological 
efforts to implement this expanded program of the 
World Meteorologieal Organization. It was in this 
spiJ'it that the General Assemhly, ufter recognizing 
in its resolution I i2l ( XVI) that communications 
by means of satellites should be made availahle to 
the nations of the world as soon as possible on a 
glohal and nOIHliscriminating hasis, invited the 
Speeial Fund and the Expanded Program of Tech· 
nical Assistance, in ('onsultation with the Inter· 
national Telecommunications Union, to give sym· 

pathetic consideration to re'luests from memher 
States for terhnieal and other assistance for the 
sllrvl'y of their communication needs, so that they 
might make effective use of !-lpace communications. 
It was in this same spirit that the Outer Space Com· 
mittee estahlished a Working Group on Direct 
Broadcast Satellites to examine the technieal feasi· 
bility of rommllnieatillns by direct broadcast satel· 
lites and to consider the economic, social, cultural, 
and legal implications of such a development. It 
was in this spirit that the General Assembly, in 
resolution 2600 ( XXIV), requested the Outer Space 

Committee to continue its studies with regard to 

the possibilities of further international coopera· 

tion, particularly in the framework of the United 

Nations system, in the development and use of 

remote sensing techniques to survey the Earth's re· 
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sources, so as to assure tllat the practical benefits 
of this new technology will be made available to 
both developed and developing countries. 

It is in the same spirit that we are organizing 
the first of a lIumber of panels to allow us to share 

IN THE AREA Of SPACE APPLICATIONS 

the knowledge thus far gaincd-tn gh'l' us the re
quired informatioll upon ",hidl to hase decisiolls 
for our future aetion in this field-to exchange 
experiellee alld information toward tlw common goal 
of ad\'ancement for thl' hcnefit of all. 





Canada's Approach to Renlote Sensing 

L. W. MORLEY 

J)ifl~c/or, Rcmo/e SeT/siT/g CCT//re, 

IJepar/IlIt'T// oj E1Iergy, Mines and Resources, 


Ol/awa, Canada 


Canada. like muny ollll'r nalilln~, i~ ~lInll'whal IIv,'rwlu'hllt'd hy IIII' II'ehnolllgicnl expillsilln in 
remole sensing. II combinf's a~llI'els of Ih(' hurgl'oning Il'chrwlllgi,'" of spaec, Sl'nsors, and lIulo· 
matic dala proccssing. Were il nol for 1111' fact Ihal r,'nwle sl'n~inl! bears prllmise of b,'coming nn 
ellormousl)' powerful 100/ for galhering alld ,orting \'list ,!nallliti(" of illf;,rll1alion on n'",un'('S and 
the CIIVirOllnl!'nl I tWII an'as of vital ('olJeern III all glll'I'rnm"nls). il wllnld III' di~lIIissl'd as a luxury 
which Canada could nol a/Tllrd. 

Ralher Ihan assuming a lai"l'z·fain' plllie)' Illwards Ilu' d,'vl'llIplIlI'lIl IIf n'nlOil' s"nsillg in Canada. 
atlempls arc hdllg madl' at Ihe f,',h'ral and provincial h'\'('ls to cllonlinall' a ralillnal dl'Vl'lopnlent 
based 011 Ihe following prillciph's: 

(1) Orl!aniZalional planning shlluld pron'"d on II", assull1plilln Ihal r"mo'" "'nsing is nol II 

lransilor), f(lshion, and it .hould IllI'n,flln' I", 1'"lahli"h..d on an op,'ratillnal I""is. 
(2) The poll'ntial impaci of n'lI1o'" sensing lin nlell",ds of nHlIlag"lIIcnt of n'SIlIIre,'s and Ih" 

cnvironllll'ni is of such imporlanc,' Ihal lolal s),s"'nl" planning. from Sl'nSllr lind s,'nsllr plalform 
developmelll Ihrough III IIII' d"I+.ion.lllaking slagl's, shllllid I", ulld,'rlakl'n, 

(3) In such planning. ,'\'('r), IHI",ihh' us!' should I", lIIade of a\'ailahl,· f('SIlUf('"S and orgalliza' 
lional slructurcs 10 achi"I'" all onh'r!y ,·\'olulion. 

(4) The high ('ost (If Ihe t"e1l11olo!!;), dicla"'" ill"'rgov,'rnllll'nial. intl'fdi-eiplinary, and inll'rag"IJ('Y 
sharing (If fadlili!'s wh,'n,'\'!'r p"s,.ihlt,. 

(5) 1'111' ol'l'rall ohjl'eli\,!' is III prll\'idl' an eellnltlllic alld c/T,'rli\',' infllflllalilln s),,,II'1II which can 
respond rapidl)' 10 Ihe nl,,'ds of n'sourl'1' and en\'ironnll'lIt lIIalHl!!l'rS and poliey IIIakt-rs. 

Canada's prugH'ss Illwards aeelllllplishing II",sl' "lids is thl' suhjl'!'1 IIf IIIi,. pap,'r. 
Thc pla/llwd Unil('d Slat!'s launrhing of III!' wllrld's firsl n'~oun'" sllll'lIih' ill ~Inreh 1972 pro· 

vides a kc),sIOIll' around whit-Ii III!' Canadian program i~ organizl'll. 

Although well advanced in con\'entional aerial 
survey methods and photogrammetry, as well as in 
airborne geophysics, Canada has had little experi. 
ence in remote sensing using multiband techniques 
and computer enhancement (jf data. During the last 
S years a limited amount of IH scanning and multi· 
spectml photography has heen done. Howe\'er, we 
do have a large territory to he covered and we have 
a large commttllity of resource·oriented and en
vironmental scientists and engineers ready to put 
the EHTS data to work when it is received, 

For the past 18 months \l'e have been involved in 
a fairly extensh'e planning operation, so that what 

is presented here is not what we have done in remote 
sensing, hut what we plan to do. 

ORGANIZATION FOR PLANNING 

Canadians first became aware of developments 
in remote sensing in 1963 through the medium of 
the Symposia on Hemote Sensing sponsored by the 
Willow Run Laboratories of the University of 
Michigan. At that time IR scannen were classified, 
and it \I'as dinicult to convince authorities of the 
usefulness of the method without Canadian exam· 
pIes, Proposals were put in to the government to set 
up remote sensing facilities in Canada, but they got 
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nowhere because of the expense of the technology 
involved, failure I ) prove a favourable cost/benefit 
ratio, and the lack of coordinated proposals by vari
ous agencies wanting similar equipment and facili
ties. 

Later, when the EROS and ERTS programs were 
proposed, these helped considerably because, while 
it was concdvable that each concerned agency might 
run its own independent aircraft program, it was 
quite obvious that they each could not afford to run 
their own independent resource satellite programs, 
even if the satellite was being supplied by NASA. 

This led to the setting up of an interdepartmental 
Committee on Resource Satellites and Remote Air
borne Sensing. 

To illustrate the widespread interest in this pro
gram in Canada, there are no fewer than 17 federal 
government agencies represented on this committee, 
which has been in existence since September 1969. 
The senior policy committee is supported by a full
time secretariat called the Program Planning Office. 

The Program Planning Olfice proceeded to set up 
1:~ ad hoc working groups in the areas indicated in 

figure 1, eonsisting of technically experienced n.d
viser;; from government, university, and industry. 
There were from 10 to IS members in each working 
group, so that all-in-all :here were nearly 200 scien
tists und engineers involved. I n addition to getting 

advice from these working groups about what to do 
ahout remote sensing in general and ERTS in par
ticular, they served as an excellent education 
medium. 

All these workin/,!; groups have completed their 
work and are 1I0W puhlishing their reports. 

In a couple of months, it is expected that this 

whole ad hoc organizatioll will be replaced by a 
permanent Hemote Sensing Centre and a Canadian 
Committee on Hemote Sensing, which will have 

provincial as well as federal representation and 
which will also have a subcommittee structure 
similar to that shown in figure 1. 

Since Canada has no space agency under which 
this program can be placed, it is necessary to set up 
what must seem like a rather elaborate committee 

structure to achieve adequate liaison. While the lead 
agency in this operation is the Department of En
ergy, Mines and Hesources, a concerted effort is 
being made to give the organization an intcrdepart

mental image-even to the extent of shared man
agement and funding responsibilities. 

Some funds were made available to the Program 
Planning Office last year for traveling expenses of 
all these working groups, for engineering studies, 
for a small aircraft program, and for phase A 
studies on a sensor development program. 

Plans for a lIational program are now nearly 
complete, and of course they centre around the 
ERTS program as the keystone. 

The elements of the proposed program are as 
follows: 

(]) The establishment of a national facility in 
remote sensing, to be known as the Hemote Sensing 
Centre. The lead agency will be the Department of 
Energy, Mines and Resources. 

(2) The conversion of an existing 8S-foot-diam
eter parabolic antenna at Prince Albert, Saskatche
wan to serve as a dedicated satellite receiving station 
for ERTS data. This work is being managed by our 
Department of Communicationf, which has let the 
contract out to the University of Saskatchewan. 

(:~ I A ground data handling centre capable of 
photogrammetrically correcting EHTS data as well 
as line-scan data from aircraft. This centre will be 
in Ottawa and will be located in the same building 
as: 

(tJ.) An enlarged Air Photo Production Unit 
(APPll) of the Sun'eys and Mapping Branch. This 
unit for 20 years has heen responsihle for the repro
ductioll of all aerial photographs in Canada (with 
the exception of some handled by provincial orga
nizations). It is expected that, as a result of the 
Hemote Sensing Program, the throu/!hput of the 
APPlJ will he nearly douhled. 

(S) An expanded Air Photo Library. This Iihrary 
for 30 years has been the national repository for 
aerial photographs in Canada, and it has been possi
ble for the puhlic to get copies of an}' aerial photos 
taken in Canada for the cost of reproduction. It will 
now distribute remote sensing and EHTS data. 

(6) An aircraft program. During last year and 
again this year, a limited aircraft pro/!ram is being 
carried out. Multispectral photography, ultrawide
angle cameras, and IH scanners will he used. Areas 
have heen selected by the working groups, and 
ground truth programs will be undertaken hy users. 

(7) A sensor development program in which in
dustry and university lahoratories nrc being funded 
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CABINET COMMITTEE ON SCIENCE POLICY & TECHNOLOGY 

INTERDEPARTMENTAL COMMITTEE 
ON RESOURCE SATELLITES AND 
REMOTE AIRBORNE SENSING 

ISPECIALIZED PLANNING AND WORKING GROUPS 

TECHNOLOGY APPLICATIONS INTERNATIONAL 
COOPERATION 

DATA 
HANDLING 

• DATA SERVICES 

• TREATMENT 

• PHOTO 
REPRODUCTION 

• OISTRIBUTION 

FIGURE 1. Interim planning organization for Canudiun CUlIlrnittt'e on Ht'~ourc(! Sntdlit('~ nnd 

HenlOte Airhorne Sensing. 


to conceive and develop novel sensors to meet spe· 
cific user needs. (This program was in operation 
last year and is being continued this year.) 

(8) A research program into methods of enhanc· 
ing remotely sensed data, as well liS automatic 
methods of extracting information and displaying 
results. (This program has not yet been started." 

(9) The establishment of regional interpretation 
centres for analyzing available data within the area 
of their geographical jurisdiction is being consid· 
ered by some provinces. 

(10) The reinforcement of existing specialty 
~entres for lar~er,sf!ope interpretation of remote 
sensing data and ERTS data. For example, the inter· 
pretation laboratory of the Forest Management In· 
stitute will be enlarged. Two specialty centres in 
water resources will be established: one at the new 
Canadian Centre for Inland Waters for limnology 
and another in Ottawa for hydrology. The Canada 
Department of Agriculture will consolidate and 
enhance its interpretation capability. 

(ll) I nternational cooperation in a longer.term 
look at requirements for future resource satellites 
Rnd remote airhorne sensing. 

(12) The designation of ERTS test areas in 

Canada where interested agencies will undertake 
ground truth studies in conjunetion with airborne 
and ERTS sun·eys. 

(131 The establishment of a Canadian Committee 
on Remote Sensing, to be responsible through the 
Deputy Minister of Energy, Mines and Hcsources 
for gO\'erning the Nationlll Program on Remote 
Sensin/-l and \'elling the aelivities of the Remote 
Sensing Centre. 

(141 An ineipient program on data retransmis· 
sian being collectively undertaken by several inter· 
ested agencies. 

PROPOSAL TO NASA 
Canada has proposed to '\IASA 75 test areas in 

Canada where ground truth, and in many cases air
borne work, will be done during or before ERTS 
orbit. 

To take the load of receiving and handling all 
this data off NAS.\, Cllnada has also proposed 
adapting an existing ground receiving station in 
Central Canada (at Prince Albert, Saskatchewan) 
for EHTS reception. A data handling centre to be 
located in Ottawa is also proposed. 

Figure 2 shows the range ciJele of the Prince 
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F1CUIIE 2. Map of 	Northern Hemisphere showing orbital passes of EHTS·A over North America 
and ranges of receiving stations in Canudu und the U.S. 
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Albert station in relation to the proposed NASA 
stations at Goddard, Fairbanks, and Corpus Christi. 

This Prince Albert station wiII have no command 
facilities, and it is intended to read out only Cana· 
dian data while the satellite is operating in the direct 
mode. 

Tapes from Prince Albert will be air·expressed to 
Ottawa, where they will be photogrammetrically 
corrected by comparison with planimetry from 
1:250000-scale maps. 

The same type of tape recorders will be used at 
Prince Albert as at Goddard so that tapes can be 
interchanged between those two stations. 

Since Canada wishes to get as much data as 
possible of Canadian terrain, NASA has been reo 
quested to switch to the direct mode o\'er Canada 
as much as possible. This would of course be sub. 
ject to the power budget on the satellite, to the need 
to read out laped data at Fairhanks or Goddard 
during passes over Canada, and finally to calihra
lion requirements of the MSS sensor. 

Orbital parameters and "predicts" will he re
quested from NASA so that the Prince Alhert sta· 
tion can acquirt.; the "atellite as it appears over the 
northern horizon. Autotracking will he employed 
once the sigiJaI is detected. Both the housekeeping 
and 2.2·GHz data will be recorded. 

Although the DCP data from the six Canadian 
ground data platforms will he received, Canada wiII 
not have the capahility of unscrambling, and NASA 
has been requested to do this. 

The Communications Research Centre of the De· 
partment of Communications, which is managing 
the Prince Albert Radar Station, is planning a 
quick.look facility there using a high.resolution 
CRT. 

A full study of what is required to be done to 
convert the Prince Albert station for ERTS use has 
been completed, and a contract will shortly be let 
to have the work carried out. 

As far as a permanent resource satellite receiving 
station for Canada is concerned, Churchill, Mani· 
toba would have been a better location as far as 
coverage is concerned, but for this experimental 
program it was decided to economize by using an 
existing station. The antenna at Prince Albert (fig. 

ure 31 is a surplus dish which was used up until 
5 years ago for research on radio propagation 
through the auroral zone. Since proposals have been 

made to move Earth resources satellite frequencies 
from 2.2 GHz to 8 and even 22 GHz to provide for 
more bandwidth', the Prince Albert dish will prob. 
ably he rendered obsolete for the post-EHTS rt'· 
source satellites. 

CANADIAN COVERAGE BY ERTS 
Figure 4 shows the total number of EHTS scenes 

rl!r season in each latitude band across Canada. 
Notice how the number sharply increases as you 
proceed north, due to the converging orhits ncar 
the pole. As seen in figure 2, however, the satellite 

8 0 never passes within a circle from the pole 
(82 0 N). 

R. O. Chipman of the Program Planning Office 
conducted studies on cloud cover and Sun angle and 
came up with the probabilities for EHTS covt':age 
with less than lO-pf'rcent cloud co\'er. 

Figure 5 shows the number of pictures in each 
]()-~celle cell expeclt!d in the sumllWI' season, taking 
into efIect cloud cover and Sun angle. When the Sun 
angle is less than ]00, it is assumed that no imagery 
could hl' obtained, 

There is ('oncei'll that the comhinatioll of snoll' 
co\,el' and a reasonably high Sun angle will saturate 
the sensor systems, allowing no usable imagcry at 
these times. 

THE GROUND DATA HANDLING SYSTEM 
This is by far the biggest problem: how to eon· 

vert the taped data into geometrically accurate 
imagery. It is also the most expen~i\'e. 

There are essentially two types of tapes to deal 
with: (1) the pulse-code·modulated tapes from the 
multi~pectral line scanner and (2) the video tapes 
from the RBV. The data rates are extremely high, 
and there arc four bands from the MSS lind three 
from the HBV to deal with. Custom tape recorders 
developed by Ampex and HCA arc required for the 
job, and they are hoth major pieces of equipment. 

The simplest way to get ima/!:ery would be to 
display it on a CHT, as is done with the APT pic. 
tures, but this cannot be done without II great loss 
of resolution. Electron beam recorders or laser 
beam recorders, in which the beams pIny directly 
onto the film rather than onto the phosphor of a 
CRT, are used. This is relatively new technology 
and is having to be specially adapted for ERTS. 

Before displaying the imagery either on a CRT 
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FIGURE 3. Prince Albert receiving station. 

FIGURE 4. Total number of pictures to be taken over Canada in I year is 7934. The numbers on 
the map indicate the total pictures in each 342 OOO.km~ area (all areas in the same latitude band 
have the same nllmber). 1l111minatiun criteriun for picture·taking is solar elevation ~IOu. 



229 CANADA'S APPROACH TO REMOTE SENSING 

FIGUlu: 5. Tolal lIumher of c1oud·fft·" piclures "xl)('clcd during ~Ulllf1lCr ~"a,(Jn is ,17:t ~Inp sh()w~ 
nUIIIIH'r "xlwcl"d in each aft·u ,luring ('ondilions of cloud cO\'l'r <10% and ,,,Iar ,·I,·\'ali"n :-'It)'. 

or on film, it is necessary in the case of the scanner 
data to demultiplex it and transform it to analog 
form from the pulse.code.modulated form. When it 
is printed out, it will be in a distorted form. Cor· 
rections have to be made to make the imagery con
form to proper map coordinates. This is where the 
complication and expense arise. There is not space 
here to discus,> the Canadian ground data handling 
system. Suffice it to say that it is very similar to the 
NASA system with a few exceptions: 

( 1) It will use an LAIR as its basic recorder 
rather than an EBR. This LBIH is capable of burn
ing colour directly onto a colour film or alterna
tively it can burn black and white from one spectral 
band onto a pan film. 

(21 l1IC LBm will have a double film transport 
which will allow for overlap on the ISS-by-WS.kilo. 
meter scenes and will also provide for annotation. 

(3) While the MSS data should be as accurate 
as NASA's precision data, the same will not be true 
for the RBV data. Our RAV data will be corrected 

for obliquity and scale distortion and some of the 
pineushion distortion. We therpfore do not expect 
to be able to make colour composites of the HRV 
data. 

(41 The GDlle will he d,·sif,.:ned to handle air
borne data as well as EHTS. 

Air Photo Production Unit 

Hather than selling up separate facilities for 
photographic processing, it is planlled to use the 
facilities of the Air Photo Produdion Unit of our 
Surveys a 1111 l\lappillg Branch. For 20 years they 
have heen responsible for rt'producing aerial photos 
of Canada to lIIeet customer nceds. 

With EHTS it is expected that their throughput 
will double. 

It is planned to move this unit into the slime 
building as the Ground Datil Hllndling Centre, since 
the two obviously must work very closely together_ 
New autolllutic processors, step and repeat printers, 
lind composite printers are on order. This unit will 
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handle all the airborne remote sensing data as well 
a!l the ERTS data and of course the normal air· 
photo requirements. It will huild up to a total stafT 
of about 60 in the next 2 years. 

The National Air Photo Library 

Closely assO('iated with the APP{] is the National 
Air Photo Lihrary, also operalt~d hy the Surveys 
and Mapping Branch. This library will essentially 
he the marketing agent for airborne remote sensing 

data and for EHTS data as well as for the normal 
air photography. Copies of all these (lata will be 
IlUII\t! availahle to the public at the cost of repro· 

duction. 

The Aircraft Program 

On this program last year there was one CF-100 
aircraft operated by the Canadian Forces. The CF
lOll has a 1 Ill·kg payload, carries the pilot and a 
caml!ra operator/navigator, has a range of IH50 km 
arlll an operating ceiling of 14. km. The Air Force 
supplies aireraft maintenance, flying, airframe engi· 
neers, avionics tedlllidans, mission planning, hang· 

erage, etc. 
Tlli5 year there will he one CF-100, one DC-:~, 

arlll a small single.engine aireraft for detailed work. 
Next year it is hoped to expand to three CF

1110's, two DC-3'5, and two small aircraft. 
The main sensors are ultrawide·angle 23·cm 

square cameras, 70·mm multispectral pods, and IH 
line scanners. Multispeeiral line scanners 1I'i11 he 

aClJuired. 

A Sensor Development Program 

On the basis of parameter studies carried out by 
the seven user groups, requests for proposals were 
put out to irlliustry and university laboratories for 
novel sensing devices to measure any of these 
parameters from aircraft or spacecraft. Fifty.four 
proposals were received, and 1] were funded for 
phase A studies. Nine of these] 1 are being re·funded 
this year for phase 8. 

Again, there is not space here to describe them, 

but there is a puhlieation corning out which will do 

so. Many of them usc laser technology, some imag' 

ing tuhes, some microwave. Air pollution, water 

pollution, sea· ice thickness, and water vapor content 

are some of thc applications. 

The Establishment 	 of Regional Interpretation 
Centres 

There an! two main rcasons for promoting the 
establishment of regional intcrpretation centres: 

(1) In Canada the administration of resources 

amI responsihility for the control of the environ· 
mcnt comes under the jurisdiction of the provinces. 
End users and decision makers arc mainly located 
within provincial administrations. By estahlishing 
f{·gional Cl'ntres of expertise in interpretation, it 
should he possihle to get closer to the decision 
makers. Experiencc in photointerpretation sholl'S 
that inlt~rpreters who hm'c local knowledge of an 

an'a make the hest interpreters. 
(2) While it is expected that initially the houle· 

neck will move down from data acquisition to data 
correction and data reprorhwtion, ultimately it will 
he in interprl'lation. Decentralization should allcvi· 
ate this antil'ipated hottlf'lleck. Sueh decentralization 
provides for greater grass· roots participation. which 

is ohviously important. 
It is expected that thest' regional centres will he 

autonomllusly o)ll'rated h~' the provinces or groups 
of provinces. TIH' provinces arc just heginning to 
get organized on an in\l~f(lisciplinary hasis for the 
purpose of examining their needs. 

Specialty Interpretation Centres 

Several of the discipline.oriented federal depart. 

ments already have airphoto anll remote sensing 

interpretation facilities specifically oriented toward 

their own missions. For example, the Forest Man· 

agement Institute of the Department of Fisheries 

anrl Forestry has for many years been active in 

airphoto and remotc sensing analysis. They arc 

presently expanlling and equipping themselves to 

handle EHTS and new RS data. 
The Inland Waters Branch of the Department of 

Fisheries Ilnrl Forestry is planning specialty centres 

for remote sensing: one in limnology, to be located 

at the r.anada Centre for Inland Waters, Burlington, 

Ontario; anrl thc other in hy<lrology to be located 

in Ottawa. 
The Burlington group and the Meteorological 

Branch locllted in Toronto arc the two main Cana· 

dilln participants in the I nternational Field Year 

for the Great Lakes, which ~lso begins in 1972. 
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International Cooperation in Remote Sensing 
Up to the present, Canada has participated very 

little internationally, lit least at the official level, in 
remote sensing activities, for the simple reason that 
no viable domestic program has existed. As capa
bilities and ideas arc de\'doped, fuller international 

participation is expected. 
In the ahstract it is stated that plans are being 

made under the IIssumption that remote sensing is 

here to stay. It follows that if Canada is going to 

the expense of putting up a data handling centre and 

1\ readout station, she is interested in what follows 

after EHTS. If fdr one reason or another the sue

cessor to EHTS is not suited to Canadian needs 

nor to the needs of some other countries, I would 

guess that we would be in the market for inter

national cooperation in a resouree satellite that does 

meet our needs. Alternatively, if the successor to 

EHTS looks good for Canada except for sume minor 

modifications, I would also guess that we might like 

to buy into it in order to influence the design. I 

should hasten to add that this is only my personal 

opinion and not official policy. 

ERTS Test Areas 
In response to NASA's request for test areas, 

7;:' test areas were proposed in Canadll, as shown in 
figures 6 through 10. 

In most eases these areas were not put up pri
marily because of EHTS. 'l1lCy are areas where 
various agencies lire planning to do their normal 
work during the period of ERTS. EHTS data will 
simply be auxiliary or eomplementary to the ground 
and airborne data they already have and will he 
gelling. 

Using these people has several advantages o\'('r 
transitory short-term investigations: Experienced 
professionals in their fields of endeavour al'l~ ('11\

ployed. They will he able to place the remote sensing 
data in its proper eontext, mill they already ha\'e 
contae! with the decision makers in their areas. 
The disadvantage is that some of them may be 
inclined to he conservative in tlwir approach to 
these data, but this Gan and must Ill' o"ert·ollw. 

Canadian Committee on Remote Sensing 
In order to coordinate this cxpensivc national 

activity, to avoid duplicatioll, and to ~harc ill re· 

FICURE 6. Water resource test areas. 
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FICURE 8. Geology test areas. 
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search costs, it is plrlllncrl to establish a Canadian 
Committee on Hemote Sensing, which will govern 
the activities of the Remote Sensin/-( Centre or Na· 
tional Facility. The membership of this committee 
will be comprised of representatives of provincial 
and federal organizations, as well as universities 
and industry. It will be organized somewhat along 
the lines of the various workin!! groups of the PPO 
(figure 1), with a subcommittee structure to ensure 
wide representation. 

CONCLUSION 
While Earth·oriented observations are of consid· 

erahle scientific interest, the main motivation behind 

the Canudian progrum in the next few years is the 

prospect of developing all operational information 

system for resources nHlIlugcment and cnviron· 

mental control. 

Thus the Canadian program, rathcr than heing 

considered as part of a space science program. 

should more appropriately be considered as strielly 

un applied H&D effort in resource amI envirOlllnental 

management. A concerte,l attempt will be made to 

achieve a proper balance among airbol'lle, space· 

borne, and surface ,lata collection on the one hund 

and between hardwarc devclopmcnt and intcrprcta. 

tion on the other hand. 



The French Teledetection Progl'alll 

ATME ALOUGES 

Frel/ch Nalilll/a/ Commissiol/ lor Sp(/(.·I' NI'SI'II/T" 

Since 1962, France has financed a ;.!overnment 
agency (CNES) to promote the development of 
space technology and to expancI the national space 
policy. This agency, which has a bud;.!et of JIIore 
than $100 million and employs a thousand people. 
has been able to huild ;.!round facilities and de\'I"oP 
launchers and put seven satellites into orhit. 

For several years, CNES has also heen developin;.! 
and coordinatin;.! a pro;.!ram for remote sensin;.! with 
the aid of experts frolll different national ai!encil's 
interested in the stud~' of the Earth's surface. in· 
c1uding: 

• 	 Bureau of Geolo;.!ical and Mining Hesearch 

• 	 National Cent!'r for the Exploitation of the 
Oceans 

• 	 National Center for Scientific Hesearch 

• 	 The Commission for the Mappinp; of Terri· 
tory 

• 	 The French Petroleum Institute 

• 	 The National Institute of Agronomic He· 
search 

In addition, a French organization called the Na· 
tional Geographical Institute has assumed the task 
of preparing and updating topographie charts. To 
do this, it has a ;.!roup of specially equipped air· 
craft for taking high·quality aerial photographs 
and facilities for photop;rammetrit' restoration. 

Since the National Center for Spac[' Studies is 
concerned with studying the potential of a program 
of satellite ohservation of the Earth, it is natural 
that our primary interest should be directed toward 
the existing photointerpretations of various orga· 
nizations interested in the F:arth's surface. 

We quit·kly foullIl that the situation was far frolll 
ideal. First of all. the availahle "hotographs oftpn 
date hal'k sp\,pral y(·ars. wlH'reas the tinw fador is 
('riti('al in ['('rtain studies wl'ose SlllTess dept'IHls on 
immediate a\'ailallility of results, Seeolldly. tlH' 
photoi!raphs were I!en['rally takl~1l on panchromatk 
film, which canno! II prillri ('ollVey all ne(,pssary 
information ill lIlany ('asl's. Thirdly. it was not ;!I'n· 
erally po~sihlt, to obtain n'peated I'OVI'ra;!l~ of a 
;!iven re;!ioll. Finally. the idea of usin;! othl'r tvpl'~ 
of collel'linl! device!', utlH'r Illl'lhods of exploitation, 
a/l(l vehicles other than aircraft had not heen ad 1" 

quately inVl·stil!ated. 
For the~e rea~olls lI'e decidt'd it was n['c!'s~ary to 

ha\'e a first.phasl' ex('halli![~ of reciprocal inforllla· 
tion hl'lwI'l'n U~l'rs and C:\E~. supported hy pn" 
lilllinar~' expt'ril'ru'I'. to deterlllilH~ thl' I'xi~tin~ 

material that ('uuld Ill' uSl'd in Franc['. 
The \'t·hit-Ie used for tlH' l'I'sllltant ('xlwrinu'nts 

was an aircraft oWIH,d hy the l':ational Gl'o;!raphk 
Institute, wlrich 1I't' elfuippl'd with a hallery of 
Hasselhlad l'anH'ras (Ioadpd with panl'hrollluti(', 
infrared hla('k·allll·whilt·. natural CIlloI', and falSI" 
('olor film) awl a Fn'neh r.yelope infrared ~('annl'r 
uJleratinl! in tl)(' :\·to·.'i.,,1ll hand. In addition, WI' 
had an infran·.J Sl'allIlI'r opl'ratin;! ill thl' lIl'I'1ll 

halld adapll·d for l'ollllllltN analysis of n~sults. 

The definition of our airbo/'lll~ I'xpt'rjrrll'nts wa~ 
aCl'oll1plished jointly II}' tile ;!roup of uSl'rs wllieh 
w[' formed. Thl' itl'lII~ definpd ilwludpd flight para· 
mett'rs, test sites, l'poehs and hours of night, mill 
sl'ales of photop;raphs. 

Consequent flight opl'rations illvoh'!'d two large 
test sites, one of which inclt.dl'.J the following I'M, 
tions of the Paris hasin: 

• Bay of tlw Spine for oeeano~raph)'. 

2.15 



236 EARTH RESOURCES SURVEY SYSTEMS 

• 	 Low valley of the Seine for studies of water 
pollution due to overindustrialization. 

• 	 Bray area for its geological characteristics; 
it is essentially an eroded anticline which 
reveals the different sedimentary layers of 
the Paris basin. 

• 	 School of Agricultur~ for applications to 
agriculture; the history of parcels there 
has been well known for more than 20 
years, thus providing excellent ground 
truth data. 

• 	 Forest of Rambouillet for silviculture. 

• 	 Beauce, Valley of the Loire, and Sologne 
for pedology, hydrology, and vegetal 
ecology. 

• 	 Minervois, which offers in a small area 
(about 10 000 hectares) very great varia· 
tions in altitude (ISO to 1000 meters) and 
climate (rainfall varying from 50 to 120 
cm), with a shift from Mediterranean to 
Atlantic conditions; also primary, sec· 
ondary, and tertiary terrain that extends 
to the recent CJuaternary with highly dif· 
ferent limestone ailCl non limestone lithology 
and vegetation (both natural and culti· 
vated) that reflects 2000 years of human 
habitation. 

Such conditions alloweo us to studr 

• 	 An inlt!grated ecological approach. 

• 	 Productivity of vineyards. 

• 	 Cartography of vegetable fuels and land 
use. 

• 	 Geology, hydrogeology, and mining possi· 
bilities. 

• 	 Geomorphology. 

• Archeology. 

Our second test site, on the Mediterranean coast 
in the region of Montpellier, is a littoral belt in· 
eluding ponds that communicate more or less 
directly with the sea. This area offered the po~ ,ibility 
of studies concerning mass water dynamics, sedi· 
mentology, biology of ponos, pollution, and culture 
of shellfish (oyster . .;, mussels, etc.). 

A third (southeastern) test site was added after 
our second flight to experiment with a remote de· 

tection technique for an advanced attack on trees 
by a scale insect (Matsucoccus) and to prepare for 
operational extension of the method to the forest 
of Landes, which (with an area of 1 million hec· 
tares) is one of the largest foresl" in Europe. 

We conducted experiments in summer, winter, 
and spring to examine seasonal variations and de· 
termine relationships of variables (as in vegetation, 
soil, suhsoil, and effects of man). Each seasonal ex· 
periment consisted of three flights: one in the day. 
time, one at nightfall, and one at sunrise. The first 
two experiments took place in July 1970 and Feb· 
ruary 1971. The third is planned for June 1971. 

Initial results were encouraging. Since our main 
objective has been to prepare users for work with 
pictures from satellites, one feature of our work 
has been fine·scale photography. 

For example, we placed a housing containing two 
cameras loaded with panchromatic and false·color 
film and a four·chunnel photometer beneath a strato· 
spheric balloon which was allowed to attain an 
altitude of 32 km, producing pictures at a scale of 
I :tJOO 000. The surface area covered by each picture 
was 25 by 25 km. 

As a vehicle for carrying out remote stlldies of the 
Eartb, the stratospheric balloon had the advantage 
of being inexpensive and the disadvantage of having 
its course imposerl hy the wind at flight altitude. 
However. this disadvantage was handled with rela· 
tive case because the winds were rather stable and 
so well known that the balloon's course could be 
predicted with reasonahle accuracy. 

FUTURE PLANS 
We are prepared to interrupt our airborne ex· 

periments in June to allow users to complete their 
interpretations of the data acquired and puhlish 
their findings. This suspension of operations will 
also enable us to muke improvements of a technical 
nature and to equip an aircraft for automatic data 
analysis tests to he conducted in 1972. 

We also have plans for future flights of strato· 
spheric balloons. 

We have made several suggestions to NASA for 
using the data from the ERTS·A satellite. TIley 
came from various French multidisciplinary orga· 
nizations, and some involve test sites we have al· 
ready surveyed. 
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A fI'mote scn~ing sy~t(,/1l utiliz.'s a "'Il"'r 10 lilah, radiollll'lric 1Il('aSU!'I'nH'llls SfI that an intrr. 
preteI' can infer what sU"~lanc.'s fll' cflndili'l/ls of illll'!'I'st ('xisl at !'I'lIl11l ..ly lucalt'd po~itions, 
Important s(mSflr types art' tl ... (I. pholfll\raphic ('amcra, f 2) vidcfl ('anll'ra, f 3) tlptical.nll'chanicul 
scanner. und (,~) rnicrowav.. radar, Radialion JlroJl.'rtic~ whit'll th.,,,, SlInSflrs /1l('usun' aw SU/1l· 
marized, and their respcctive nll'lhflds of operalion are iIIustraled. 

A remote sensing system consists of a platform, 
a navip;ation device, an operator, a sensor or sen· 
sors, a data processor, and an interpreter (figure 
I). The platform is an aircraft or spacecraft which 
carries the sensor, supplies power fCll' its operation, 
and provides operational mobility. TIle navigation 
device (or method) determines the location of the 
platform and the area to he searched. while the 
operator (which may he either a human or an auto· 
matic control suhsystem) causes the platforlll and 
sensor to perform in accordan('e with a search plan. 
The sensor makes radiometric measurements at each 
predetermined location and records the resultant 
data, so that it can be combined by the data proc· 
essor with aneillary data to make it more inter· 
pretable. Then the interpreter USCf, the processed 
data to report the discovery. location. and 'or 
quantity of items for which the search was made. 

All parts of the remote sensing system are not 
always on the platform. Sensor data, for example, 
may he telemetered to the ground hefore data proc· 
essing and interpretation functions are performed. 
Needless to say, the value of such data depends 
jU'it as heavily upon its interpretation as it does 
upon its accuracy. 

