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I. IHTRODUCTIOH

The importu..."'1ce of the distribution of sea-surfelce tempcr
ature on local, regional, o.nd henispheric scales hi1s long becn {
reeognized in the mo.rine sciences. Of particular interest to
both physical and biological oceanographers have been the time- '
variant zones of strong horizontal gradients of surface tempcr
o.turc, thc so-culled thermal ironts, associated i'1i th certain
major current systems 01" regions öf localized upilClling (\;orld
Heteor. Orguniz., 1969). Other najor thernul feutures huving
expression ut the ocean surfuce ure huge and persistent warm
and cold eddies Hith anticyclonic and cyclonic circulations,
respectively (Richurdson et al., 1973).

Sea surface tenperature measurerr.ents have truditionally
been melde by either the bucket 01" intuke Eethod (Horld l'leteor.
Orguniz., 195G), both r.:cthods yielding a bulk HClter temperature
from a depth in the mixed layer gencrally varying from 3 to 9
meters. Both Dsthods also r.:easure the Hater ter.:perature by
direct contact bctHcen thc water and a thermometer elem8nt,
Le. I1hat is r.:e~lSured is the Eolecul2.r-kinetic te;:lperaturc.
Hormally, only rescurch vcssels have el:'.ployed other meuns of
temperuture rr:easurcmcnts such us thcrr.üsters, to:·;ed fon-ra.rd 01"

off to one side of the ship, 01" radiation therrr:omcters (these
ure not in uctUi.ll conto.ot lTith the Hater and they r.,eusurc the
radiutive te;:;perature of the very upper:;:ost fraction of a milli
IT.etcr, 01" skin, of thc Huter surface).

Synoptic studies of ocean surface ther:;:al patterns gener
ally have not been successful using sUl~face-bused teDperature
mcasurCDcnts fOl~ the simple reuson thut ship coverar;,e in spacc
and tihe is inherently totally inadequate to thc problem. All
synoptic sea surface temperature charts D..."'1til recently huve
been climatological in natUl'e, co::-.bining ship observations frOD
periods of 25 to 50 yeurs or 17;ore (lraval Oceanogr. Office, 1959).
It has only been in the past few years, with the advent of
modern global com::-.unications netHorks 3.nd electronic computer
analysis models, thi.lt the U.S. navy· has generated routine 10-day
composito soa surface temperature charts for the Horth Atlantic
und north Pacific Oceans. These chi.lrts, ulthough useful ror
lurge-scale Ecteorological purposes as boundary conditicns for
numerical Heathcr predictions, ure still too generalized for
most occunogruphic purposes.
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Even aircraft radiation thermometer surveys, such as those
being Loudc for nar'ro,.,r Atlantic and Pacific coastal strips of (
the USA are not rCully adequate for many purposes. The cost of·
these flights has restricted their frequeney to onee per month
und one aircraft cannot cover the area without flying UiO 01'

threc successive days. The actual coverage is only'along thc
flight track itself, so the contouring of the thermal field
requires much interpolation beu-iecn truck lines.

Thus it appears that only polar-orbiting 01' gcosynchronous
satellites cun provide the capability to measure sea-surface
tereperatures over largo areas on a repetitive basis. Thc only
serious construint to satellite frequency of coverage in uny
given area is cloud cover. TI1is limitaticn und somc of the
means for partially overcoming it are discussed later. The
first good opportunity to cxplorc this cupability of deriving
8e<.t-::;uI'fdl:e tempcraturcs fron spacc was provided by so:-ae of
thc carly rri;rbus meteorological satellites after about 1966.
The Nimbus series Has thc first to curry hi[;h-rcsolution (8 kr:1),
scanning inrrared (IR) radiometers. Althou[h this early IR
data Has extremely "noisy", i t Hi1S possible to detect in a
crude Hay the main features of streng ther:7"al fronts, such as
those associated with the Gulf Strea~ (Curtis and Rao, 1969).
This early data also served as a basis fcr the first atteL.pts
to develop statistical methods of spatial and temporal composit
ing of IR measurerr.ents for the purpose of cloud-filtering and
hemispheric mapping (Smith et al., 1970).

