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PREFACE

The material presented here was origfnelly written as nn introduction to
a much more detafled volume, A Guide to Environmental Satellite Data,
dealing with United States environmental satellites. It soon became
apparent that a number of people were interested fn the overview pro-
vided by this introduction but not, at least at this time, 'in the ex-
pense or detafl of the material that followed. It was also apparent
that the introductory material with a few minor changes could be extrar-
ted and printed as a stand-alone document. This is what has been done.
If, after reading this booklet, one decfdes to purchase A Guide to
Environmental Satellite Data, it is available for 820.00 from:

Publications Unit
Marfne Advisory Service
University af Rhode Island
Narragansett Bay Campus
Narragansett, Rhode Island 02882-1197
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Olla VTER l. INTRODUCTION

OVERVIEW

The first hurdle the potential user v>ust overc:orna in order to begin
working with rex>ute � sensing data produc ts is to determine what is avail-
s blc. aud how I t i s aequi red. Thl s summary I s di rec ted primarily at
thrse questions. Thr discussions will be li>sited to satei lite � burne
sensors uud their data products, as opposed to aircraf t imagery. The
desi rabi li ty of sate ill te data produr ts ls due to their ava i labi 1 i ty,
relatively low cost and roraparatively sinple interpretation. Although
more arrurate in almost all respects, aircraf t data are of ten s>ore ex-
pensive to obtain. Generally, a tailor-made mission must be flown for
the pro jec t, and the data are of ten nore d if f i ruit to interpret, berausi
o f tl>e la rge nus>ber of variables-faun ang le, alt i tude, and speed, for
instance--that roust be known. These variable's will vary duri ng the mi a-
sian and must be accurately detenained. Of c'ourse, the prof essionai ran
use the definition of these variables to advantage when flying a mission
and obtain higher-resolution data products than is possible from s,>tel-
ii te. Many coastal applications nake use of aircraft data for just this
re.>son.

This summary is divided into three chapters addressing those issurs
inportant in understanding and ordering envi torment >I satel li te d > ta.
The first chapter is devoted to a brief overview of satellite data dis-
semination in the United States as it exists today. Ghaptir 2 discusses
lu general ten>s the types of sensors borne on satellites and the vari-
ables they measure. Chapter 3 provides a historiral perspective of sat-
ellitess wi th potential coastal and oreanographic applirations.

LNV IRONHENTAL SATELLITE DATA AVAIIABILITY IM THE UNITED STATES, I'ALJ.
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At present, data and inagery from United States environnental sat-
e lli tes are available from four sourc es, and these are brief ly di sr usa>'d
below. However> the reader is cautioned that the si tuution is fluid and
sub jer t to rhange.

The source to whirh one wrote for data used tu depend on which
ugenry operated the satellite. In general, the data from meteorologiral
satel i i tes, operated by NOAA, were disseminated by the L'nvi ronmental
Data an>i Information Service  EDIS! of NOAA in washington, D.C. Ai Y
}'or> e ne teorologi cal sa tel li te  Dl'ISi'! data were di s tr i but ed by the
University of Nisconsin, Space Science and Engineering Center for NOAA/
EDIS. LANDSAT   the Earth Resources Sate I li te! da ta were obt a l ned tron>
the United States Geological Survey's EROS Data Center in Sioux I'nl la,
South Dakota. Research data from nany of the NASA-launched experimental
sztel li tes were available from the National Space Science Duta Center
 NSSDC! of NASA, located at the Goddard Spare I'light Center in Green-
beltt, Naryland.



At present, one con st i l i obtain DHSi' data frees the Uni vers i ty of
Wi sronsin and civi lian meteorological sate lii te data tron NOAA in Wash-
y ng ton. Alt hough the operation of LANDSAT i s now fores I ly under the
control of NOAA's National garth Satellite Service, the gROS Usta  enter

cont inue to archi ve and di str ibute the actual data unde r a fortes l
agreenent with NOAA. UDlS in Washington has also been wade the focal
point for resear~ h satelli te data such as that of SSASAT-l and the
NISUS-7 Coastal /one Color Scanner. Table 1 susssarizes current ad-
dresses and phone nunbers of organizations f ron whirh data of each of
the associated satel li tes Lsay be obtained.





0!IAV'I'I.K Z. SL'NSDRS! DL'SDRLL'TIDN AND CLASSII'IDATIDN

In thL I'oi lowi»g sections, the saLel ii ! e-born<' s<'ns<1ls of I nter< sL
Lo o< La»ogl'uphy acL consi 0 I I'd i» two separate gl oops. The f i rst group
du<!ls with s< »so ca operat I ng I n the vi sibl<- > OLal inf raced, and theciaal
i nicared bands, I.h«se<!und wi th those operating In I.he microwave. The
primary reason for this separation is that in gener~i satel li te-buc»e
sensucs i» the visible a»d infrared are passive � i.e., raaICC use uf re-
flerteJ solar or. «mi ti.ed i.errestrial radiation whl le, except. for the
SHIIR  intr»du< Ld bc I el'ly below!, Instruments opecating in Lhe microwave
provi Ie th sour. >e of radiation--as well as the Je tactor. Active de-
vi< es us« I.he sLrengLh of thc returneJ signal as well as its Ercque»cy
a»>I cou»d � trip tcav«l tl!ne to des<!ribe the tacget.

Th«s«nsors in these two groups can bL> subdivided into two broad
cai.egocias: i!nagI ng and nonimaging. Iii!aging devices are those that
tend L'u criphasise Spatial inf or<>!ation; I.e., they obtain a twO-dimen-
siunal picture of ei ther Lhe color, temperature> or surface roughness of
Che arun imaged, streaai<!g L'he Variability ot thea«. parsi>stars over the
ar«a. 'I'he sp«tial Ji<i«nslons rru!ge from several tens oi metecs  SRASAT,
SAR! to about 10 kilometers �0gs, vlssg!. Nonisiaging devices stcess
tuvipoi'a I. ~ s p92'c Leal > or radiometric resolution wi th li L tle consideration
fur spatial information; e.g., the altimeter whirh measures surface ele-
Vatiun a»d sucfa<L rougluie<'S only at the saL'ellite Suborbital  nadir!
point, ur I he scat teror>L ter whirh averages surface ruughness over
squar«s 50 ksi on a side ur larger tO eatiinate Wind Streaa.