A sensor with a capacity to generate radiation 
is said to be active, and its radiation mil y be con· 
trolled in four ways, namely the ways in which it 

PLATFORM 

SENSOR 

RADIATION 

FIGl1IU: 1. Block diugram of Iypical remole sensing B)'stem. 

is (I) directed, (2.1 distributed in the spectrum, 
(:~) polarized. and (4) allowed to VI ry in time 
or phase. Radiation returning to the sensor from 
remote ohjects can he measured to determine the 
direction from which it n~turns, its spectral distrihu· 
tion, its polarization, and the time variation or 
phase of its return. Generated radiation interacts 
with, and is altered hy, remote objects in accordance 
with known natural laws. Therefore, the alterations 
of received radiation can be measured hy the sen· 
sor. Successful interpretation then depends on the 
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ability to infer the existence and properties of reo 
mote objects from measured alterations. 

A sensor without a capacity to generate radiation 
is said to be passive, and it receives radiation gen· 
erated by natural sources. The direction, spectral 
distribution, polarization, and emission time of the 
radiation cannot be controlled, and the sensor 
operator must wait for suitable radiation conditions 
to occur. The passive sensor can also measure the 
aforementioned qualities of radiation, as illustrated 
in figure 2, but the properties of the radiation will 
not normally be the same as that of radiation re
ceived by an active sensor. For example, measure· 
ments made by a passive sensor will not reveal 
alterations effected by remote objects, because all 
initial properties of the radiation will not be 
known. 

Since most natural radiation is thermally gener· 
ated in accordance with well known natural laws, it 
it is often sufficient to infer the properties of the 
radiation from a few measurements made by the 
sensor. 

Passive sensors are frequcntly less expensive than 
active sensors hecause passive sensors do not employ 
a radiation generator. However, the fact that an 
operator may have to wait for suitable naturally 
generated radiation conditions could increase the 
cost of operating the remote sensing system and 
adversely affect the timeliness of a final report. 

Perhaps the oldest remote sensor, other than the 
eye, is the camera (figure 3) using hlack·and·white 
photographic film. Daylight radiation is used, with 
the Sun anglc selccled in accordance with the time 
of operation. Spectral distrihution is not measurcd 
with this sensor, except to establish that there is 
sufficient solar irradiance in the visible wavelengths 
(400 to 700 nm) to expose the photographic film. 
The direction of received radiation is recorded with 
good accuracy within a large field of view. Platform 
motion carries the sensor along a line so a series of 
fields of view cover the search area. The relative 
amount of power arriving from each direction is 
recorded, but with somewhat less accuracy than in 
other types of systems. The record is displayed for 
human visual interpretation. Shapes and relative 
contrast in the record are used by the human inter· 
preter to report to the system user what was found 
by the remote sensing system. Notice that the type 
of polarization is not measured, and the time of 
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FICURE 2. Operation of a passive scnsor. 
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FICURE 3. Diagram of a photographic camera scnsor. 

reception is primarily a navigational aid to locate 
the record in a geographic sequence. 

This same sensor can be operated in the stereo· 
aerial photographic mode where the sequence of 
photographic fields of view overlap. The relative 
amount of power arriving from each position on the 
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ground is recorded twice-once from each of two 
different directions. Two overlapping reconlin~s 

are presented to the IlIIman visual interpreter. 
The interpreter then uses normal stereo vision 

along with visual aids to infer three·dimensional 
shapes and accurate locations of remote ohjects. 
The accuracy of recording the direction of arriving 
radiation by aerial mapping- cameras is so ~reat 
that almost all modern mapping- is perfo filled with 
this sensor. Other properties of the radiation, which 
are affected hr the interaction with remote ohjects, 
are not measured. Identification of remote oiljerts 
depends upon resolvin~ shape and relative raelia· 
tion quantity in the visihle spectral ran~e normally 
used by the human eye. I f the ohjects are too small 
or too remote, their shapes are not resolved and the 
human visual apparatus fails to identify them 
properly. 

The aerial camera, equipped with color film am1 
operating in the stereo mode, measures the relath'c 
amount of radiation received in three hroad spectral 
bands and from each of two different (lirections for 
each position on the ground. Six (JifTen'nt measure· 
ments of the quantity of radiation that has int('r· 
aeted with every remote ohjcet are availahle. The 
color aerial stereo photograph presents ('ssentially 
all data that can he user; direr·tly through human 
vision. The perception of rolor can he'llsecl to infer 
the identification of some otherwise u/IJ'esolv('d reo 
mote ohjects. 

The multi band camera extends the ('apacity of 
photog-raphic sensors to record the quantity of reo 
ceived radiation in more than three sp('ctral hands. 
A recording- of the quantity of radiation from each 

remote position is made in liS man~' liS nine narrow 
spectral hands extending in wavelength from ~HO 
10 900 nm. Photographic film does not readily reo 
cord radiation with wavelen~ths long-er than 900 
IIIn. The terrestrial atmosphere will not propag-ate 
radiation with wavelength~ shorter than :mo nm 
well enough for remote sensing. Since the human 
visual interpreter cannot lit one time utilize more 
data than that from three spectral hands. preliminary 

data processin/! is required to ohtain displays for 

interpretation. This form of data record is not 

suitable for sophisticated forms of computerized 

data processing-. Consequently the full value of 

multiband camera data will not be easy to realize. 
The video camera (figure 4) uses orthicon und 

FIGIJIIE 4. Dia!:rarn of II video canwrn ~ensor. 

vidicon tuhes. Its funclion is verr similar 10 thai of 
the photographil~ camera, bUI its recording of 
direction of received radiation is nol as accurate. 
TIle received I'atliation forms an imagl~ on the 
detector tube in accordance with its direction of 
arrival. The quanlity of radiation at eaeh position 
in the ima~e is translalct! to an electrical voltage or 
current wIdell is sent to electrical amplifiers in 
lime sequence. The time at which the image signal 
emer~es from the amplifier corresponds to a specific 
location in the image. while the magnitude of the 
signal corresponds to till' quantity of radiation 
arriving at thai ima~e position. Moreover. the reso· 
lution of ima~es with in the field of view is not as 
fine as can be achieved with the photo;..:raphie camera 
IJsing the same field of vic\\'. TIJI' video camera 
measures the samc properties of radiation as the 
photognphic camera, but with different aCI~uraeies. 
The major distinction of the video camt'ra is that 
the data form is a time,sf'quenee signal which is 
easilr handled by electrical computer components. 
High.speed, economical data processing can he 
accomplished to aid interpretation. I n addition, the 
time.sequence signal may be telemeterI'd or tape. 
recorded for later usc. 

TIle optical·mechanical scanner meusures the 
direction of arrival of radiation by a mechanical 
rotation of the optical components (figure 5). Only 
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Flcunt: 5. Diagram of an optical·mechanical scanning scn~or. 

the radiation arriving in the direction the optics are 
pointed is brought to focus on a small detector 
element. The resulting electrical signal, produced by 
the detector, corresponds accurately to the quantity 
of radiation from that direction. Electrical con· 
nections to the mechanical support of the ortics 
produce signals corresponding to the direction of 
arriving radiation. In this way a set of time.sequence 
signals immediately suitable for electronic data 
processing equipment is obtained. The maj or ad· 
vantage of the optical.meclH~nical scanner lies in 
the availability of small detector elements that reo 
spond to a very large spectral range of radiation. 
By properly choosing the detector element, one can 
measure radiation with wavelengths from 380 nm to 
30 JLm with an optical.mechanical scanner. Objects 
on the surface of the Earth thermally radiate much 
energy with wavelengths in the :l·to.15-JLm range. 
Therefore the optical.mechanical scanner data can 
be made to correspond to the temperature of a 
remote object in this spectral band. 

The multispectral scanner operates on the same 
principle as the optical.mechanical scanner. Radia· 
tion arriving in each direction is divided into a 
number of spectral bands by spectrographic ap· 
paratus, and the quantity of radiation in each band 
is detected hy a separate detector element. Radiation 
in 20 or more spectral hands may he measured 
from each direction. The data is in an electrical 
form suitable for direct data processing by com· 
puter components. Identification of remote ohjects 
hy their inherent spectral reflectance is occasionally 
feasihle and economical with this kind of data. 

Microwave radar (figure 6) is an active type of 
sensor. Consequently, microwave radar can measure 

with good accuracy the alteration in radiation by a 

FICURE 6. Diagram of a radar sensor. 

remote object. A radar which measures a change 
in frequency between that generated and that reo 
ceived is called a Doppler radar. This change in 
frequency is a measure of relative radial velocity. 

The most popular form of radar directs a pulse 
of generated power in a narrow heam and receives 
the reflection or echo from the same direction. The 
time hetween transmission of the pulse and arrival 

Summary oj radiant flux properties used by a 
side.looking pulse radar 

Gcncrated- radiant I Rcceivcd radiantProperty 

Direction 

Spectral 
distrillUtioJl 

Pularization 

Timc control 

flux 

Transmitted in 
narrow hcam to thc 
side of a moving 
platform 

Monochromatic 
radiation at 
wavl'l"ngths from 
1 to 10 cm 

Dctermined by 
fix cd antenna 
structure 

Emission uf rapid 
sequcnce of pulses 
accuratcly timed 

flux 

Same ,Iircction as 
transmissiun; less 
accurate Ihan 
photographic 
camera 

Same frcquency as 
transmitted 

As permittcd by 
antenna structurc 

Time uf reception 
accurately recorded 
to ohtain range tu 
reflecting ohjects 
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of the echo indicates the range to the remote reo 
fleeting object. Combining t\\'o modes of operation. 
a pulsed Doppler radar can measure the direction, 
ranoet'> and radial velocity of a remote ohject. TIw , • 

magnitude of refuming radiation. when compared 
to that transmitted, measures the refleding quality 
of the remoll' ohject. Polarization (If the ;.!cnerateci 
radiation rna" also he alll'red upon l"I'flt'c1ion. so a 
radar that mt:asures polarization ('han;.!t''; ('an a~St'SS 
an additional reflection property of the 1"I'lIlOte 
ohject. Signal!; received hy the radar are in an 
electrical time.sequence form suitahft, for direct 
electronic computer processing. 

Microwave radar cOlJ1hirH's the :Hl\'antagt's of 
huving a source of radiation at the command of the 
sensor operator and wa\'elengths that pcrmit the 
penetration of almost t'\'t'ry kiwi of cloud ('O\'t'!" and 
weather (popuI:-tr wa\'dengths heing from ahout 
1 to 30 em). Microwave radar has tIle capahility of 
measuring almost every possihle alteration in prop· 
erties of radiation as it interaets with a n'lllote oh· 
ject (see table). Although its r1irc("\ional accurac'Y 
is not as great as that of the photographic camera 
sensor, the microwa\"t~ radar makes a satisfadory 
geologic mapping sensor. 

SUMMARY 
The sensor is the radiometric part of 1\ remote 

sensing system. and its data mllst be interprcted. 
Camera sensors eXt'{-1 in directional accuracy but 
arc not suitahle for interpretation methods utilizing 
sophistieated data processing at hi;.dl data rates. 
Tele\'ision cameras have less diredional aceurae)' 
and spe(:tral responSt-. spanning nt'ariy the same 
range as photographie camNas. hut produce time· 
sellUerH'e data suitahlt- for t-It'ctronie processing. 
Tlw optieal.medwnical scanller has less directional 
accuracy. spans a \"(~ry lar;!e !'Jlt'ctral range with 
accurate quantitative measurements. and produces 
time.st'I)uence data suitahle for eh-ctroni(' process· 
inf!o l\lierowa\"e radar is an arlire ~ensor with les~ 

directional aet'ura('y than the otlwr sensors men· 
tioned: but it can ~upply ran;!!'. radial velocity. 
n-flet'\anet'. polarization. and tinw·sellut'lll·e data 
suitahle for "Iet'\rflnic proct'ssing. 

Tilt- properties flf n~cei\"t'(1 radiation depend upon 
an interaction with n'nwtt' ohjects in accordance 
with natural laws. Tlw full intt'rpretation of remott~ 
sensor data r('quin's a krlOwledgt! of how to make 
the connection hetween sensor·collected data and 
the identities of remote ohject;.. 
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Recent advances in the desip;n flf electrun guns and signal rl'aduut sysh'ms fflr largl~ ima~I' formats 
have increased tllf! resolution of television canH'ras to 100 c)'cll's/mm or )0000 Iinl's in a 50·hy·50·mm 
format. Although similar to a normal tl'lf'vision camera, the hil!h·resolution camera USI'S II mon~ 

sophisticated design to achievl' a tenfold inl·ft·ase in resolution. TIIf' n'adllut of )00 mifJion picture 
clements frum a single ima~e relJuin·s changes in frame ratc. Ol)f'r,atin~ mlldcs, and sip;nal 
processing. Camera design and operution are discussed in some dl·tail and ifJustratl'd hy photo. 
graphs, and the performance is compared with that of photn~raphic film call1l'ras. 

A television camera is essentially an extremely 
fast·scanning microphotometer, well suited for reo 
mote sensing of radiation from an aircraft or space
craft. The optical image projected hy a lens onto the 
sensor surface is converted directly into a time· 
ordered series of electrical signals for transmission 
to a remote location. The data can be displayed as 
a two·dimensional image, fed directly into a com· 
puter for data processing, or stored on magnetic 
tape for later use. The number of images obtainable 
from the camera is practically unlimited because 
the single sensor can be cleared electroni(,ally and 
used over and over again. 

For a given field of view, however. the detail in 
normal television images is not nearly as fine as in 
a good photographic image. The detail possihle i~ 
specified in television terminology by the total 
number of lines (half cycles) which can be resolved 
in the X and Y dimensions of the image format. 
The limited detail in normal television images i~ 

easily demonstmted with a test pattern. The reo 
production by an excellent 600·line television sys· 
tern is shown in figure 1. The print in the maps and 
newspapers is completely blurred and unreadable. 
The numbers in the large circles multiplied by 20 
give the resolution limit (30X 20=600 Jines L 

The detail reproduced by a lOOO·to·1200·line 

television system (figure 2) is obviously much finer. 
The larger type is readable, but close inspection 
shows that a lOOO·line image cannot compete with 
a direct photogmph (figure 3). This photograph 
was taken with an fill lens on Panatomic-X sheet 
film and has a resolution limit of 45000 lines. The 
format of the negative is 65 by 65 mm. The num· 
hers in the small circle in the center and on the sll1all 
wedges multiplied by 50 give the resolution. In· 
spection with a magnifying glass shows that the 
newspaper is not readable, as shown by the en· 
largempnt in figure 4. This performance represents 
good photography with a medium·sized camera, but 
it is exceeded with modern aerial cameras which 
have a resolution of 8000 to 10000 lines in a 50· 
hy.SO.nllll format (depending on eontra'it lind lens 
quality) and can clearly resolve the print in the 
small newspaper. 

One reason for the relatively low definition of 
commercial television cameras, even without reo 
striction hy a video frequency channel. is tbeir 
small sensor format, which is only 12 hy 12 mm in 
a I·inch vidicon camera. A second reason is the 
lower information density expressed by the resolv. 
ing power in cycles per millimeter. These deficien· 
cies lire not basic, and special high·definition 
television cameras with larger formats and are· 
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FIGURE 1. Test pall ern reprouucpu hy an excellent 600·linc television system (numbers in large 
circles multiplied hy 20 give the TV Iinc resolution). 

solving power of 100 cycles/mm have heen de· THE HIGH·RESOLUTION TELEVISION 
veloped recently to achieve a total resolution of CAMERA 
10 000 lines in a 50.by.,')O mm format. Figure 5 
is a highly magnified seetion of the small newspaper The design of a high.definition television camera 
in the test pattern reproduced hy a camera with (ref. I) providing uniform signal levels, low geo· 
this format. TIIC columns are I mm wide on the metrie distortion, a flat field of foells. and a uni· 
sensor, and the letters have a height of 28 I!m. The form resolving power on the order of 100 cycles/mm 
granularity in this television image is lower than in a large format has presented man)' prohlems. 
in hildHesollltion films. An axial section is shown in figu..,· 6. The eamcra 
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FIGf"'.: 2. Tcst path'rn rt'prmlu('('d by n ](XIO·lin(· TV systcm. 

contains a larp:er vidicon tube with electron multi· 
plier, similar to an imap:e orthicon. The camera 
lens forms an optical imap:e on a sensor consisting 
of a large photoconductor, and the charp:e imap:e is 
read out by scanninp: with an electron beam. Com· 
pared with a standard television carner .. , the sip:nal 
readout system is considerably more sophisticated 
because it must provide performallce equivalent to 
an optical microscope covering a large format. 

From an electron optics point of view, the read· 
out system of a television camera contains a source 
of electrons defined hy the exit apertu re of an 
clcctron gllll located in the space LII • This sourec 
is imaged ( focused) by an electron optic (the 
focus coil) on the sensor. The electrons traverse at 
high velocity a Ion;! drift space L1, terminated by a 
field mesh, and arc decelerated in 'he short space 
L~ before eneountering the sinall charge potentials 
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Fu;ullr. 3. l'hotogrnph of If'st pattern made with fIII Icn~ nn ('5·mm square Panntomic sill'''' fillII 
with 4.'iOO·lille resolutinn (lIl1i1llll'rs in >lIIall eirel" and nil ~lIIuli wedl-\es lIIultiplied hy 50 giv(' 
the TV Iinl' resnlution). 

of the scnsor. The e1cctron heam is magnetically The simph: focus coil of the normal television 
deflectell in the drift spaee L\ to scan the image camera is replaced by eight coil sections whi..:h 
format. The focllsed spot i~ intensity modulated by permit precise control of the magnetic field shape. 
electron ahsorption at the sensor. The return beam Deflection aherrations lire thus minimized and the 
retraces the principal path back toward the gun focused image of the gun aperture is demagnified hy 
aperture, where it is slightly deflected to impinge on a factor of O.SH to obtain a smaller spot size at the 
the first secondary emitter of the electron multiplier sensor. Optimum conditions occur with four nodal 
which surrounds the e1e(,tron gun. (focal) points in the prineipal path. The e1~ctron 
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gun is of special design because it must have a 
much smaller exit aperture and provide very much 
higher current densities in a finer electron beam 
than a normal camera tube. 

Design requirements for a resolution of 100 
cycles/mm are best described by modulatio.1 trans
fer functions (MTF). The MTF of the camera 
depends on the camera lens, the sensor, the field 

mesh, the electron optic, ancl the demngnified image 
of the gun aperture. The multiplier and video sys
tem have been eliminated as a factor by design for 
passbands up to too MHz. The design objectives 
for a resolving power of 100 cycles/mm are illus
trated by figure 7_ Curve 2 is the MTF of a perfect 
diffraction-limited £/5.6 lens. which represents the 
hest state-of-the-art performance of modern large
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theory. Curve 7 was measured with a developmental aperture camera lenses covering a SO.by·50.mm 
camera tube containing a coarser (40 cycles/mm)formal. The MTF of the sensor (curve 1), the image 
field mesh and a larger gun aperture. The osciIlo·of the gun aperture (curve 3), and the field mesh 
grams in figure 8 show the vertical MTF measured (curve 4) must be of tht.; same order (i.e., 65 per· 
with a sampling circuit. Figure 9 shows the CRTcent at 100 c}'c1e~ 'nun). The electron optic (curve 
display of a resolution pattern reading directly in 5) is far better; it is in fact equivalent to a perfect 
cycles per n:iIlimeter. The double·line circle is 2.5 fll lens. Therefore it has a minor effect on the 
mm in diamelc:. The visihle resolution is limited byoverall product (curve 6). 
inlerferenee heals from the mesh. which should be Measured values are in good agreement with 

http:SO.by�50.mm
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FIGURE 6. Axial section of a high·wsolution TV camera. 

SPATIAL FREQUENCY _ CYCLESI mm 400 ~OO 

FIGum: 7. Modulation transfer functions of high·rt·,,,lution 
TV camera. 

finer. Flatness of field and uniformity of resolvilll! 
power are essentially dctcrmincd by thc pcrformancc 
of thc camera Icns. 

SENSOR CHARACTERISTICS 

A high.resolution sensor must havc a highcr 
electron storagc capacitancc pCI' unit area than 
normal television sensors to maintain a low noisc 
level in very small dctail arcas. The compound 
antimony trisulfide (ASOS) photoconductor is at 
present the best solution because it combines a 
structure·frec surfacc, high rcsolving power, and 
high storagc capacitance (160 pF/mm2) with good 
scnsitivity. The relative spcctral scnsitivity is shown 
in figure 10. Silicon photoconductors are of ;.:rcat 
intcrcst for ccrtain applications bccause of thcir 
high sensitivity and extcnded spectral response. 
These new sensors are assemhlies of individual 
photodiodes, and their resolution is thereforc 

limited by a cell structure, which at prescnt is 72 
cclls/mm. Cell dcnsities of 140 pcr mm appcar 
fcasible and will give a resolving power of approxi. 
mately 70 cycles/mm. Thc continuous ASOS sur· 
facc has a resolving power of sevcra'( hundrcd 
cycles/mm, as shown in figure 7. 

The absolute sensitivity of a scnsor is spccified 
by its quantum clliciency (£) because radiation 
cncrgy comes in discrctc packcts or quanta of energy 
called photons. Thus, eflil'icncy in convcrting pho· 
tons to clectrons (or to ;.:rains in a film) is hasically 
a quantum valuc ;.:ivcn hy tilt' ratio of thc numbcr 
of elcctrons storcd in tlw scnsor to thc numbcr of 
incident photons. Figurc 11 shows that the quantum 
cllicicnc), of thc ASOS photoconductor increascs 
rapidly as a function of the applicd polarizin;.: 
potcntial and that very high cfficicncies arc ohtaincd 
whcn thc sensor is charged to a high potential. Two 
dark·currcnt curvcs indicate that modcrate coolill;': 
of thc scnsor is nccessary to rcduce its conductivity 
ill darkness, bccause dark·currcnt chargcs wouhl 
otherwisc cause a high fog Icvel. 

CAMERA CHARACTERISTICS 

The physical size of thc camcra is proportiollal 
to thc format size. Two camcra models have been 
huilt, onc for a 2·in('h rcturn·hcam vidicon (llRV) 
with 2,).h)'.25·mm ima;.:c format (SOOO lirH's 

resolution) and a largcr moclcl for a 4.5·inch HRV 
with S().hy.50'JlJII1 format (10 (JOO lines rcsolu· 
tion) . Formals up to 100 hy 100111111 appcar fcasihlc. 

Tlte larger camcra is shown in figure 12 mountcd 
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FICURE 8. OsciJIograms of sampled camera response in Y 
direction (bottom trace is of square waves; others are 
sine waves). 

Flr.unt: 9. Magnified section of le~t·pattern display on CRT 
monitor showing lOO.cycle/mm resolving power of experi· 
mental camera. 
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conductors nnd the 5-20 pholocmiller us(!d in intensifier 
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FIG liRE 11. Peak quantum efficiency for sunlight and dark· 
currellt density of ASOS sensor as functions of polariz· 
ing potential. 

FIGURE 13. Feasibility model of small high'fesolution TV camera (25·mm square format) for 
satellite usc. 



254 EARTH RESOURCES SURVEY SYSTEMS 

on the control unit of a high-resolution test bench. 
The smaller model is shown in figure 13. This model 
has been built for use in the Earth Resources Tech
nology Satellites (ERTS), in which three bore
sighted cameras are exposed simultaneously and 
read out in sequence to obtain color information 
in three spectral bands. Figures 14 and 15 are 
photographs of dye-transfer prints. The color 
separation positives for these prints were made with 
the small RBV camera and a laser beam image 
recorder by scanning an aerial color photograph_ 
The pictures do not show the full resolution of the 
camera because they are fourth-generation copies 
of the original scene. 

Access Time and Operation 
Fast access to the total information ill a high

resolution image requires extremely wide electrical 
frequency channels and low-noise amplification by 
an electron multiplier. Even though video amplifiers 
have been developed for a frequency band of 100 
MHz (Le., a data rate of 200 megabits/s, including 
synchronizing periods), the total time required for 
scanning a single 10 OOO-line image is still 7/10 
second. Since existing image recorders, tape ma
chines, or computers cannot keep up with this rate, 
slower scan rates of 3 to 10 seconds pel' picture 
are used to reduce the data rate and the video 
frequency bandwidth. 

FICURE 14. Reproduction of cnlnr lit space photograph by color separation with 50-mm ROV camera 
(25'mm 8IJunre formnt) and Inser heam image recorder (area shown includes Salton Sea and 
Imperial Valley, California). 
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FIGUIIE 15. Color pholo of Clnlll', Arizona arca 

It follows that a direct·view display of a live 
image with full definition is not feasible. The 
operation of the camera is more like that of a timc
lapse motion picture with a slow framc rate. 

Slow-Scan Operation 

The exposure is timed by a shutler to ohtain a 

sharp imagc and is followed by a single-frame 
readout in darkness. The sensor is then cleared of 
residual imagc charges by a high-intcnsity light 
flash (behind the lens) and recharged to polarizing 
potential to resensitizc it for a nell' exposure. The 
sensor is recharged by scanning it in darkness with 
thc electron read beam, which is increased to a very 
high current density to reduce charging time to a 
few seconds.* During the read phase, signals arc 

• The InIal slora/!l~ capacilan('e of a 50·hy·50·mlll ASOS 
pholocnnduclor is 0.4 10 0.8 /IF. Currenl ,I!'nsilies of 16 
A/cm~ huw hcen achieved in Ihe upl'rlufI' o[ lIlt' .,)!'('Iron 
gun. 

reprouucl'd in Ih" same manner liS fiAUW I'l, 

recorded with a laser-beam image recorder as a 
positive image on a 2:~-cm square of film to pro

vide a hard copy containing the full image defini
tion. The color separation posith'es for the dye 
transfer prints I figures 14 and 15) arc slow·scan 
recordings. 

Fast-Scan Operation 

A near-real-tillle direct-vic\\' imagc display on a 
high-resolution cathode ray tuhe is very useful for 
many purposes. Thc high scnsor capacitancc re

sults in a long capacitivc lag at fast scan ratcs, and 
several hundred copies of the same image ('an be 
read out from a single exposure at framc rates of 
5 to 10 framcs pCI' second. With electronic gain 
and beam current controls, a low-noise f1icker-frce 
image of constant hrightncss can he displaycd 
directly without a storage converter on a long
persistence phosphor (P-:~H) for at least 20 seconds. 
The resolution is of course limited hy the hand
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width of the available video channel. The operat
ing cycle consists of a short exposure followed by 
a continuous fast-scan read period and image dis
play, which gives enough time to search for inter
esting detail. This viewing period is followed hy a 
dead time of S to 10 seconds, in which the sensor is 
erased and resensitized for a new image_ TIle dead 
time hetween images can be eliminaled hy alternate 
operalion of two cameras to transmit an uninter
rupled flow of still pictures_ 

Figure 16 is a photograph of a 10-frame-per
!!econd display on the long-persistence screen of a 
I~:~-cm high-resolution picture tuhe.· This picture 
was mllde with the SO-by-SO-mm television camera 
hy pointin!( it at a paper print of a 23-cm square 
aerial photograph (a part of Philadelphia). TIle 
image resolution is limited to 1800 lines by a 60-
Mil frequency channel. Finer detail can be dis
played by reading out a selected small section of 
the sensor image. The 33-mm square area indicated 
in figure 16 is shown in figure 17. This electrJnic 
zoom magnification can be used for any part of the 
image, and the system can be designed for switch
over to slow-scan operation to read out the full 
definition in one copy. 

ERROR CORRECTION 
Although it is not conspicuous, the black level 

in these images is not completely uniform. Small 
errors in electrode concentricity_ the ruling and 
electron transmission of the fiehl mesh, arlll micro
scopic nonuniformities on the first dynode surface 
cause a sPUriolls modulation of the scanning heam 
which results in shadin~ or scratches. This hlack
level distortion can he cancelled hy an error signal, 
which is generated simply hy a readout without 
exposure. 

In a slow-sean system, the error si!(nal for one 
picture frame call he recorded to yield a correction 
mask for surceedin!( pictures, or even hetter_ elec
trical error signals are stored in a video recorder 
hefore taking a series of pictures, and arc then 
added in synchronism with reversed polarity to the 
video signals of suhsequent images to cancel the 
hlack-level error. 

Error correction in a fast-scan readout can he 
achieved hy an alternate field readout of normal 
signals and reversed error signals (obtained by 

• The tinlt' constunt of thl' P-3R J1hn~J1h(lr ig 0.47 secnnd. 

target blr.nking), as illustrated by figure 18. These 
signals are superimposed sequential\y by storage in 
a long-persistence display screen. The uncorrected 
and corrected images are shown in figure 19. The 
correction of a very nonuniform black level is 
illustrated by figure 20. 

SENSITIVITY AND RESOLVING POWER 
A comparison of the sensitivity and resolving 

power of photographic and television cameras on an 
absolute scale is of interest. Real imaging systems 
are far from realizing the theoretical limit of the 
resolving power inherent in the quantum nature of 
the radiation incident on the sensor, either hecause 
of a low quantum efficiency (t) in the primary 
photon conversion process, a low readout efficiency, 
or losses in the modulation transfer through the 
cumera and the signal developing process. TIIC 
resolving power of a system can be computed with 
good accuracy for the standard three-har test ohject 
shown in figure 21 from the square-wave transfer 
functions and noise sources of the system. A 
threshold signal-to-noise ratio k of 3.6 is necessary 
to resolve a particular pattern frequency in a single 
image (ref. 2). Signal and noise are determined in 
principle by a particle count in the area of one test 
object bar. The signal-to-noise ratio increa~es for 
higher particle densities and is therefore a function 
of the radiation energy and the numher of photons 
incident on the sensor during the exposure time. 
The ahsolute photon. limited resolving power of the 
racliation without degradation hy a Icns is shown in 
figure 22 hy curve 0 in (,yeles 'mm as 11 function of 
the mean exposure t expressed in lumen·see
onds /m~. This ahsolute limit was computed for 
hi!(h.contrast test ohjects illuminated hy sunlight 
for the wavelength range ~,\ hetween 400 and iOO 
nm. Because of the modulation loss in a real camero 
lens, increasingly hi!(her exposures are required for 
higher resolving' power frequcneies, as shown hy 
curve 1 for a perfect f /S.6 lens. This lens is used as 
a standard to compare different cameras. It follows 
that the maximum resolving power of a camera is 
limited hy the MTF of the lens and not hy the ex
posure. The quantum loss in the sensor and in
efficiencies in the modulation transfer in the camera 
require a further increase in exposure to maintain 
a given resolving power and introduce a lower 
maximum limit (ref. 3). 
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.':'''~ . ". 

FIGI:nr. 16. Full.formllt diT/·ct·\,ip\\, imnw' of 2:1'('m ,,(uan' 'If'rial phoro n'prn,lur"d with 50·mm 
hi~h·r(,~lJllltion rnnll'ra I rl'~olutilln limit"d hy handll'irlrh ro IROO lim"). 
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FIGURF. 17. Detail in 33·mm Slluart· area indicated in figure 16 brought out f,y untit'rscanning. 



2.19 TELEVISION CAMERAS 

FIGl'flE 18. Oscillogram of video signal and crror signal 
fields. 
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FII;l'IH: 19. Electrouic black·lt·wl t'Crur cnm·etinn Itop. 
uncorrected irnagt·: bottolll. corrected illlage). 
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1-'11;1'111: 20. Correction of a \"'ry IIOUliliitOrlll 1,Iack 1"\,/,1 
Ilop. 1I11,'orn·t·lt·d; /.0110111. c'lIrI·c·c,lt·d,. 

The low quantulIl cflicienc~' of pllOtol!raphie 
emulsions (less than 1 percent I and l\,ITF los~es 

by the grain structurc mO\'e till' re~olvinl! power 
limit of photol!raphic films to (:urve 2 (aI, which 
closely indicates the maximum resolvinl! power of 
all film types without del!f1IClation by a call1l'ra Icns. 
The circles indicate \'alues for scvcral film types. A 
perfcct f '.1.6 camera lens decrcases these maximum 
values to cur\'c 2 (b). The resolving powcr fUllctions 
of specific film typcs are limited to a spccific cx
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RESOLVING POWER TEST TARGET 
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FIGIJIIE 21. Siandard three·bar resolving power test object. 
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posure range and reach the maximum resolving 
power given by curve 2(b) at particular exposure 
values. An aerial exposure index scale (Eastman 
Kodak values) appears at the top of the graph. 

The resolving power functions of television 
cameras have been computed similarly. The sen· 
sitivity expected from the high quantum efficiency 
of the sensor is not realized because of ineffici· 
encies in the readout system, beam noise, and the 
large MTF loss in the camera, including the f/5.6 
lens, which levels out the resolving power functions 
at higher exposures. Curve 3 (b) represents the 
performance of state·of·the·art high.resolution cam· 
eras; the performance represented hy curve 3(a) 
has been obtained with camera tubes having a finer 
electron beam. The sensitivity of the television cam· 
era can be extended to much lower exposures by 
adding an image 'intensifier, as shown by curve 4 
for image intensifiers with a photon gain G of 50. 
Much higher gains are obtainable with silicon·in· 
tensifier targets (SIT) yielding the very low.light. 

AERIAL EXPOSURE INDEX (E .K.! 

SINGLE EXPOSURE 
READ-OUT 

HIGH CONTRAST (CO-IOOO) 

1000 01 

10' (. 10.5 10. 01 10. 3 10. 2 10 
MEAN EXPOSURE IE) 1m-51m2 

(E a ll2 E MAX) 

fiGURE 22. Quantum limits and rl'~o]ving power of photographic lind TV cameras with perfect 
f/5.6 cumera ]!'IIS, for high,(:olltru,' thrl'e·bur test objects. 
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FIGuut: 2:t Quanlum 	 limils anti n'~III\'ing I"'W"/' IIf pIJlllol!raphic anti TV ,'011111'1'01, wilh IlI'rf"('1 
fl5.6 call1era 11'/1", (IIr 11 1t',1 ohi"l'l Clllllra,1 ralill of Il,:). 
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10 

level performance shown J,y curve 5. The maximum 
resolving powcr of intensificr vidicons is lower he· 
cause of the additional modulation lass in the in· 
tensifier. Thus, a high.resolution TV eanH'ra 
(cun'es :H a) and J ( J, I 1 eo\'crs the ex posure range 
of all film types. The photographic eamera has a 
higher maximulIJ resolving power for high·contrast 
ohjects. This advantage is no longer gained at 
lower contrasts, as shown hy figure 2:~ for a contra~t 
ratio of 1.6 '0 I, which corresponds to an input 
modulation m" of 0.23. Because of the decrease in 
input modulation (m,,), all limit functions move to 
higher exposures. (The faclor is l/m,?= 11).) The 
resolving power functions for indh'idual films move 
downward J,ecause of the fixed grain number and 
exposure limits of a film type, whereas the television 

funetions arc displal'cd horizonlally to higher ex· 
posures. Thus, a high'J'('solution tdevision call1era 
is more scnsitin' and ('1In mall'h 01' exceed the 
performance of plwtographic cameras at mcdium 
alld loll' contrasts. 
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Aerial Call1eras, Aerial Filuls, and Fihn Processing 
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Any di~cll"ion IIf 11\1' aprial "allll'ra mll,1 of n""""ily ,'onlain infllrmalion rq:ardinl! ;lI'rial film' 
and aerial film "roc""inJ.!, for Ih,' ;II'rial "aUlI'ra i" 1II,'r..l), IIII' ilHrum,'nl 1I,..d III "rll,'un' a I"'" 
cision pholograph. An unl,rok"n ,'oulinuil), IIr qualil)' a"lII"an,',' "ron,dur,', i, lIIalldalory from 
manufaclure of Ih,' oriJ.!illal ;lI'rial film Ihrllll~h ii, II',' in 11\1' ;lI'rial eallll'ra, ii' pholoJ.!raphic 
processing. lind [I'produclion, ;\ IIIl!ical :lppro;If'h '" 11\1' d,'wlllplnl'lIl or ;If'rial pholll~ral'hif' I'xl,,'rli"'. 
start in!! wilh IIII' II'" flf ,jill""" 1011""0,1 ,)"I,'m'. i, oUllillt'd, 

For m'er a hundred )'I'ars man has been capable 
of Icavinl-( the surface of the Earth accompanied b:' 
the camcra, A century ago, both hi~ 1lf'rial ,'ehide 

and aerial camera were /fuite rudimentary. Figure I 
is a reproduction of a photol-(raph made in J BoO by 
C, W. Rlack aboard a t£'llll'red balloon some :{O() 

meters above Boston, Mas~a('hllsclls, It is the first 
recorded aerial photograph taken in the I inited 
States and certainJ~' one of the very first ever taken, 
The "wet plate" \\'as immediately processed by i\1 r. 
Black ap,1 his eager young assistants, One a~si~tant. 

Oliver V' ndell Holmes, recordcd in his diary, 
"This is indced n most remarkable thin!,!." Althou!,!h 
Holmes did not achievc greatness in the photo. 
graphic profession, he did become a most distin· 
guished man of letters and a long.time Justice of 
the Supreme Court of the United States. 

It truly was a most remarkable thing. Fell' modern 
cngineering works involving the utilization of the 
surface of the Earth huve been accomplished with· 
out the usc of aerial Dhotography. 

Aerial photol-(raphlC tedlllology was quite dor· 

mant until thc powered aircraft becamc a fairly 

eflicient platform. Eurly aerial cameras were heavy 

and I-(enerally unreliable. Many used photographic 

emulsions on glass plates. Flexible films of nitrate 

base were highly flammable and dangerous in air· 

Flr.FIIE I. A ..rial plinto of IIn'tnll. Ma";H'hu~,·tI,. takl'n in 

IH60 (collrlf'''y GAF Corp,), 


craft. Optical.mechanical devices used in mnpping 
projects were rudimentary and far from precise. 

263 
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But, as the needs for accurate information grew, 

greatly imrlOved cameras, films, processing equip· 
ment, and plotting devices were developed. 

In the past few years, it has become apparent 

that the aerial photograph is an essential tool work· 
ing in eoncert with a multitude of r(; . nte sensors 

designed to secure information in other portions 
of the electromagnetic speetrum. The very limited 

portion of the spectrum available to photography 

practieally coincides with the reeurdinp; ability of 
the human cp·. The unique combination of Earth· 
orbiting spaeceraft or high.elTiciency aircraft, pho. 

tOf:raphy. and other n'mote sensors has started a 
FU;I'ut: 2. Zl'i~s H;\IK 15/2:~ uNiul camem (collrtesy Carltrue renaissance ill the ability to eOluluet detailed, 

Zeiss Co.). 
('omprl'hensiv(', and highly productive Earth re· 

sources surveys. 
Aetually, any camera used from an aireraft is 

eapahlcof J'C(~ording valuahh' information. It is !l 

grav(~ mistake, however, to attempt to seeure infor· 

mation heYOlul tlw capabilities of any part of tire 
system. It is allsuluteiy mandatory that we discuss 
the system cOlwept (thal is, th(! anial eamera, tire 

film, and the film processing techniques I. Any vio· 
lation of the s),sll!m eonct'pt nQ!1ltes your ability to 
conduct aeeurate studies. This point eannot he over· 

emphasized. 

THE AERIAL CAMERA 

Aerial cameras arc available in numerous sizes 
with a variety of film formats, focal lengths, pre· 
cisions, spectral responses, and costs. Selection de· 

pends primarily on tire type of information tire user 

wishes to secure. Typicall~', the conventional aerial 
camera has a focal lengtlr of 150 1ll0l, a square film 
format of 2:{ ern, and lIses film in lengths of 50 to 

75 meters. The comhination of focal plane natness 
and lens distortions will he less than 0.01 mm. Ex· 

amples of such caml'ras now in general worldwide 
usc are :illOwn in fi~urcs 2 and 3. 

A earcful study of all aerial cameras should he 

accomplish cd prior to final selection. If you havc 
FIGI,IIt: :~. Wild HC-II uNial "UlIIl'm (courlt·sy Wild·H,·,·r. no experience \I hatc\'er in acrial photographic tech· 

IJJug~ Co.).
niques, you should start with simple system-per· 
haps a single·engine ain'raft amI a relatively 
inexpensive aerial (~anwra slIch as the 70·mm Hassel· minimal investment of financial resources. As the 
blad 1-:1. (figure 41. Such equipment permits your lcvel of teehnical competence improves, you should 

aircraft pilot~ and cameramen, your photol-!raphic then consider more sophisticated systems and tech· 
laboratory personnel, and your user.geoscientists to niques up to the level required to accomplish your 
increase their level of expertise a great deal with a objectives (figures 5 and 6). 
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i<'IGIIIlE 4. Ha"selhlad EL 70'l1Im dala call1era wilh n'~.'all pial!' alltl inl('rchall~.'ahll' J,'Il"I'S 

(NASA pholll). 

FIC;lll1~: 5. WiI,1 He-H a"riall'allll'ra 1110111110'') ill airnall. 

For high.quality aerial surveys usinl,! good com
mercially availahle cameras, you must gi\'e ~erious 
consideration to the following Climei'll churlIcter
istics. 

Fot:al Length 

Aerial cUllleras are available with focal lengths 
from about 2,5 mm to more than a meter. The focal 

FIG I '1lf: 6. A.'rial pholllp;raplll'r "11I'ralo" inlo'rvalollll'ler Illr 

a"rial l'''III1'ra,. 

length gu\,t'ms Ihl' ~('all' relationship of Ihe al'luul 
sizt' (If tIll' subjl ·t to its image ~iz(' on the exposed 
film. Fill' rxampl . a eall1l'I'a with a foeul length of 
.SOO nUll at an alt;:'H!e of I km \\ould yield an 
image sl'ale of 1 :2()()O. A ground distam:e of 100 
lIIcters would be 5 centimctcrs (01' olle part in 2()()(l) 
in the photographic image. Longer foeal lengths do 
indeed inereust' ),our image size, but not necessarily 
your ability to detect information, 
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I f you wish to secure photographic coverage of 
large areas but arc not greatly interested in abso· 
lute detail, you should use a short.focal.length lens. 
Because fewer flightlines will be required to obtain 
the desired coverage, savings can be made in costly 
aircraft operation hours. Additional .small savings 
result in costs of film and proccssing. Conversely, if 
you need to obtain fiuc rcsolution, you will require 
a camera lI'ith a longer focal Icngth. In many cases 
you may bc attempting to secure various types of 
information simultaneously, and thercfore both 
types of cameras will be rcquired. 

The (:onvcntional aerial camcra (ISO·mm focal 
I(m~th lI'ith a 2:~()·mm square format) is considercd 
a lI'ilbangle camcra. The cone (If light pas~ing 

through the Icns is approximately 90 dcgrees. The 
sO'('alled superwid(,.an~lc acl'ial camera lI'ith a field 
of ,·iew of about 120 degrees uses the conventional 
2:10'111111 square format but has a lens with a focal 

len~th of approximately liB mill. The IIscr should 
also considcr cameras with intcrchangcablc Icnscs, 
which providc the ability to usc various focal lengths 
with onc camera body. 

Resolution of the Image 

The quality of the lens is of major importance 
(figure 7). It should have a high factor of light 

FIGtll": 7. Mnllern !lI'riul canwra Il'llses nrt· complicnted and 
Jlrc·ci~I·. Shnwn: th.· 1l1'1" 150'nllll Univcrsnl·Aviogon II 
f/'l It'IlS hy Wiltlll,...rhruJ!Il' 

transmission (that is, ability to permit all or nearly 
all the available light reflcctcd from thc subjcct to 
rcach the film). It should be a fairly fast lcns (that 
is, have thc ability to transmit sufficicnt light to 
the film in a rclatively short exposure time). Lcnses 
of f/4.5 or f/5.6 IrC gcnerally considcrcd fast 
enough for most aerial applications. Basically, thc 
f·number is a computation of the ratio of thc cali· 

bratcd focal length of the systcm to the diameter 
of thc Icns aperture. For example, an f/1O apcrtul'l! 
would be about 10 mm for a 100.mm·foeal.lcngth 

lens. Scvcral camera manufacturers arc beginning' 
to usc T·numbcrs instead of f·numbers. Thc T·num· 
bel' systcm additionally takcs into considcration the 
transmission capabilitics of thc lens systcm. 

The trlW distortion·free lens is not yct a rcality. 
Optical distortions are tIll' rcsult of many fac\or~ 

which (:aUSl' deflel'lion £If a light ray from its true 
and correct lo('itlion on the film. For preei~(' map· 
ping. !'I'sidual distortions of less than (Ull nlln are 
requircd. Whcn information to be seemed docs not 
rClJuirc sueh precision, lenses of grcater radial and 
tangential distortions can bc toleratcd, and thcy 

usually have superior resolving power. The flatncss 
of the focal planc can also afTect the total optical 
ray distortinn. The degree of perpcndicularity of the 
focal planc to thc optical axis is another factor 
whieh must he considered. 

The abovc considcrntions all afTect thc ability of 
a camcra to record a specific imagc. In addition, 
the optical prccision of thc lens clements plays a 
vcry important parL in thc ability of the Icns to 
rcsoh'e a suhject. In lotal, the resolution capability 
can he cxpressed as the system's ability to dis· 
tinguish two distinct line pairs of a specified width, 
with cqual spacing, at varying contrast levels. TIIC 
rcsolution will vary in <lifTercnt parts of the lens 
(best at the cenl!'r) and with difTcrcnt levels of 
contrast. 

Gencrally, )'ou shnuld not considcr Icnscs that 
dcmonstrate statie resolutions helow 40 linc pairs 
per millimeter at a contrast ratio of 1: 1000 on thc 
optical axis of the Icns. I f you arc solely interested 
in information and not geometrie fidelity, lenses of 
IlO or more line pairs pCI' millimetcr should bc 
cOllsiclcred. 

Spectral Responses 
The model'lJ aerial camcra took on its basic dcsign 

bcfore the advcnt of practieai and eeollomical utili· 
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zation of color films. It was not necessary then to 
manufacture lenses with polychromatic capability. 
A yellow filter was usually incorporated into the 
optical system to subdue the response to near ultra
violet and blue light, which is usually present due 
to suspended aerosols and other particulate matter 
found in the atmosphere. 

In the past few years it has become economically 
feasible to usc aerial color films. The beautiful color 
photographs of the Earth secured by Gemini astro
nauts made this fact dramatically clear. I f your 
Earth survey plans call for the usc of aerial colur 
films, it is absolutely necessary that you use a poly
chromatic (color-currected) lens in your aerial 
camera. 

RESEAU CALIBRATION 

There are aerial cameras which contain in the 
optical path, usually adjacent to the focal plane or 
film surface, a gla~s plate with fine line markings 
(usually crosses or dots I which arc positioned very 
accurately. These calibration marks, called reseau 
marks, appear on the exposed film. Generally, they 
are located at I-centimeter intervals, with a central 
mark coincident with the optical axis of tllC lens 
system. These marks, to he of an)' significant value. 
should he at known positions and accurately located 
within ±O.0025 mm. The camera manufacturer 
should provide a vel y complete document regarding 
his calibration of the reseau mark pusitions and thc 
precisio.1 capabilities of the measuring instruments 
used to generatc such elata. 

It should be emphasized that a reseau calibration 
is not necessary fur most work to be done with 
aerial cameras. However, if you require vcry accu
rate knowledgl~ of the deformatiun of each exposun' 
of film due to mechanical manipulation within the 
camera or film processor, or need to ('ollllllJte any 
mm'cml'nt of thl' ('lIJulsion with relationship to the 
film hase during proccssin!-!" or plan to perform 
very a('eurate 11!'rial triangulation surveys, tilt' 
reseau calibration is an ill\'aluable asse!. . 

Some aerial """H'ras have crosses, dots. or other 
identifieation I. , in the corners or at the ccnter 
of eaeh siele of the format. These fiducial marks arc 
of grcat value in h,"ating the optical axis of the 
system and in determinin~ film deformation, For 
precise cartographic work, fiducial marks or a 
reseau arc a requirement. 

FILTERS 

Vsually filters will be introduced into the optical 
paths of aerial eameras, Their primary purpose is 
to reduce the cffects of haze, hoth manmade and 
natural. Manmade haze will var)" depending on pre
vailing winds and other meteorological conditions. 
You will IW\'e to usc your O\\n particular experience 
to determinc exaetly how to handle the problem. It 
also is a major fat:lor in aircraft navigation and can, 
undcr ecrtain corHlitions, negate attempts to sel'ure 
aerial photography on an otherwise cloudless da)" 

Many underdeveloped nations permit ullrestricted 
a)!ricultural burning during eertain s('asons. I found 
this to he true (15 years al!o lover Illy wife's native 
Ccntral America. The farmers would hum off the 
land p:ior to planting. Many Mar('h days were 
cntirely cloudless, hut the gro;lIId would b~ totally 
obscured even from all altitude of 1 km, Aeril;1 
photol!raphy. ullless you were allemptillg to locate 
the offell!lers. \l'Ould bc practieallv useless under 
sueh conditions. 

Certain areas of the world are also suhject to 
uatural haze in tlw atnwsplwrc. which call dc)!rncle 
a pllOto;.:rapili(' illlage. 

The seleelion of filters is hascd solely on the job 
to he dOlle. Then' are hUlllln,ds of kinds available. 
Tile publicatio/l 1\(Jda I.. Fit/as lor SciclI/ific allli 
Tl'r'hlli('{lt ['St' \I ill he of great \'alue. One importallt 
rulc to rell)('miJer is: I\e\'er ust' any filter which 
mi;.:ht caUSt' • ,lIIdom or unknown disiortiolls in the 
opti('al path if YdU plan to record accurate photo
gramllletric data. 

CAMERA CALIBRATION INFORMATION 

Before olle ('an do lilly typl' of accurate work 
with all anial ('anwra. I'omprl'/t('nsi\'l' knOld(·t1)!c of 
ib calihration is maJlllatory. If you ('an not secure 
th(, information from II reliahll~ SOUI'!'I' or hy 1II1'IIIIS 

of IIwasllrt'mt'nts with your 11\\11 lahorator;· equip
mt~lIt. you must cOllsidl'r til!' calihratioll an 1111

kllown faetor and IH(WI~etl ac(:ordillgly. 
YOII eallllot toleralt· ullknuwlI fadors that might 

affeel the accuracy or prl'l'isioll of your work. 
Therefore, do not attempt to make scientific deduc
tions hased on ullkllllwn or errolleous camera cali
hration information. You must knoll' your cumcru 
thoroughly, including aeeurate knowledge of: 

• rudial lens distortion 
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• 	 tangential lens distortion 

• 	 calibrated focal length 

• 	 transmission characteristics 

• 	 spectral characteristics 

• 	 resolution of lens 

• 	 flatness of focnl plnne with respect to opti. 

cal axis 

• 	 accuracy of exposure at nil shutler settings 

• 	 position of reseau markings ami all other 
fiducial marks 

• 	 aceuracy of any built·in accessories such as 
e\ocb, frame Cowlters, altimeters, vacuum 
gage~, data recorclers, intervalometers, etc. 

MULTISPECTRAL CAMERAS 

If one wishes to record information from a dis· 
crete portion of the elertromagnetic spectrum, a film 
highly sensitive to the desired portion of the spec· 
trullJ is used in conjunction with a filter designed 
to eliminllte unwanted information. If two or more 
such reeonlings are mad!' simultaneously, the end 
result is multispectral photography. i\lultispectral 
cam!'ras fall into tll"O 1·lassifications: 

( 1) A single cnmera may he designed to secure 
multiple recordings on one or several film types. 
This mny he aeeomplislll'd by the usc of two or more 
lenses, !'nch with a spedfied filter, or through the 
use of n single lens lwd one or more henmsplitll·rs 
eonsisting of special mirrors and lor filters to place 
the image at s!'lec\ed locations on the film. There 
may hI' a single roll of film in the magazine or 
sev(~ral rolls having the same or difTerent types of 
emulsion. A good example would he the Itek experi· 
mental camera shown in figure B. It uses nine lenses 
to record simultaneously on three ro\ls of iO·mm 
film. There are several other cameras of this type 
availahle, using various techniques to achieve multi· 
spectral results. 

(21 A gang of two or more cameras may he used 
to record with variou~ lens·filter comhinations 

simuitaneollHly. Sudl an arrangement could cmploy 
severnl largc·format aerial mapping cameras (fig. 

ure 9) or, as I have sccn, lip to 12 of the 70·mm 

Hasselblad EL ellmcras (figure ]()). In thc Manned 

Spacecraft Ccnter's Earth Hcsourees Survey Pro· 

gram, mlllti~pcctral photography has becn success· 

fully sccllrt·d using the following camcra systems: 

SURVEY SYSTEMS 

FIG1 111F. H. lick Ilin,,·lt'lls t'xpl'rinwlltal multispf'ctral camera. 

FIGI'Il!: 9. Four Chieag" Aerial K~ ·(,2 is'lIl1l1 lIlulli'llI'clral 
canwras IIIOUlllt·d in uirl'raft. 

(a) Multiple 'iO·mm Hasselblacl EL 
(h) Itek nine·lens 
(c) Multiple Wild HC-Po and Zeiss RMK systems 
(d) Multiple Chicago Aerinl KS-62 using 12fi· 

mm film 
Apollo l) uscd four Hasselhlad EL cameras with, 

various film·filter combinations to secure many 
multispeetral spaec photographs. 

In the Skylah Program, NASA will use a specially 
dcveloped Itek multispectral system of high resolu· 
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FICURE 10. Six Hassellllud EL cameras for multispectral 
aerial photography. 

tion and mappin~ preCISIOn, which takes six pre· 
cisely mutched photographs' simultaneously. 

If one chooses to de\'c1op a program using multi· 
spectral photography, a great many options can be 
exercised. Before an efTecth'e and practical program 

can be introduced, a great deal of experimentation 

is lIecessary. The use of a camera system like the 
Hasselblad EL has a number of advantages for 
experimentation. It is fairly inexpensive, and it is 

readily available in most parts of the world. Sev· 
eral can be fairly easily synchronized. Filters and 

lenses are not expensive, and they are easily inter· 
changed. The 70'111111 film ma~azines hold approxi. 

mately 150 exposures each, depending on film 
thickness, and are quickly changed. TIJis permits 

a great many experiments to be performed quite 
quickly at a minimal cost. It should also be noted 
that camel'll servicing facilities are worldwide. 

You may, of course wish to consider other sys· 

terns of a simpler or a more complex nature. The 
important thing is that your geoscientists and photo. 
gmphic scientists become fully aware of both the 

unique advantages and the limitations of multi· 
spectral photography. 

FILMS FOR AERIAL CAMERAS 
Most of the world's leadin~ film manufacturers 

produce films especially created for aerial survey 
photogruphy. At the Manned Spaeeeraft Center, 

praetieally all films used in the Earth Hesources 
Survey Progrum arc lIH1nufaelured hy the Eastman 
Kodak Company. Although NASA has many good 

reasons for this choir:f~ of manu faelurer, each user 
must make his own decisions hased on his particu. 
lar situation and other fadol'); outlined in this paper. 

In theory, almost any film could he used for air· 
homc photograph y. As a pract ieal maller, however, 

films not speeially (bi~lwd fo;' aerial plJ()to~raphy 
may yield ulHlesirahle and erratic results and there· 
fore should not he f:onsidered. 

Aerial films are usually formulated to he rela· 

tively inSf'lIsitive to tlw hltH! portioll of the electro· 
magllelie speelrulII alld !'lightly more sellsitive to 

the red portion. The reason for this is that atmos· 
pheric haze--hotl, natural and manmade--is usually 

blue. The film is thus relatively insensitive to its 

major prohlem, haze. Aerial films can he purdHlsed 
in several thicknesses, in many widths and lengths, 

and on several types of hase material. For geo· 
metrically accurate work, films on a polyester rna· 

terial are best. Tlwy exhihit very little residual 
shrinkage or expansion rille to handling in the 

camera and processing. In fact, polyester or equiva. 

lent film" have image dimensiollal staLility ap· 
proaching that of glass plates. They are desirable 

but not necessary if your goal is not precise meus· 
u rements. 

Aerial films are munufadured with many levels 
of sen~itivity to various intensities of light. This 

is usually referred to as the speed of a film. Fast 
films, Iwing very sensitive to light, are usually used 
where the suLjeet is poorly iIIumiratcrl or when very 

short exposure times arc necessary. Slow films arc 
usually preferred for well illuminated suLjects when 
highest resolution is a requirement. The camel'll is 

usually the limiting factor, and films arc selected 
on the Lasis of subject illumination alHl camera 

capabilities. 
Aerial films have varied contrast capabilities. A 

high.eontrast film is advantageous when a suhject 

is of low contrast, and vice versa. Low contrast is 

usually produr'ed by either a hazy atmospheric con· 
(litioll, a vcry high altitude, or a very homogeneous 

subject. Conversely, a low·contrast film should give 
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better results in low-altitude photography of a sub
ject with high contrast. Many users prefer to ma
nipulate contrast in the processing laboratory. 
Experience is the best guide to which technique will 
!Jroduce the best results in your own situation. 

J good starting point would be with a fine-grain, 
medium.speed, polyester-hase film such as Kodak 
Plus-X Aerographic Type 2402. For work in the 
infrared portion of the sper.lrum (to reduce haze 
effects, locate water or wet ground, or conduct forest 
surveys) and for multi~pectral photography, a film 
such as Kodak Infrared Aerographic Type 21~24 

should he considered. 
When one reaches stich a degree of sophistication 

in aerial photography that he feels r\!ady to under
take color aerial photography, an entirely new di

mension opens up. But it presents many problems. 
Probably the major decision will he whether to use 
color positive or color negative film. Both are 
readily available, and both have certain advantages 
as well as disadvantages (figures 11 and 12). One 
must consider the cost of the original material 
against its utility value, as well as the cost of 
reproduction. 

My own experience indicates that you should con
sider color positive (i.e., color reversal materials) 
until both the photographic lahoratory and user· 
geoscientists have developed the required skills of 
the trade. Color posith'e or color reversal materials 
have trade names that usually end ill "chrome", 
such as Kodachrome, Ektachrome, Agfachrome, 
Anscochrome, and Fujichrome. The original film, 

FIGURE 11. Aerial colur pllOtu (negative) of San Jacinto Stah~ Park, Texas (difficult tu interpret). 
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FIGl'lH; 12. Colof I'Clsili\,· of I'holo _11U1I'1I ill 

whcn prol:p';lwd propcrly. ~ it,ld,.; a tnw and correct 
color \'iewin~ po,.;itive. The laboratory tedllJidan 
call use lilt' ori;.dllal as a ~uide for his repJ'tldlw
tiollS, and tilt' ~eo,;cienti,.;t has a trut' spectral repro
ductioll of the ori~inal seene, 

Color negativc films call hc useless for interpreta
tion (exccpt for a fell' very skilled individuals), hut 
they are somcwhat easier to reproduce (that il-l, 
onec the lahoJ'atory is ,.;killt'd enough to insure true 
rcpr()(luetion of the ori;.dnal l-I('('ne), These films 
ha\'e trade names which usually end in "color", 
such as Kodacolor. Anscocolor, Agfaeolor, ete. 
Eastman Kodak makes a largc varit'ty of excellent 
color positive and color ncgativc acrial filml-l. GA F 
Corporation and Agfa also makc acrial eolor films 
which are ill worldwide use. 

li!-:lIrt, II (much mnrt' "asily illll'fl'rt'I('!\ I, 

For specialized work, you should ht' aware of 
sue!. films Ul-I Kodak Aerochromt' Infrared Typl~ 

2,J4:~, a film of pspl't'ially great valut' in al!ricuitural 
and gcologic studics, Also. CA F has produced a 
two-color Anseochromc which is uSt,d in specialized 
oceano~rapIJit· sun'I'Y work. Tht, user should survey 
tht, cntire markt'l and know the c,llaral'lt'ril-ltil's of 
all availahle films. 

You will find that color films, lik(, hlack·and· 
white films, require ('olll-liderahle experimentation 
hdort, OIW is l-Idec!t'd. Your res(',lJ'ch program will 
he a continuing one. You r photo!!rnphi(' scicnti,.;ts 
will he rt'quired to test all thc new and improvcd 
films heing manufactured a1111 tlw final selection 
must he 11mit'd on whidwver film hest accomplishes 
your specific tasks. 
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SELECTION OF FILMS 
Many factors must be considered before an 

aerial film is selected. These factors include: 
(1) Intended use 0/ end product 
(a) Prior to selecting a specific film, the user 

must survey the technical literature of the various 
manufacturers to determine which film will best do 
the intended job. Of great importance is the film's 
sensitivity to light in the selected spectral region. In 
a film of wide spectral latitude, this is commonly 
called film speed and is measured in units of DIN 
or ASA. Speed is particularly important when low· 
transmission filters arc to he introduced into the 
optical path. 

(b) The granularity of the film must he con· 
sidered. It usually bears a direct relationship to 
film speed. Slower or insensitive films are usually 
very fine grained. Fast, very sensitive films are 
usually coarse grained. There is lillIe to be gained 
hy using very fine-grained, highly resolving films 
unless your lens system is capable of producing a 
high-resolution image. As an example, it would he 
useless to have a film capable of recording 250 line 
pairs per millimeter. You would he making a I!reat 
sllcrifice in film speed with no possible gain in in
formation. 

(c) The physical properties of the film arc 
"nother consideration. The film hase material is of 
major importarH'e. If you arc considering making 
precise photogramnwt ric measu rellJents. polyester
has,~ films an~ higld)' n',·oJlllllelllled. It is .. Iso im
portallt to consider film thi"kllf'ss 10 inSIIIC I'r0l'l'r 
passage thTflugh lilt' ,'allll'ra snl"JIl as 11'('11 as IIIf' 
processing syslem. 

(2) TCc/ITli('(// (,oll/llc'll'II(,(~ oj lIlt' II/fl1l11jaclllrt'r. 

This faclor is of Iht' gl"t'alest imporlanc,~ to your 
aerial surveys and will have a most profound PlTect 
upon yuur pllOtol!raphic n'sults and tlw ultimale 
vlllue of your programs. Hem!'JIlhering that your 
own specialized ~itualions allfl t'xperienr:f' will he 
your major guidI'S, IIIf' folloll'ing lJuestiolls must be 
carefully considered: 

(II) Do the avaiulhle produels lIlf'et your reo 
quirements? 

(h) Docs tllf' manu fa!'lurer furllish detailed in
formation on the physical mill sensitometric prop
erlies of the film't 

(c) Do your own studies a1111 fwaluutiolls in
flicale that hi:-l information is rdillble? 

(d) Does he have specialized technicians and/or 
photographic scientists availahle to assist you with 
special problems and requirements? 

(e) Do you find that a specific product yields 
essentially the same test results from one emulsion 
coating to the next? 

(f) Will he help you analyze your water supply 
and chemicals and furnish recommendations hased 
on his findings? 

(g) Does he ship his product from his place of 
manufacture to your delivery point under con
ditions which will not cause degradation of sen· 
sitometric properties? SOllie films are exceptionaIly 
critical. Your Customs Office facilities lIIust also he 
considered, if you import the film. 

(h) Docs he have a I'olllpetent research staff 
which can help you? 

(i) Is he easily accessihle hy cahle, telephone, or 
letter? And docs he reslloncl to communieations 
promptly? 

(:~) Prodllct a I'ailabilily. lllCre are a few lIIanu
fadurers who nth'ertise a wiele variety of film 
products. Your prohlem may he in seeurin~ thelll. 
You should eOllsider a mallufacturer who keeps 
sufficient stoek levl'l, at slrah~~.de locations so that 
you ean secure film ill a reasonable time prriod. 
Some will manufat'lure a film only after sufFcient 
onlers are recl'i\'l'd to justif~' a profitahle sale. In 
sUl'h eases your SOUITI' is ullff·liable. particularly 
if you ha\'1' a sl'asollal applic·ation. III sOllie rasl's 
a manufaelUTf'r will pre'part· a \','1'\' spl"'ializl'd film 
if you art' lI'illill;! 10 orell'r a ~ulli"il'lIl qualllil,. An 
I')(ampll' is Easlmall Kodak ~.(). (spf'rial (lrdrd 
films. 

(,J.) l,c'I','1 0/1111wmlory (·01ll111'1('T/(·(·. You should 
Sf'CUrt' tl'slillg sampll's of various filllls heforl' ~'ou 

underlake an~' l:trl!l'-s"all' projl"·!. Your 1'1\1110

;,!raphic sC'il'lItists sllOul,1 1'01\(lul't a sl'ri,'s of studil's 
10 determille IIII' sl'lIsitometric' dlaraell'Tistics of 
eaeh emulsion. T,'sl films I'xl"N,,1 in airnaft sho.t1d 
Ihen Ill' prol'f'ssed ill your lahoratOl'v. Processillg 
should mcet pn'('siahlislll'd slandards and goals. 
You should 1101 cOllsider usillg any film which 
eallllOt be procl'ssed :lIIcl reproduced (if requirl'(\) 
to meet the slalllla('(ls of yom pllOto;,!raphic sci, 
entists or user-geoseielllisis. If ),ou do not secur!' 
reliahle alld repealahle results, you will fillll that 
you arc furnishillg your gt'oscielltists wilh erroneous 

http:slrah~~.de
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materials, and hence erroneous deductions and con· 
c1usions will result. 

(5) Film cnsl. There is one consideration in 
producl selection whieh is valid only when all thost~ 
that I have dted are ahsolutely equal, and that is 
the cost of tllP. film. You will quickly discover that 
the cost of film is a very small portion of the cost 
of your program. Savings on the cost of a prnduet 
which Illay I)(~ inferior carl place your program 
errorts and n'sults in serious j,'oIHmly. 

PREPROCESSING QUALITY CONTROL 
PROCEDURES 

To create a photographic image of known prop· 
erties with highly reliahle information, the user 
cannot tolerate any hreak in the continuity of in· 
formation ahcmt his aerial film. lie must have a 
complete history of the environmental conditions 
to which the film has hcen cxposed, from the moment 
the emulsion is coatt'd through storage, shipment, 
and completion of pnH'essing. llJis consideration 
must include the en"irollllJental conditions in hoth 
the aircraft and thl' laboratory. TIll' exacl s!'nsito· 
metric chara('\eristics of thc emulsion arc a function 
of the total !'1I\'ironllJent to which it has heen ex· 
posed as well as its manufacturing formulations. 
Each manufa('\urer will fumish a report as to till' 
scnsitometric and physi('al eharae\eristil~s of e:lC'h 
type of film 10 lit, manufac~turcd. Experienl'e has 
told us Ihal Ihis is g,'ncrally an excellent guideline. 
It should not Ill' considl'red ahsolute fact. howl'v!'r. 

The manufaclun'r will usually use v'~ry exac~ting 

tl'chni'lues and highly competent Iwrsolllld in 
formulating an emulsion. It is tlwn mated to the 
film hasc~ awl ('ut into rolls. E:II·h emulsion formula· 
tion is ealled a hatch. For some usually unexplain. 
ahle reason, each halch differs sli1!htly from olhl'r 
batehes of the same emulsion madc~ under the sallll' 
conditions. Hence. Ihe us,'r, planning to mak,' 
exaeling geoscientifie measurements n:ust conducl 
his own analyscs of all films as soon as they arc 
received. It therefore makes good sense to insist 
that all film in a specific shipment come frorn the 
same batch (that is, with tIlt' sallie emulsion num· 
ber) . 

The user has 11 responsihility here also. lie should 
secure his film in as larl!e an order llS practical 
and have adequllte storage space with temperatures 
no higher that 15°C and preferably 0 °C or below. 

Film will not grr'atly c~hange in sensitometric re· 
sponse i f stort~d frozen, even for long Ilt'riods, 

Upon receipl of a film shiplllent, the photo1!raphi(~ 
scientist should make his own c'omprehensivc anal· 
ysis of its sensitollH't ric~ rharaell'ristks. I n some 
cases, he may I'all for storage of the fIlm IInder 
c'crlain temperature conditions for a specific time 
to shifl its sp,~ctral I'hararleristics to a desired 
condition. In otlll'r l'aSI~S, III' rnay rt"luire a ehange 
in "xposure 01' a spl'l'ifil' filter to he USI'CI. ",~ lIIay 
also modify tlJe film prol','ssing lec~hniques. In cer· 
tain eases. Iw lIIay reje(·t tllP shipnll'nt as unusahle 
for its int"llCit'd purpos!'. 

To accolllplish such detailed ill\'c~tigatioll'i of 
aerial films. th,' photo1!raphil' sl'iI'lItist lIIu~t ha\'e 
al'l'uralt· l'lJuipIIII'nl. All al'l'urat,~ sl'IIsitollll'tl'r. a 
cOlltrolled pr()I'e~sillg I'apahilit~,. and a dellsitolllt'tC'r 
are nl'cessities. Orlwl' I'IJllipIIll'nt c'an makc~ his in· 
vestigations (,\'''" mo)"!' dl~tailed and alTurate. The 
SI'IIsitollll'\c'r permits him to expos(' emulsion sam· 
pIes to exact amollnts of light in I:onta('t with all 
:lI'l:uratdy calihrated dl'IIsity sl'all'. The controlled 
pro('(~ssing usually includes aCI'urately formulated 
chcmicals, prcr:i~,~ \I'ml)('rature regulation, prt'eision 
timing. and al'I'lmlt!' and rhorough ('hemical agita. 
tioll. 'nil' d"lIsitoml'.tl'r IlI'rmih \III' sl'i(~ntist to 
d"tl'rrniJu' al'c'ural!'h' 1111' f('SIJl1ns!' ('haracl('ristil's of 
tlw film. 

When the film is rt'mll\,,'d from storage prior to 
all aerial photographic mission. the pholographic 
scientist repeats his tests to insure that till' film has 
IIot ehallged in sellsiti"ity. Ill' also places an ('xpos('c1 
sensitollll'trie dl~lIsity sC'al(~ Oil the loading (,1Il1 of the 
film (occasiollally hoth leadillg and I railing "llIls l. 
During an actual photographic missioll. the film 
should h" sulljected to a 1I0l'mal ell\'il'onnll~nl. Cold 
air ill a high.Hying airnaft will lIot IIt'grad(' tlw 
film, hUI temperalures in exc!'ss of :t'l °C can causl' 
serious prohlems (depending 011 tIlt' t~'pe of film. the 
duralion of the condition, and thl' humidit\,). 

llpon refum of tile film to till' lahoratory, the 
photograplJi(' scil'ntist will plac(~ miotlJer serrsito
metric densily scale on tIJe film. Ifc~ may also remove 
an unexposed portion of the film, place a sensito· 
metric density scale Oil it, pf(ll'CSS il. and determine 
if Ihere has IICcn allY image dl~gradatioll c1'Jring Ihe 
mission. Also he should simultaneously expose a 
sensitometric density seale on a lahoratory con· 
lrolled film from Ihe same· emulsion hatch, 
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The resulting information will permit him either 
to alter the processing technique or to detect a 
change in the sensitometric characteristics signifi
cant enough to be brought to the attention of the 
geoscientists using the film. 

The important message here is that quality con
trol is mandatory for a quality product. TIJese 
procedures will vary with each u~er and will evolve 
as your program develops. No matter how rudi
mentary or sophisticated your surveys are, you 
should always insist on the most comprehensive 
quulity control pructices commensurate with the 
desired end produ!,t. 

PHOTOGRAPHIC PROCESSING OF 

AERIAL FILMS 


The third link in the chain of aerial photography 
is the all-important work within the photogruphic 
lahoratory. In this phase of workmanship, quality 
control and a comprehensive knowletlge of photo

Hruphic seience arc an ahsolute necessity. Poor 
work, incomplete reeords, or suhstandanl quality 
control can totally negate the very expensivl~ air
cruft operutions which arc performed to secure a 
precision photogrnphic record. 

PROCESSING LABORATORY EQUIPMENT 

Photogruphic lahoratories vary in sophistication 
from a wooden sink in a darkroom to multimillion
dollur complexes designed to Imhance the state of the 
art. I have seen aerial photographs made with the 
finest Zeiss or Wild aerial cameras in multimillion
dollar jet aircraft, then processed in a wooden sink 
using a hand rewilul sysh~m, chemicals purcha~eli 
in a hohby shop. and water from a city tap. The 
resulting film looked goo(l, but no one would ever 
know if it really was. 

Such a simple approach to aerial film processing 
usually Iloes yield go()(1 pictorial quality; in repro
duction, the tedlllician can redeem many of his 

original llIistakPs. Rut much may he lost forever. 
If your goal is good pictorial quality, such a simple 
solution llIay he mle([lJate for your nee(ls. I (owever, 
do not attempt to make any specialized scientific 
deductions from film processed in Ihis manner. 