Thi s Jistin< tion becoiSL>S important when ronsidering data reception
<ilui pl OL'«ssi I'Ig Al thuugh data from both systems of ten requi re s igni f I-
rant pcocessing to obtain the oceanographic variable of interest, those
f row a» imag i ng device requi ce a sophi stirs ted di splay device, whi le
standard line printer output is sullicient fur. those fro<1 the»onimaging
sensors ~

The s<! neo ra wi I.hin both subratego ries, is!aging and nonic!aging, are
<iLscri bed in a generic sensL>  Details with regarJ to satellite-borne
SLnao Cs of envi rO<1nental i nteces t are presented in A 0»i de to gnvi ron-
mental Satellite Data available f rom the Iiarine Advisory Service > Uni-
v<.rs I ty of Rhode Is land, Na rragansr t t, R. l. 028g2-1197 a t a cos t of

0.00.! It should bL stressed that although th<..s«sensurs are presen-
ted wi thin the rontext uf satellite remote sensing, the generic descrip-
tions apply equally well to aircraft-borne SenSOrs. In faCt, ISOSt Of
the s'I tel li te-borne s«nsors are flight tested on aircraf t prior to their
impies>e»tation on board a satellite.

gler.true!a netic Radiation � The uantity Measured

prior tu prLsc»ting the subrlassif ication oi satellite-borne sen-
sors, a disrussion of the quantity measured is approptiate. All such



sensors measure electromagnetic energy or the intensity of electromag-
netic waves. Electromagnetic waves are composed of varying electric and
magnetic fields and are defined by three properties: their wavelength,
the amplitude or height of the waves, and their direction of propaga-
t ton.  In the following, we assume the direction of propagation is
toward the satei li te, so only the wavelength and ampli tude wi ll be con-
sidered.! Electromagnetic waves may have any wavelength between zero
and inf ini ty, but, due to environmental and instrument constt'aints, only
certain portions of the electromagnetic spectrum are useful in satel ii te
remote sensing of Earth resources  Figure I!. Some of the nore Impor-
tant constraints are atmospheric absorption, the size of the instru-
ment's antenna, the relationship between the wavelength and the quantity
observed, and the power available to operate the equi pment  the last
primarily for active devices!. An additional and extremely important
constraint is the data rate; i.e., the volume of data collected. This
constraint is determined by the ability to  a! handle the data on the
satellite,  b! send these data to Earth, and  c! process such data once
they have been received on the ground.

Electromagnetic radiation of interest in remote sensing of Earth
f al ls into three general regions: visible, i nf rared, and mic rowave ~
These are discussed below.

Visible Radiation � Li ht

Light is one example of electromagnetic radiation  see Figure I!,
the color of the light being determined by its wavelength. Red light,
the longest wavelength light that we can see unaided, is composed of
waves about 0.75 x IO meters long �.75 micrometers, written 0.75
pm!, while blue 11ght, the shortest wavelength we can see, i s composed
of waves about 0. 0 p m long. This portion of the eletromagne tie spectrum
f rom blue to red light is called the visible portion because it is com-
posed of only those wavelengths we can see without instrumentation.

The intensity of light, its brightness, is determined by the ampli-
tude of the waves. Bright light will have relatively larger amplitude
waves, while dim light will have relatively smaller ones.

Visible light will propagate through a clean, dry atmosphere with
little disturbance and is therefore one of the more important bands of
the spectrum for satellite sensing. In a clean, dry atmosphere we have
good visibility: a "clear" day. On a hazy day there are a great deal
more scatterers and absorbers in the atmosphere aud the light can be
substantially af fected as it passes  propagates! thr'ough it.

Host visible radiation reaching a satellite from the Earth is re-
flected solar radiation; i.e., light from the sun that has been reflec-
ted from the Earth or its atmosphere toward the sa tel li te. Rote that
this means that sensors in the visible can, in general, collect data
only during daylight hours.
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A final property of visible radiation that is important in oceanog-
raphy is its ability to penetrate water. Of the three spec tral regions
of important e in remote sensing oceanography, light  especially blue
light! penetrates water by far the best. Indeed> in the thermal and
microwave portions of the spectrum, there is little  on the order of
micrometers! to no penetration. Blue light, on the other hand, will
propagate through tens of meters of clear ocean water before being sig-
nificantlyly attenuated. Red light is sharply at tenuated within the first
few meters

Infrared Radiation

The second region of the spectrum important in remote sensing is
the infrared, so called because it is "below" red, or beyond the visible
red. We cannot see infrared radiation with the unaided eye; however,
instruments can record this radiation either electronically or photogra-
phically. Once in this form, it is readily converted to an image we can
see, or numbers we can interpret. The infrared portion of the spectrum
is divided into several regionsy of which the near infrared  near IR!
and the thermal infrared  thermal IR! are the most important.

The near IR is important because it corresponds to the band of high
reflectance for most vegetation; i.e., plants reflect a good deal more
energy in the near IR than in the visible. Furthermore, the atmosphere,
except for clouds, is transparent to near IR radiation. The wavelengths
of interest here range from about 0.8 !jm to about 1.5 Wm. As in the
case of visible radiation, most radiation leaving the Earth in this por-
tion of the spectrum is reflected solar radiation.