If one i!l willing 10 invesl Hreat financial re
sources in aireraft and/or hiHh'IJuality aerial cam
eras, one should never overlook the fact that the 
photoHraphie lahoratory must he equipped to makc 

fulI usc of the information seeured. Here, too, one 
should commence operations with fairly simple 
equipment and techniques so that the photographic 
scientists and technicians can fully comprehend the 

science as well as the art. 
The tank processor for rolls of aerial films has 

been in use for over 40 years. The Zeiss Model 
FE-120 (figure 13) does an excellent job. 

FIGliIIl: I:t Z"i" FI':-)20 rt'\\,illtl 'II'rial lillll I'HI(·,·"..r (..our· 
tcsy Carl Z .. iss Cn.). 

Basically, the tank proccssor I'l!rmils a tedlllician 
to immerse 1'011 film into tanks of dremicals, an(1 an 
electric motor winds thc film hack alHI forth from 
spool to 51'001. A good tank arrangcmcnt for hlack
and-whitc film is: 

0) wcttil!" arrent r I:' 

(2) dcvelopcr 

(:~ ) stop hath 

(,t) fixation 

(5) wash 

Stcps 1 and :3 arc not always ncccssary. 
For color films thc proccss is very complex and 

timc·consuming, and results can he hoth mcdiocrc 
and erratic. It is a Hj.step proccss which rcquircs 
exacting adhcrcnce to procedures allll is too com
plex to discuss in this paper. (See American Socicty 
of Photogrammelry Maullal of C(}lor Al'fiai Photog
raphy.) It should he noted tlrat a dedicatcd tech
nician can do high.quality work with a rcwind 
systcm. lie can introducc a numllCr of excellcnt 
quality control proccllurcs which grcatly improve 
film quality and rcpcatahility. Thesc inclulle: 

(I) Temperature control. '111is can hc accom
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pUshed by hringinp; the chemicals to temperature 
equilibrium with the darkroom. That would, be a 
cool 20 DC in most cases. Another method entails 
the use of temperature·eontrolled mixing valves with 
sinks serving as a temperature.controlled water 
jacket to achieve equilibrium. A thermal heat ex· 
changer, such as the Pako Corporation Pakotemp, 
could be used to reeirculate al)(I temper this water 
jaeket. 

(2) Quality COlltrol of (·hl~mical.~. TIll' techllieian 
can insure that eaeh batch of chemieals is prcparcd 
with extreme eare. This indudes dilution at propel' 
rntes and telllperatun!s. complete blending at proper 
temperature, and making sure the eorre<:i total 
Iluantity is made. In addition, he ean eonduet a 
number of tests 011 tlte resulting chemicals, in· 
c1uding specific gra\'il~·. pH. awl even a qualitative 
al)(I quantitative analysis. 

(:~) Water purity. AII watcr lincs shou Id contain 
effieient filt!'rs which are periodil'ally ehanged. A 
eomplete laboratory analysis of the water should hI! 
I.'olulul'led IlPriod ically. 

(,1.) Chl'mical rr·plellisliml]lIt. A skilled teehllieian 
ean alter the dll'mieal depletion charaeteristics of 
the rewind system by t rial·and·error experimenta· 
tion. A replenislwr chemical mllsl I,e added to eadl 
tank al a spei:ifie rate and time. 

(S) Proper film dryillg. Film should Iw dried at 
the prop!'r temperalure and humidity in a room 
which is free of all airborne particulate mailer. An 
air filtration system should Iw fllnctioning for a 
number of hours prior to and during the drying 
operation. 

(6) SI·lIsitom(·t ric ('olltrols. The lechnidan ean 
pJ'l'expose a sensitometric seale on film whic:h is 
proc('ssed with eaeh II of lll'rial film. A densitom' 
eter can thl'n III' IIs('d to record the final pnwess 
and pJ'Ovide the information to the geoscientist. 

f 7) ACI'umlt· rl'corri!.·(·('pill,l!,. A competent tel'll· 
nieian will keel' comprehensive J'(" 'mls of all in· 
formation for e\'ery roll of aerial lilm processed. 

(B) Ti11le',I!,((/III1/11 stllliit's. '1'111' te(·hnidan can (~on· 
duet a ~eril's of ll'st~ whit'h show the effeds of 
various parameters on the ~en!'itometric dHiracter· 
isties of prol'essed film. lie ClUl vary dcvelopment 
tillie, temperature, l'llemi('uls, replcnishment rates, 
etc. These tl'~ls, in conjunction with his accurate 
recordkeeping will permit him to process and reo 
produce aerial photography with the wide varit~ty 
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of results which may he required hy the geosci. 
entist. 

The automatic aerial film processor was intro· 
duced in the late 1940's. Early models were generally 
not too effective. Prohlems were numerous and 
results were generally no heller than thost! achieved 
hy a eompetent tedllJician. Equipment costs were 
great when evaluated against results. 

During the 19S0's /JIany iJllprovenwnts were lIIade, 
and in the early 1960's an econoJllically feasihle 
aUlomatie film processor eaJlle on the market 
(namely the Eastman Kodak Versamat. modd 
M-11 ). This roller transport aerial film processor 
proved exeeptionally reliahle. extremely versatile, 
and economieally practical. tJsing this equipment, a 
technieian who could proeess two rolls a day eould 
now pr(){:ess 20 or more to far more exacting 
specifications. This increase in production quiekly 
offset the cost of the equipment. 

TIle v(~rsatilit~, of the Kodak Versamat is out· 
standing. l1w tedlllieian has a gl't~at range of dWJlli· 
I:als availahl!~. lie can quickly introduce and exaetly 
hold a large range of temperatures. lIe can selN't 
from a wide range of procl'ssing timc~~. Chemical 
J't!pleni~hment is ;U'l'urate and simple. In addition, 
film is properly dried in dust·free air. and sen· 
sitomelrie rep('atahility is t'xcellent. 

You may wish to investigate tlw photographie 
markl't and evaluate a nllmh!'r of automatic aerial 
film prOCf!SSors. hut in my opinion tlw Kodak 
Versa mat should he the standard that the others arc 
evaluated against. At the prescnt tinll', several Vel" 
samats are in ('onstant use within the Earth He· 
sources Survey Program at the Manned Sp;lI'l'craft 
Center. For YOllr partieular application, however, 
you may find that olhe~ automatil' film processors 
are heller suited. 

Following the development of the Kodak Vel" 
samat, the next logit'al slep was to produee a similar 
device fol' aerial t:olor films. The Kodak roller 
transport aerial coloI' film prol'essor, gelwrally 
ealled the Color Vl'rsamat, \l'as introdlH·pd ill ]t)(,S. 
It is this device that made ;u~rial color films totally 
utilitarian and eeonomieally feasihll'. It permits 
those who use color films in their ~eosdentifie 

studies to secure a('eurate and repeatable result~, 

and this equipment should he given serious eon· 
sideration if t:olor or color infrared photography is 
contempllltecl. These maehines can proeess color 
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positive or color negative aerial films with equal 

facility. 
No matter which type of automatic equipment is 

utilized, the importance of high.standard quality 
control 	procedures cannot be overemphasized. 

CONCLUSION 
This paper has stressed the importance of having 

a complete knowledge of your films, cameras, proc· 

essing, 	 and reproduction equipment. This knowl· 
edge, coupled with comprehensive, well documented 

quality control techniques, will produce information 
of immense value and of gn~at significance to your 

country 	and its peoph~. 
I f these recommcllliations go unhecded, thc very 

opposite may result. Considt~r, for example, the 

improper usc of a spceializt·d film designell to 

detect a virus·typc infl~etion in a nation with a 

onc·crop I~conomy. The source and spread of the 
virus may go lIIulPleetcrl until the entire nation is 
infected, ami catastrophic (,I'onomie 1'00ulitions as 

well as great hllman slIffering I:an result. 

Thi!i hypothetical sitllation. of coursc. is an ex· 
treme case. I have ask..d m~' wife what she would 
think if her heloved IIondllras lost an entire crop 

of hananas, riec, hean~. or cofrec to 11 virus or 
insect plague. IIer real'lion was on!' of horror and 

dismay for our friends and rdatives ill her native 
laud. 

TIle information prescnted in this tutorial paper 
is hasell on knowlcd;~e gaincd through the mistakes 
anll suceesses of a quarter I:cntllry ill the profession. 

My first alll'mpt at aerial n'mote sensing hegan with 
a $20 camera and a small pieee of infrared fitm in 

a wlllt·d PipI:r Cub, trying to locate a geologic fault 
zonc hidclen under gladal dehris since hefore Illan 
occupied North America. It was an unqualified 

success and enahled me to eomplete a university 
thesis. Becent assignments havc dealt with highly 
sophisticated cameras being used hy our astronauts 
to reconl geologic information on the far side of thc 
moon. 

The most important point I have tried to cstahlish 
here is that only you and your seientists clln deter· 

mine the hest system to aer~om"lish your specific 
requirements. It was, I think, best said 2500 years 

1I~0 hy one of the most important human heings 
ever to inhabit our Earth: 

"Believe nothing merely !lrcause you have been 

told it, or because it is traditional, or beclIuse you 

have imagined it. But whatsoever after due eXlImina· 
tion you find to be conducive to the good and to the 

welfare of all being-that doctrine believe and 
cling to it, and take it as your Imide." The author 

was Gautama Buddha. 
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Scanning ~pt'ctrnradi()mell'r' are commonly u"," ill Earlh ol",'naliolls frolll 'p.It'" 1lI'l'ull'" IIII'Y 
can ohlain imagcs of radialioll huck-call"fI,d hy or "'lIill,'d fWIII IIII' Earlh"- ,urfat'" al '11t'('lral 
intcrvals ranging fro III Ihe uhraviolcl 10 radio wa",'" ~,'n".r d",i~1I ""IIt'lld, on IIII' fI'l(uin'd 'I'll,i· 
tivity, spectral resolulion, 'IHllial n',ollliioll, alld gl'ographil' ('Ol','ra~,', Th"", n''1uir<'IiI!'III' I'ur)' wilh 
mission ohjccliv('s, In g('n,'ral. "'n,nrs fllr 'llch "xplllfaltlf)' 'lIi--illn' a- Sk)'la" and aircraft ,urH),' 
arc guvern('" h)' III!' fir,1 IWII ft'lluirl'nlt'nls, whilt' 'I'n'"r' 1111 glo"al 'IIr\'t'y lIIi,.,illll' "I"h as EHTS 
follow mllre ell",'ly II ... lall,'r IWII, Il"llt'll"ill/! IIll Ih,' applicalioll, ('01111 ;omi"" an' 1I_lIal')' 1I""""i· 
lat('" I.)' limilalion, IIf Ih,' "'II'or, ill 1I"','lill~ II",.'" "",i/!/I r"quin'III"III" I':\alllpl", "f ,I/I,h I'tlI/" 

prollli,," afl' di"'I1'''''' a' I Ihl' fa('I"r.' "'a"illg I" Ih,' d",i:':ll "f II ... /lll/hi'I","'ral ,,'''llll,'/" ,\ISS I "ll 
EHT~ all" ,imilar "'II'"r, 0/1 flllm,' 'pal"','raft arl' dl"nil",", 

Henwte sensing techniques for oh,,'r\'ing hoth the and su/'\'e\' variations of knowII t'nvironnll'ntal 
atmosphere allli the Earth's surface are based on paranlt'tl'rs Oil a ; ..doh,II s('ale. 
measurements of th(' spl'l'Irnl and spatial variance. Exploratory stud ips an' Ill'in/! ('oJldlll'tl'd to idl'n
with time and over larg!' art'as. of the intensity of tify thl' radiative I'haral'leri,lil's of objl'('h ,udl a... 
electromal!netie radiation whil'h is "itlll'r rdleded SIIOII'. in'. minerals. plants. water. sllsl,,'nded or/!a· 
or emitted hy the Earth and its atmosphel'l" l\lethods nislIls, and pollutanls. For this IlIlrpOSI'. sl'nsors an' 
and instruments for ohservillg the Enth from spa('!', desi/!ned to make precision IIlCaSlIl'!'IIH'nt!-i in mall)' 
therefore, are llllalog()l1~ to those used hy astrono narrow alii I disnl'l(' klllds of thl' solar sl'ednllll 
mers, who clerive information 011 the temperatun'. (from uitrarioll'l 10 the IH'ar illfrared) and the 
composition. and str.H:ture of planets and stars fwm terrestrial 'p"I'tn/lll I from thl' Iwar infran'd to 
ohservations of the spedral character alld pallerm; radio lI'an's I. ,11011'11 in fil!lIn' I .. Tht' l'ilOi('1' of 
of radiatioll received fwm thesl' objects. spel'tral bands for III(' EHTS pr0l!ralll has eroln'" 

Illdeed. the sensors used for Earth ohservations from kllOlI'lt'''I!I~ ohtained in pr!'\'illll,'; I'xpillrator), 
from ~pa(:!' (IIalnt,ly, spectral f'amcra~, sp('ctroradi airt'l'aft and lahoratorl' I'xlll'rillll'lIls, TIll' fil'!' SI'I" 

orneters. and spl'drometers I an' II", saml' as thost' ('ific ballr/s I'/IOSt'Ii for EIlTS n'sult('d frolll tl)(~ {ol
used in astronomy exeept that they are poinlt'd Inll'in;.!' (,(H1siderat ions: 
toward the Earth. For this reasoll. Earth nh~l'I'vatioll (I) Very lillip solar radiatioll is reflel'lcr/ 'II' 
from space has somt'times heen reft'rn't! to, very \'t';.!'elatioll at wan'lt'n!!th,., sllOrtl'l' Ihan n.1 I('n. 
appropriately, as "upside.dowlI astrollolll\'," whil·" terrain llOt ('ovpn'd 11\ 1't'l!etation IliaI' show 

While the ohservational lIIethods and instruments strong (,olltrast~ in this portioll of til(' spectrum, 
are very similar in the two dis"iplin('s, the Jlurl'0S('S dep{,II(Ii~It! on composition and slruelu)'('. 
of the ohservations are quite difJ'ercnt. In astroll (2) TIwrl' is stroll!! reflectioll by I'el!etatioll be· 
omy, they an' the ollly IIlcans availahlc for ex tween n.7 and n.() I,m, I'aryillg ~reatly with tlw typl~ 
ploring the unknown. In Earth ohservations, Oil the IIl1d health of dw plallt lift'. 
other halld, the ohservations arc employed to find (a) Heflecl('d solar radiation from the Earth's 
the most effective and economic means to monitor surface at ahollt I 1"11 dl'pl'luls strongly 011 the 
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FIGlJlIf: 1. Typical ~p,'rlr:/ ,,( !-olar radiali"ll r"nl'cl,'" Imlll lh,' Earlh IIell ). o{ cmill!'d lerreslrial 
nuli.llioll ill IIII' !I·'o.12·1'1Jl '1"'('lral balld ((,"II I.. r). 1111'\ o{ "mill{'d , ..rn'slrial microwave radia· 
lion (ril!hll, Sharp '1"'1'1 ral (,'allin's itl I",I, el illll '1'..l'Ira (I"ft) alld ill micruwu\'l' {'mission 
sllI'elra I ril!htl an' prim:lrily I/U" 10 aICll",,,IJI'ri .. wal .. r ,apor, :\b"o"I'li"lI {"a I un's Ill'ar 9.6 1'111 
in illlrar..cll'lIli.';,," .'I"·clra (,','nll'rl art' clt\l~ 10 almo'plll'ric OZIIIII'. n..fI,'('lioll 'p.-etra an' {rom 
uireraft {.I"I·TI'alion'" illfran'd ,'mi"ioll 'r{'l'lra w,'ro' oh,,'n"'" wilh Ihe Nimhus 3 .... Il'1Ii II', una 
ca{lio sp{'elra arl' lrulll ,=IImpuliltiolJ' unrl aircraft Ob"'I"\';/liollh 

amount of water 011 Ihe ,;urfarl', and rcflcelallce 
deen'ases rapidly with illCn!a"ill~ moi,lure. 

(4) Radiation measured at 11 I'm \'Mies directly 
with the tl'mp('j;]ture of tIll' ~lIrfM·C. Fulure in· 
struments all Earth (lhsel"\'atioll saidlite- will Inake 
USt' of tlte clt,ml!'\erl~1 ie ,liH't'J'('lIre in the mino· 
wave emission nf ict' ilIl,( water 1(1 m<1j1 the dis
trihution of polar >('.ol ire. 

The foul' {adO!,; Ihat ~eller(llly oelermine the 
desi~n of ~emors for Earth oh~i!r\"atinn~ nre sen· 
sitivity I sil!nal-lo'llIJise r-atio \, 'l)('e\ml resolution. 
"p<ltiul resolution, and aHal ('o\·cra~c. neperJ(lin~ 

on tlte specific objecti\'(', olW of these usually domi· 
nates \he dcsi:!11 at the expense of the olhers. For 
example, since areal co\'erage is relatively unim' 
portunt for exploratory ob~ervntion'" th!'y are 
usually made from aircraft. thus simplify in)! optical 
and mechanical dcsi)!n /Jeeausc the requirements 
for spatial resolution alHl seanllil\~ are much less 
severe on aircraft than for spaceIJorne instruments. 

Most of the sensors in the Earth I{esources I~xperi· 
ment Package (EREP) allOard Skylah arc also used 
for exploratory purposes, with ernphasis on identi· 

fyin)! spectral si:.:mlturcs and delineatin)! highly 
selective lealures. TIlt'."e instruments usually have 
very hi)!h spectral 1('solution, excellent sensitivity. 
and spatial re~oluti')IJ, of SO to 100 meters at optical 
\\'1H'elehgth" !Jut they make measurements relati\'e1y 
infrequently o\'er anI) a slIIall numhpr of selected 
siles. More f re!Juent obser\'ations with )!reatel' areal 
co\'era)!e would be inad\'lsable with such instruments 
for two reasons: 

(II Comhining hi)!h sppct ral and spatial resolu· 
lion lI'i/l! wille and frequent eo\'era~e would make 
the seu;;;ors IInnl'(:essari.'y complex and expensive, 

(2) The amount of information gathercd in this 
('asc wuuld he so )!re<11 as to c1efy analysis hy even 
the most sophistieated automatic methods availahle. 

For periodic {HId glohal surveys and for monitor· 
in)! from space in hroad predetprInined wavelen)!th 
hand~, it is necessary to observe Iar)!e areas routinely 
and frequently, Although spectral resolution and 
sensiti\'ity arc reduced to some extent, spatial res· 
olution Illust be maintained. To do this while 
meetin::; the areal.co\,erage md frequency.of.oh. 
ser\'ation reqllircl1IPIIls ('ails ;nl' very sophisticated 

http:frequency.of.oh
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and expem ive sensor systems, such as those to he 
flown on ERTS. Areal coverage is achieved eitlH~r 

by imaging an entire radiation scene instantaneously 
onto a photoscnsitive surface (such as film or the 
photocathode of a TV tube) or hy ~canning the 
heam of a radiometer across the Earth's surface 
at right an~des to the motion of the ohscrvation 
platform, so that an array of consccutivc f,can line!' 
forms an imagc strip along the path of the vehiclc. 
Because films an(1 TV tuhes have a much morc 
limited spcctral response, scanning radiometcrs are 
always used for obscrvations at wavelengths longer 
than O.H fLm. 

The scnsors aboard the ERTS will cover a strip 
of Earth surface 1U0 km wide, directly under the 
orhital track of the spacecraft. Bccause of thc orbit 
choscn, longitudinally adjacent strips will bc oh· 
sen'ed at the samc local time on consccutive days 
so that 11 cOlllplcte low-latitude zone will hc covcred 
in 1H days (figu re 2) while highcr latitudc zoncs 

• RBV FRAME 

I MSS STRIP 

FIGlim: 2. Covpra!(1' lIy ERTS return·lleam vidicon (ROV) 
call1t'Ta and lIIulli>llI'clral H'anner (l\ISS) for Iwo con· 
secutive orllit~ Oil the ~allw day alld for the same orbil 
011 two cllnsceuliv(' days. Cllv"ra!(" of IAO·km·wide slrip' 
lin COlIst'culiv,' days will III' cllnti!(IIllUS at Ihe equator, 
so that orhit I 1111 day 18 will III' adjac"lIt 011 the east In 

orhit 2 of day I. Till' noJalioll of "at'h orllil to IIII' SUII 
anld,~ is COllstallt; il is shown propl·r!y for "rilil I of day 2 
in this figufl'. Th .. RBV and "ISS will vil'lv congruent 
areas, hUI RBV c",,!'rage will he n series of I80·hy·H10·km 
frames while l\fSS coverage will he ohtained hy scan· 
ning ~eCJucntinlly acrnss the I80·klll·wide ~trip. 

will hc covcred in shorter periods. No C()\'erage will 
he obtaincd poleward of HO°. By usc of an onhoard 
tape rccorder, 144 images covcrillg all area of I flO 
by 180 km each can be transmill(~d I" the WOlllul 
in each spectral hand during a 24·hour IJI'riod. 
This coverage re(luircs a llli .. irnUIll salellite aitillldc 
of about BOO kill placin~ a very se\'{m~ hurden on 
the sensor desi~n to achieve ~ spatial resolutioll on 
the order of 50 to 100 meters. 

Thesc resolution and covcragc rCf/ui remenls led 
to the dcsign of a multispectral scanner (!\ISS) for 
ERTS consisting of a 23.cm-aperture teh'~('oll(~ 

which scans an instantaneous ficld of view of a),oul 
HlI microradialls, sweeping across tl\(' salellil(' InH'k 
to about 6" on either side of Ihe lIadir al a rah~ of 
about 13 times 1)('1' SI!('(lIld (figure :n. Tllis !'l'nsor 
will covcr five hroad slw('lral hands centcred at 
0.55, 0.65, 0.7.1, n.().). alld 11.0 Jllll. l1w II-/'Ill 
channel will he olllilled frolllth!' firsl EHTS lIlissioll. 
Tn cOlllrast to tlw I'xploralory Ohsl'l'\'aliolls frolll 
aircraft and ~kylah. IInl~ a slIlall 1lIllIlh!'r of spe(,
tral hands can he an:ollllll(l(lated on EHT!". parll\' 
he('ausl' it is IW('cssliry 10 limit Ihl' dala acquin,d 
and translIlilled IJY II\(~ saldlill' 10 lIlallageal"(' 
quantities. The fi\'(' spl'l'lral dlannels alo/H' n~sult 

10111in almost lIleaSUrCIIH'nts of "p('I'lral radianr!' 
to he IranslIlilll'd 10 Ihl' ;,!roulld ill (',lI'h 2·1·lulIlr 
period. 

Thus. s(,lIsor SYS\('IIlS for Earlh I'I'SOUI'I'('S SIII,\,('Y'" 
frolll spm'c an' dl'l'!'lop"d ill a ('Olllph'lIl1'lIlar), 
fashion. Lahoratory and aircraft IIhs!'rl'aliollS wilh 
spcctrolll('ter-type ~t'lI~or~ arl' ('olldw'I('" III't~r slIlall 
hut carefully seleded areas. Space ohser\'ations for 
~Iobal surveys ('overill~ large areas at f('('quellt 
intcrvals call for Ihp. design of more cOlllpl(,x. rapidl~' 
scanning radiometers with a lIlodest nUllllwr of 
channels, high spatial resolulion, aIII I 11 ('apahilily 
for contiguous Illapping. Lllokillf! hcyond EilTS, 
wc are planllinf! to (Iesil!n scanlling radiollle\('rs 
II'hich lI'ill image tlH' ('milled tern'sirial radiation 
in one or allother hand of thc lIIi('ro\\'avl' SI)(,(·tflllll 
for the purpose of Illa,: illg sea ice (figllJ'(' ,I). 
Evelltually tlll're llIil!hl be radars 10 lIlap till' ()('(',1I1 

surface and sllhsllrfac(' lerrain f('alll(,(·s. Tlll'se and 
other such advanl'ed Sl'lIs()rs arc heillg Ih~I'cIIlJlt'd 
ollt of present-day aircraft alld Skrlah missions and 
lIIay hc f101l'1I on future Earth ohservalion satellites. 

By far the I!reatt'st c1tallellgc to suc('('ssful Enrth 
resources surveys in the future will lit' tlte inter
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pretation and utilization of ohservations to he rmllip 
from space. Tcehnolo~ists now have means to reduce 
the inundating stream of oilservations arriving 
from sensors to images of radiation intensitic;; 
corresporlllin~ to vcgetation cover, surfar ~ compusi. 
tion, or soil moislure. Physical seientists will hay!' 
to supply models, either cmpirically or eomputa. 
tionally, to derive fWIII thesc oilscrvations an un· 
clerstllllliing of enviWlIIllental factors sueh as the 
timber yields and crop cydes of partieular re~:ions, 
the dynamics of pollutanls, IIIf' walt'r resourccs 
of certain rc).:ions. tlw mincral eomposition of thc 
Earth's surface, and many others. Only a vcry fel\' 
such ruodels, 1I10st of them very primitive, are III'in;.: 
developed at this tilllc. 

The ultimate utilization of spacchornc Earth oJ,· 
servations rests with tire mana;.:ers who wi" lIIakc~ 

decisions for tilt' conservation lind propcr manage· 
ment of Earth resourccs. Thcse manll).:emenl de· 
cisions properly should he derived fro III pr()l'e~scs 

and phenomena which will hI' disc'O\'ered, and 
dcscrihed hy models based on the ohscrvations 
Ihemselves. Sud, deeisions and eontrols cOirld, for 
example. involvt~ rcgulalion of pollution. lise (If 
water resources, mining. or IUlllhcring, While the 
first decade of Ihe space a).:e was marked hy de· 
ve/opmenls in spacceraft and sensor IcehrlOlog)" 
the next deeaci(· lI'ill prohahly he devoted to two 
111'1\' phases: (1) lIIodeling of the physical proces~l's 
iill'olvillg reSOUfI'(' parameters and 121 it!al'lling 
11011' to make resoun'(' mallHl!eml!nt decisiolls based 
011 obsen'atiolls wIdell we 1I'0uid nut have dreamed 
of I () years ago and which art! difficult to ('Olll'eiV(! 
of. ('\"('n today. 
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l\ficTIllI'al'" "'nsurs are uni'fllI' in that till'), ('1111 I ... sl'hedul"d (or u." 011111'''' wilhllul n'~u/'(I III 
weullll'r or lillie o( da)'. Both radar and mil'fIIwav,' ra,lionll'll'rs n'(~"iv" si~lIals slrollAI), .dT",·h'" hy 
rllughn,'ss and h)' /Il11isllire eonll'nt o( slIiI and v'~At!laliun. J\lil'rowavl's Jl"lIl'1rall' 1"'A"lalion alld. 

to II limi"'01 '~xl'·III. slIiI; hUI mllsl n~SJlIIIISl' is (rom IIII' IIpl"'r la)"'rs u( 1"'/!,l'Ialion or Ih,' IIpp"r ("\\' 

cenlinll'l .. rs u( "nil. Ha,liulI"'lers have r"'alivldy puur resululilln in "pal"" bUI ra,lar, ilia), oblain 
resoluliulls o( a (,,11' m,'h'rs 10 I"ns u( 11I"'('rs "I'"n (rom wry IUII~ ,lislape,·s, '1'111' mo,1 illlp"rlani 

miCrlJ\l'uII' "'II,or (ur Earlh obsl'rvalions is IIII' si,"'lnukill~ radar. IlI'eau,,' ils oUlpll1 is 11111,1 lik,' a 

phoillgrapb. '1'111' ~II,,,I r('solillion o( sUl'b radars is mailllai!lI'd (or 10llg dislalH"'s hy IIII' 'lllllil'lil' 

ap"rlun' h·dlllil/III'. (;lIuol r"IIo1ilioll o( gra)' seal,,, r"'luin's USI' o( al"'ragillg 1"l'bllil/u," stldl a, 
panchromalic iIIulililialilln. 

Hadar has 1""'11 1IS1·d in Dari"11 I'ruvilH"', 1':lIIama, III pn'pan' a lopographic IliaI'. a w'olllgil' iliaI'. 

and a g"(llttllrphi,' mal'. Hadar Itas 111'1'11 1IS1·d (IIr g"lIloAic work. alld ils 11I11"lIlial II:I' I""'n illdi· 
I'alet! (ur lIIappilig crill'S alld lIalliral I"·gl'lalioll. lalld II"'. soil mlli,ltlr,·. alld SIlOW. Bllih molar 

scal\"wlIlI'h'rs and micrllwaVl' radiollll'lI'rs aplwar 10 n'spo!,,! 10 willli 'I""'" 1111 Ihl' 0("'0111. Exalllpl,'s 

an~ illllicalo'" (or "''''I'ral o( Ih,'''' IIS..S o( mierllwal'" ",·n,,'rs. 

Radar is a ullioIuC typc £If S(~lIsor. With a radar 
sensor the same pieture may hc made at allY time 
of day or lIi~ht, Microwave sCllsors are also ulliquc 
in that micrnwaves penctrate douds. Depcnding £In 
the wl\vclen~th and the prccipitatioll rate, microwaVl~ 
sensors may also see through rain or SIlOW, Sinee 
mudl of the world is covered with douds at any 
time, the ahility of the microwave sensors to see 
thJ'nu~h douds makes them extremely important to 
Earth rl'wur(:(~s surv(~ying. 

The sicle.l()okill~ airltnnw radar (SLAB) is the 
most useful microwave sellsor nver land. By janu
ary ]1)71. StAH applications had IlCell provell in 
the fields nf a~riculturP, lIatural vegetation map· 
pin~, gcol()~y, hydrnlogy, (:arto~raphy, genmnr
phology. ge()~raphy, and IH:eallography. Spceifil: 
applicatiolls within these fields have heen con
sidered hy other speakers a/lll an~ documellted in 
the Iitcrature. 

NOllillla~ill~ radar scatt(~rometers have bcen 
showlI to be useful for measurillg oceani(: winds alld 

~(~a lee. Their application ill rnl'asllrill~ sno\\' lind 
soil moisture has been postulated. Their first lISC' lI'a!' 
fnr mcasurill~ Itacksealter to estahlish radar d('si~n 
parameters. ami they cOlltinue to he valuahle for 
this purpnsc. 

Microwave radiometers hav(' Iteen showlI to bl' 
sellsitive to ocean temperature at S()III1' wavelen;.rths 
a/lll tn oceall rou~hlless at otber \I'a\'t'It·II;.rths. The), 
have hCl'n uscd to d(~firte atmospheric profiles, and 
('xpcrirncnls have heml cOllducted 10 demonstrate: 
their value in measurillg snoll', ice. alld soil lIIois· 
tun:. 'I1lCir applieatioJl to IIl1'asurill)! atll1osplll'ri(' 
attenuation in IIII' presence of clouds alld raill has 
been proven. 

Tlw mieroll'av(' radiolllelf'r and thl' n(lnilllagill~ 

scatterorneter are hoth lirnite~d to a rC'laliv('I~' sll1all 
number of applieations. ('ompared with the SLAB. 
!ly their poor spalial resolution. PolI'lIlially. Ihe 
SLAH can achieve resolutions frolll slHI('cnaft COIl1· 

parahle to those of photography, hut the spacPlTafl 
lllierowave radiollll'ler alld /lonirna~in)! seallcrollle· 
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ter will always be restricted to resolutions of 

kilometers. 

The following sections discuss what microwave 
sensors measure, the efTects of the atmosphere on 

microwave sensors, radiometer and radar systems, 
examples of applications of radar, and examples of 

rudar systems. 

WHAT MICROWAVE SENSORS 

MEASURE 


A camera, a microwave radiometer. and a radar 

all receive radiation from the same piece of ground, 

but originating in different places. The ground is 
illuminated for the camera by direct sunlight and 

by light scattered from hoth the sky and the 
clouds. The light reaching the camera is reflected 
or scattered from tlw surface. The microwave 

radiometer views radiation from a larger complex 
of sources: TIlermal energy is emitted from the 

ground, part of it coming from the surface and 
part coming from points hencath the surface: 

signal~ scaltered to the radiOlnet!'r from the ground 

originate in the Sun. tht' Galaxy. the atmosphere. 
and douds. The radiometer also recei\'e~ direct 
emission from atmospht'rir' gases anrl douds. 

The radar is much simpler: the only radiation it 
actually uses is {'rlerg~' provided hy its transmitler 

and hachcatlered frolll tilt' surfar'l'. The radar also 
receives the other si:mals ohserved Ity the micro· 

wave radiometer. hut it discriminates against them. 
Ground scalier is the most important source of 

radar signals and is important in determining hoth 

tl\{' scattered and emitl('d signals re('eh'ed hy the 
radiometer, The factors controlling the ground 

scatter may he (lidded into two categories: prop· 

erties of the radar or radiometer, and properties of 
the ground. 

The experimenter or the engineer desilwing the 
microwllve instrument ma\' selert a wavelength he· 
tween ahout ] millimeter and 1 meter. He may select 

the polarization (direction of the electric field) to 
be vertical or horizontal. or circular, rotating either 

of two ways. III' may choose to ohserve hy looking 
nearly straight down from the aircraft or hy looking 

nearly horizontally. Furthermore, hy selecting his 
flight path. he can have his sensor ohserve any 

particular area from difTerent (lireetions. The scat· 
ter that is ohserved also depends on the resolution 
used. 

Besides these factors under the control of the 
designer, scattcring from the ground is determined 

hy properties of the ground itself. The roughncss 

of the surface (to the scale of the wavelength) is 

prohably the most important factor. Roughness and 
granularity in the :.uhsurf ace to the depth pene· 

trated by the signal lire also important. TIre dielec. 
tric and loss properties of the surface a IIII near 

suhsurface arc equally important. In fact, the scat· 
tering is a product of functions of roughness and 

of dielectric properties. 
A perfectly smooth surface would reflect all 

inrident rays in the specular direction. As shown 

in figure 1, a relatively smooth surface scatters 

SPECULAR 
DtRECTION 

ROUGH SURFACE 

FIGI'lit: 1. Inll'n,ily of ,call('r for nhliftlH' incid('111 ray. 

most radiation in the specular direction and ncar 

it, but also seallers a small amollnt in all other 
directions, ineiurlillg back toward the source. A 

rougher surface scallers more uniformly. although 

1II0st surfaces are smooth enough so that scattering 

in the specular direction is somewhat greater than 

in any other. The radar signal !:Ontains only radia· 

tion scattered back along the incident ray. while 
the radiometer receives a composite of signals corn· 

ing from difTerellt incident directions. 
Figu re 2 shows the variation in hackscaller as 

a function of incidcnt angle. This. of course, is im· 
portant to the radar. For the smooth surface, the 

strongest hackscallcr signal comes from near verti· 
('ai, hecause tire vertical is the specular (!irection. 

For TOugher surfaces, the vertical signal is still 

stronger than at other angles, hut not so much 
stronger. 

For micTOwllvclcngths. smooth surfaces are ma· 
terials such as water, pavement, and hare soil. Even 

quite rough sea is smooth compared with most land 
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surfaces. Rou~h surfaces include dense forest an(1 
dense crops, sueh as sugar beets. Less dense crops 
like wheat and ~rassland tend to be intermediate in 
smoothness. Dielectric properties, along with roli;.dl' 
ness, control wave scattering. 

The most important factor determining the dielec· 
tric properties of natural materials is moisture con· 
tent. Only a few solid natural materials have 
dielectric constants approaching 10, and most arc 
less than 6 in the absence of moisture. Water, on 
the other hand, has a microwave dielectric constant 
in the range of 60 to SO. 

When moisture is mixed the soil, or when mois· 
ture is present in plants. the dielectric constant 
increases rapidly with an increase in the percentage 
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FICURE 3. Dielectric constant of soil and corn len I aR a 
function of moisturc contcnt. 

of moisture. Figure :~ shows this function for 
typical soil and plant matter. 

Since much of the earth is cOI'pred with vegeta
tion, the amount by which the microwave signal 
penetrates the vegelation is most important. Al
though some writers have stated that I-cm-wave
length radar signals appeared to penetrate dense 
forests, this is not lrue. When a forest is dense, the 
radar return at I em c:omes only from the trcetops. 
At a longer wavelength, say I meter, a Iwarly 
vertical radar sigllal can pcnctratp the relatively 
small distance of dense! leaves and reach the trunks 
of the trees and the ground. EVI'n at Ihis wavelength. 
however, a si;'!Ilal nearly parall!'1 to the top of the 
forest docs not penC'lrate all till! way to the ground. 
For relatively short vcgetation. as in a field of wheat. 
cvcn a I·em signal, if it strik!'s n!'arly vertically. 
ma~' IH'lwtrate through the Vi'getation to the soil. A 
nearly horizontal signal. however. n"'eives mosl of 
its scatterin;.! from the wheat plant ilsl'if and not 
frolll the soil. At a longer wal'I'!c'ngth (~.g., 1m). 
penetration to the soil and even the suhs(dl is likely 
at any angle f',r short ve(!elation like wheat. 

P(,lIt'1ration illio tlw soil dppl'luls strollgl~' upon 
the amount of IIlOislun~ pft'sl'nt ancl the wan·lellgth. 
The radiometric and thp raclar signals (,lime almost 
entirely from that re(!ion close to thc surfac!' wlwre 
the in('omillg pOI\'l'r is n·duC'l'd Ity less than liS per
cellt. As showlI ill figure ,~, difTI'rent soils permit dif· 
ferent amounts of penetration, but for any soil with 
very much moi~turt·, p(,netration is not very cleep 
even at a I-meter wavelength. 

The radiometer signal is dominalt'd by emission 
from the grollnd if the waves l'xperiell(,(' little ah
sorption in the atmosphere. The l'iTectivj' tempera
ture is the product of the ('missivity and the actual 
tempcruture of the ground. The total cmissivity i .. 
one minus the total reflecti\'it~, and is (,qual to the 
rclative absorption. Watcr Ilt'ar th(~ surface in
creases reflectivity and con~equl'ntly rec"wes emis· 
sivity. lIence, a dry surfac(! has a rdatively high 

cmissivity. 
The effective tcmpl'rature of most land surfaces 

Iics within a vcry slllall range of valucs. The relative 
hackscatter. on the otlll'r halICI, differs for dif
fercnt materials hy faetors of 10 or Illore. Thus. a 

microwave radiometer mllst he milch more ac
curately ('alihrated than a rudar to distinf(uish he· 
tween different terrains. 

http:roli;.dl
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ATMOSPHERIC EFFECTS 

Althou~h microwan, si;!Ilals an' afIe('\cd Icss hy 
the atmosphere than visiblc and infran'd si;!Ilak 
thcy an, n·dw·('d at ('(,rtain 1I'a\'elen;!ths hy atmos· 
pheri(' ;!asl's. douds, and prl'eipitation. Fi;.wrc S 
shows thc reduction due to atmosplH'ril' ;las('s in 
transmission throullh tIl(' atmosplH're at tlw zl'nith, 
The lon;!('st.lI'ave\c·II!!th absorption band is at I.:t'l 
em mul is due' to water vapor. Tlti~ band shows \'tory 
little efIeet Iwrl' for verti(,al tram;missioll. but it is 
very importallt for transmIssion aloll)! paths ex· 
tendin~ IIHllly kilonH't('rs Ihrou!!h thl' 1011'1'1' almos· 
phere. i\!inOlI'an, radiomd('rs ('an 1)(' used to 
dl'termilH' almospht'l'ic' water vapor densit\' hy 
ml'a,urin!! at fn-qul'lwi('s 1·lnsl' to thi" absorption 
maximum. :'Ilost InilTowa\'(' I'quiplllent opcratt's at 
wa\'elcn)!ths IOIl!!t-r than I.:G 1'111. but the maximum 
of transmission nl'ar (U\S ('m is also us('d for radar 
systcm!-. 

Cloud ahsorption of radio si!!nals is stron!!ly de· 
pt-ndent on \\'a\,('!t-n!!th, as sholl'n in fi;lIJr(' 6. The 
attenuation is mudl Im-ater for wat('r droplets than 
for ice ('Iouds. Althou)!h the transmission is rca· 
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FIGI 111: II, EfT"l't of c1t1ud on radio trall'mi"ioll frtlm ~Jlacl' 

to ground. 

sOllahly )!oo(1 for most water clouds at r('ali~tic water 
dellsities alld for a path throll)!h tlw atmosphere to· 
ward the zellith. trallsmissioll llIay he )!reatly reo 
duced Oil )laths passill!! through lIlallY kilometers of 
cloud if the \\'avclen)!th i~ shorter tltall ahout :~ Clll. 

'I1te ollly atmosplwric ('frt·t,t h:-dy to rt·du('e si)!llifi. 
('alltl), tlw trallsmissioll of ra(lar si!!lIab is precipita. 
tioll. Figure 7 shows that heavy prt't'ipitatioll call 
ha\'e a )!reat efrect at wavclell)!ths (If ~ ('Ill or 
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!'horter. Li~hl precipitalion i~ seldom si~nificant for 
a radar, althou~h it lIIay he \'('ry illlportant for a 
radiometer. 

Atmospheric ah~orption dccrea~es the sil!nal 
rt'achin~ a radiollll'll'r frolll Ih(, groullt!. hul add" ra, 
diation from the doud it"l'1f I tigul't, :: I. Ert'n Ilhl'n 
transmission is as much a" 7:l pt·I'('cn\. Ihl' IlIt'aslIJ'('d 
effecti"e hri~htne~s lelllpl'raturc of Ihe !!!'tJlIllIl lIIay 
he significantly ('han~ed and tht' t'onlra"t J'(,du('pd 
at the radiometer. If ground and doud are al ahout 
the sallie temperalure. the net obsen'l'd lPllIperaluJ'(' 
remains undJallgt'd. hili ditTel't'nc(',.; in !!round telll· 
perature arc maskpd by tlte dOlld. I f the bril!lttnes, 
temperature of Ihe surface i" loll'. likl' that for 
waler. eren a ~lIIall dJan~!' in tran"mi~"illn hl'l II t't'll 
radiomt'ter alld Ilw ,.;urfa!.'!' caw",,; a larg(' illl'rea";t' 
ill the hrightnes,; telllperatul't~ oh"I'rrt'd by tilt, 
sellsor. This I'lret'! is USl'd ill ohst'r\'illg the watl'l' 
\'apor contellt ill tht' atmosplll~re. alld il ('all al,o Ill' 
IIsl'd to "tudy dOllds alld pl'I'('ipilatioll h~ appropri· 
ate choice of radiometric II'arell'll!!th. Although 
atmospheric transmission for a radar may ht' re· 
dllced to le"s thall half. Ihe only ('I1'I'('t on the out pili 
is a redlldion in signal wilhollt a change in COil· 

trast. HOII'm't'r. if tilt' wl'akt'sl !'ignal sllOlIld II(' re· 
dueed so that it ('annot 1)(' distinguislll'd from the 
noise of Ihe rcel'i\'(~r, the ('onlrast will ht' dlan!!('(!. 

\Vcather radar depend" 011 hackscallt'ring from 
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douds and ralll. bUI II"I'S upward·poinlt,d antplllHIS. 
:\ol'lllally the grollnd el'ho I'('('['in,d by a radar with 
a downward·pointed alltenlla is lIIul'h slrong/'r Ihall 
Ihe rain ('('ho. but for hi!!her frl'qut'llI'it's I Ill' raill 
('('ho /Ila~' ob~('llI'e Ihc ground if Ilw Prt'l'ipilatioll 
ralt· i~ high. 

I'n't'ipitatilln i~, l't'lati\'l'ly "Iwakillg. a rart~ pitt,. 
1101111'11011. for Ilw 1I111111lt'r of It(/lIr,; Pt'f ~ ear with 
~i!!lIifi('allt rainfall i,; Ies~ thall )Oil allllo,t every· 
II hen', It just ~t't'lll'; to be rainill!! all tht, lillle ill 
~Olllt' areas. Cloudiltt'ss is llIu('h ilIOn' pre\'alellt alld 
Iltt'rdort, lIIore importallt, as di'(,II~,t,d t'adier. Sin!:(' 
radars alld radiol!lt'lt'rs an' usually I'tTt,(,ti\'!' tItrou!!h 
dowk whl'reas canu'ras alld infran'd d(!\'i('l''' aI'(' 
no\. llIi('!'Owa\'(' illstrttllll'nts an' lI"dlll lIIany Ilwre 
Itollrs per )'I'ar thall an' vj,iblt' alld illfrared ill' 
~t 1'I111l('lIt!'. 

RESOLUTION AND SYSTEMS 

Spatial 1't~"olutitJn of lIIi('fowa\,i! ~ysl('llIs u~lIally 

is poo)'er Ihall thai of opl it'al systelll~. Spatial res· 
olution is dl'lt'flllilled hy angular resolutioll, alld 
allgular re~olutillll d('pl'llIls on the size of tire aper· 
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ture in wavelengths. Since microwavelengths are 
much longer than optical wavelengths, the width of 
a microwllve aperture can never contain as many 
wavelengths as the width of an optical aperture. 

The ground resolution of a microwave system is 
often defined as the distance across the area iIIu· 
minated by the antenna benm. The angular spread 
of the antenna beam is approximately the ratio of 
the wavelength to the antenna width, alHl the iIIu· 
minated distance on the ground is the product of 
this ratio lind r, the distance fwm antenna to ground. 
TIIUB, an antenna 1 meter in diameter gives a resolu
tion r. of 1 km lit a distance of 10 km for a lO·cm 
wuvelength; the ground resolution r ll is reduced to 
100 m if the wavelength is redured to 1 cm. If the 
antenna width ran be increased to 10 m, a resolu
tion of 100 III at 10 km is possihle for a wavden!!th 
of 10 rm, anrl the ground resolution is only 10 metcrs 
for a I-cm wavelength. 

With antennas that can he readily accomodated 
on aircraft, resolutions usahle for Earth resources 

I-D=5M'~ 

- A Rra--O
15~ 

--l f- r" = 10 r1 

r 0 = 5 M-j r- 0= 50~ 

\o'IGIIII.: 9. AII((-nlla rt'''U\lIlillll frllm aircruh !\lui "pact~cru!J 
(>. = 1 em). 

monitoring can be achieved at distances out to 10 
or 20 km. Thus, for the 5-m antenna shown in figure 
9, the resolution on the ground is 10 m at a distance 
of 5 km. If this antenna is carried on a spacecraft 
at a distance of 500 kill, however, ground resolution 
is 1 km. Even if the spacecraft antenna could be 
made 50 m long, the ground resolution would still 
be a full 100 m. TIle 1-cm wavelength of this example 
is about the smallest that can he used. and most 
spacecraft microwave systems usc longer wave
lengths and achie\'e poorer resolutions. Since the 
microwave radiometer can obtain resolution only 
hy this method, it can never he used from space
craft to produce high. resolution images. With radar, 
however, other techniques are available to achieve 
finer resulution. 

Figure 10 illustrates four methods for achieving 
radar resolution. When an aireraft radar or micro
wave radiometer antenna is poinlt-d to the side, as 
sho\\'n, a conical antenna pallem produces an ellipse 
of ground illumination. If angular resolution can 
he achieved only by use of the antenna pattern, as 
with the radiometer, fairly poor resolution results 
(upper left). Badars, hecause they can measure dis-

I 
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LINES OF CONSTANT 

DISTANCE FR~ 
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FJ(;IJJU: 10. Hadar rl'~CJlllli(J11 Icchl1i(llIc~. 
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tances, can achieve improved resolution, al! shown 
to the right. The use of a short pulse for the radar 
illumination permits separating signals received 
from different distances. Thus, for the example 
shown, the ellipse of the antenna pattern is reduced 
to a narrow strip h)' a distance measurement. 

In the sketch at lower left, measurement of speed 
is achieved b)' measuring shift, and this measure· 
ment is used to reduct' Ihe size of the ohserved 
region. Only the sma1j regioll Iwtween lines of eon· 
stant relative velocir)' conI rihutes to the signal at 
an)' instant. We Cl!1I ,how th,.t this is equivalent in 
performance to a syr.!iwtic computer.generated 
Rntenna. Pulses are transmittf'll while the aircraft 
nics along the path illustratpd, and the [('ceived in· 
formation is slored in a memory alJlJard the air· 
craft; later the stof'('c1 signals an~ processf'c1 to 
achieve an antenna hf'amwidth as narrow as that 
of a real antenna as long as the s)'ntlll'tic apeI" 
ture. If the distalll'(' measuring techniqut' arlll 
Ihe synthetic aperture (or f('lativ(~ velocitv HH'aS
urement) arc holh used, till' resolulion can h~ I!reallv 
improved as shown in till' skf'tch to IIII' ril!hl. TII\I~. 
spacecraft raelar systems ran 11l'Iliev(~ I!round resolu· 
tion comparahle to that of photol!raphic systems. 
whereas spacec-raft micrO\\'avc radionll'tprs ('annol. 

Let us now considpr till! opf'ration of a llIicrowa\'p 
radiomeler. TIll' microwave radiometer is a ra.lio 
receiver that is calihrat('d 10 dptect small (IifTf'I't'lu'('S 
in the noise ohspn'crl at its output. Some of Ihe 
noise comes from till' l"I'cpl\'('r itself. IWf'aust' of 
random motion of particles in the re('piver com· 
ponents; the rest of tl\l' signal rt'pres(~nts till' ~;r'al· 

tercel and emitted radiation from the ground. 
The microwa\'e radiometer works just likf' a 

radiotclc~cope. It is ealihrated h)' swit('hing alter· 
nately hctween tlH~ anlenna on ",hieh till' unknown 
~ignal is arriving and a sOlln'(' of IlOist' with a con· 
trolled temperature: this controll(,d noise sour(,e is 
used as a standard of rcfereIH'('. As shown in fi"un

'" ] I, a switch f'onnects the re['eiver output alt('mlltet" 
to Iwo differ('nt averaging systems: one is use;1 
when the standard nois(' source is f'onn('cted to the 
input, and the otlll'r is used whl'n the antelllla is 
cOIlI1ected to the input. nefore averaginl!. signals 
in the two charl/lcls vary so lIluch. as shown in the 
sketch, thllt they cannot he separated. After averag· 
ing, however, fluctuations are much smaller, so that 
the difference can he measured Letween the si"nal 

'" 

~ SIGNAL 

AlH£WM ~ 

' ... 
(ONTROlUD 01 i 
NOIS[ 

SOURCE ! 

(STANDARD) -.- i


"---" ' ,, 
~,:,:,~..;r:'IAl • NOISE.- \ 

I. (IJ(,rll,l' SIAUDARD) 

... c' SI ANDARD • NOISE 

FII;II IU: II. Syslt'lII hl(l('k diaj.:TaIll fir lIIi('wwan' ra,JiOlIl"!l'f. 

coming from the upper av('rager. which contains 
the I-!round sil!nal and receiver nois(', and the signal 
coming fmm the lower averag('r. ",hidl contains 
the reference standard alHl 1I0is(~. TillIS. th(, measured 
difference shows thl' alllollllt hv which tlw (·ITecth'e 
temperature of tlw grollnd 1')(""l'd~ that of the 
standard rden·nct' ('ontroll('d nois!' SOlln'(·. 

111!' pl'I'l'istln tlf 1II,'a~lIrellll'nt of till' microwave 
radionH't('r rI(~p"lIds 011 tlH' lefl)!th of timp availahle 
for ll\'('r;I~ing and on the handwidth of till' radio 
re(,f'i\'!'r. Ideally. hoth the hallliwidth and the a\·('r· 
aging tinl!' would he v('ry larg(', If lilt' handwidth is 
too large, hOI\'l'v(·r. interfering si/!nals fmill radio 
and radar ~talions will ('nl"r IIII' ('(·(,(·in·r and 1)(' 
conflls,·d with 1III'I"Inal ('missioll frolll the grollnd, 
The averaging linlt' is limited lH'calls(' tlH' airl'l"aft 
or spaee('rafl 1'1111 vil'W a parlicular spot on the 
ground for only a limitpd linIP I)('fol"l' it pa~ses 

on to othpl' I('nain. Thlls. for a given halHlwidth. tlH' 
precision is IH·tter for a slow \',·lli..!e Ihan for a 
rapid on(', 

A silllJlIr~ radar syslt·m IfiguI"I' 121 I'onsisb of a 
transmitter, a n'('piver. and a di ... play. WIth sOllie 
kind of s:,lldlronization !letwl'pll tIll' transmitter 

FIGURt: 12. Radar syslt'm hlock diawam, 
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and the receiver. A scatterometer may not even necd 

synchronization. Most radar systems transmit pulses 
(short hursts of rf energy). The transmit·reccive 

switch cOllnccts the transmitter to the antenna: the 
signal go~s out and illuminates the target, and the 

scattercd signal returns to the antcnna. By this time 
the transmit·receive switch has changed position. 
so the signal is ('olHludcd through it to the rcceiver. 

At an appropriate tiflll', the ~ynchronizer provides 

a pulse to the display which causes a swecp on its 

cathode ray tuhe. TLc output of the recci\-er usually 
\-aries tIre brightness of the spot on the di~play tuhe. 

The ~ide.loukillg airhorrw radar (StAH \ is the 

must important radar system for Earth ohsen-ation. 

displayed on an oscilloscope. It is stronger at point 

(/ hecause of the trees there, at point b hecause of 
the hridge, and at points c amI cl because of two 

groves of trecs close to one another. This signal is 

uscd to vary the hrightness of !I scanning spot on !I 

cathode ray tuhe (D), which is imaged onto the 
emulsiou (E, of a photographic film (F I. The film 

is moved past the tube iu synchronization with air· 
craft motion, just as with the infrar!'!l line scanner. 

The result is an image of the ground. 
The synthetic·aperture (Doppler heam.sharpen. 

ing) technique must he used to achieve fine resolu· 

tion at long distances. One way to consiller the 
synthetic aperture is to cOlllpare its (,crformance 

C b 

jJ0{
r--l,-- IT I ME--. 

IRECEIVEt~ 

Va =MOTION OF AIRCRAFT 

Vf =MOTION OF FILM 

FIGlInt: 13. Sp.ll'J11 hlllrk diallraJII of sitJe·!ookini\ airhllrrw radar. 

Figure n shows thl' operation of a real.aperture 
SLAR. The long axis of the antl'nlHI (A \ is along 

the /light dirl'l'Iion. prodlH'ing a narro\\' hearn (II \ 
that points to\\'ard the side. 1llIli\'idual targets with. 

in tIll' hcarn are separated hy distanc(~ measu n'rnen!. 
The receiver output (C) is ~ho\\'n as it would he 

with that of a Il'n8. Figure Ill· eompares a real 

antenna alTay with a lens. Both array and lens 
(Ol'US at 11 point O. In the lens, all rays IlI'tweell I 

awl 0 experience the same time delay as the rays 

through a and (', a longcr path than that through c. 
The lo\\'er "clodty of propagation in the glass of 
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FU;I:llf; H. CUlIlpari'''n IIf flllI·fuell,,;d ,ynIIII'lic array wilh 
I,;n' f'II'II"'d al poiOlI O. 

Ihe lens COIllIlt'II~atl'~ for the ~hortrr path tllrOUi,d: 
c, so that all tinw delays are the ~anH'. III Ihe 
C(llIivall'lIt rl'al.alll!rtllr,' allterllla. the extra d"la" 
is achic\"ed !ly ll~ing a trall~lI1is~ioll lilli' IOIl!-!('r thall 
I!eolllctrically rH!ee~~ary !letWCI'1I poillt " alld till' 
sUll1ming point. III the ~Ylltlll'ti,; al,,;rtun'. "oillts /I. 

h, c, d, and /' are lII'cupil'd at dilrl'r"lIt tilllt,~ a... tlw 
aircraft flies along. The rl'\lIl"IlI'd ~i,~lIal. irH'llIdill!-! 
phase informatioll. is stored in a nll'lIlOn, ,'\"tllaill. 
the memory i!< IIsually a film ,"nll'llhal lik .. a 1,,01,,· 
~rall1. After III!' airl'l'aft I"/·adll· ... " I allli 1I;;lIal" a{kr 
it returns to ha,,(' I, the ~ii!nal,; an' PHI",·",,,,·d. Th"1 
produce the samc pha~(' ... 11111 as Wllilid till' anal 
pictured. with Ihe ~anll' re~ldt as for a 1"11,. In fal'!. 
I'rocl';;sing tIll' film of"'11 invokes pa;;"ill": Ia:..n light 
through till' "hologram" and throll!-!h appropriat/' 
h·nses. 

The l"I'al alll'rtilre of the antpllrw ,H'hil'\'I'~ till' 
ground resolutioll indil'all'd hI th,' equatioll 1',,: 

AI{, D, dis('us... ,·d previously. Theordi,·ally. a ~~'II' 

thetie ap('rllll"" syslt'm lIIay ,[('hi,'\'p a groulld n'~olu· 
tion irHlepelld"nt of distar:!'('. ~irl<'" thp widllr of till' 
s)'lIthetic all t/'Il 11<1 ir[('remws a~ th,' dislan,'e ill('f"l'as!'s. 
Helice, the angular width of tilt' IlI'all1 dll!; to Ih,' 
synthetic aperture deerl'ases at Ihl' 'anll' rat". and 
the resolution does 1I0t dpp!'nd 011 di,talll'I!. Vii!uf"/! 
15 shows a ~IH\I'I'craft s\'utllt'tie "p,'rtlll"l' 2 km IOllg 
that is made IIp of succe~~h'c trarrsmi~~ions from a 
spacecraft arrterlll<l whose a!'\ual width i~ IIrd\" :: m. 
The width of the re;dorr illumiuatecl on the ~rollrul 

Flla'IlE 15. AICllIg,lrilC'k n',olulioll of ','al alll'rlun' I r.= 
xH/IJ) ell/llpan·d II"lIh ~YlIlllI'lk al"'rllln' I r.=1l/21 for 
'~'CIII'I\'il\"I''''/Iglh ,pacecrafi radar. 

loy thl' l\'1II 11111ellll<l at a distanrt- of "Ill kill i" 2 kill, 
IIhirh \lould he IIII' rl'soilitioll 0: a Illil'rowa\'I' 
r;ulillull'tl'r usill;! such all anlt'III la. TI)(, ~ynthl'\it

aperlur!'. hO\ll'n;r. ('an iu tlreory :lChi"\'t! a radar 
rl'~ol1Jlion of ouly ,I, Ill. as indil'all'd. III pral'\il't,. 
ad,jl'\'ill~ tlris killd of r!'>,olutiou al IOIli! distarJ("l!s 
/"I'quirt's all l'xtn'ml'ly st;d,l" sy,t"III. b"th for IIII' 
"II'"tllllli,'" alld IIII' wlri,'I". 

Oil" difhl'ult\, with radar illlagl's is i:lllstratt'd 
hy fi;":lIrl' Lo. Thl' /llIIIIIII'hrllmati,' illulllinatioll of 
till' radar. ;llon~ with th,' resllitin;,! ph;,,,,, illl!'rfl'l"I'llI'" 
patt t'f" II". prlldll(,l's a sp"l'kll'd ima~,', TIr" fi,~III"" 

"h\J\I"~ all anial pllOtograph reprodlll'l'd witlr wlritt, 
li,~ht. Ih,' "aflll' pl,otograpl' /"I'l'l'odlJl'l·d wilh a la~"r 
I mOIl,whrllroatil' I ~Olll"(,(', and a r"al'''l'l'l'tlll"l' radar 
illla;.,:,' of till' ,.alll,' an'a. '1'111' raud"r'l pllil'" illtl'r' 
fl'rl'flI'" pIIl'1I0m"lIa a~s(J('iat,'d lI"illr tl", ~raill" in 
the IIri,!.!inal lillll I'f"eat" tIll' "IIt,,'kll'd "Pl'l'ar::III'I' ill 
tl", la-t'r'l'rodlll'l'd ill1i1,:!I'; :, similar app,'ar,uw,' 
wUlIld "'1\',. ,'xi"It'd for an imilgl' llrad" III' a s\'n· 
tlrl'til'·apl'rluf"l' radar. Tht' I"/·al.ap,'rtlll"l' radar aI'l'r· 
ag"'" S,'\','ral illdl'llt'ndt'lIt -alllpll'''' frolll Ihis phase 
iril"rferl'r,,',' pa tt 1'1'11. so IIII' irlla!!!: is lIot a~ varia"lt' 
as thl' laser illlai!l'. hut it is uot as good as tire 

""itt'.li~lJt illla~/'. 
To redun' 1111- spt,,'klill;,! of II", iUla~,'. Ollt' Illust 

av!'ra!!e togt'lher lIlauy irull'lwud"lIt ,.ampll~s. Tlw 
rt'al.apt'f"tlrrt! radar an'rag!'s ~"\'I'ral ... ampll's iu tire 
dirl'etiou of tlighl iu prOdlll'ill~~ ir... illla,'!t'. The Ulllll' 
her is twice tilt! rati" of its resoltltiou to its <l1"'rture 
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MONOCHROMATIC AIRPHOTO 

MONOCHROMATIC RADAR 

PANCHROMATIC AIRPHOTO 

FIGllitf. 16. Compari"l1l of mOllllchrnmatic all.J pUllehwmatic 
uirphlltos with mOlloehromutic ra.Jar image. 

size. Thus, for a lO·m resolution and ')·m aperture, 
four samples are averaged. A fully focuscd synthctic 
aperture, on the other hand, produccs only one in· 
dependent sample. 

Additional indepcndcnt samples can also he oh· 
taincd by using excess bandwidth, as docs the white· 
light photograph. Since some handwidth is required 
for the range resolution (approximately the recipro. 
cal of the pulse (Juratiun), the number of indepcnd. 
ent samples that can he averaged is equal to the 
ratio of the bandwidth actuully used to that ncedcd 
for range resolution. Thus, lO·m slant.range resolu· 
tion uses ahout a IS·MHz handwidth; if 150 MHz 
is used, 10 indcpendent samples may be averaged. 

EXAMPLES OF APPLICATIONS OF RADAR 
The most extensive use of radar for mapping has 

hcen the well known project in Darien Province, 
Panama and the adjaccnt part of Colombia. The 
radar mosaic shown in figure 17 was prepared for 
the U.S. Army Corps of Enginccrs in coopcrution 
with the government of Panama, from images ob· 
tained during 8 hours of flying. In thcsc B hours, 
each point on the mosaic was imaged from four 
diflcrent dircctions. Attcmpts had bccn made for 
1 quartcr of a ccntury to map this area using 
photography, and only a small fraction had evcr 
heen mappcd hccause continuing cloud cover prc· 
vcnted ph'ltography most of the time. 

Figure lB is a topographic lIlap prepared from thc 
radar images. It has contour intervals of 100 mcters 
and is far morc .accurate than any prcvious map 
of this diflicult terrain. Figure 19 shows a gcologic 
map prcpared by Dr. Harolll MacDonald on thc 
basis of the radar imagcs aJHI othcr data, including 
ground chccks at poinls that could hc visitcd. It is 
certainly thc most complcte geologie map of thc area, 
although additional ground checkinp: would be help· 
ful. Figure 20 if', a gcomorphic map of the arca, 
illustrating the landform regions found. It too was 
prepa rcd from the radar imap:es. 

The Panama study illustrated the value of radar 
in updating coastal maps. Figure 21 shows a sample 
of the 1.ldar image and an carlicr map of the same 
area along thc coast of Panama. Notice the changes 
that have occurred and how clearly they are in· 
()jeated on the radar image. 

We at the Univcrsity of Kansas have heen study. 
ing the use of radar for mapping vcgetation in 
farming areas and clscwhere. Our tcst site at Garden 
City in western Kansas is an awicultural region, as 
indicated in figure 2? The large outlined arca con· 
tains 400 fields. Every time the radar aircraft fiies 
ovcr the test site, the fields are sampled to determine 
the crops, moisture content, and other relevant 
paramctcrs. 

A hricf study compared the ability of two polari. 
zations of radar and twu colors of photography to 
distinguish crops in this area. For this one test, 
the radar proved superior in separating sugar hects, 
corn (known as maize in Europe), and bare ground 
very c1carly. On the other hand, the photograpbie 
images clearly rlistinguishcd uncut alfalfa. Hence, 
the combination of radar and photograph permitted 
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FIGllIIt: 17. Hadar moslie fir Darkll Provine!' (Hel'lILlic fir l'<ln<lIll.11 and nurrhll·,·,1 (:,,)omhia . 
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FIGI,"!; 19. Gcolo~ical rcconnais~ancc map of Darien Provinc(~ (Panama) and northwestern 
Colombia. 
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FIGUIIE 21. Coastline changes an! easily mapped wilh radar imagery. 1 and 2-change in landward 
atlaclunent of spit from 1954 10 1967. 3-V"gcllllion in Ihe channel indicalcs il is Iwing 

abandoned. 4--J.akc filling hy s,·dinwnlalion. 
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FIGIJIIf: 22. K·hand radar jllla,;,' of Garden f:ily le,1 sill', Kanst' (St'plembt'r 1965). 

c1car distinction of thrcc crops and of hare p;rotlnd 

without crops. 
To assist ficld workers in usin,!! radar imap;cs, wc 

are now dcvdopin)! dichotomous keys, stich as thc 
t·xample Hhown in fi)!ure 2:t A relatively untraincd 

ohserver in the field can take thc radar ima)!c and, 

followinp; t,his key, dccidc what crops are growinp; 
in a particular field. 

Hadar is now reccivinp; extensive use in geolop;y. 
Only one example, other than the Panama p;eolop;ic 

map. is p;ivcn hcrc. The Roscllc Iincament in eastern 
Missouri was identificd on radar imap;ery. Fip;ure 

2·1. shows the location of the lineament. which con
sists of a portion idcntificd on the radar and other 

portions identified in terms of extreme charactcr
istics and mapped faults. Thc shadcd arcas repre
sent extensive lead alHI zinc mininp;. Geologists from 

th" mining companies are intcrested in this find 

hl·t'au~c it may help locate new llcposits of minerals. 
Sinct· the microwave dielectric propcrtics of soil 

are stron;.!!y dcpendcnt on the moisturc content, one 
would expect that radar should he ahlc to distinp;uish 

soil moisture. This is indeed the case at anp;les of 
incidence near the vertical. where the radiation can 

penetrate hetween the plants and reach the soil. In 
fip;uf{' 2.') the moisture pattern shows clearly in the 

near ranp;c portions of the imap;es (near the air

craft), the dark and light portions of the imap;e 

heinp; wet and dry soils respectively. In the far 

portion of the imap;e, where the rays are more 

IDEtlTlr ICAl 101, OF (ROP TYPES 
{,T G,iRDltl CITY. fJ\~S{.s 

(DERIVED FROII RI,D',R I~lAGERY) 

It FIELV HAS II IGil RETURI, (POS ITI VE.IIH) 

B. IIH TOilE HOMOW,EOUS 

C. TONE SIIlFT HH (LIGHTER) TO fN WARfTR) 

D. SIlIFT rIOT PROIIOWICED 

E. HV TONE IIOMOGENEOUS .. S.UMR.Bll.IS 

l EE. IIV TONE IlOT 1I0MOGlNEOUS - - fALLOW 

DD. Sill FT PROrIOUr:CED 
CC. ••••••••••• COint NUED 

FIGI'IIE 2:1. Exalllple of ,lich(JlolllOIIS key prodlH't'd from 
radar 10 aid h"'nlifiealion of crops and 10 ,·xpt'.lilc 
l'rt'alion of pallt'rn rt'ct>!(nilion algt>rilhlJl~. 

nearly horizontal. most of the signal apparently is 
caused by scatter from the ,'ep;etation, and the dc

tails of the soil moisture are lost, 
Figure 26 shows a vcp;ctation map of the Horsc

fly Mountain rep;ion in Orep;oll, prepared on the 
hasis of preliminary study of thc radar imap;es and 

some field work. It compared very favorably with 
a map prcviously ohtained by means of an extensivc 

field survey by the U.S. Forest Service. Becausc of 
changes in vegetation patterns in the perioll bctwecn 

the survey hy the Forest Service and the obtaining 
of radar imap;cry, the radar map was more accurate 
in some places than the Forest Service map. 

http:S.UMR.Bll.IS
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FIGURE 24. R(·lntionship of Roselle linenment to mineral 
districts (Iend·zinc). 

Several obscrvers have used radar in eXJlcri. 
mental studics of land use and of soil typc. Barr. at 
Purdue. made an extensive survey of tIle use of 
radar for engincering soils interpretation. Figure 
27 shows an examplc of interpretation from radar 
imagery of a region in Wyoming. in which nine 
different categories of surface materials have been 
identified. 

Although most applications of radar to the Earth 
scicnces and Earth resources studies will always use 
imaging systems. the radar scatterometer and micro· 
wave radiometer are both useful for studying the 
ocean. where finc resolution is not always required. 
]n particular. radar scattering at a wavelength of 
about 2 centimeters seems to he correlated closely 
with the very slIlall capillary waves 011 thc OI'l'an. 
and conscquently with the witlll spced to which these 
waves respond. Figure 2B shows the results of three 
years of measureinent hy NASA Houston. using a 
2.25·cm radar scatterometer o\'er the ocean, AI· 
though some points arc uncertain. perhaps due to 
errors in reporting the wind ruther than in the 
signal. the relationship hetween radar cross seclion 
and wind speed is clear and should produce II very 
useful instrumcnt for determining the winds over 
the world's oceans frolll a satellite. 

EXAMPLES OF RADAR SYSTEMS 
TIlC range of choiees availahle to the radar de· 

sil!ner is extremely great. silH'e man~' paraml'ters 
ean be adjustcd. Let us conclude lIy examining all 
aireraft real.aperture SLAH that has hel'lI IIsl,d to 
produce many of till' image" prpspntly availahle. 
alon;.: with a ;.:rllup of SLA Ib that mi;!!lt hI' ll~ahll' 
tin spacecraft. 

The tahle shows the paranll'ters of tht' rt'al.appr· 
ture SLAB used extensively ill the NASA prul!ranr 
and now heing used commercially. To a('hil'\'c 1!0lHi 

azimuth resolutillll with a reasonahll' anll'llIHI size 
(;).m aperture), the frt'queney is :~;; Cllz I wave· 
length O.H6 Clll). Althoul!h th!' tr,lIIslIlitll'1' peak 
pOller is 100 kW, the avera;.:!' pO\l'l'r is only :~ k\V. 
The maximum swath width is ahollt 20 kill at 1111 

altitude of 6 km. Note tlrat tlrc azimuth resolution 
varies from under I) m at a slant ran~e of S kill to 
35 m at a slant range of 20 kill. Tire slant range 
resolution is nlways 12 Ill; ground range resolution 
depends upon angle of incidence. Because the num· 
ber of independent samples increases with slant 
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FIGIJltE 25. Hadar iIlHl~"S of art'a 'OIllh of Baloll HouA". L"ui-ialla. T"lIal rt'\"I'r,al, in Ih,' IIl'ar. 
run~(, "union, "f IIII' illla~l's (A and II J are du,' 10 ,oil lII11i,IUrt· (·IIUII'II1. Tlwir "),'I'ur,· ill lilt: 
fur ran~(, n',ulls fWIII Ih,· d"lIIinallc,' of wgt'lalilln n·lurll. 

P,!rfort1Ul1Jcl! Tlf/raml'lt'rs of Iypical aircraft 

mli.apt·rlllff! SLAR 

SllInl. 
AzimUlh rangt~ No. of 

Slant n·solu· rt'solu· iJul(·. 
rull~(' tion lion pl·nden! IT 

(km) (m) (III) sampll's IT'. 

5 R.R 12 3.5 0.53 
10 lUi 12 7 0.3/1 
15 26.1 12 10.5 0.31 
20 35 12 14 0.27 

range, thc ratio of the standard deviation IT of the 
retlll'll to the mean rctuJ'll pow(,r If'r ele('('('a,;e~ from 
over half to jllst ovcr a quarter. Thll~. at the outer 
celge of an image. the pidure is I.."s I!rain)' than at 
the inner edge. 