Thermal IR radiation  ! 4 W m! is important because it is dominated
by radiation emitted by the Earth and atmosphere, not reflected solar
radiation. The intensity of the emitted radiation depends on the temp-
erature of the source  water, land, etc ~ ! and a physical characteristic
of the source, called the emissivity, which is generally suf f iciently
well known so that the temperature can be de termined from an accurate
measurement of the thermal IR radiation. The atmosphere is only trans-
parent to thermal IR radiation within several narrow "windows." Two of
the most important of these are the 3 pm to 5 W m band and the 9.5 Ijm to
about 13.5 Wm band. Outside these windows, almost all thermal IR radi-
ation is absorbed by the atmosphere as it propagates toward the satel-
lite. Within the 9 ~ 5 to 13.5 Wm window, the radiation is greatly af-
fected by atmospheric humidity, resulting in one of the most significant
shortccmings of thermal IR sensors in determining sea surface tempera-
tures  SST!. Furthemaore, thermal IR radiation does not penetrate
clouds to any significant extent. However, because a significant frac-
tion of the radiation is emitted by the Earth, data collection is not
restricted to daylight hours.



Hicrowuvu kiidiat.iun

'I'h«. tlii rd port. ion of the spectrun> In>t!or tant in remoti' sensi ng of
t.lie EarLIi is tlic inirt'owave region. Wavelengths of iinporianre riuige from
about I mi I I i met«r  I mii liine t«r = 10 sisters! t o s«vera I tens of
rent iiiu ters   I cent ln>e ter = IU meters!. The r.uto f f a t. the lower end
is detrrminud by aLmospheric absorption whi le the cutotf ut the upper
end is more u f i>oct ion oi instrunient constraints as well as t.lie reflec-
tive aud eniissive pruperties of the ground, ati»osph«re, and sea surface.
There i>le si'vsial vei'y iniport.ant di f fereuces between sensing in the ui-
«rowave ron>l!ared to sensing in the visible and infrared.

Ei rst, »tost i»icrowave radiation will penetrate clouds with lit.tie
at.i«i!ustioili or rcilllrt ion of sig!nal strength. This mc ani that a sub-
stantial portion of the microwave spectrum may be used under al.l weather
rond l tlons  exi ept ior heavy lain!.

Serond, Lhe intensities of radiation en>i tted by the I.'arth and solar
radiutiuu rei'Iucted by the Earth are very weak. This insane that a pus-
s iv«sensor, depending on the Earth or tlie sun as Its source of radia-
tioii, must: bc very sensitive to obtain useiul information. On the other
li ind, art.i vs devices, those whirh provide tlie source of radiation and
then i»ensure the f rar t ion ref ler ted back town>'d tine set>sot i liavi li t tie
bar kgrouud radiation to ronfound the ineasurrments.

Tliird, the wavelengtlis us«d are comparable to the size oi many sur-
face irregularities, sand grain size, capillary waves, etc. Therefore,
the inta nsity of reflected radiation of ten carries infom»ation on tlie
rougluiess of the surface, which is of particular value when studying
oc« i>llog i upi>'ic pl>pool>le ila

VISIBLE,, NEAR IkpkAKEH, AND THEKNAL INERAKED SENSOltS

The general classification ache>ne for sensors in the visible to
Lhermal IR portiun of Lhe spectrui» is shown in l'igure 2. The first
division is determined by the deter tor's operational modes, In tine case
of tlie photographic instrument, the recording riedium is f ilm. 'fhe de-
tection proc«ss involves molecular alterations on the film, hence is not
reversible; i.e., once a film has been exposed, it caruiot be used again.
In tlie rase of the electro-optical sensors, the output of the detector

au elei tronic signal. This signal r>ay then be used to expose a f ilni
 as is done by soine thermal detertors!, t!iay be stored on magiietic stor-
age devices, or displayed un a cathode ray tube  CKT!. The detector is
uut d«" t.ruyud in the process of detection. Lurthern>ore, the recorded
sigs>al is in an appropriate form fortransmi ssion or. digital processing.
A s«cond important dif i'ereure between photographic and eletro-optical
s«nsurs is that. the former are restricted to the visible and near infra-
red  up to about I ~ 2 Ltn>! portion of the spectrum, wliile the latter r.an
be i»ad» to rover any part of the visible to thernial IR region. l'urther-
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a!ure, 1 h«dyn;u>i < ro!>gc available to ele«t ro-opt leal d« t«r tora i » in
gene r<1 I s igni i i < anLly gr«d tee t h!!n wt>at i» av>>i labia to t! t!otograpt>i<
ono ', t'ul Illdoy al!p I i ra L iona ~ probably Lhe 1!>oat import dnt toa turd I s
LI!;11. moltispe<.teal data  elt r tcomagnetic intensity set>drsted i«to a
nol'It!oc oi dl t far«nt wavelength regions! is Ivsilable simult'.aneously at
c,>rh uf tho gro>n><t ele>u uts imaged by the sensur. t'tultisp«rtral infur-
1>d Lion is avdi table I.rum pt>otOgraphir devi«e»--e.g., c lu»ters of camelds
or d numb«r of lt nsu» for the sa>xe frar>e � bu> regle >.ration of the resul-
ting i!udge» i» nOL easy. For the electro-optical devire, on tt>e other
hand, regisLc!>t lou is often inherent in tho tro >tment of radiation t>y
the i oaten>11 nt. A coot!ari son of electro-opt ir dl deter t ion dnd photo-
graphi<' doLe< 1 ton is presented in Table 2. tindecstanding of photogrdph-
ir «qoi pmont hy the rendehr is assumed and will not be dealt wi th for-
t t>c.r. The rest oi t t>i S chapter wi ll be devoted to e le« tro-optical sen-
sur», wt!irh are subdivided into imaging dnd nonimaging. Because the
imaging devire has ds its basic the nonix>aging sensor, the nonimaging
s<'uso Y wi t l. t!u pt'I'se>'!Le<i f 1 cs t

tt o!

Kadi ome 1.«r/ Vt>OtOS>ster. Tt>e s imP lest of the nonimagi ng devi<.es are radi-
omoters or photome ters. 't'hose instruments 1>assure the intensity of all
thc ole«Lromdgnetic cadi>>tiun within their field-of-view and wavelength

'l't>e iield-of-view depends on the opt.ics of tt>e «oiler tor  mirror
uc lou»!, Lhe. field stop, and/or the geometry of the detector. There
may, of cour»e ~ be addi tional optical elements wi thin the systen whir h
also a< t to determine the field-of-view. The wavelengtt! range to whirl>
t t>C Se naur i» c<'epona i Ve depends pcinari ly on the opt:ical elements
through whicl> the radiation must pass and on the design characteristics
of tt!e detertor.

The distinction between the radiometer and photometer is based on
the wavelength range ovet' >A>ich they are sensitive. The radiom>.tec op-
«rates at and beyond wavelengths in the i nf rdred; i. e., at wavelengths
Bred t«r tt>dn about One miC COme ter. The phutO!aeter Ope Ca teS at ShOrter
waveleng tl>s, the region of sensitivity rorrespondi ng dppcoxima tely to
tt>SL of photograpt>ir f itm.

Although tt!e tern radiometer i« used in this section for detecturs
operating fro!n 1 pm to radio wavelengths  m ters!, the primary emphasis
is on detection in Lhe ther>aal infrared. As mentioned previously, elec-
tcomsgnetir energy in tt>e thermal infrared porLion oi the spec t,curn is
emitted primarily by objects in the 30>i K �7 0 ur BOSK! range.
This s>cans that great care murt be taken to r ool the instrument so that
the cadiation observed is not that emitted by the sensor itself. In
general, thi» requires that the instcument be equipped wi th an internal
reterenre to ralibrate the observed signal. Internal calibration is not
requi ced  alt t>ough i t may be used! for the pt>oto>>etec.
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TABLE 2. Electro-Optical Detection Versus Photographic Detection

Plectro-O tical Advanta es Electro-Optical Disadvanta es

In general, substantially more
complex than a camera

� Coarser spatial resolution

Bas a greatet dynamic range

� Can image beyond approxi-
mately l. 2 Dm, the limit for
photographic senso'rs

� Output signal in electronic
form way be: transmitted

recorded
digitally

analyzed

� Capable of internal calibration

� Multispectral data is coregistered

Data storage is not as eff I-
cient ou magnetic tape as on
film
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dispersing el>mo«t. The di sp>ruing ele»ent-~.g., a pri >ns oc ruled
grating s pro»lis LI>c In>'omi ng radiation spatially as a f unction of wave-
length. 'I'hc dispersed r >diation is then detected eiti>er by a nus>l>i r of
cadi orna ters at J i I fere«t locations oc by swoepi»g t l>e dispersed bea»>
past the s»mo rag i orna ter. The former method provides poorer s p>ct ral
ca so IuLI 0»' but gci » tec s> nsi t I vi ty by I ntegca ti ng longer ln Lime. In
tho labor»Lory, this results in only a small advantage. In the field,
where tha in> oisiug energy»>ay be a function of tir>e, this time ron-
sLcaint can be crucial.

~l» i

i i>ii. > ii > rii, >>L> >>i >>i > iii
covers<i i n any Jets I l l>eru. The. primary points have alce<ldy been men-
Lioneii i« the S«ruaary of Table 2.

Return Beam Vi Ji con Cat>era. The Return Res>s Vidicon Ca>sera, or RSV, is
a television systor> r>hich lies generically between photographic equip-
mentt and su>l t i aper teal scanners, discussed in the next section. Tl>e
Juvir e I s s i»>i lar to photographic equi p»>eat i« that I t i>»agua an ant i re
scene at one instant. It is, however, similar Co ti>e electro-optiral
sensors in that the detected cadiance is cunver ted to an electronic
signal�. The RBV > tl>lf ref ore > has some of the di sadvantages of photogra-
phic eil«i pment  twu � di»>ensional distortion, lack of multispectral regis-
tration! anJ sone of the advantages of the electro-optical sensors
 elei >.ronic output, nondestructive detertion, etc. !. LANDSAT is cur-
rentlyy Lhe o«ly environniental satellite wi th a television sensor
aboard.

Sranners. Eler tro-optical scanners are devices whirh generate an image
by sranning the scene of interest. This is generally done using a rota-
ting nirrur whirh ref lerts radiation from di Efe rent parts of an area
into the detection system. Usually the sensor is cunstcucted so that
tl>e rotation uf the >si crur provides radiance data along a sLraight line.
Thr serond dimension of the i>sage is then obtained by advancing the sen-
sor perpendicular tu the scanning direction. From the mirror back to
the detector, the sensor. resembles st least ronceptual ly the sinple ra-
Jione ter ur spectrometer discussed above.

All multispectral scanners on the various satellites  NSS on
LANI>SAT, GROS on NINBUS-1, VIIRR and AVHRR on the TIROS-NOAA series, for
Instance! operate basirel ly as described above., using the scanning >»o-
tion of Lhe nirror to provide the across track infurmation and the >»o-
>.ion of the satelli te tu provide the along tr~ck information. The only
exception to this >»ethod of operation is the Visible Inf cared Spin Scan
Radio»ster  VISSR! on GORS,

The VISSR operates difi'erently because the GORS satellite on which
it is flown does noi. advance relative to the ground. It is in what is
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referrid ro as a geostationary orbit, discussed in Ghapter 3. Eor VISSR
the scanning motion is achieved by rotating the entire satellite about
iin axis approximately perpendicular to the plane described by its orbi t.
The iairror inside the satellite is then stepped about the axis perpen-
dicular to the earth-satellite vector and lying in the orbital plane of
the satellite. One step is taken for each rotation of the satellite.
The rotation of the satellite then provides the east-vest information,
while the stepping mirror provides the north-south information.