The SLAB dl'srrilled aho\'(' is all e1allOratc alld 
expensive ~ystem that prodlll'es high.qllality imagl·s. 
Like most other side.lookillg airhuJ'lll' radar;;, it was 
developed for military lise. Hdatin·ly simple sys· 
tems could he IIp\'c1opcd for civil us!' 011 fairly small 
aircraft, aJIII WI' helie\'c till' eost sllould Jlot he high. 
So far, Ilolle (If these has !leen made available, hut 
modifications of existing aircraft radars shollid bc 
possihlc at minimal cxp('n~(·. 
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Reliilbility Diilgrilm 

USFS 	Timuer IY.Q£. Milpo and Field Inves tigil tion 

o Inferred 

L 	 Lakes 

Source: USFS Timber IY.Q£. Map, 1962; 
USGS 	1:62,500 Quadrangle Map, 

Bly, Oregon; 
field 	investigation conducted 

August, 1966 

Vegetation dominilntly:

D Pine rorest 

• 	 Juniper Woodland 

White rir rorest 

~ Hardwood Forest 

D Silgebrush-basalt rubble 

Chapilrral shrub- old burn 

Grassland 

Vegetation largely absent 
(recent burns) 

• Unknown 

Flla'II.: 26. V"!!!'lal iOIl I YJlI' 1IH1)tl'ill!! )tn'Jlan'" (rolll radar illlalwry. 
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FIGURE 27. Radar imaj!:1' of Wyoming area \I~('d for idenlificalion of surface l11utl'riaI, (from 

Barr and Miles). 
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Parametric studies of spucecruft imagin::r radars 
have been made. All such radars must usc synthetic 
aperture because of Ihe resolution prohlem. The 
satellites considered have ranged in size from :\'im· 
hus, the weather satellite. to the proposed space 
station. Antennas also come in Illany sizl's. from as 
short as 3 m to as long as 20 m, and from only SO 
cm high to 3 m hi/-!h. Dcpelulin/-! upon the particular 
satellite and the power availahle, the n'~olution one 
mif!,ht expect eould he hetween lOO alHl 10m. 

CONCLUSIONS 
;\[icrowave system~, whether radars or radiom· 

eters, are nearly alwllYs usable hecause they work 
dny and night, whether the sky is clear or cloudy. 
!\fany IIses of radar imaging have al ready IJ!'t'1J delll' 
onstrated for mappin/-! resources. yet r('~eardl has 
only begun and additional uses can he ex pecled as 
more researchers work with radar images. Systems 
for producin/-! such inlll/-!es may be large or small be· 
cause the designers have lI1any tradeoffs a\'ailahle. 

Large syslt'mii will have finc resolution, lOll/-! runge, 
and multispectral eapabiJity. Small sp.tems will 
have poorer resolution and be confined to a sinf!h· 
wa\'elength. 

~1icrowa\'e radiometers arc 1I10ri.' ~('nsiti\"(· to 
weather phCIlOm('1H1 than radars, hut this i~ an ad. 
vantage in that t11l')' ('all he used a~ lIlet('orolu/-!ieal 
Sf'lIsors to dl'lerlllilll' the Jlropl'rtie~ of the atlllos· 
plwn~ that arc ohs('ured to visihl(· and infrnred 
sellsors. 

Hesulutioll I'rohhmls arc sc\'('re at microwave· 
h'lIf!ths whl'n till' heamwidth of the alltl'nna lIIust 
he used tft c1"fine the n~soluti()n cell. as it lI1ust wilh 
a radiOl]'~ler. Radars. however. can comhilll' rail/-!· 
in!! and velocil\' IIwasllremenls to make a sYIIII\('li(' 
aperture nllll'h lar/-!l'r Ihan 1!Il' real aperture. pro. 
\'idin!! lIluch finer rrsolulion, ~uch sy~lelll~ can It~ 

used alJOard aircraft or !'pacel'\'afl 10 provide lin 
inporlanl supplemenl In visiltle·nln/-!e s('nsors in 
f!ood wealher and provide Ihe only !'I'nsnr lisa hie ill 
Itad wcathel'. 
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The two most important prohlems in remote 
sensing are too little information a1111 too much 
information. I will explain this apparent contradic
tion. 

The usual methods of remote sensinl! are aerial 
photography and the lise of tlH~ human eye from 
aircraft. Both of these methods produ('e less in fnr
mation than we would like to have. We all know that 
there arc man}' thinl!s in nature that do not exhibit 
hil!h contrast in photol!ntphy l'tr tn the human eye. 
For example, all vegelation appears very nearly, the 
same shade of I!reen. We elo know frolll measure
ments with spel'lrometers that illcreased contrast is 
availahle in other parts of the spe('trum. That is the 
"asic reason we are explorin)! so intensively the usc 
of nonphoto)!faphic sellsors in the ultraviolet, in
frared, and microwave parts of the slH'drum. The 
prohlem is too little information with the olelcr 
methods; the solution is tn develop and u"e, in 
addition to photo)!raphy, other sensors. 

On tlw other hand, I'ven a fairly modest ('amera 
system ('an produce more information than any 
reasonable numher of human beings can inlt~rpret 

in a short perioel of time. The human heill)! is a 
very slow instrument to do complete interpretations 
of photo)!raphic or nonphotographic images. 

OIl\! method of solving the prohlems I have 
mentioned is to automate or use computers for 
some part of the interpretation process. 

In remote sensin)!, we arc concerned primarily 
with sensors of e1eclroma)!nt'\ic radiation. The major 
characteristics of ('Ieetroma)!netil' radiation indude 
distrihutions of radiant color with wavelength. In 
the visihle range, we sec color. We cannot sec other 

regions of the spectrum, hut there arc wavelength 
differences which ean he used for recognition and 
dis(~rimination. 

A sccond eharactel'istie of clcctromagnctic raclia
tion is its distrihution in space, normally eallc(1 
shapc information. whieh enables us to reco~nize 

thin~s. A third dHlraeteristic is radiation chan~es 
with tinll', 'I1wre are 111'0 types of time ('han)!e. If 
an object is movin)! \'en' rapidly. the frt>qlwIH'Y or 
wa\'I'It'n~th of its radiation is shifted, The SI'('oll(l 
time,dHln~1' elT1'1'! is a slow on(' whi('h can he dc
te(·tl'd hy time-laps!' plwto)!raphy_ 

I lim COlll'l'l'Ill'd loda\' with IIH' spl'ctral dHlr
al'!l'ri~ti(' of radiatiull alld how we intl'l'pret r('sul
tant spedral information ill the outputs of Sl'nsor". 
First, hOII'l'ver. I will make one remark with I'e~ard 
to shape or spatial recognition, 

It is too easy for many to hdil'\'c that the fillcst 
spatial resolution ohtainahll' is the hest resolution 
to work with, and I would likl' til )!ivI' just one ('x
ample where the IH'st resolutioll is 1I1I1I·h coarser 
than the fincst ohtainahll'. In figure 1 y"u sec on 
the left a pil'!\II'l' of an all n\('t il'(' YOUII)! lady. On 
thl' ri~ht, OIl mu('h hi)!hl'r lIla)!lIifi('atioll, is a picture 
of one slJuan' c('lItimeter of skin on her arm. Now, 
if I were a medical mall interested in dermatology, 
I might prefer tl\(' I'\'solution at ri)!ht, hut for the 
ordinary lI1all tilt' much coarser n'solution at left 
is preferahle. 

Fi)!ure 2 is a diagram of elel'lrllnHl)!I\('tic radia
tion, whieh at a sin~le instant of time consists of 
an electric field, drawn here in the vertical plnne. 
An eleetrie field mllvin~ through space will always 
he assoriatl'd with a ma)!netit- field at right 11Il)!les 

:105 
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FIGlJl\~: 1. IIiJ;h rl'!'olulion is 1101 alway~ prt·r,·rahle 10 IlIw f(·",lulion. I'holo al lefl has 11I0rl~ 

general nppl'al thall much higher rt'solutinn phntn al ril!ht ,howilll! 1 cm~ "r ,kill "II thl' l!irI's 
arlll, ahhough Ihe Jailer mighl be nr inleresl 

F((;('I\~: 2. Sdll'matic diagram lIr a InlV!·ling dCl'lromaglH'tie 
wave. 

to it. Whcn thc e1cctric field rcw'rses dircction, so 
docs thc magnctic field. Thc entire wavc (as it is 
callcI\) movcs in thc dircI:tion of thc arrow at 
vcry high spccd (:~ X 10" m/s). Figurc 2 shows a 
wavc with an electrie field eithcr lip or clown. Since 
thut is the plane of polarization, tltis is a plane
polarizcd wavc. It is possihle to havc mallY hits of 
radiation, somc with the e1cctric ficld liS shown 
amI somc with electric ficlds in mllny difTcrcnt 
(lillne!!. In tlte latter installcc. the wave is ulI(lolarizcd. 

to n .Il'rmatlllogist. 

Wavelcngth multiplied hy frequency is cllual to 
the speed of light, al\(I this relationship can bc cx
presscd in man)' different ways. For example, a 
1-/lm wavelengtlt corresponds tll a frcqucncy of 
;~X lOll liz. Similarly, a I·nll'ter wavelength cor· 
responds to a fre'luenc), of :~()() Mllz. 

The spp(·tral sensitivities of the sensors wc have 
availahl(' are shown in figure ;~ aIHI tlte tahle. Or· 
dinary film is sensitive to ollly a very small portion 
of the infrared hand. Othcr types of sensnrs arc 
scnsitive to the entire opti('al region. Re('ause the 
atmospltere is higltly ahsnrhing at wl\vdengtlts he
tween 15 /In! and I 111m, that hand is nnt uSf'd vcry 
lIluch. The useful nptical speetrtlm rangcs from 
O.~ lIm to 15 /1111. In addition, we have passive 
microwave dcvices operating in tlte l·mm·to·IO·cm 
region, approximately, and foctive radars operating 
at wav('lengths from 1 mm to as IOIlI! as 10 metcrs. 

Faetnrs tltat influence radiation are shown in 
figure 4. I n remote sensing, we Illust understand 
thcse faetors to Icarn sOl11cthing ahout all ohject 
from a signal measured at a poillt some distance 
away. Characteristies of a signal will depend 011 the 
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source, reflecting properties of the object, absorbing
and scattering properties of the atmosphere, and at 
some wavelengths radiation from the atmosphere 
itself added to that from the ohject. The three 
major effects of the atmosphere are absorption. 
scattering-, and emission in the infrared wavelengths. 

What is commonly called the sig-nature of a target 
basically deperHls on the "-pectral reflectivity and 
emittance of a material. These properties vary with 
the angles of illumination and observation. Fil!ur~ 
5 illustrates one spectral signature by ~howing reo 
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flection as a function of wavelen)!th for the hark of 
II tree, two types of soil, allll watt'1'. tr we makc (lb· 
sen'ations in such a manner that we can sense (lif· 
fercncI's in the amount of radiation renected at 
indicllted wavt'len;:ths from the~e llIaterials, we ('an 
separate or di~criminate the malt'rials and perhaps 
identify them specifically. Thus. the entire process 
of spectral diserimination or reco)!nition depends 
on an understanding of reflectivity and emi~<,ivity 

curves. 
Now let us take a look at some photographic 

spectral (liscriminations. Figure G shows 0111' area 
in the wester n United States at several different 
times of day. The differences in spectral signatures 
are ohservaHe in hlack·and·white reproductions, hut 
they arc even more impressive in color. Before 
dawn, for instance, water in the stream looks ap· 
proximately the same color as just after dawn: but 
later in the morning it looks blue. which is quite a 
different color. Its hlucne,s is due to strong side 
Iightinf!'. With back Iightiag at different times of 
day, it looks quite different again, and it becomes 

slightly reddish after sunset. Similar changes take 

place in all parts of the picture. Fortunately, the 
manner of change is predictable when the iIlumina· 
tion source is sunlight. Figure 7 indicates changes 
with time of year. These pictures vary in their 
uti lit)' for estimating the ahility of the area to sup· 
port animals that eat grass. 

Figure 8 shows two sets of curves. The upper set 
represents the regions of the spectrum used in 
ordinary color film and also hlack·and·white film 
when different filters are employed to record color. 
A No. '~i filter will isolate one part of the spectrum, 
and that is essentially the part of the spectrum reo 
corder! on hlue emulsion ill color film. A No. 58 
filter corresponds to the green emulsion in film, 
while a No. 25A filter isolates the red portion. A 
No. 25A filter will transmit beyond 7 1Lm, but the 
film sensitivity drops off at that point, as shown 
hy the dasherl curve. The fii!ure also shows three 
corresponding curves for infrared color film. 

Figure f) diagrams the mechanism of operation 
of hlack·anrl·whitt' film. The upper hal' shows colors 
to be recorded. The center har represents a sin~de 
layer of panchromatic film, and til(' lowest bar in· 
dicates t!.e density of film resultinl! from the spec· 
tral sensitivit~· of its emulsion and the incident 
radiation. Figure 10 shows a corresponding diagram 
for ordinary color film. Jn this ca~e the center har 
representing the film is of three layer~. each sen· 
sith'e to a different color. TIle uppl'r layers also act 
as filter~. screening certain wavelengths from the 
lower layers. 

Figure II is a corresponding diagram for in· 
frared Ektachrome film. This film consists of three 
layers s('nsith'e to green, rerl, and infrared W(1\·e· 

lengths. Blue dye is in the I!reen.sensitive layer, 
green dye in the red <;ensiti\'e layer, and red dye in 
the infrared·sensitive layer. This results in a so· 
called false color image in a photograph because 
the image colors differ from colors observed hy a 
normal human eye. 

Figure 12 shows some pictures made with various 
films. The upper left, upper ri;rht. and lower left 

images are of one scale. Unfortunately, the lower 

right image is of a different scale and shows II 

larger area than thc other three images. It was 

also made at a different time of year than the other 

three. We can see that for this geological applica. 

tion ordinary aerial Ektachrome film shows more 
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BEFORE DAWN STRONG SIDE LIGHTING 

• • 010· .' '.i~ 

. - -.'. - .... 

·-:tl < 

RED SUNLIGHT HITTING PEAKS BACKLIGHTING 

EARLY MORNING AFTER SUNSET 

FIGURE 6. Effecls of varialinn in lighlinl! condilion~ an. dramatically illll~trall'd hy this ~t·rit·~ of 
photos takt-n on tilt' ~unll' day with tht· saml' film. 

regarding the nature of the geologieal structure and 
materials than does either the panchromatic or the 
infrared color film. 

Figure 13 shows the two types of film again. The 
left photo in each pair was made with ordinary color 
film, while those on the right arc from infrared color 
film. There arc two major differences here. The 
vegetation appears red in the infrared color photos, 
if it is healthy, because the reflectivity of vegetation 
is very high just outside the visible in the very near 
infrared. In fact, it is higher by a factor of four 
than in the green. Therefore, all of the vegetation 

is literally much more red than green. It happens 
that this red is just slightly outside the runge of the 

human eye. 
Another important point is illustrated hy the top 

pair of pictures in figure l:t The left memher of 
the pair is an ordinary color picture. The right 
photo is an infrared color picture. You will notice 
than 110 detail is present in the shadow in the in
frared image, while the steps of the huilding and 
the columns in front arc visible in the ordinary 
color image. This phenomenon must he taken into 
consideration when using these films. The radiation 
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1"': 
t", 

LATE SPRING SUMMER 


WINTER EARLY SPRING 

FIr-111m 7. A"rial Eklal'hronll' vi.·ws showing "'a,onal ,Iall'" of a California rang.' gra" art·a. Ordl'r 
of dI'Gw'H'ing suilahilily for mapping range condilions and ,~slilllaling animal.supporting 
capaeily: lall' ,pring. winler, SUlllmer, t'arly spring. 

is scattered, i.e., deviated f 1'0 III a 5t rait:ht·\ine path, 
much more at shorter wa\'c\ent:ths than at longer 
wavc\en~ths. For that reason, if one wishes to sec 
simultaneously in hri~ht sunlif.!;ht and in shadows, 
infrared Ektachrome is not an appropriate film, he· 
cause illumination scattered around the corner at 
wavelcngths to which it is sensitive is vcry smaIl. 
This scattcrill~ is much higher in the hlue hand of 
ordilla ry color film. 

One ClllI record colol information on colllr film; 
there is an altel'llath'e method of reeordillg color 
information photographically. It we make three ex· 

posures of a colored scelle, first throu;!h a reel 
filter. thell throu;!h a greell filter, amI tlwn through 
a hlue filter, we can record the color information 
on three frames of black·and·white film. Ry propel' 
projection we call reeover the clllor, as diagramed 
ill figure 14. The upper part illustrates exposing 
hlack-lIncl-\\'hite film selectively to hlue, wecn, aIHI 
red images. On developing the film, of eClurse, we 
have black-and-white images. Rut we can project 
thrnut:h each of those iUJat:es with a Iit:ht source 
col'l'csponding to the color with which it was re
corded and recover a color image. Figure 15 shows 
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FIGllllt: 8. Color separalion film hands using Kodak Wralten 
filters with ordinary color film (top) and with infrared 
Ektachrome film (hnllom). 

COLORS IN THE SUBJECT TO BE PHOTOGRAI'HED 

LIGHT-SENSITIVE LAYER 

.40 .52 .61 .60 .65 .45 pm 

INTENSITY OF FINISHED FILM 

FIGllllt: 9. ~pcclral s('nsili\'ity of hlack·and-whilt· film. 

COLORS IN THE SUBJECT TO BE PHOTOGRAPHED 

COLOR -SENSITIVE LAYERS 

.40 .52 .61 .60 .65 .45 pm 

COLORS IN THE FINISHED FILM 

FICURE 10. Spectral sensitivily of ordinary color film. 

COLOR INFRARED FILM 


FILTER ___ 

IR 
SENSITIZED 

LAYERS t-""'-""'"'--'-"-"'+"""""""~"'"77:"--~ GREEN
{ PED 
~-r--~~~~--.-~ 

RESULTING ••••••••••
COLORS 

FU;l1llt: 11. Sp('ctral sensitivity 01 color inlrart'C1 film. 

very nearly the same proce~s, hut sli;.:htly different. 
TIJis is the process used to produce "false color." 
The film ima;.:es used arc the same as in figure 14. 
hut the projection process is difTerent. It is possihle 
to project the record of blue radiation with a red 
light, and so on. lIsin;.: a projection lamp of a dif· 
ferent color than the filter used to record the ima;.:c. 
Thus we recover an ima~e that has a ()jfferent dis
tribution of color than we started with. That is 
essentially how we usc infrared Ektachrome film. 

Figures 16 anel 17 illustrate the formation of 
ordinary color and infrared Ektachrome ima;.:es 
from filtered hlack-and·white images. The upper 
rOil' of figure 16 ~hol\'s three images mad!' Ihrough 
the filters of figun~ I{ which correspond to the sen
sitivities of the three emul~ions of ordinary color 
film. In the 10WN roll' are thr!'e illlap:es exposed 
through the filters of figure g eorresptIIHling to the 
~ensiti\'ity regions of infrared Ektaehrorne film. By 
the reconstruction methods shown in figurl's 14 and 
15, we can combine th!'se images to ohtain color 
images as shown in figure 17. The upper row show~ 
(,oth true and reconstructed ordinary eolor images. 
and the lower row shows true and n'!'llnstructed 
infrared Ektachrome images for comparison. This 
process is used with images from dusters of four 
Hasselhlad cameras in the NASA aircraft. We do 
this because there is added control and flexihility 
in this method of ohtainin!!: color. Rlark·ancl-white 
films have greater latitude. hein!!: less critical with 
rc!!:arclto exposure. We can more closely control the 
spectral region with filters than we can with the 
emulsions that come to lis in the color film. For 
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CAMOUFLAGE AERIAL 
DETECTION FILM EKTACHROME 

FIGI'RE 12. Film suilahility for geolugic inlt·rprelation. 

some purposes, then, there are advantages in this 
more laborious method of recording color. 

Figures 18 and 19 show another aspect of color 
discrimination. TIlC chart in figure 18 shows the 
stages of growth of various plants. Cereal grains 
(wheat, for example) are {!reen during some months 
and turn yellow and become ripe in other months. 
After the harvest in June, we see just the stuhhle. 
The bottom bar of the chart represents growing 
alfalfa, showing the periods when it is growing 
and cut. By observing these sequences of develop
ment for plants, we can construct what might he 
called a temporal signature, consisting of char
acteristic changes of hehavior over a growing sea
son. For the same region in the State of Arizona, 

figure 19 shows infrared Ektachrome pictureJ taken 
in l\'larch, April, May, and August 1969. One can 
notice a sequence of behavior for each field over 
those months which agrees with the crop calendar 
(figure lB I . 

We can also record in man)' wavelength hantl!'1 
with scanning instruments as shown in figure 20_ 
Figure 21 shows the operation of an airborne IR 
scanning instrument. There is always a rotating 
mirror for scanning and a telescope to focus the 
radiation on a detector. This is a single-wavelength 
instrument. Normally the signals are tape-recorded 
and then played back to a cathode ray tube, whose 
display is in turn recorded on a strip of film. 

Figure 22 illustrates a multispectral version of a 



THE INTERPRETATION OF SPECTRAL DATA 

CAMOUFLAGE: lerial tyP(' is indieated by color, This is a multi. 
AERIAL EKTACHROME DETECTION FILM 

l. 
p. 

DETAILS IN SHADED AREAS 

...., 

PENETRATING HAZE; DIFFERENTIATING 

SEAWEED 


BLIGHTED CYPRESS TREES 


FIGI'"t: 13. Cornpari~on of 	 film I),p(" for difT"rcnl applica' 

lion'. 

scanniilg in~tnrment. It liSP!' the ~ame rotatin)! 
mirror and foclIsing tcle~cope. I n place of the singll" 
hand detector there is a pri~m or it gratin)! which 
separates the radiation hy wavelength. A separalt· 
detector can hI' placed where the ultraviolet is, and 
perhaps several dilTerent deteelor~ ill the hlue, 
green, red, and infrared portions. Hadiation from 
many wavelength hands can thus he J"(·conled 
simultaneously and in complete ~ynchronization. 

Figure 2:~ is a diagram of how we ,Ise the in· 
formation froJII such a system. On the left is the 
region heing ohserved. Data ohserved and recorded 
with the multispectral instrument i~ placl·d in a 
cOJllputer for processing, Data from many ehannels 
must be in complete synchronization S;l that the 
computer can compare the distrihution of radia· 
tion ncross the many wavelength bands with known 
standards, producing a picture in which the rna· 

spectral sensing and interprelalion or processing 
system. 

Figu re 2·1· ~hows Ihe I'ietures we cnn /!et wilhout 
processing, since Ihey are rpeorded in nHIII\' chan· 
IlI'ls ~If one instruJllent. We ha\'p an ordina;y color 
photograph, an ordinary infrared Ekta~hronll' 
pholograph. and an onlinar), panchromatic film 
fOi compari;;tln, Below afl~ IB \'l'ry narrow· hand 
images. Figlll't! 2:i shows a ~e('oIHI ~lJeh S(~t of imagl'~, 
These difTerencI'~ provide experimenlal \'erificalion 
thai (~ach malerial I'xhibils a c1laracleristie chan)!I' 
in heha"ior across all tlf Ihl'~(, hands. This ehar· 
acteri~til' variation in lH'ha\'illr can hI' 1J~ ..d for 
idl'nlifil'alion. 

Figure 26 i~ an ordinary panchromalif' JllOsaip 
of mam' print!' mati .. wilh hla('k·and·whilp ('(In· 
\,pnliollal panchromati(' fillll frolll an al!rieultural 
area containing riel' at 11111' stal!l' of gl'owlh. rice 
in olhl'r fields at anollwr stagl' of growlh. ~amOl\'1'J' 
planls. aJl(I bare earlh. SilH'1' 1;lI'rl' i~ nol lIIul'h ('on· 
lrast in Ihl' piclure. it would nol be p()~!'ihlt, 10 

idl'ntify th .. lIlalt~rial~ frolll II\(· inforlllation IHps('nl. 
Figl"'(! 27 "holl's J:I ohsen'alions of II\(· ~all\p 

arca wilh a nlllhi~Il(·I·tl'al ill"lnJlnl'nl. SiIH'1' IIII'\'(' 
an' 'mall~' difrPfI'n('es in Ihl' appearalH'I'S of tIlt' 
fields. Ihl'l'e a\'(~ ehara('l('ri~lic pallefJIs which can Ill' 
used in a spI'('lral recognilion sy~tem. II is apparent 
Ihal rt'cogllition idl'nlification haspd UpOIl II\(' pal· 
tl'J'I1 of refl"I,tivily o\'pr Ihe"I' II: hands is nol a 
pr(l('l'ss for whieh Ilw hlJlllali brain :110111' b wi'll 
suiled. 

The ir;forlllation ill Ihesp lIlan\' hands pan Ill' 
prol'l'ssl'd and displayed in lIIany difT"J'('nl ways. 
For example. figure 2:: \'('llI'psellts a J"('colI,ll'uclioli 
of an imag" Ihal ('ould 1)(' ohlailled wilh pan· 
ehromalic film. hul il is iliadI' from dala in Ih,· 
lIlultislH·plral seanller using informalion from small 
filters. The three ~piked respoll~" ('urves illllicale 
Ihe handwidlhs of II\(· filters u~pd. If \1'1' add data 
frolll channels f/'prpsenlt·d hy Ihose Ilm'e filtl'J's. we 
ean ohlain the ~allle fI'sUIt!' we gel frolll palH" 'f" 
matic film. 

Figuf(' 2() ~I\()ws a fI'('on~tnJ('li(J1I of IIH' type of 
image ohlained wilh hlack·and·while infrared aero· 
I!faphic film. It is an illlagl' of Ihe radiation from 
1111' hand indicated. and it is equh·alenl 10 the image 
we would get usillg infrared aerographic film in n 
camera, 
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COLOR FILTERS 
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IMAGE OF BLUE RADIATION 

IMAGE OF GREEN RADIATION 

IMAGE OF RED RADIATION 

MULTI-BAND IMAGES ON 
BLACK AND WHITE FILM 
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LAMPS BLACK AND WHITE FILM COMBINED IMAGE 

FIGUIIE H. Schematic cliap,ram" IIf l11ultihancl canll'ra operation (top) and multihand color 
recon"tructilln viewer (holllll11). 
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MULTI-BAND IMAGES ON 
BLACK AND WHITE FILM 
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FtGllIlt: 15. Fnl~c color rt'construction, 

MULTI-BAND IMAGES ON 

BLACK AND WHITE FILM 
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ji .. : .....·.;~ ••

"k· .... rya 

PAN 47 PAN 58 PAN 25A .... 

PAN 58 PAN 25A IR 89B 

FIGure.: 17. Example·s 01 e%r reC!oll,lilulioll. Colur iIlHlW'" n. C. E. alld F we're' iliaci,' (rolll 
multihallcl pholo". Imagl's ,\ alld () arc' ,illJ.!,I,··Ioallll .,hlllll' lak"11 1II','r Ih,· I'helt'llix (AriwlI:I I 
test arc'a at approxirnatc-Iy Ihe' 'allIl' lilllC'. 

Figure ~o was conslructed hy taking the data 
frolll the channels indicat·!d and adding Ihl'lII 10' 

gether with suilahle dyes and conslrueling Ihe color 
film. Figure :H is Ihe same type of recolIslruclion 
for infrured Eklachrome film. made hy assigning 
hlue dyes 10 radiation in Ihe grel!n hand, grel!1I dyes 
to the red halld, alld red dyes 10 Ihe infrareel radia· 
lion. Eaeh of Ihe Ihree dyes in Ihe illlage can I){' 
assigned to some wavelength in Ilw rt!eorded radia· 
tion. With lB hands of information and three colors. 
there are more Ihan 100000 possihle comhinalions. 

Figure :~2 is a pielure wilh one ultraviolet hanel. 
to which w,~ have assigned Ihe hlue dye. and two 
visihle hands. Noli!'e that Ihe two safIJower fields 
arc differcnt ill appearance. That difTercllcc is im· 
portant in this case. These two fields con lain Ihe 
same crop al Ihe samc slage of growth. Tlwy appeal' 
differenl here "('calise Ihere exists 11 (Iiffer('nce which 
can he seen only in the ultraviolet. Ueferring to 
figure 27, you can see that those two fields have 
quite different densities in the ultraviolel. while no 

olher hand exhihils su!'h a slrollg difl'en·nc(·. l\lany 
people helic\'e Ihal in IIII' ultra\'iolet Ihere is no 
illformalion Ihal dol'S not appl'ar in IIII' hlu(' parI of 
Ihe \'isih"·. lIen' is mil' I·xample ill II'lri,-1r tlrere is 
"hviuu!'oly i,,(urrll:llion ill IIIC' ultraviolet Ihat dot's 
1101 appear dSl'wlww ill IIII' oplical sp(·e·lrulII. 

Figure :t~ "llOws IIII' way Ihe world 1I'0uld appeal' 
if you had illfrared I·)'I~S. III're WI' han' three ill
(rared ballds ",hidl have Ill'ell assi!!nl'd Ilrree dif· 
ferent ('olors. For IIII' first lillH'. Iwo fil'lds of 
YOllllg ric(' al Ihe hollom riglrl look difTere·nl. I 
wjll explaill lalt'r why Ihal is so. 

Figure :H is a picture with ultraviolel. visible, 
alld illfrared illforlllalioll. Here wp see, agaill he· 
('ause we have Ihe ultraviolel illformalion, two 
safJIower fields difTt're~lIt ill appearallee. That is Ilw 
firsl of tlm'e IIS(,S of ('0101' Ihal I will dis(·lIss. III Ihi" 
use. we have assiglled Ilw ('0101' of Ilw dp~ 10 a wave· 
len)!lh of illcomillg rac/ialioll. Figul'l~ :G sbows a 
difTerelll aspeel of the radialioll. Sifl('l~ the informa· 
lion is proees~ed to show ollly lilies where the 
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(A) EKTACHROME MS (B) BICOLOR PROJECTION (C) TRICOLOR PROJECTION 

(D) EKTACHROME IR (E) EKTACHROME IR DISPLAY (F) EKTACHROME IR DISPLAY 

FHa 'II f: iii, 71luitilmnd photograph)' of Phot'nix tl'~t arl'a. Tlw thn't' photos in I'al'h row Wl'W used 
to rl'clln,titutc a color III dbplay. 

MARCH APRIL MAY JUNE JULY AUGUST 
12 23 21 1 15 5 

r-____L-____~________~~_L__•________~~~--------~~------L----~--L---------~ 

CEREAL GRAINS - MILO 5 PERCENT MATURING 
CEREAL GRAINS (BARLEY AND ''-.., MATURE (DRYI; TO 100 PERCENT MILO 

WHEAT) - GREEN FOLIAGE; ~ 100 PERCENT HARVESTED CEREAL GRAINS - STUBBLE100 PERCENT COVER " COVER OR DISCED SOIL PRESENT 

B CM. HT 15-30 CM. COTTON 60·90 CM. 60-90 CM.BARE SOIL (WET OR DRY) 
1 PERCENT 5 PERCENT BO PERCENT 100 PERCENT

TIlLED OR UNTIlLED 
COVER COVER COVER COVER 

3 SUGAR MILO 5 PERCEN MATURING 
SUGAR BEETS - FOLIAGE GREEN AND BEETS ~OO P~RCENT__ MILO 

__~IGOROUS; 60-90 CM, HT 100 PERCENT COVER HARVESTED; LITTER ON GROUND~ OR SOIL TILLED 

FleURt: 18. Crop calendar for Mesa (Arizona) test site (1969). 
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MARCH 12, 1969 17().mm Hasselblad) APRIL 23, 1969 135-mm Nikon) 

~------ .. - .......~ 


I 
t 

MAY 21, 1969 135-mm Nikon) 

FICURE 19. IR Ektachrome sequential 

signal has changed significantly, this is a contour 
plot or topographic map of the temperature. That 
is only one of several ways of presenting the infor· 
mation. A more useful method, for many purposes, 
is illustrated in figure 36, which shows the same 
data but with a density assigned to each level of 
temperature. Here again we see that the field of 
young rice at lower right is different from the 
neighboring rice field just above it. 

AUGUST 5, 1969 135-mm Nikon) 

photography of Mesa agricultural study an'a, 

Figure 37 again shows the same data, hut now 
we have assigned colors to the levels of the signal 
in that band. Once more, the two fields of young 
rice at lower right appear quite different. The reason 
for the difference is that watcr was draincd from the 
lower neld but not from the upper field. The dry 
field in sunlight attained a much higher temperature 
-in fact, very nearly the same temperature as a 
field with no vegetation at all. This is the second 
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FIGURE 20. Scan pattern for a typical scanner. 
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FIGUIIE 22. Schcmatic diagram of multh'pectral scanner. 
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FIGURE 21. Schematic dialtram of IR scanner. 

use of color: The color has heen assigned now 110t to 
the wavelength, but to the magnitude or level of 
the signal. 

Figure 38 shows temperatures measured with 
thermocouples for a numher of common materials. 
These measurements recorded for one complete 
daily cycle, were made near Ann Arhor, Michigan 
by scientists at the Willow Run Lahoratories of the 
llniversity of Michigan. It is apparent that each 
material exhihits a characteristie pattern of tem
perature hehavior. 

Figure 39 shows the radiation spectra for two 
saffiower fields and two rice fields, plotted from thc 

data in figure 27. For the two safflower fields, the 
green one differs si~nificantly from the hlack onc 

VARIABLES 

PR EPR OCESSOR 

m 

MAGNETIC RECOG ~I-~I~ N-IMULTICHANNEL 
TAPE

SCANNER PROCESSOR jRECORDER 

':C<. ~.(.\<.:: r.. "191l1li 
• ",.," rlr'\. "4r;;r~~l~" ~_"_ '. ~ -~~.. 

SCENE RECOGNITION MAP 

FIGURE 23. Diab'1'Um of multispectral remote sensing and processing system. 
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0.50-0.52 11m iI 0.72-0.80 11m 

FIGURE 24. Compari~on uf imager)' and photogrilphy for ort'a I (Ul1i\·pr~ity of ~lichil!an). 

only in the ultraviolet. Thus, if we had proper use a computer to recognize materials. Figurc 4·0 
ultraviolet information, we could distinguish be· shows the result of having a computer use that 
tween them. spectral information to print first only the 20·cm·taIl 

TIle plots of the rice fields are nearly the same rice and secondly the IO·cm rice (this is a very 
until we get to infrared wavelengths, and there the sensitive process hecause it can differentiate two 
one plotted in red differs from the one plotted in stnges of growth of the salllc plant). Next, the com· 
blue. For each field, at some place in this spectrum. puter was asked to present n picture of the saffiower, 
there are strong differences, and that is why we can and then a picture only of the bare earth. 
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FIGUIlE 25. Comparison of imagl'ry and pholography for arca 2 (Univcr,ity of Michigan). 
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FIGURE 26. Panchrumatic photum()~aic of Davis (California) agricultural area. 
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FIGlJur. 27. l\1ultisl'l~ctral jrnal!rry IIf lJal'j, al!ricllltllral area. 

~W'-" ..
I. . ;....-; 

AAA !.,.AI Irq 
0.3 0.4 0.7 1 3 150.30.4 .'0.7 1 3I 15 

WAVELENGTH (11m)WAVELENGTH (11m) 

FICURE 28. Response of simulated panchromatic film with 
K2 yellow filter (blue. 0.52 to 0.55 I'm; grelm. 0.55 to FIGURE 29. Hcsl'onse of simulated IR al'rographic film 
0.58 pm; red. 0.58 to 0.62 pm). (positive lransparency. 0.8 to 1.0 I'm). 
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FIGURE 30. Rcgponse of 8imulated color film (blue, 0.44 FIGURE 33. Color wavelength translation in IR (blue, 0.72 
to 0.46 pm; green. 0.52 to 0.55 pm; red, 0.62 to 0.66 to 0.8 Jim; green, 2.0 to 2.6 Jim; red, 8 to 14 Jim). 
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FIGllllt: 31. Response of simulated IR Ektachrome film FIGURE 3·1. Color wavelen!!th translalion in UV, visible, IR 
(blue, 0.52 to 0.55 pili; green, 0.62 to 0.66 pili; red, 0.8 (blue, 0.32 to 0.38 1'111: !!rl'en, 0.66 to 0.72 JlIII; red, 
to 1.0 Jim). 4.5 to 5.5 I'm). 
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FIGURE 32. Color wavelength translation in UV, visible 
(hlue, 0.32 to 0.38 Jim; green, 0.40 to 0.44 Jim; red, 

FIGURE 35. Thermal contours in far IR (8 to 14 Jim),0.52 to 0.55 Jim). 
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FIGURE 36. Quantized video picture (8 to 14 !lm). 
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FIGURE 37. Color coding of appan'nt tt'lIlperaturl's (8 to 
14 11m). Highest temperature is violt't, ,Iecreasing through 
blue, green, yellow, orange, recl, brown. to black (lowest). 
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FIGURE 38. Plot of temperature vs time for selected surfaces 
(Coles Farm, 25 June 1963). 
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FIGURE 39. Sampled spectra of vegetation in Davis agri· 
cultural area. 