All of the visible/IR scanners on environmental satellites have at
least two spectral channels.

NICROHAVE SENSORS

Because the intensity of emitted terrestrial radiation and reflec-
ted solar radiation is down several orders of magnitude in the microwave
portion of the spectrum from what it is in the visible to IR portion of
the spectrum, passive reception of such energy is quite dif ficult. Be-
cause of this � and because of their expected usefulness--active micro-
wave sensors have received significant attention in the past several
years. The ability to control the source of radiation in an active sen-
sor permits the measurement of variables other than just the received
radiance. In particular, active microwave sensors make use of the trav-
el time of the emitted pulse to measure distance and the frequency of
the returned pulse to measure the speed of the target relative to that
of the sensor platform. The change in frequency due to relative motion
is referred to as the doppler shift. These two variables, rouiid trip
travel time and doppler. shif t, may also be used to locate a signal ge-
ometrically. An active device can use any or all of the three variables
outlined above as well as a fourth, polarization. The polarization is a
measure of the plane in which the measured electromagnetic vector oscil-
lates. Both active and passive devices measure the polarization. The
emitted pulse of active devices may also be polarized.

Nonima in Hicrowave Sensors

Radar Altimeter. A radar altimeter is an active device used to measure
the distance from the spacecraft to the reflecting surface below with
high degree of accuracy. The primary variable observed, therefore, is
the round trip travel time between the spacecraft and the sea surface.
The sensor emits a traveling pulse straight down   It looks at nadir!
and then looks for the return pulse. Altimeters have orbi ted on three
spacec ref t: Skylab, GEOS-3, and SEASAT-1. The vertical resolution of
the instruments went from approximately one meter tor Skylab to 30 cm
for GEOS 3 and 10 cm for SEASAT 1. These resolutions were those ob-
tained by averaging all returned pulses for one second  between 10 and
100 pulses! and correcting for atmospheric ef feet s.

The radar altimeter has also been used quite successfully to de-
termine sea state. This is done by comparing the shape of the returned
pulse with that of the emitted pulse.
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Scatterometer. Oceanographic applirat iona of the scat terome ter have
been prinarl ly dice~ teJ toward the neasurenent of wind-indurc l surface
stress. This instrument responds to the intensi ty of ref lecteJ radia-
tion at moderately large angles, IU to 80 . The instrunent is ac-
tive und usus ranging, rounJ trip travel tine, to locate the reflected
pn lse spatially. Iu order. to obtain direr t iona I in f orna t i on regarding~
wind stress, two antennae were used on SBASAT l to view th«sane loca-
tion fron dl f ferent angles. One beam was emi Lted 45 from the forward
direi tion anJ tlEc second 45 from the aft direction. As the satellite
advanred, Lhe area covered by the aft-looking beam would cross whatever
had been obs«rved by the forwacJ-looking beam, By this nethod, the
Jirer Lion of t.he wind stress was determined to point wi thin 2Uo of one
of four direct tons. In some cases, the directional ambiguity was parti-
ally r«solved, the stress being determined to lie within 2U" of one of
two dirertiuns.

The el crt romagne tie pulses emi t ted by Lhe s par ec raf t have wave-
lengths on the order of 3 cm. At this wavelength> capillary waves act
as Bragg sratterecs, hence the abi I'ity to measure wind stress, magnitude
and Jicection. In ordec to neet the resolution requirements speci. fied
foe wind stress, the area over which the reflected pulse must be aver-
aged is large sinr e capillary waves are weak sratterers. The sratterom-
e ter uses cangi ng to divide the region viewed into a numbe r of large
rells with length srales on the order of 50 km.

Scannin Nicrowave Radiometer. A number of sranning nic rowave radio-
meters have been orbi ted iu recent years on various satellites,' pri-
marily, the SHNB on NINBUS7 and SVASAT I, ESHk on NINBUS5 and
NIHBUS-6, and SCANS on NIMBUS-6. Two different techniques are used to
sran the beam. The bean of electrically scanned radiometecs  KQ'ik! is
steered electrically using a phased array. There are no moving parts
and the angle of the antenna is stepped across a scan line in disc rete
int~rvals. The seconJ technique is to rotate a reflector in front of
the antenna in much the sane fashion as the visible/Ik nuit ispectcal
scanners desr ribed earlier. The primary di f ference is that the reflect-
orc is a metal sheet rathec than a mirror. The SNHk ref lertor is ro-
tated continuously, while the SCANS reflector is rotated in discrete
steps sini lac to the VISSB on GOES. In al I cases, the scan direction
provides spatial information normal to the satellite's suborbital track.
All of these devices measure two polarizations as well as radiance in a
number of rhanne la.

Because the emitted terrestrial radiance or reflected solar radi-
ance is many ocders of magnitude lower at microwave frequencier than in
the visible or thermal, the sensors nust again average over a much
larger area. This constraint is also imposed by the size and shape
requirements for microwave antennae. I'or these reasons, the scanning
microwave radiometers are included here as nonimaging devices all having
resolutions coarser than 25 kilometers ~
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~iua ~in ~ Microwave Sensors

Synthetic Aperature Radar. The only microwave imaging sensor orbit«d to
date is the Synthetic Aperature Radar, or SAR, on SSASAT-l. 'I'he SAR is
an activ« sid«.-looking device which makes use of both ranging and dop-
pler information to construct an inage of the surface with a resolution
on the order of 25 meters.

The term "synthetic" refers to the fact that the motion of the
spacecraf t allows the sensor to "synthesize" the signal normally seen
wi th a much larger antenna system. This is accomplished by maki ng use
of all the information available from each target to generate the image.
The radar emits nany pulses each second, each pulse illuminating a fair-
ly large area. Thus, each element of the sea surface is illuminated by
I he rads r and ref lect s energy back to the spacecraf t a number of times
as the spacecraf t passes. These multiple views of each target may bo
used to resolve features not visible to the radar using just ranging and
doppler information.
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CllAPTER 3, SATELLITE OVERVIEW

tlISTORICAI. PERSPECTIVE

In April 1960, only threr and a half ye;>rs af ter the first man-node
satel lit». ochl ted the EarLh, the Uni ted States began its envirornnental
satellf te program with the launch of TIROS-I  Televf sion and Infrared
Observation SuLeilite!, the ff rst in a series of ten satellites launched
foc the purpose of meteocoiogica1 research. The TIROS satellites fol-
Iow a near polar orbit. Such an urbf t is generalIy r frcular> carrying
th» satellite to wi thin ten degrees or so of the poles and allowing
coverage of air>ost a Ll the Earth. These ucbf ts are f urther rona trai ned
f n that the satel ff te passos overhead at approximately the same local
sun t i me everywhere on the surface of the Earth. Such orbi ts are
relied sun-synchronous. The objective of the TIROS series was to de-
ters>fne through expert>nentation an acceptable configuration for a Unf ted
States operational series of meteorological sa tel lf tes. This task in-
volved expecfmentatfon with L'he sparerraf t, its sensors> and the satel-
lite-to-ground rommunfcatf one link  called the "do>mlink"!.

TIROS-X, although included in most historical descriptions as the
last research satellite fn the TIROS series, artually served as the pro-
totype for the f I rat generation of operational, polar-orbf tfng, meteoro-
logical satellites ceferred to as ESSA." This series was fnaugurated in
February 1966 wi th the launch of ESSA-1. The ESSA srrf es cons I s ted of
two satellites whfrh collected data simultaneously. The odd-numbered
satelli tes stoced data whfrh was then sent to the Wallops Island,
Virginia, and the Fairbanks, Alaska, Command and Data Arqufsf tion sta-
tions. The even-numbeced satellites relayed the received data directly
to ground vta the Auto>natir Picture Transmission capability. The sec-
ond ESSA satellite was launched in late February of 1966, and the last
in the series, ESSA-9, was launched in February 1969. See Figure 3 for
a chronological arrangenent of United States meteorological satellites.
It is of interest to note that ESSA-3, launrhed in October 1966, was
also cal led TOS-I  TIROS Operational Satellite or System!. This alias
is used interchangeably wf th the remainder of the ESSA series, ESSA-9
being TOS-7.

The NIHBUS  " cloud" in Latin! series, designed to carry ou the re-
s»arch and development  RAD! function for the polar � orbiting, meteoco-
logfcal satellites> wss initiated wi.th the launch of NINBUS-1 in August
1964.  Note the overlap with the last RBD TIROS satellf te,! In addi-
tion to the develops>ent and flight testing of advanced meteorological
sensors, NillBUS also played a research role in the exploration of natu-

* Fran TIROS-X on, the prototype for each generation of operational,
polar~r bi ting, meteorological satellites has been called TIROS--
TIROS � H for the second generation and TIROS-N for the third genera-
tion.
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ral resources and geophysical phenomena. This ncccssf tsted sensors
< apable of detecting various forms of air p«II«tfony providing data o«
va t ious or oanog raphir variables, e tr . In part Icu1 > r, some of the more
recent NIMBUS satellites have been equipped wf th sensors dedicated to
oceanographic studies. The last s Itellf te in the series  NIMBUS-7! was
lau»ched in Or tober 1978, and was stfll performi ng reliably at the time
of this writing.

Advanres made early in the NIMBUS program were f«i orporated on
TIROS-M   launched f n January 1970!, the prototype for the serond gen-
e ration «f po la r � o rbf tf ng, meteorological series. TIROS-M was also
l'«own as ITOS-I, the Improved Tiros Operational Satellite. The first
operation>I satelff te in this series was designated NOAA-I and launched
in Uerrmbcr 1970. This series fur luded high resolution thermal IR
sensors us well as vi sible sensors. The last satellf te in this series,
NOAA-5, was la«orbed in July 1976.

TIROS-N, the prototype of the third generation, was launched in
October 197d, and the first operational satelli te in the third genera-
tion, NOAA-6, was orbi ted in June 1979. NOAA-6 was operatfo«al and
providing useful oceanographic data at the writing of this report,
TIROS � N having fa f led in the fall of 19BO. NOAA-7 was launched I n June
19BI.

Parallel to the development of the polar-orbf ting series, two other
series also evolved. One of these, the Defense lleteorological Satellite
Program  OMSP! developed by the military, is polar-orbiting and rol-
lects much the same data as the NOAA satelli tes. The early development
of the system was serret, hence lf ttle fnformatfon is available from
this period. The Af r Force announred the existence of the series in
Febr«ary 1973, at whirh time DMSP data was made available to the public ~
Sfnre the public announrement of the series, the early Block 58/C rat-
ellltes have been replaced with a newer generation called the Block
50.

The other meteorologfcal satellite series developed parallel to
TIROS/ESSA/NIMBUS/NOAA was ATS/SMS/GOES. These satellf tes fly I n a
geosynchronous orbit rather than a polar orbf t. A geosynchronous
satelli te orbl ts the Earth about the equator, one revolution taking 24
hours. In this fashion, the satellite will remain above the same point
on the equator at all times ~ The advantage of such an orbit is that
rontfnuous coverage of an area is provided. llowever, the resolution is
coarse, since a geosynchronous orbit requires the satellite to be much
higher than the polar orbf ters, 35,000 km as opposed to 1,000 km. Also,
the sat.elli tes rannot moni tor the poles because they are al. ways over the
equator; and they see only one section of the Earth. In order to capf-
talize on the advantages of both systems, the United States decided to
deploy an operational geosynchronous series in addition to the polar-
orbi tf ng series.