/' / ;......... 
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FIGURE 40. Recognition pictures for Davis agricultural aft'a. 
White areas represent (A) malure green rice (0.46 In 
0.48 and 0.58 to 0.62 11m); en) immnturl' rirr. (0.48 to 
0.5 and 0.62 10 0.66 11m); (C) ~!lmnwcr 10.72 10 0.8 and 
0.8 to 1 11m); and ([) hare soil (0.46 tn 0.48 and 0.62 
to 0.66 11m). 
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Figure 41 is a plot of the signal through two 
fields at the left of the picture in several wave· 
length bands. One field is immature rice and the 
other is bare earth. On the left, you can see that 
the signal levels for fields A and Bare ·the salTIe; 
hut on the right, they are different. This is just 
unother method of portraying the difference be· 
tween the two signals. 

Figure 42 shows the same information as that in 
figure 41, hut we have indicated the nature of the 
material hy color. The colors correspoml to an 
identification of the materials hy the computer. 

Figure 43 shows the result of work done by a 
digital computl'r. Organizations such as the statisti· 
rul reporting sen'ice of the Department of Agricul. 
ture normally do not wish to look at pictures; they 

TIME _ 

0.40-0.44 J.l.m 

FICURE 41. Typical speclrometer video dala 

are interested in tabular information. If the com· 
puter can recognize the nature of the material, it 
is a simple task to ask the computer to take the 
process one step further and add areas. 

I hope I have given you some concept of the 
degree of success we are beginning to uchieve in 
remote sensin!;. Very soon now, the Earth Resources 
Technology Satellite and the Skylab Satellite will 
have multispectral sensor systems in orbit. The ob· 
servation system will give us information regarding 
the situation at the instant of observation. The main 
value of these systems will he in predicting future 
events. To make such predictions, we need models 
of the environment in which to insert the ob· 
servation data. 

Figure 44 shows the nature of the sensing actio 

TIME -
0.80- 1.0 /.lm 

(California rice fields). Numerals 1 and 2 indicate 
calibration lights. 

FICURE 42. Recognition picture of Davis agricultural area (red, relatively mature green rice; 
bIlle, immature ricc; grecn, saffiowcr; blnck, bare earth). 

FIGURE 43. Digital recognition map of Davis agricultural area. 

http:0.40-0.44


THE INTERPRETATION OF SPECTRAL DATA 

SPACECRAFT 

ORBITAL 
ALTITUDE

SPACECRAFT II 
..........~~.~.~.~~.~......................................................t............................... 


AIRCRAFT I 
PROGRAM HIGH ~ : RB.S7I ALTITUDE _~o__=--

• (/8 300 METERS) ~ _~ 

L: 
 + 

I 

MEDIUM I P·JA 
AL TIYU DE __.....!_C_._'3_0......, 

(9 200 METERS) __~£: j....._____ 

t\ 
I SENSOR 

II 

FJCIJll~; 44. J)evduJllllcllt of remote ~ensing techniques. 

vities in which we lIIust hc engaged in the future. 
As we get spacecraft in orilit, we lIlust not fail to 
do certain things on the ground to slJpport them, 
such as the theoretical analyses that will provide 
the understanoinl-!. We arc dealing with a large 
system of many parts, mill our n·search work lIlust 
eontain elements of lIlany kiwis (If al'th·ity. 





Remote Sensing and Tinle-Variant Phenonlena 

ROBERT H. ALEXANDER 

Geographic Applicntiolls Program 
U.S. (;/!/,fogical Surlley 

Remote SI!nsors carril!d on aircraft anti ~atdlill's Imvl' shown ('I>nsitll'rahlt! prulllisl' fllr ~atlll'rin~ 
data on (mvironmental change at and !II'ar the Earth"- H.rfarl', Han~ing frllm wllrlflwitll' nll'aHm'· 
ments of the Iltnlflsphere, IICf'ans, and iCf! eaps, til ""sf'rI'ati"ns of ehangf's in tIll' lantl, wall'r, anti 
air resources at n'!\iflnal and local scalI's. tIl" studies IIf f'nl'irunllll'lItal f'hangf' are diS('lIs,,'d in tl ... 
context of their relationship In hoth cyclic I (If'rilldie ) and f'\'IIllItillllar), I df'l'f,IIIplllf'ntal, pr"I'f'SH'S 
at work in tIm cnvirunllwnl. An examplf' i1ll1stratl" ways that p'lIu.II' "'lIsinl! IIIlInitorilll! "),,tl'IIIS 
mi!\ht he incorpllr:JII'd into n(lI'ratinnal informatilln "),,tl'I1IS fllr kl'''ping tra(,k IIf ('hanl-\I's that tak .. 
place in the courSI! IIf rt,!\illllal IIr natiollal 1'l'IIlllllllil' dl,\ .. IIIl'n1l'nl. 

Repeated ohservations of the F,arth's surface are 
now possible and in fad are being made at this 
moment by the weather satellitcs. By comparing the 
change betwecn yesterday's and today's cloud pic
tures, the meteorologist can gage the speed and 
direction of approaehing storm systems, and thus 
give us a beller prediction of tomorrow's wcather. 

Within the context of the Earth resources surveys 
that arc the suhject of this workshop, I invite you 
to share with me some thoughts on the subjeet of 
ehange--how it oceurs at various scalcs ovcr the 
surface of the Earth, what it means in tr,rms of 
remote sensing observations, and how the Earth 
resources specialists might in fuct follow in the foot
steps of the meteorologists und develop remote sens
ing systems to observe trends anti predict the sup
plies of usahle land, wutcr, and other important 
Eurth resource quantities. 

Let us first look at some examples of kinds of 
environmental chung('s thut can be observed by 
remote sensors, at various scales of observation 
ranging from worldwide to the individual land
holding. Then we shall discuss the importance of 
understanding the environmental proeesscs that 
bring about thc changes. Finally, a practical example 
from the field of regional economic development 
will be presented, illustrating ways that airborne 

and spacchorne remote sensors mi!!ht he incor
porated into an operational system for monitoring 
national or re!!ional environmcntal change, 

REMOTE SENSING OBSERVATIONS OF 

ENVIRONMENTAL CHANGE 


In examining the cnvironllwntal phenomcna from 
tlw viewpoint of dlanges which are si!!nificant to 
Earth rcsourccs surveys, we an' first stru('k by the 
!!reat variety of those phenollll'na and the great 
ran!!e in ~eales of ohservation requircd to keep 
track of them, Olle way to approach tllP application 
of remote sensors to the ohservation of these changes 
is to exam inc the problem on the hasis of the geo
f,!raphic scale, rallging from worldwide (Iown to the 
individual landholding, whieh ,'ncompasses the 
phenomena of intcrest. Some (!xamples of phenomena 
arranged in this way arc listed in tahle 1. 

At the continental or worldwide scale lire certain 
phenomena relating primarily to atmospherie and 
oceanic dYllamics which transcend national hound
aries and require essentially II planet-wide data
gathering network to be effective, Ohservations 
from these networks arc likely to he of interest to 
resource managers and planners in all nations. 

For example, information on the movements of 
clouds and storm systems, so vital to weather fore

327 
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Table 1. Remote sensing obst?rvations of cflllircJTlmcTltal change 

i 
Pht'llomcnn 

S"I, _._...+. 
Contirwntnl or worldwide 	 I CIClud systems 

, Air temperature & moistuw 
Dust 

I OC('all tempcrature

I Ol'l'all color 

lee 

Air pollution 
Floods 
Lak(!s and reservoirs 
Alhedo 
Nutural vegetation 
Crops 
Clearings 

Nntion or rt'gion 

~oils 

Land usc 
Land~lidcs 

I Gt'nlogic ~tructure 

I
City Air pollution 


Land usc 

Tran~port racilitil·~. vchicll'~ 

Walt'r quality 

--- .----.~-"-..-.- I--. -_. -_ .._------_. 

Landholding II Crop vigor 

Erosion 

Woodland


I. Environmcntal hazard 

I 

casting, is now heing obtailled routinely from 
weather !latellites. I See figure 1.) Cameras and 
scanners operating in the visible portion of the 
spectrum ohtain daytime data on cloud patterns, 
and infrared scanners ohtain similar nighttime data. 
As indicated in table 1, the time period required for 
repeating the ohservation, so that useful monitoring 
and prediction can he done, is approximately a day, 
although slightly less frequent cloud ohservations 
may he sufficient for tracking major storms over the 
oceans, and slightly more frequent ohservations 
may he required if smaller feature!, such as thuncler· 
storms are to be monitored. 

At this point a major gap in the discussion, as 
well as in table I, should be pointed out. The moni· 

Rcmote 8cnsor Time period 

Camera, scanner Daily 

Radiomcter, spcctromctcr Hourly, daily 

Camera, radiometer IDaily. s('asonally 

Hadiomcter Daily
I
Camcra, scan ncr, Daily, ~('us"nally 

~pc('tromett'r I 
Camera, microwave 	 _1_Sea~onall)', annually 

Canll'rn, Sp(~ctromrtt'r 	 i Daily, ~t'asonally 
Call1t'ra, radar S('u'''nally 
Camera, scanner Daily. seasonally 
Scanncr 	 IS('asnnally. annually 
Canll'ra. 8canncr 	 I Seasonally 
Canlt'rn, 8canncr 	 ! Sl'asonully 
Camcra, scan ncr ;\Ionthly 
Camcra, scannt'r S('a~onally, annuallyI
Camera, scanner, radar Annually 
Cam('ra, radar Im·gularlyI 
Canl'.'ra, radar 	 , 1IIIIt'finite 

Call1l'ra. spcetromett'r Daily 

Camera. radar 
 Semiannually 

Ca"wra. radar 
 Dail)' 
Scanner. radionwtcr Daily 

Scanner, camera Seasonally 
Camcra. radar Seasonally 

Ca"wra 
 Sca~onally 
Camcra. scanner, radar I rrc/lularly 

toring of cloud patterns is the only item of change 
assessment under discussion which is actually opera· 
tional from satellite systems at the present time. By 
"operat ional" is meant the employment of the satel· 
lite sensor system hy an authorized agency or orga
nization, on a routine hasis, for u~e in fulfilling one 
of the organization's offieial functions. Thus, the 
meteorological services in a numher of countries are 
ohtaining and using cloud data from the weather 
satellites in preparing their analyses and forecasts. 

All of the other phenomena discussed here in 
terms of remote sensing observation of change are 
under investigation to determine fea~ibility, or 
have heen demonstrated to be possihle for opera
tional change assessment using sensors carried in 
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F'CllnE 1. ATS "iew of Earth. 

aircraft. The question of monitorin~ chan)!l's in 
Earth resources on an operational hasis IIsin)! htr)!e. 
scale satellite systems will be determinl'd in part 
by the responses of people who ha\'(~ resourc!' plan. 
ning and marla~in~ responsihilitil's. such as those 
who arc att6ndin~ this worbhop. As will lit' mcn· 
tioned later, decisions of tltis nature will havc to he 
made in Ii~ht of re).!ional and national pro).!rmll 
prioritics for data, car!'full~' balanced a)!ain~t cost 
considerations. 

With the above qualifications in mimI. let us 
proceed to examine the prospects for settin~ up 
future remote sensin~ observation systems for sys. 
tematically monitorin~ timc·variant phenomena. 
Worldwide measures of air tcmperaturc and mois· 
ture, hy comhinations of radioml'tric and spectro
mctric techniques. now seem operationally feasihle. 
Such instruments could he carried on eithcr aircraft 
or satellite~, hut satcllite measurements would he 
prcferable, ~iving a profile throu~h the cntirc 
atmosphere and wide spatial coverage. The critiral 
timc periods for such measllrt'ments would he hourly 
or daily. 

Dust and other solid particles that are being 
carried great distances by atmospheric motion can 
often be observed by cameras and radiometric 
Sfmsors, even from satellite altitudes. Observations 
of dust distribution and movements, repeated at 

daily or seasonal intervals, would he valuahle for 
c1imatolo~i('al studies or for estimatin~ tlw eITects 
011 the atmosphere of various land usc pnU'tircs. 

In similar fashion to the makin~ of atmospherie 
mcasurt'ments, worldwide assl'ssmcnts of ocean tem· 
peratures and suspended matt!'r eollid yield valuahle 
information on the movemf'lIt of 1'l"Tents and the 
chan~in~ distrui>ution of nlltrients in fishin).! 
~rounds. TIle cOlll'entrations of al~ae or dissolved 
solids may he rl'fleeted in oex'an eolor. a~ delt'rmined 
hy various comhinations of cameras. scanners. and 
spectrometers. Ice is another phenomenon whose 
ehan[!in~ distrihution i~ important to a numher of 
countries. In rica I' daytime \\'pather iCI' distrihll' 
tions can he I'a~ily dl'lermined hy camera ohsl'rI·a· 
tions. lfowevl'r, 1H'l'aIN' lI1uch of tlw area of intl'rl'st 
for ice ohservatiolls i;; Iikl'ly to he c10lldy or in Ion;.: 
polar ni)!hts, an all-wI·ather dar.or-lIi)!ht ohsl'l'\'ation 
system usin)! radar or mil'rowa\'1' "'II~(II'S \\'ould hl' 
more rl'liahh' in ohtainin)!. for ,~xall1!,II" informa
tioll on the ('onllition of shippi:.,!! la,J('~. Also, sys
temati!' 1II0llitorin)! of tlw extent of ).!Iaci('rs, 
I'speciall~' thl' Crel'nlalld alld Antareti(' ice e~aps. 

would hI' valual,J1' ill aS~I',.:~in~ pros!,I,(·ts for dJaIl).!f·S 
in ('limates or ;;I'a 11'\ d. 

TIIt~ rt'maillin).! portion~ of tahl(' I illdicatl' I'X
ampll'~ of a \'aril'l~' of phl""'lI1ena "hi(·h art' im
portallt in Earth rl'SOlllTI'S ":111'11'\', at lIational. 
rl').!iollal, urhall. or individllal larlliholdin).! Il'vl'ls of 
operation. Further discussions of ways that the re
1II0te sensin~ ohservations call be incorporated into 
programs for m()nitorin~ environmental C'han)!e are 
contained in tilt' f()lInwin~ sections on environmental 
processes and the monitorin)! of regional develop. 
ment. Figure 2 shows the locations of the pilot 
projeets from which ima~ery examples wcre oh· 
tained. Fi~ures :{ thru H illu~tratl' the various 
;;('ales of r!'mote sensor imal!er~' used to indicate 
change. 

ENVIRONMENTAL PROCESSES 
The phenomena listed in tahle I are only a fel\' 

of many which may be important elements in a 
remote sensing obscrvation system for keeping 
track of environmental changc and monitoring the 
chan[!ing status of a nation's vital Earth resources. 
Also, environmcntal monitoring could involve tre· 
mendously lar~e amounts of information, owing to 
thc large areas covered, the level of detail required 
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FIGUIIF. 2. Pi/ol projects: urhan and fl·giunal change dl'tection. 

for some observations, and the need for frequently 
repeating many of the obsen'ations of rapidly 
changing phenomena, Therefore, in developing any 
regional, national, or international system for 
monitoring changes on the surfar:e of the Earth, a 
carefully devised strategy is necessary to assure the 
actual need und the optimulll use of data that are 
to be collected. 

Forcmost in such a strategy should he a con
sideration of the environmental processes which 
produce the changcs we want to monitor. Several 
categories of these environmental processes are 
listed in tahle 2. Knowledge of these processes and 
their elTects has been huilt up through years of 
painstaking research by scicntists who spccializc in 
the various disciplines and, more reccntly, by in
terdisciplinary teams who study thc combined effects 
of the various processes and how they interact with 
each other. Improved knowledge of the environ
mental process~s and how they operate in a par

F,GIJI..; 3. Nilllhu~ view of ct'ntral Atlantic States region, ticular region will result in improved ability to 
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FU;IJIIt: ,J. Apollu 9 color IH photo of I'hlll'nix and vil'inity, 

schedule remote sensing observations for environ
mental monitoring (figure 9), 

For exampip" these environmental processes might 
be grouped for convenience into two categories: 
cyclic (or periodic), and evolutionary (or develop
mental), Cyclic processes are those that operate at 
regular (or perhaps irregular) intervals, with the 
environmental condition (such as day or night) 
returning to its first position before recycling, 
Example of cyclic processes are shown in table 3, 
along with examples of responding event, response 
time, and an indication of the sampling strategy for 
obtaining data through remote sensing, 

Evolutionary or developmental processes, on the 
other hand, are characterized by a beginning at an 
initial state, a progression through successive 

changing states, and an arrival at a dimax condi
tion (or goal) in II'hich the environmental makeup 
is of a different nature than at the beginning, Ex
amples of such processes arc ecologil'al succession 
and economic growth and development, as indicated 
in table 4, For both these processes, regular moni
toring programs need to he set up to identify regions 
of fastest change as lI'ell as other important param
eters, 

In general, the processes that govern cyclic 
changes in the envirollment are hetter understood 
than those governing developmental changes, The 
developmental changes, however, arc high on the 
agendas of all nations as lI'e enter the decade of the 
1970'!', because of such crucial changes as rapid pop
ulation growth coupled with increased expectations 
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FIGlJHF. 5. Aerial photo or Wl'~1 A~h('ville, 1924. 

FIGllHE 6. Aerial photo of West Asheville, 1963. 
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FIGURE 7. Color IR photo ~howing sugar Ill·t·t field Ilt'ing har\,t·~It·d. Impl'rial Valley. 

in terms of standard of living and preservation of 
environmental quality. For these reasons there is a 
great urgency for early applications of Earth reo 
sources information systems, based on new data 
that can be supplied by remote sensors in monitor· 
ing the environmental and developmental changes 
that are now taking place. Furthermore, the develop. 
mental processes themselves, such as the impact of 
changing industrial and urban systems on land use 
and environmental quality, will be better under
stood as we accumulate new time·series data sets on 
the regions where change is fastest. 

MONITORING REGIONAL DEVELOPMENT 

Sequential remote sensing \'iews of a region can 
be used as a source of data on regional change, as 
shown in figures 10 thru 15. T,) illustrate how dala 
fro III airborne and spaceborne remote sensors might 
be incorporated into an operational system for 
monitoring regional or national environmental 
change, let us postulate a series of steps to be under· 
taken, approximately but not strictly in the order 
presented as follows: 

1. Articulate the goals and dellelopment models 
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FICUflE 8. Ground photo of sugar beets being harvested, Imperial Valley. 

Table 2. Categories 0/ processes which produce environmental change 
--------------~,----_..- -------_.- -----

Processes 

----------_ ..-

Scope 

.. -.._----- .. -_ .. .-..._- - ..__._----_ ...._.. 

Geological processes Pertaining to the solid Earth, such as rock.formin
tectonics, weathering, soil·furming, glaciation, etc . 

g. deformation, regiunal 

1------------,----- ---- .---- ..----....... ...._.. _.._---_..._.-.-..._-------


Pertaining tu the action of water. whethcr undcrgruund. in surface water 
bodies, or in thc atmosphere; sulutiun. infiltratiun. f1uw in purous media, 
strcam flow. erosiun, sedimentation, etc. 

Hydrological prucesses 

Actions of occanq, hays, and estuaries; currcnt motiun, wave action, coastal 
and suhmarine erosion, etc. 

Oceanographic processes 

Atmospheric and climatolugical processes Planetary wind systems. air·mass dynamics. storm sy~t(,I1IS, mO\'('l1Ient of air. 
hurne matter, energy cxchange in the Sun.eurth,atlllospherc systl'm, etc. 

--------_._---.. _--._-_.. ------ .. -

Riological processes Action of plants and animals. growth. respiration, transpiration, reproduction. 
energy cunversion. resource conversion, including effects of both natural and 
agricultural vegetatiun. 

------------.---  ------..__._--_._--.__.__.-

Socioeconomic processes Processes set in motion hy man himself anr! underlain hy a complex of 
historical. cultural, racinl, ethnic, and demog!, phic factors; processes include 
population growth, resuurcc conversiun, urhanization, industrialization, trade. 
education, economic development. transportation, communicatiun, guvcrn. 
ment. conflicts, etc. 
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FIGUR.: 9. Coastal changes aftrr hurrican~ Beulah damaged Texas coast in Srptemhl'r 1967. Photo 
at right was taken 15 months latl'r. 

Table 3. Cyclic or periodic processes 
~ -

Primary processes Event ! Response time I Sampling strall'gy for rl'mote sensing; 

1-
Earth rotation (diurna)) Daily variation of tl'lIIpcratUTl' ~Iinutes to hours Optilllum tinw of clay 

Change in length of shadows Zero Optimum tinw of day 

Earth revolution (annual) Sl'asonal progression Days to weeks Opt imulII tina" s) of Yl'ar, lJuick· 
n'sl",n>l' capability 

1- ~Ong.tl:rm ~; ~~rn,gular SI'a.leVl'1 changl'~, l'artlHIUakl's Yl'ars SyH"lIIalie monitoring 
climatic cycles, geophysical 

[ evcnts 
-_. ---- .-

Table 4, Evolutionary or deve/0p11l1·ntal processes 

Primary process Event 

I Ecological 
succession 

Fire, Hood, 
landslide 

Economic growth 
& development 

Change in grass. 
land·forest mix 
-- ---  - --  .---

Increase in urhan 
areas 

Increase in irri· 
gation agricul· 
ture 

Clearing of 
forests 

underlying the de\'elopment prol!H1m. These goals 


Response timl' will he based upon national pri(}ritie.~, roncernin)!, 


{or example, population, standard of livinl!. em· 

Days to Yl'ars ployment. industrialization. land u~('. transportation 

systems, and environlllental quality. Costs and 

benefits of alternative schemes mllst also !It' con· 

sidered, 
~- 2. Develop a hasic resource intlf'ntory to serve liS 

Months to years a data hase from which l'han)!e i" to he measured. 

The inventory will include geologic factors, mineral 

resources, soils and land capahility, climate, vel!etll' 

tion, land usc by type and area, prohahle environ· 

mental hazards. and human and technological 

resources. All of the ahove must he quantified for 

standardized comparisons as governed hy the de·_J
I 

velopment models, 
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1 KM 

FIGllflE 10. At·rial pIanl1l lIe Cane Crt't'k urt'a. Ibllt'villt~ Basin. 1924. 

3. Participate in pilot projects or cxpcrimcntal 
demonstrations cmployinf!; ncw remote sensing sys· 
terns for monitoring cnvironlllcntal chanw~. 111is 

step is neccssary so that thc ncw systemL will bc 
tcstcd in a specimen of the special operatiOl,al cn· 
vironment which may be peculiar to thc region, 
aIH] so that thc JIt'W techniques l1Iay gain acceptance 
among the user institutions. Thc demonstration 
projects will also cxamifle thc cnvironmcntal proccss 
modcls which arc most appropriate to thc rcgional 
circumstanccs. The environmental proccss models 

will aid in specifying types and quantities of remote 
sensing data to be collected. 

4. Develop regional or national in/ormation sys
tems for assuring adcquate delivery of data to the 
users, in map and other appropriate formats. Re
gional data centers and computer. assisted informa· 
lion handling techniques may facilitate the dcvelop. 
ment of appropriate information systems. 

5. Develop the necessary skills ancl educatioll 
programs to assure that the resource planning lind 
managinl! institutions will have the manpower reo 
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1 KM 

FIGURE 12. Aerial photo of Cane Creek nren. 1940. 

sources necessary to incorporate the new remote toring land, water, and air resources throughout 

sensing data into action progl'ams. the critical period of growth and development. Upon 
achievement of stability after developmental goals 

6. Based on the results of the above steps, estab have been attained, it will probably he desirahle to 
lish an operational program for regularly ohtaining maintain the monitoring system to measure environ
the periodic remote sensing data lind other cor mental quality and receive warning of environ
relative data as required, for operationally moni· mental hazards or disasters. 
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FIGURE 13. Lund use map of Cnne Creek nren, 1940. 
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FIGIJRE 14. Aerial photo of Cane Creek area, 1966. 

CONCLusrON effective when comhined with appropriate knowl. 

In summary, the new remote sensing technology edge of cyclic and developmental environmental 

shows considerable promise as an aid in monitoring processes and when incorporated into an appropri. 
time·variant phenomena in the development of ate strate~y for building operational monitoring 
regional and national information systems for Earth systems as required by the goals and priorities of 
resources surveys. The new technology will he more each nation. 
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FICURE 15. Land use map of Cane Creek area, 1966. 





Interpretation of Spatial Relationships 

FmmERICK J. DOYLE 

Re.H'lIrch Sci/'Tltist jor MIl[l[lill~ Systems 

U.S. G/'o!ogicll! Sur/lC)' 

Whal IIIIt! cun d"lermirw ahllul an ohj,'('1 hl' "xulllinulilin IIf its inulf,(" prlldul'e,1 hy a n'mllll' 
sensor d"lll'llIls uplln IIII' siz.. und Ih,' '1ualily of IIII! illluge. !""ale i, Ih,· ralill of Ihe hllag'· ,ill' 10 
Ihe olljecl ~ize. Imag.. 'Iualily i, mo,1 "a~ily "xpn""'d hy n·,.olulion whit'h is ,1t·lilll·,1 for u 
conlinuou"lon,· oplical imu~c, R"",llIlion is highly ,klll'IIIIt'nl upon IIII' ('lInlra,1 of an ohj,'el wilh 
ils Imekgwund. For a TV or lilll',scan ~y""·m. 2\~ lines are "'Iuil'al"nl 10 lin,' phlllographi(' liJlt! 
pair al high C(lntra~t and uhoUI 'l ,('an lin,'s ul low "lInlra~I, 

Although rl'solUlion i~ u u,,·ful numlll'r fllr "lImparin~ IIII' IlI'rforlllalll'" IIf Iwo illla~in~ 'pll'III'. 
il fl'ally says \,.. ry lillll' uhllUI Ih.. nlillimUIII ,.iz,· ohj,'ct wlli('h on" ('all .1,'11· .. 1 or illl"f(lI'I·t frolll till' 
fl·cord. That d"pl'nds primarily uplln !IOW Illuch addilillnal hackgruund inforlllation 111I' illl!'fpn· .. ·r 
hrings III II", la,k. Sim' .. IIII' TI·",lulion of th .. IInaid..d 1111 ilia II "Y" i, IlI'lw""1I ;; ;,"d \0 IiI\!, pain' 
per millime"'r, a remole Sl'n",r r<'('ord ran III' lI!...fully ,·nlarg,·d until ii, "'1uil'al"nt n',"luliln i.. 
alloul Ihal numher. 

No mailer how succ,',."ful IIII' illll'rpr""'r has h,·.. n in "xlraclin~ illfllrillalillll from a n·cllrd. IIII' 
I'aille of Ihat information may Ill' ,It'grad"d if on,' ('unnol .. ·11 wh"n' it '\Inll' fro III , Thi, impli,'s a 
reference syslem, and for till' Unill'd !"ta .. ·s Ih.. I iniVl'rsal Tran"'"r,,' :'.I,'rl'alllr nll'tril' grid sy,II'1II 
has h",'n auopll'd for Earth r/',OIIrt'" ,urI'''}''. 

Correlalion of n'conl .11'1 ,iii wilh an "xislin~ r.. f!'f'·IH"· hOI"" b till' 1110'1 ,'0111111011 1'1"11'" ,llIn' for 
delermining pm'ilinn, and IIII' human "Y/! und hrain is till' h",t pall/'rn f['(,"lwilion d"l'i,"'. This 
works wl'1I for "'n,nrs who,,' f,(,'ollll'lry is similar til Ihal nf th,' "Y'" For IItlll'r "'n,,,rs, Ih,' "01111'11'1,' 
geomctry mll"t Ill' analyzl'd and corn'rt('d .. itlll'r hy analof,( or ,lif,(ilal ,imulalion, 

The Earth H""'lIrc,'s T,'chnnlogy !"alo'llilo' (EHT!") will carry 1o·1,'\'i"illn and lin""can "·n,,ors. 
The hulk processing ,''''m,'nl of till' grouud dala handling 'y,Io'1II will proo\id" approoximall' position 
informal ion and n'conl correction, :\ pori ion IIf IIII' data will gil Ihroough IIII' pn"'i,,' proc"~sinf,( 

ell'menl, which will (,lIrn'ct all known !'frors in the n"·lIrd. I""ilion it wilh n"llI','1 10 till' IIni\'('r,,,1 
TransH'rs,' ~Iercalllr pwj,·,'lion, and prinl IIII' dalu al a 1:1 nooonn ,,'ai,'. 

It seems perfectly obvious that the amount of in· RECORD SCALE 
formation one can extract from a remote sensor 

The ratio of the size of an element of information 
record will depend upon the size of the record and 

on a reconl to the size of the rctllal object recorded 
its CJuality. And the value of the information may in that element is the rccord scale, u~ually ex· 
often depend upon knowin~ exactly where it came pn~ssed as a <Iilllensionless fraction: 
from on the Earth's surface. The~e three factors

S I _ record dimension 
scale, resolution, and spatial pm,ition-are deter· • ca e - ~bject dimen;iull 
mined by analyzing the geometrical characteri~tics If 1 kilometer on the ~round is recorded as 3 mm on 
of the sensor record. It is necessary to 1I11derstaJl(I the record, 
them in order to evaluate the application of the :~ mm I km 
sensor to particular problems. scale = 1 k " X IOumn~ - :l:t{ :tt{ . '111 

343 
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The reciprocal of scale is the scale number; that is, 
for the example given the scale number is 333 333. 
The two terms are often used interchangeably. 

Scale, S, is frequently computed hy measuring 
the dimensions, on the record, of the image of a 
known object. An)' uncertainty in the measured 
dimension or the known object dimension causes 
an uncertainty in the computed scale. For example, 
if 

~~_~Jy!m _" 
1000±lm-" 

1 :345 1 n < 5 < I ::122 2SB. 
A scale number of· 330000 would express all the 
precision inherent in this computation. The precision 
with which scale can be determined is ohviously a 
limiting factor in estahlishing the dimensions of 
unknowu objects by measuring their images on the 
sensor record. The interpreter must always he aware 
of how much he doesn't know as well as how much 
he does know. 

There is an ohvious advantage if the scale. is 
constant all over the record. In such a case any 
distance measured on the record multiplied hy the 
scale numher will /-!ive the correspon(ling distance 
on the Earth's surface: 

Ireeord dimension I X (scale number) 
= (object dimension) : e.g., 

12.3R mm) X :1:1:1 000 = i90 m. 

However. only in exceptional cases will a sensor 
produce a constant·scale record. 

The simplest imaging sensor is a frame camera 
I figure I). In an ideal situation. the camera axis is 

vertical and the Earth ma)' be considered a plane 
surface. For that situation, 

Ii _ imagt' dilnen: ...io~ 
• - ohject dimension 

focal length 
=fligl;t·altii~~I~ . 

In reality, of course, the Earth's surface is not 
flat. Variations in the topographic relief II mean 

that the .. eight above ground is variahle within the 
area covered by the photograph. Also, any unit 

distance on the ground is not necessarily horizontal 
but may have some slope. Furthermore, despite the 
hest of intentions and the most elahorate stahiliza· 
tion equipment, onl)' rarel), will the camera axis 

turn out to he truly vertical. There is usually some 

SURVEY SYSTEMS 

angle of tilt t hetween the camera axis and the verti· 
cal. In such a case the scale will differ from point to 
point on the photograph. Furthermore, even at a 
point, the scale will var)', depending on the direction 
in which it is measured on the photograph. As 
illustrated in figure I, for a tilted photograph, scale 
in the x direction at point i is 

5r = '-Cf):';··~I/_tsin! ; 

scale in the r direction at point i, 

in
511 = .( l ~os;(Jf:.r:r II.:!.• 

Although variation in record scale is sometimes 
inconvenient for the interpreter, it i!' not all had, 
because it is actually analysis of scale variation 
that makes possible the determination of terrain 
rclief for topographic maps. 

For sensors which do not record the image opti. 
cally on a plane surface, the computation of scale 
becomes increasingly complicatec!. Panoramic cam· 
eras, line scanners, side· looking radar-each has a 
unique geometr), which results in a variahle scale at 
all points in the record. The analysis of these seale 
variations is a function which the photogrnmmetrist 
performs for the remote·sensing community. 

SENSOR RESOLUTION 
TIle ability of an imaging system to record fine 

detail of the object is one measure of image quality. 
If an object field consisting of alternating light and 
clark lines at decreasing spatial intervals is re
corded by an imaging system, there will be some 
interval at which it is no longer possible to clearly 
separate the lines and spaces when the image is 
viewed under optimum magnification. The number 
of such line pairs (one dark and one light line) 
recorded in I millimeter is the image resolution. It 
is frequently given in lines per millimeter, but to 
avoid confusion "line pairs per millimeter" (lp! 
mm) or "cycles per millimeter" is preferred. 

Many things affect the resolution of a sensor sys
tem. These include: 

• Contrast of the object field 

• Lens design 

• Field of view 

• Wavelength of light 

• Transmission of the atmosphere 
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FICURE 1. Scale factors on tilted aerial photograph. 

• Image motion 
• Grain size of the emulsion 
• Exposure level 
• Photographic processing 

Each of these must be taken into account in evaluat· 
ing the resolution of a photographic system. 

One of the most critical factors is the contrast of 
the recorded image. There are a number of mathe· 
n:atical definitions of contrast, but they all relate 
to the difference in brightness of an object and its 
background. The effect of most of the conditions 
listed above is to reduce the contrast from the 
object field to its image on the film. As the contrast 
decreases, the resolution of the image falls off 
rapidly 8S shown in table 1. 

Table 1. Resolving power lor aerial films 
---------------,----------

Resolution (/p/mm) 

---------_. - ..----
Film 

Name 

Plus·X 
Tri·X 
Pan·X 
High definition 
OW infrared 
Color infrared 
Aerial color 

Contrast I Contrast 
Number 1000:1 1.6:1 

2402 100 50 
2403 80 20 
3400 160 6.~ 

3114 630 250 
2'124 80 32 
2413 63 32 

S0242 200 100 
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Unfortunately, optical systems are usually tested 
with high·contrast targets, whereas the contrast of 
actual aerial scenes is much closer to 1..6:1. It is 
essential that the target contrast be specified when 
resolution numbers are quoted. 

The basically simple system of measurirtg photo. 
graphic resolution has been complicated and con· 
fused by the introduction of television and other 
types of electrooptical line·scan sensor systems. In 
addition to having a resolution limit imposed by 
the detecting surface, further limits are imposed by 
the electronics and geometry of the scanning process. 
As shown in figure 2, the direction of the scan spot 
movement along the lines of the test pattern is called 
horizontal j across the test pattern the spacing of 
adjacent scan lines is the vertical direction. The 
resolution in the vertical direction depends on the 
diameter of the scanning spot because this deter· 
mines the width of each scan line. Horizontally, the 
resolution is restricted by the bandwidth or rise 
time of the amplifier which permits a change in the 
amplitude of the signal. In most scanning systems 
the horizontal and vertical resolutions are made 
approximately equal. It is important to realize that 
the scanning spot simply integrates all the energy 
within its area. As a spot of finite diameter moves 
across the line from a dark to a light space, the 
energy will increase gradually, and thus an abso· 
lutely sharp edge between light and dark areas can 
never be recorded. 

It is clear from figure 2 and reference 1 that the 
resolution stated in TV lines is at least twice as large 
numerically as the resolving power of film expressed 
.in line pairs per millimeter, hecause the film resolu· 
tion was defined in terms of a combined line and 
space. If the diameter of the scanning beam equals 
the width of a line alone, and one scan traces along 
a line while the succeeding scan traces the space, 
the target will presumably be perfectly resolved. 
Apparently two TV lines are equivalent to one 
photographic line pair, and the ratio 2 TV lines per 
photographic line pair appears frequently in litera· 
ture. However, if all the scan lines are shifted by 
half their diameter, nothing will be resolved be· 
cause each scan will trace precisely half a line and 
half a space. Thus it really takes more than two 
TV lines to reproduce one photographic line pair. 
The convention frequently adopted and strongly 
recommended for high.contrast targets is 

CI• 
+ 

- §:::=.. 

§== .. 

~:".~.Jf 

FICURE 2. Resolution of television system (from ref. 1). 

(2\12 TV lines) = (1 photographic line pair) . 

Television engineers frequently express the res· 
olution of an image tube as the total number of 
scan lines over the "ube face. It is therefore neces· 
sary to know the faceplate dimensions in order to 
convert to equivalent photographic resolution. For 
example, the return beam vidicon (RBV) tubes to 
he used on the Earth Resources Technology Satellite 
(ERTS) will have 4100 TV lines on a 25·mm for· 
mat. There are thus 4100/25 = 164 TV lines per 
millimeter. This is equivalent to 164/2\1'2 = 58 
photographic lp/mm. In other words, a 58.lp/mm 
film system will give about the same performance 
as a 164·TV·lines·per·millimeter television system. 

For all types of imaging systems-film, TV, line· 
scan-the dimension of an image resolution element 
multiplied by the image scale number is the ground 
resolution. This is frequently, though mistakenly, 
interpreted as the smallest object which an inter· 
preter can "see" on the record. It is a useful measure 
to compare the relative performance of several 
imaging systems, but not to assign limits to ohjects 
which can be seen. 

The ground resolution of the RBV imagery from 
ERTS may be computed as follows. Image scale 
number lIS is: 

1. - !! - 215 km X lOll mm = 7.3 X 10". 
S - I - 125 mm km 

Ground resolution (TV criterion) is: 

mm 6 _ 45 meters 
164 TV lines X 7.3 X 10 - TV line . 

Ground resolution (photographic criterion) is: 

mm 73 10" _ 126 meters 
581' . X . X - I' .. . me pans me pan 
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Figures like these make the film people unhappy 
because, to the uninitiated, the film camera system 
apparently is poorer than the television system. To 
make the film system look better, the photographic 
engineers unfortunately adopted another term, 
ground resolved dimension, which is simply the 
width of one of the target bars-either black or 
white. Quite obviously, this is simply half the 
ground resolution. So exactly the same image quality 
can be described in three ways: 

TV resolution 45 meters/TV line 
Photographic resolution 126 meters/line pair 
Ground resolved dimension 63 meters/line 

It is essential to understand exactly which criterion 
and definition is being applied when one hears "the 
system resolution is 50 meters." 

It often happens that the resolution of a sensor 
image is variable over the format. Photographic 
lenses and television tubes, for example, have lower 
resolution in the corners than in the center. Other 
sensors, like the multispectral scanner in the ERTS 
satellite, have nearly constant image resolution. 
However, as has been mentioned, there may be con· 
sir."rable variations in the scale of the record due to 
its geometry. Consequently the ground resolution 
may vary considerably from point to poin\. Both 
factors must be taken into account in evaluating the 
performance of a sensor system. 

Line·scan systems, like film systems, have lower 
resolution when the target contrast is reduced. 
Here again, an unfortunate and confusing com'en
tion has been introdu('ed. Television engineers may 
speak of cquiva/cflt linc rc.w/utiofl. The EHTS 
sensor, as has heen pointed out, has 4100 scan lines 
and at 1000: 1 contrast it takes 2 \/2 = 2.B scan 
lines to resolve 11 photographic line pair. At 1.6: 1 
contrast it takes about 4.0 scan lines to resolve a 
photographic line pair. Then the equivalent TV 
resolution is: 

45 III ,t 6l m 

i'Vlirre X ijl - tv li~~~ . 


The number of TV lines per millimeter is: 

Mm 1 mm 


tv linc X 7 :{(l(l ()o() = 114 'IV lines' 


Equivalent line resolution i~: 


114 TV lines . 
-.-.--- .. - X (2:> mm) = 28:>0 hnes. 
mm 

Thus, though there are actually still 4100 scan lines 
on the tube, the television engineer may say "the 

equivalent line resolution for low·contrast ohjects is 
2850 lines," or, though each TV line actulllly rep· 
resents 45 m on the ground, he may say, "the equiv· 
alent resolution for low·contrast targets is 64 m·TV 
line." 

There are other measures of image quality he· 
sides resolution. Principal among these is modu/a· 
tion transfer functioTL It is more informative than 
resolution, but it is much more difficult to determine 
and requires a diagram or a mathematical equation 
rather than a simple number. 

Remote·sensing practitioners have also usec! the 
word resolution in two other contexts: 

• 	 Spectral resolution-the ability of a system 
to operate within defined wavelengths of 
radiation 

• 	 Temporal resolution-the ability of a sys· 
tern to operate at selected intervllis of time. 

INFORMATION CONTENT 
If the world were made up of alternating hlllck and 

white hands, resolution-hy any of the accepted 
criteria-would he a useful method of deseribing 
what one could see on tire records. Tire real world, 
however, is made up of land ant! water, mountllins 
and plains, forests and fields, urban alllillgriculturnl 
areas, manmade a 1111 natural objects. Typically the 
scene is low contrast and the altefllations fro III light 
to dark nre gradual rather than abrupt. 

The ability of an interpreter to distinguish n 
signal from its background jn tire imnge is dl~' 

tcctability. It is highly dependent on the contntst 
and continuity of the signal. A point source of 
light having no dimension at nil (such as a sta rl IIlny 
easily he detected against a uniform hackground 
(sky), whereas 1\ highly reflective rock of finite 
.;ze might not be detected against a mOllled haek· 
ground of terrain. On the other Iralld a lUll!.: linear 
feature, such as a highway, may have the same 
reflectance and contrast ns tire rock and he easily 
detected. In such cases the width of the linear 
feature may be only 1/10 or less of the ground 
resolution. 

That signals far smaller than a resolution element 
can be detected is illustrated hy figure 3. A series 
of standard resolution targets \\ <!re altered by reo 
1Il0ving or adding parts of the white Lars as shown 
on the left. TIle altered targets were then photo· 
graphed nt different distances until only the larger 
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a. 	 Altered resolution b. Degraded copy of 
targets tarcrets 

FIGURE 3. Detection of signals less than resolution. 

targets were resolved. The results are shown on the 
right. Signals whose dimensions are only one fourth 
of the resolution element are clearly detected. The 
figure also illustrates another fact: Light signals 
against a dark backgrouncl are detected much more 
readily than dark signals against a light background. 
It takes little imagination to realize that no amount 
of resolution would detect a black cat on a black 
fur rug. 

The ability to assign meaning to a detected signal 
is called identification or recognizuf>ility. Many in· 
vestigators have attempted to determine the number 
of resolution elements needed to identify objects. 
Three to five resolution elements will permit one to 
say whether an object is a square, circle, or triangle 
(ref. 2). But how many resolution elements are 
needed to tell what the square, circle, or triangle 
actually represent? 

In one test (ref. 3), models of vehicles were photo. 
graphed from both an oblique and a vertical view· 
point. The pictures were transformed into line·scan 
images with various numbers of scans per vehicle. 
Interpreters were a~ked to identify the vehicles, 
with the results shown in figure 4; 15 scans per 
vehicle gave about 80 percent correct identification, 
with only small improvement for additional scans. 

But suppose the interpreter didn't know what any 
vehicle looked like. Quite clearly an infinite number 
of scans wouldn't permit him to identify it. Or sup· 
pose, instead of vehicles, the objects of interest were 
field patterns. Three or four scans per field would 
probably be adequate to delineate the pattern. 

Other tests have been performed to determine the 
effect of the number of gray levels and the signal. 
to·noise ratio in the images. Not surprisingly, the 
results turn out to be highly dependent on the class 
of objects being examined. 

What one can conclude is that resolution, like 
peace, is a good thing to have, but it is no guarantee 
that one will see what he is looking for. Every dif· 
ferent class of objects will require a different reso· 
lution, a different number of gray levels, and a 
different signal.to.noise ratio. And none of these 
factors are as important as the amount of prior 
information which the interpreter brings to his 
task. 

SPATIAL POSITIONING 
No matter how sophisticated the interpretation of 

sensor data, its value may be degraded unless the 
position from which the 1nformation came can be 
determined. Although positional information can be 
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provided digitally, for most purp~ses a graphic 
output is desirable. Cartographic presentation of 
remote sensor data makes possible 

• 	 planimetric and elevation location of re
source data 

• 	 area measurement of resource data 

• 	 relation of resource data to natural and 
cultural surroundings 

• 	 convenient storage of data for comparison 
of time-variant phenomena. 

Spatial positioning implies the existence of a 
reference system in which positions can be defined. 
In the United States the Universal Transverse Mer
cator system with a metric grid has been adopted 
for referencing remote sensor data. The country is 
divided into 10 zones, each of which extends 6° in 
longitude. Within these zones a set of XYZ rectangu
lar cartesian coordinates uniquely id ~ntifies any 
point. This same reference system has 1 '!en adopted 
by over 60 nations around the world. 

The accuracy of positioning, the ground resolu
tion of the sensor data, and the scale of the map on 
which the sensor data are presented are interrelated. 
Under normal conditions the unaided eye can re
solve 5 to 10 lp/mm. This means that sensor data 
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Nadir lal'llpled I_lie, 13 • .5 K_ per vehide. 

rCI(uired (or idl"lltification. 

can he cnlarged until its equivalent resolution is 
10 Ip/mm. It also mcans that the appropriate map· 
scale number for presentation of the data is ){)I 

times the ground resolution in metcr~. ('.S. :\Iap 
Accuracy Standards require that the standard crrol' 
of map positions should not exceed 0.3 mill at pub· 
Iished map scales and that the standard crror of 
elevation should not exceed 0.3 times thc contour 
interval. Whcn these factors are taken into account, 
they result in the values shown in tablc 2. 

The contour intcrval is not fixed for a givcn llJap 
scale; an interval adequate to show the charactcr 
of the terrain will be selected. Howevcr, !'mall con· 
tour intervals usually go with large.scalc maps. 

IMAGE DATA CORRELATION 

The most common means of positioning remote· 
sensor datu is simply to correlatc the imagc to an 
existing reference base. This is easily donc \\hcn 
the sensor record has esscntially the same geomctry 
as the reference--a vertical frame.type photograph 
to a line·drawn map at the same scale, for examplc. 
It is less easily done when the scn!>ur gcomctry is 
different from the referencc. In such a case, posi
tioning may be done in two steps: for cxample. an 
infrared scallner record may be correlated to a con

.. ~ 


,. 
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Table 2. Map accuracy requirements 

Map~:~:-Grou:~~~~:o-r-I-c~~~~::--~~:ar 

numb_e~ _resolution (position) I _in:e~val ~elevatio~) 

1000000 100 m 300 m 100 m 30 m 
250000 25 75 50 IS 
100000 
50000 

10 
5 

30 
IS 

25 
10 

8 
3 I 

25000 2.5 7.5 5 1.5 

.J 


ventional aerial photograph and then the photo
graph correlated to a map. 

The human eye and brain is an exceptional pat
tern-recognition device. It readily accommodates 
changes in basic geometry, differential variations in 
scale, differences or even reversals in gray level, and 
additions and deletions of detail. This ability ac
counts for the large number of human interpreters 
in the remote sensing business. 

Many attempts have been made to perform image 
correlation automatically. The most common ap

proach is to employ CRT scanning of the sensor 
record, the reference record, and the output record, 
as shown in figure 5. The correlation circuitry com
pares the phase of the signals from the reference 
and sensor records. By analysis of these differences, 
the machine determines the necessary scan raster 
deformations, the differential xy translations, and 
the rotations necessary to match the sensor record 
geometry to that of the reference. The output tube 
prints the gray levels from the sensor record in the 
format and fp.ometry of the reference record. Such 
devices work quite well when the geometric dis
crepancies are not gross and when the gray levels 
are reasonably consistent. Signal amplitude differ
ences-light gray to darker gray-can be accom
modated, but arbitrary amplitude reversals-white 
to black-confuse the correlator. Unfortunately, 
such reversals are common in comparing the out
puts of senSJrs operating 1.. different bandwidths. 

Digital correlation of image data has been accom
plished. The signal amplitude versus position on the 
record is converted to digital information. The 
computer searches for similar patterns in these 

FICURE 5. Automatic image correlation. 
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arrays of numbers. GeomeLric differences are diffi
cult Lo accommodate, and high-resolution records 
can require enormous amounts of computer time. 

Experiments have also been conducted with either 
unalog or digital correlation of the optical Fourier 
transform of remote'Slmsor records.• The system 
works well for opticul character recognition, but has 
achieved only marginal success with the geometric 
distortions and amplitude differences inherent in 
most useful remote-sznsor records. 

With the present state of the art, the most sophis
ticated machine cannot compare with the ability 
of the lowliest human interpreter. 

GENERAL TRANSFORMATION PROBLEM 
The general problem of transforming remote 

sensor data to a reference system requires a com
plete geometric analysis of the record characterislics, 
the sensor geometry, and the position and attitude 
of the sensor when the data were recorded. The ref
erence-system coordinates are a function of these 
variables

xy on record I
record errors 
sellsor ~eometry(Xyz! .....'"'".'" = I! 
sensor position 
sensor attitude 

Once this analysis is completed, a system mny be 
devised to perform the transformation. The problem 

QC FEEDBACK 

RBV A 
MSS 

VID£O 
TAPE 

may be handled by either an analog, a digital, or a 
combined approach. In general an analog system, 
once built, is more efficient, while a digitul system 
is much more flexible. 

Aerial photography with frame-type cameras is 
the most universal of remote sensors. It is the only 
one for which a complete analog processing system 
has beell developed. Photogrummetric ploUing in
struments simulate the interior geometry of the 
camera, as well as its position and attitude in space, 
and l'rovide a transformation from the image posi
tion on the photograph to the object position ill UII 

appropriate referellce system. Data from other sen
sors, such as line scanners and side-looking radar, 
are usually handled digitally or in combined analog
digital systems. 

ERTS DATA PROCESSING 
The Earth Hesources Technology Satellite 

(ERTS) will carry two kinds of imaging sensors: 
three HUV cameras and a multispectral scanner 
(MSS I. Data collected by these sensors will be 
transmiLled to receivillg stations where they will be 
recorded on \'ieleo tape. The tapes, together with 
spacecraft data including position and attitude, wiII 
go to the image processing subsystem in the NASA 
data processillg facility. 

As shown in figure 6, the bulk processillg section 
will COli vert the \'ideo tape into photogruphic latent 
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FlCURE 6. ERTS image processing facility. 
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images on film by means of an electron·beam re· 
corder. The photographic processing section will 
develop and print the pictures. Some part of the 
pictures will go to the precision processing section, 
where the image data will be positioned with respect 
to the accepted Universal Transverse Mercator grid 
system. This will require that the images be cor· 
rected for the sensor geometry, position, and atti· 
tude, as well as for the errors introduced during 
scanning and transmission. Those errors which arc 
constant for all frames will be passed to the bulk 
processing section and corrected there. 

The HBV is essentially a vertical frame-type 
camera except that the sensitive surface is the face· 
plate of a vidicon tube rather than a photographic 
film. The faceplate of the tube will carry a pattern 
of engraved crosses (rcseau) whose actual positions 
will he measured hefore the camera is installed in 
the spacecraft. 

Geometric analysis of the HBV shows that thc 
pictures will be subject to two kinds of errors, as 
shown in figure 7: 

1. First·order errors 

• Offset-due to camera tilt 

• Scale-due to altitude variations 

• Skew-due to camera tilt 

• Rotation-due to spacecraft yaw 

2. Second·order errors 

• Lens distortion 

• Scan sweep nonlinearity 

• Haster pincushion distortion 

• Haster S-curve distortion 

The result of these errors will be that a square grid 
on the Earth's surface will appear as a series of 
curved lines on the inll'.ge. The first·order errors 
can bc corrected by mcasuring the positions of 
image points for which the actual ground reference 
coordinates arc known, or, with less accuracy, by 
using the spacecraft position and attitude data. The 
sccond·order errors can be corrected by measure· 
mcnt of reseau marks on hulk-proccssed images. 

tffFl~1I-~=: ;;:::-_~:~EBi--+--1111---+--+1l--+--tfj 

_~-==T-:::7::::..~1 

I 
RADIOMETRIC DISTORTION I 

IX. YI I 
I 

r Tf7 
I 
I 

I=+-+-+- I 1l-

I 

0 

II TI -
JI 

I 
II I IL: ~ 

FIRST ORDER ERRORS HIGH ORUEH lHHORS 

• Of f Sf T • LENS OISTOHTION 161 

• SCALE • SWEEP NONLINEARITY 1401 

• SKlW • RASH R PINCUSHIONING 1401 
• ROTATION • RASTE R "5" DISTORTION 1251 

FICUlu: 7. nnv image distortions. 

CORRfCTEO 

DISTORTION REMOVAL. 
BY INCREMENTAL IMAGE 
PROCESSING 

http:inll'.ge


353 INTERPRETATION OF SPATIAL RELATIONSHIPS 

The MSS images will 11150 he suhject to distor· 
tion, as shown in figure B. As with all line·scanner 
imagcs, the scale will he variable across the formal. 
Spacecraft attitude variations and Earth rotation 
will cause a square grid to be imaged as curved 
lines. These errors can be corrected approximately 
by knowledge of the sensor geometry and the splice· 
craft position and altitude, or more precisely by 
measuring the coordinate~ of ground reference 
points. 

THE PRECISION PROCESSING SECTION 
The precision proee~sing section will perform the 

following functions: 

SATELLITE PATH 

t 

COMBINED GEOMETRIC 
DISTORTION IE)(AGGERATED) 

• ROLllACROSS TRACK) VARIATION 
• PITCH IAlONG'TRACK) VARIATION 
• YAW IIMA(iE SKEW) VARIATION 
• EARTH ROTATION 

FIGURE 8. MSS image 

• 	 Automatic reseau error measurement 

• 	 Automatic ground control point measure· 
ment 

• 	 Computation of image transformation 

• Printing and (Iigitizing of corrected images 

In order t(, measure the resellu points, a sign III 
representative of a reseau configuration will be gen· 
eruted. The image will then be sellnned, lind an 
image correlator will compare the scan signals with 
the rcseau sigllals. Whell correlation is attained, the 
computer will compare the measured locations with 
the calibratf!d locations and determine the reseau 
po~ition errors. 

DISTORTION REMOVAL 
BY INCREMENTAL IMAGE 
PROCESSING 

distortions. 
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FIGURE 9. Image transformation and printing. 

Automatic ground·control point measurement will 
employ a library of known ground point images. 
The known image and the input ERTS image will 
be scanned. When correlation between the two 
images is obtained, the coordinates of the ground 
control point on the input image will be recorded 
in the computer. Using the measured information 
and the mathematical model of the sensor geometry, 
the computer will then determine the transforma· 
tions necessary to position the sensor imagery in the 
selected reference system. These will essentially be 
polynomials expressing the reference.system coor
dinates as functions of the measured image·system 
coordinates. 

Finally the corrected image will be printed, as 
show:1 in figure 9. The computer will provide raster
shaping ·signals to the input image.scanning tube 
and output image coordinates to the table carrying 
the output fihr.. The video signal from the input 
image will be radiometrically corrected and then 
directed to the printing tube. 

The resulting output image will be correctly 
scaled at 1: 1 000 000 and printed in a format con
taining appropriate marginal information, along 
with geographic and Universal Transverse 1\'ler
cator grid coordinates. The expected positional ac· 

INPUT 

IMAGE 


Y 

r--- ----J 
X.Y.R IIL..CORRECTION DATA______J 

curacy of the data will be as shown in table 3. 
Reference to table 2 shows that, while the resolu
tion of the EHTS imagery is roughly compatible 
with the 1: 1 000 000 map scale, the positional accu
racy obtainable from the precision processing sec
tion is better than required. The principal reason 
for this is the desire to assure registration of the 
three RBV images. 

Table 3. Positional accuracy of ERTS imagery 

Parameter Bulk processing IPrecision processing 

------_. I 

I 
I 

3u lu I 
I 

3uI 

. ------1
lu 

1\155 position 3050 m 965 m 210 m I 75 m 
nllV position 
RBV registration 

:~380 

870 
1025 
285 

178 
178 

I 
I 

65 
65 
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SUMMARY 
The use of remote·sensor records for evaluation 

of Earth resource data requires research into the 
essential clements of information 
various classes of objects. Two 
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affecting the extraction of information are the scale 
and the resolution of the record. Both scale and 
resolution are usually variable over the record for· 
mat. The product of scale and resolution is ground 
resolution, which is consequently also variable 
within the scene. Ground resolution is a useful 
measure for comparing t \\'0 sen~or systems, IJiIl il is 
not sufficient to tell exactly what one can interpret 
from the record. 

The usefulness of remote.sensillg information is 
frequently dependent upon the ahility to tell exactly 
where on the Earth's surface the information came 
from. The ability to position data requires a geo· 
metric analysis of the sensor configuration and 

knowledp;e of its position and attitude when the data 
were recorded. For the EHTS satellite this capability 
will be provided by the precision processing section 
of the ground data handling fadlity. 
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Interpretation by Interdisciplinary Te,ulls 

W. D. CAHTEH 

Chiej. Mineral allli Land He.wl/rees. 

EHOS Program 


In tlw fUI'I, uf dwintilinJ.: n'sourcI'~ und incrt'asinl! p"pulatilln pn',.un', lin our ,'miwnnll'nt. 
~cienti~ts anti resource lIlanagl'rs of all ,lis"iplin," lIIust work tlll!l'IllI'r III lind I'quilahl" ,."Iuliun' 
tll the prohlems of mun und his en\'iwnnll'nl, Exp"dlll,'ni s wilhin IIII' l\':\~A Earlh Olt·,'n'aliuns 
Prugram are heing d,,\'(,luped undl'r an inll'rtli"'iplinary ICUIII approal'h in whil'h "'i,'nlbls frolll 
Federal. Slnh\ I(lcal. anti IInh','n,il)' IIrl!anizalillns an' sltulyin!! ,'lIlIInllln n'nllllo' ,,'n'"r ,I ala III 
I'\'alllnl" ils upplical ion III n".dll/Hd ('n\ iWlllllt'nlal in\'t'nl"ry alld 1IIi1l1al!t'III"1I1 prllhl"III', This n'p"rl 
dcscriht·s surh arlivilit,s wilhill Ihl' ~talt' IIf Ariwna, 

As we orbit through the vastness of our I!alaxy, 
we find that our wonderful spaceship Earth is in

crea!'inl!ly heset by problems, Most of these "roblplIls 
are created hy man's desin, to proliferate and enj oy 

the material wealth extraded, designed, and pro

duced hy his own inventiveness. 
The resultanl combination of populat ion growth 

and incrt'ased per capila eonsllmplillll produces 

increasingly critical shortages of food and non
rencwable resources. In addition, it neates con

tinual pressures on the environment as cities grow 

and green spaces become smaller. 
These shortages and environlllental pressures lead 

to tensions that range from personal to international 
among men and from local to worldwide among the 

nonhuman creatures and plants that share our space
ship with us. 

The interplay within this complex and sensitin' 
environmental system extends far beyond any single 

scientific discipline. It is then,fore mandatory that 
interdisciplinary teams be developed if we are to 

find solutions to many of the complex resource and 
environmental prohi ems we face today. 

Within the NASA Earth Ohservations Program, 

we have revised our past <Iisciplinary approach and 
begun to form interdisciplinary teams which we 

believe will lead LIS to perceptive and equitable 
environmental solutions. The organization of one 
stich team can be visualized a..'! follows: 

COMPOSITION OF AN IDEAL 

INTERDISCIPLINARY TEAM 


I'IWJECT COOI{/)I~ATOR 


A:-;;-;I~TA \T C()()IWI~ATOH 


Al!rorlOmi~t (;eograplH'r Cartowapher 

Biolol!isl (;e()lol!i~t Photl,!!rammet rist 

Forester II ~'drolol!ist ~ll'lporologist 

Soil scienti~t Zoolol!i~t ~ensor spl'('iali~t 

The memhers of these tealll,; rt'present Federlll, 

State, I~OUllt), :lnd cit)' or:.:allizations as well as 

universities. At one test sitl', Ihe spl'cialists includc 
hi).\llWay en:.:illcers, propert\ \'ahwtors. and \tIx 

asses~ors. All arc alll'lIIptinf! 10 apph common 
multispectral data l'olleded from aircraft. alJ(l soon 

from ~atellite platfurms, to tllt'ir particular urea of 

expertise. 
Several sites have beell ~e1t'eled within the l:lIited 

States where sueh types of n'search art' being un· 

dertaken. Three I ill Califoruia. Ariwlla. alitI the 
Centrul Atlalllic region) arc urll!t'rway und lIine ure 

in the formative stnge. 
I would like to descrihe the Arizona Hl'l!ional 

Ecolol!ical 'I't'st Sitl' fABEl'S) because it is the 
one with which I am must fumiliar. It is also the 

sitc that has heen most developed. As SIIOWII in 
figurc 1, it covers ubout SCI 000 square kilometers. 

35i 
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FIGlIIl.: 1. Arizona Hcgional Ecological Test Sitc (AHETS). 
Solid line represents area of prilllc interc~t (5i 000 kill") ; 
dashed line Tl'prcs{'nts area of secondary inll'n'st 129000 
kill"). 

This sitc was selected for scveral reasons. First, it is 
reprcscntative of the SOIlOfHlI dcsert ref!;ion, which 
co\'crs a vast area of the southwestern llllitcd States 
and Mexico and is hcillf!; rapidly dm'e1oped by man 
heeause of its pleasallt climate. Secondly, the site 
is usually free of cloud cuver and thcrefore has a 
hif!;h proillihility of hcillg ohserved by thc forth. 
coming EH'l'S,A s(,lIsors. Thirdly, a wealth of high, 
altitudc aircruft and space photography of the area 
is already availahle for comparative analysis. And 
finally, much of this data has already dcmonstrated 
potential hCllefits that can accrue throuf!;h thc usc 
of intef!;rated lIIultidis..iplinaI'Y, multi variant, multi. 
staf!;", and multihand ol,sel'vation It'ehni'lues. 

Let me dearly dt'fine IIH'se last terms by a series 
of illustrations that will dllllOnstrate how this ap· 
proadl ties f<lf!;ether, Shown iL thc tahle is a list of 
sOllie af!;endes presl'ntly involvcd in the AHETS 
experiment. Thesc agencies illdude representativcs 
from mall)' seielltifie und otlier disciplines. Across 
the top is a list of the t)'pes of information that can 
he extractcd from rt'mote sellsor data of various 
types. Most of this information ('HI I he extracted 

from photography taken at various wavelengths, and 
in this sense it is a multiband experiment. The 
major categories of information desired are (1) 
resource inventory, (2) land use, and (3) resource 
management. The X's indicate that some agencies 
work mainly in the inventory and land use areas; 
but a large number span the table, extending into 
the management area, 

Large volumes of data have been collected over 
the Arizona area since 1965 from aircraft and 
spacecraft at various altitudes. Ground observations 
have also heell made periodically in conjunction 
with the overflights. It is this usc of ohservations 
taken from various altitudes and providinf!; different 
scales and resolutions that we refer to as multistage 
samplinf!; techniques. TIlese nre used to reduce the 
amount of total information required to inventory, 
classify, alit! manage an area. Hepetitive ohserva· 
tions taken during different seasons over a period 
of years have recorded challgl's in \'ef!;etation, urban 
expansion, and water and snow distribution. 'Illese 
we refer to as multivariant ohservations. 

Studies of sueh data have included: 
( 1) Mapping the distrihution of vegetation, hoth 

natural and cultivatetl (fif!;ures 2 and :{). These 
activities have heen followed hy studies of vegeta· 
tion types and cilanf!;es due to crop rotation, 

f 2) Mappillf!; the distribution of snow amI sur· 
face water ill rivers, lnkes, and irrigation areas 
(figure 4). 

(:{) Studies of manipulation of phreatophyte 
\'('getatioll allel changes in evapotranspiration and 
ground water levels as water-loving plants arc re· 
moved from rh'er valleys and these areas arc con· 
verted to irrigated farmland ffigure;)). 

(4) Studies of rangeland amI forest vegetation 
arid their ecosystems, 

(5) Investigations of Englemann spruce heetle 
infestations in one of the last major spruce stands 
of the United States, 

(6) Measurements of mininf!; activity and solid 
waste materials (figure 6), 

(7) Studies of air pollution from industrial 
sourees (figure 7). 

(B I l\1appinf!; of soil associations and land use 
with photographs from several altitudes (figures 
II and 9). 

(9) Idelltification of geologic anomalies as they 
may relate to mineral exploration. 
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Uses oj 

Applications 

Agency 

Univ. of Arizona 

USGS/WRO 

USGS/GO 

USGS/Gcog. Program 

Bur. of Indian Affairs 

Bureau of Land Mwnt. 

USDA/U. of Calif. 

USOA/SCS 

USDA/ lJniv. of Oregon 

Bur. Outdoor n,,('. 

Bureau of Mines 

Ariz. Highway Dept. 

Ariz. Dcpt. of Property 
Valuation 

Ariz. Dcpl. of Planning 
and \)cvl·lopml·nt 

rem ole seT/sor data iT/ tlte ArizoT/a RegioT/al Ecological Test Site area----.-------- ---------- --_.---- ---l-- .---
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I wish to expalld 011 this latter topic because it 

provides a case history on the very important sub· 

jeet of nonrenewable mineral resources. 


During my studies of Apollo 9 photol-(raphy (fig

ure 10 I I identified a circular topographic feature 

that was enhanced by the pattern of snow and 

shadow from a low Sun angle. The cirele is 6.4 km 


in diameter and was not ilJdicated on any of the 
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geologie maps of the area. Only preliminary geo
logic mapping at a scale of 1;2S0 000 had been 
done in the area. After a brief field trip to the San 
Carlos Indian Reservation in eastern Arizona, 
described tlw feature in a short memorandum. A 
n·dew of availahle data was made, and our geo
physieists (Ii~eovered that it was underlain by a 

magnetic anomaly of about 200 gammas (figure 11). 

I 
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FIGUIlE 2. Apollo 9 color IR photo of Phoenix area showing 
vegetation areas in red. 
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FIGURE 3. Vegetution mup automaticully extructed from 
space photogruphy of figure 2. 

Although this information was based on high. 
altitude, widely spaced data, the anomaly is similar 
in magnitude to other anomalies in the region, some 
of which are associated with copper ore deposits 
that have been known and mined for years. A plan 
was therefore developed to map the geology of the 

, ]:rt.1t '!~ '., '. 
"ii, ' ",~: 'J 

"r';.,. . . ~." ;~., 
',' .', -. .....

,'.. -' " ,!'j' "I,'n" . " -"~,,:.r~ ... \' '. ' ,·'tJ.f,::f. "~ . '-. ,', .," ,~~,~,.' > ,'11 ,,' fI!.' ' ", 
""Jf;,'~~rx-' '.i\,~,"".r.... r _t',,!' .. It~~,' 

, ,.' ., ') " (,~.·l, 

"~' , ': ",~('. ,'11i~' '0' I 
... ZAr!~.~ r' . 

J " ..'~; ';'*'/ " , /' i' ' 
, ,(f!" , 


,,!~,.; . 


FIGUIIE 4. Automuted snow mapping, Two-color map at 
hottom represents ureus of thin und thick snow cover 
derived from color IR space photo at top. 

feature in detail, to conduct gravity and magnetic 
surveys on the ground, and to fly aeromagnetic 
surveys at a lower altitude and closer spacing. While 
these studies are not yet complete, we can say that 
the preliminary results are promising, 

The geologic mapping has shown that the cir· 
cular feature is a structurally controlled block 
hounded by intersecting faults that interrupt the 
northwest.trending faults typical of the basin and 
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range province. A gravity high, one of the largest 
ill areal extent mapped to date in the State of 
Arizona, underlies the structure. The closely spaced, 
low-altitude aeromagnetic data remain to be com· 
pletely analyzed. This combination of information, 
however, and the proximity to known copper de
posits of economic value suggest that the IIrea 
should be studied for more detailed information. 
Subsequent work has shown that the rocks in the 
area are too young to contain copper deposits of 

FIG II/IE 5. Three space phOlos of Tucso/l IIrell shuwing dif· 
fen'nees in repealed uhservatio/ls (A, G('mini IV, 5 JUIW 

1965; n, Gl'mini V. 22 Augusl 1965; C. Apollu 6. 4 
April 1968). 

the porphyry type. Nevertheless, we are now con
ducting induced potential geophysical surveys in the 
area to confirm that there are none. 

What sort of meaningful products do we hope to 
get from the Arizona Test Site experiment? 

Because the Arizona cxperimcnt is still in its 
infancy. final products have not yct hecn defined. 
Howcvcr, 11 rcccnt study of thc NASA Hockct Test 
Facility in southwestcl'll Mississippi (figurc 12) 
providcs us with several models of the types of 
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FICURE 6. Copper mine dctails visible in cnlargement (right) of small area of space photo (left). 

Letters indicate localions of mine henches. 


FICUIIE 7. Air pollution sources can he spulled from space. HCle, mountain breezes carry smoke 
from the Hayden smelter down the Gila River Valley towalll Phoenix. 
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OF PHOTO SHOWN 

\ .) 

LAND USE CLASSES 

TRANSPORTATION 

__ROAD,RAI LROAD 

_AIRFIELD 

.SETTLEMENT 
CROPLAND 
DIRRIGATED 
~ ... _NONIRRIGATED 
ARBOREAL ASSOCIATIONS 
L({..dCONI FEROUS FOREST 

.WOODLAND 
EXTRACTIVE 
-MINING Ar.TlVITY 

F2£'~OILFIELD 
LGRAZING LAND, UNIMPROVED 
WATER BODIES 
Gf,$.if~PERMANENT 
[-.-::-SEASONAL 

~UNPRODUCTIVE 
UNINTEkPRETABLE 

FIClJRE 8. Regional land use classification from Gemini color photography. 

informatinn that we hope will be forthcomin~. They 
include a " micontrolled mosaic of the area (figure 
13) with transparent overlays or maps of equal 
scale depicting: 

(a" Cultural features-urban, suburban, indus
trial, rural, parkland, highways, railroads, and air· 
ports. 

(b) Vegetation distribution-cultivated, natural, 
forest, and rangeland. 

(d Surface water distribution-lakes, rivers, 
slock ponds, swamps, reservoirs, irrigation canals, 
amI moist soil due to rain or irrigation. 

(d) Geologic features-bedrock, alluvium, struc· 
tural features, and distribution of known mineral 
resources. 

As repetitive data become available, new maps 
will be made to depict changes in the above cate

gories of information. These will Ihen be nvailable 
to serve as a basis for invcntory records, land usc 
evaluation, and planning. 

In conclusion, may I say that my participation in 
the development of the Arizona Regiollal Ecologieal 
Test Site has been a gratifying expcrience. We have 
fOWld that sciclltists from many disciplilles alld 
many diverse public agellries and universities within 
the State are eager to participate in this experimcllt. 
Our job no\\' is to train the members of our te,lIll 
and to provide them with the data they need to 
evaluate the systems to be flown in the EHTS project. 
By a team approaeh, we hope to get a thorough 
evaluation of Earth resources data from space and 
attain the economic henefits that we believe can be 
provided by synoptic, multiband, multivariant ob· 
sen'ations from space platforms. 
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FIGllJ1F. 9. Land USt- mnps of sOlllhweslt-rn U.S. areas hasl'n on space photography. 

FIGUIIE 10. Space photography reveals mineral exploration target (circular fcature) on San Carlos 

Indian Reservation, Arizona. 
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F,CUIIE 13. Aerial photo o( l'Ilbsissippi Test Facility area (1970) with corresponding maps depict
ing (A) transpurtation. (Bl urhan dc\'e1upment, (e) agriculturc, (0) water and drainage, 
and (E) lowland marsh arcas. 

\"' l'. S, (jU\'EUS~tE~" l'IH~TI~(i OFHel-; 11)7~_7~4_4Jtl/17(1 