The Applications Terhnoiogy Satelli tes  ATS!, first launched in
December 1966, se~ved as the RBO series for the geosynchronous system,
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air.hough thi s was not their pri»>ary mission. A nur»ber of spacec ref t and
sensor experiments were ~arried out on the early ATS satelli tes. SHS-I
 Synchronous Heteorological Satellites! > the prototype of the operationa-
ll geosynchronous me teorolog feel series, was launched in Hay 1 974. The
third satelli te fn the series, SHS-G> was renamed GOES-1  Geosynchronous
Oper»tional Envf ronmental Satellite!, and launched in October 1975. Twu
geosynchronous satellites are needed to cover the United States; hence
GOL'S-2 was also launched. In addition to the GOES satellites, the Euro-
peans have orbi ted a similar satellite, called HETl':OSAT, and the Japan-
ese have one called GHJ Geosynchronous Meteorological Satellite. These
two satellites cover those sections of the Earth of interest to l.he
associated countries,

Following the early success of the meteorological satellites, as
well as the promising results of numerous airborne missions, the United
States embarked on fts land-orfented satellite research program iu July
1972. The first satellite in the serfes, ERTS-1  Earth kesources Tech-
nology Satellite� !, carrfed two sensors spanning the visible and near in-
frared portion of the spectrum. The primary sensor was the keturn Beam
Vidicon  RBV! cai»era> actually a set of three television caneras sensi ng
in the green, red, and near infrared. The secondary sensor was the mul-
tispectral scanner  HSS!, an electro-optical sensor sensitive to radia-
r.ion in four spectral bands. Shortly after the launch of ERTS-1, the
RBV failed, and although it was included on ERTS-2, the second satellite
in the series, ft never saw much use. The HSS, however, included on
ERTS-1 "at the last minute," has provided exceptional ground-cover data,
and although ERTS uas conceived as an R&D series, data dissemination as
well as sensor continuity has been treated fn an operational fashion.
In 1975, af ter the launch of ERTS-2, the satelli tes were renamed
LANDSAT-I and 2. Since then LANDSAT-3 has been launched, with an im-
proved RBV system and a therr»al fnf rared channel on the HSS. A
LANDSAT-D and D2 are planned for launch in the near future.

A second research satellite  r»armed fn this ease!, from which a
nn>»ber of ground cover, oceanographic and meteorological experir»ents
were carried out, was SKYLAB, launched fn Hay 1973. Harry of the exper-
iments carried out on SKYLAB laid the groundwork for sensors launched ou
later satellites. For example, the results of the radar altimeter ex-
periment were utilized in the design of the GEOS-3  Geodetic Experimen-
tal Oceanographic Satellite! satellite  April 1975!, whose primary
sensor was a radar altimeter. GEOS-3 is included in most summaries as
an oceanographic satellite because the radar altimeter, its primary
ins true>ant> collected data only over the oceans, providing data such as
ocean topography and significant wave heights. There were two other
satellites in the GL'OS serfes, but their sensors provided data of little
interest to oceanographic phenomena and will not be discussed here.

The last satellite launched to date uith oceanographic data collec-
tion as its prir>ary mission uas SEASAT-1. Host of its sensors becar>e
operational on June 27, 1978, but after 99 days  October 10, 197B! of
near flawless operation a major power failure incapacitated the space-
craft, terminating all data collection. There was to be a SFASAT-2, but
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this project was dropped in favor of the proposed NOUS  National Oceanic
Satellite System!, which was scheduled for a 1986 launch. In the inter-
im, no other civilian United States oceanographic satel li tes are plan-
ned. NOSS now also appears to have been dropped.

The only other satellite with potential application to remote sen-
sing of the oceans that will be discussed is HCNM  Heat Capaci ty Napping
Nission!, launched in April 1978. The mission of HCt4H was to provide
cmxprehensive, accurate, high-spatial-resolution thermal surveys of the
Earth's surface. The objective of these measurements was to determine,
from the observed thermal differences between day and night, the thermal
inertia of the ground and thereby the geological structure ~ High-reso-
lution thermal imagery is, however, also of interes t In oceanographic
studies ~

SATEI LITE CLASSIFICATION SCHEMES

Satelli tes can be classified in a variety of ways. An outline is
therefore presented of some of the attributes of a satellite or satel-
lite system that might be used for classification. Probably the most
Important Is the satellite mission.

Application Areas � Satellite !fission

To date, satellites have been launched by the United States to ad-
dress meteorological questions, observe the oceans' classify geological
structures, determine the shape of the globe, and classify land cover,
particularly agricultural cover. Future satellites are planned which
will allow surface mapping, topographic feature extraction, ice cover
analysis, and magnetic field strength determination. There also exist a
variety of satellites with planetary, solar, and other astronomical
missions; military satellites with classified missions> communications
satellites; and navigational satellites. These, however, will not be
discussed here as they do not fall within the group of environmental
satellites and have no utility in remote sensing of the oceans.

For simplicity, we reduce the various application areas outlined
above to the fo1lowl ng three categories: meteorological  weather!,
oceanographic, and terrestrial  land oriented!. Although our primary
area of Interest is the ocean, data from satellites in all three ap-
plication groups have proven useful in oceanographic research.

The second characteristic of a satellite or satellite system that
ran be used to classify it is its mode of operation. There exist In
general three modes, although the distinction between them is sometimes
nebulous. These operational modes are:
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a. Kesearch, The satellite is launched to study sensor charac-
teristics, orbit alternatives, etc, and there is no guaran-
tee that in the future the nation will support a similar
satellite. Givilian research satellites are launched and
operated by the National Atmospheric and Space Administration
 NASA! .

b. prototype. This designation is used for the first satellite
in a series of operational satellites. The satellite  civilia-
nan! is launched and operated at first by NASA. Control is
eventually turned over to the National Oceanic and Atmospher-
ic Adminisrration  NOAA!.

c. Operational. Such satellites come in series. The civilian
ones are launched by NASA and operated by NOAA. In general,
the country has made a commitment that the series as well as
subsequent series will continue the observation program for a
number of years into the future.

The word "civilian" has been used a number of times. These satel-
litess ate to be compared with a series of meteorological satellites,
launched and operated by the military, the data of which is in the
public domain. There is no commitment on the part of the mili tery to
supply meteorological data to the public in the future. Indeed, the
military reserves the right to restrict their satellites to military use
at any time. This military/nonmilitary dichotony indicates another man-
ner in which satellites may be categorized. This categorization will
not be used here.

Satellite Orbit

The last characteristic to be considered is the satellite's orbit.
It is convenient to consider three different types of orbi.ts:

a. Sun-synchronous  sometimes called polar-orbiting!. The local
sun time at the nadir point  the point directly beneath the
satellite!, on the sunlit side of the Earthy is approximately
the same independent of latitude. Such orbits are important
when reflected solar radiation dominates the observed radi-
ance and of little consequence if the satellite's sensors are
active, providing their own source of radiation. Such urbi ts
are about 1,000 km above the Earth's surface.

b. Geostationary  Geosynchronous!. These satellites orbit the
equator at the rate at which the Earth rotates; hence, they
always remain over the same point on the equator. These or-
bits are useful where repeat coverage at short time intervals
is desired and spatial resolution is not as important. Their
orbi ts are about 36, 000 km above the Earth' s surface.
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<Ien»rat. 'I'til s il»t t nes aiL possible orbi ts. Oas»s a <ini! b
at!ov» ar<. specta I <<is»s of thv. gen«ral or. nonspe< iii<' orbi t
t!uL;ire s«pari<ted here be< alla<' of It<»I< ilipol:tali<'i' Itlt.
g«ncral orbi tsiiat I be used to def inc at. L orbi ts tliat are
ne I Lhv r sini-syurl>ronoi<s nor geos La t i<in>iry.

I <> 'I'ah ii! 3, ext st] ng natal li te systeus <i re categorized using the
v < r I ous rii L«g<! ries oii t1 I i>ed above. Ac' ross the tot! ot t lie tab le I s thi!
mod» oi. <!I!or. it i oii- � r sea rcI>, prototy p», >nd oper.> Llonal--whi le t tie
cotiiim>s are divtd»d iut.u at>pltratioi> areas. Earh appli<. ation area is
fur LI>vr sub<it viii«d by urbi t wt>err applicablv.

Sos<» pe»i<LI;iri Lies aru evident in Table l. Nil'IBUS app»,irs in bott>
I.llo 1><e Li o <'I> li!gy and oc»i>iiograpl>y app lieut ion are<is. The NIHt>US scrive
was origi<iaity conceived as tlie res«arch series for sun-sy«rtironous,
inc>i orologi<!,<I ilpplirat'ious. Rvcently, Iiowever, tt>e NIMIIUS platform has
biio<i used Lo test sensors --e. g., the Co i'tal Zoi>e I.'olor Scanner
 URUS! � wiiirli havi orcanographir applirations.

A svrond pol iit of ronfusion I s tt>e Jesi gnat ion of 'I'IROS as the pro-
t<it y tie for <.he sun-syn<hronous meteorologirul sa tel li tea. This Is only
t Iiie f ! r the more reren t Ti ROS sate ill tv s. For exes>pie, TIROS-N Is the
pro< otype tor th« tlilrd genvration, meteorol<!giral, polar-orbi ting
saL<'1 li tea. The i.onfusion arises from the fact that the early 'I'!ROS
s J't<-'I I I tes   f rom TIROS-I launrtied i n 19bU to T LROS-X i ann»i>ed in 19b5!
serveit as resear< h sa<.e I li tea, wlii le the later ones a< v. prototypes.

The designations of the various series of s«n-syn<.hronous,
meteorol<!gtraL s >tvL Li tes can also be conf ust ng. For vx imple, the tt>ird
sitelli te in Lhe ESSA series was also named TOS-A  'I'IROS Operational
Sa tel Li te!. TIIIO'!-I'I! the prototype of the second � generation, sun-syn-
< hrono«s s<.ries, is >ilso to<own as ITOS-I  Unproved TIROS Op~rational
Satelli te! ~ The number of al tases associated wi tli a series of ten leads
Lhe rasiial obs«rver to tlie ronrluston that I'Iiere are many more satel-
I I tes <.lian I n fart exi st. A fin>>1 point to note here is Lhat a satel-
lite In a series generally Iias a letter designation priur to launrh. If
<.he 1 >iiiiih i s sucressful, the letter i s converted to a number. For ex-
ample, t!ri<!r to launch, SEASAT-I was referr«d to as SEASAT-A; after the
Laiinch i <s none was i hanged to SEASAT-1. 'I'his procedure, however, is
iiot. f<illowed for the TIROS ptototyi!es. TIROS-N remains 'I'IROS-N. To add
to ttn cool uston, the first operational satelli te In the third genera-
tion was des lgiiaLcd NOAA � A prior to launch and NOAA-I! ai tvr launch.
Hei:uuso tg>AA-U failed at ta«nch, NOAA-I' becarie NOAA-7.

'I'lie re,> re seve ral poi nts conceriii ng LANDSAT wo < t h nut i ng. Fire t,
<.I>e naive ot tt>u series, original ly ERTS, was»l>ai>god to LANI!SAT in 1975;
I<ciice, doi um< nts wri t ten prior to 1975 of ten use tlie ac ronyri ER'IS. Sec-
ond, I.ANUSAT is inc l«ded in both the researrh and operational categor-
ies. AILiiough I t has been quasi-operational for a nu<iber of years, It
w>s not until laLe 1979 that control was transf«rred from NASA to NOAA,
a long wi t Ii a Iong � term f vde ral commi tment to isa intain such a sa tel li te
system. It is ln this s< nse that it ts inrluded as an operational
s«' i es ~
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