Later, after bettel' quality, hiU1 resolution IR data becaIT.e
routinely availuble fro:-=. the 1I0AA operaticnal environI:1Gntal
satellites in 1970, the Ieasibility of the histogram mcthod for
global mapping of sea surfacc tCIT.peraturc on an approximately
300 km grid "as fully estciblishcd (Rao et a1. , 1972). In 1973,
expcrinental operational production of global sea-surface temp
erature d1arts .(100 kI:1 grid) bused on a modified histogran nethod
Has initiated, andthis mapping is presently fully operational
on a daily basis (Figure 1).

Bcginning in latc 1972, thc first'Very High Resolution
Radiometer (VHRR) data bccanc available (1 km spatial resolu
tion) from the lJOAA polar-orbi·ting satellite series. This was
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follo~cd in 1974 by thermal infrared d~ta (8 kn resolution)
the Visible Infrared Spin-Scan Radioneter (VISSR) on board
thc first of the Synchronous Hetcorolo[';ieal Satcllites, SHS-l,
whieh are in Earth-stationary orbits at a very high altitude
above thc Equator.

This paper will discuss currently availuble sea-surfacc
temperaturc and telJpcraturc gradient products frO;;! thc HOAA
opcrational cnvironmental satcllitcs. It 'HilI also touch bricfly
on seme near-futurc dcvclopmcnts in this arca.

II. General Charaetcristies of thc HO/lA Opcrational Satellites
and their Infrared Sensors

The NOAA scries consists of IlJ'Droved TIROS Opcrational
Satellites (ITOS), whieh are plaeeo'in eireular, ~car-polar,
sun-syncl1ronous orbits above Earth at a·no;;!inal altitudc of·
11150 km (SChi1alb, 1972). Thc Equator-erossing times fOl~ thc most
reeent in this scries, HOAA-4, are 201~O (northbou.:1d) and 0840
(southbound) loeal tine. Thc data eoveragc sHath 0:1 Earth of
thc radio~eters is about 3300 kn, providing eontiguous covcr2gc
as thc satcllitc eonplctcs approximately 12.5 eireuits of its
orbit (passes) eaeh 24 hours. Data sHaths overlap increasingly
toHard either pole.

The ITOS are equipped with dual sets of radiometers for
eomplcte redund~cy and thus increased sensor reliability and
eh'tcnded opcrational lifcti::ic of the spacecraft. One type is the
Scanning Radio0ctcr (SR), dcsigned primarily to provide daily
global covcrage end loeal direct-rcadout data fer general
meteoroloeical purposes. The global" coverage eapc.bility is possi
ble bceause thc delta from tHO to thrce conplcte orbitelI passes
ean bc stored on board thc satcllite for subsequcnt transmission
to 110AA' s Cor.J7land and Data Acquis i tion (CDA) Stations, one on thc
coast of Virginia and the other in eentral Alaska. Images of that
portion of Earth below thc satellitc can be received on simple and
relatively lo;v-cost recciv~rs, whenever thc satcllitc is abovc
thc horizon of thc rcceivin~ station, via direct broadcast fron
thc spacccrüft in thc VHF band (Auto~atic Pieture Transmission
service). APT service has been availüblc worl&vide for about
10 ycars, and therc are prescntly upproximately 700 known
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receiving stations in some 119 countries.

The SR is a dual-channel, line-scanning radiometer that
measures reflected solar radiation in the ranGe 0.5-0.7 micro
meters (}.Im) and emitted infrared radiation in the atmospheric
"Hindml" region of 10.5-12. 5jJffi. Data are collected' from a
3300-km vlide sHath on Earth by combining the motion of the
spacecraft with cross-track scanning throuEh an angle of over
60° by mew~s of a rotating mirror. The instantancous field-of
vieH of the visible channel is such that ground resolution of
the data at nadir is about 4 km; the corrcsponding value for
the thermal infrared (IR) channel data is about 8 km. Provi
sion Has made for the radiometer to view reference-level tar
gets for purposes of sensor calibraticn.

The second type of radiometer on the ITOS is the Very High
Resolution Radiometer (VHPJÜ, ",hich is intcnded primarily for
local direct broadcnst of data, and whose chief use has been
for non-meteorological purposes, chiefly in the areas of
oceanographic and hydrologic applications. Onboard tape
recorder capaci~J permits Cl. maximum of only 10 minutes of
stored VHRR data Ülhich covers an area about 3000 km on a side)
to be aC'1uired ren;otc fron the CDA stntion. Dircct broadcast
VHRR datiJ. can be acquired by iJ.nyone \iith suitablc rcceiving
equipnent, but this equipnent is roueh norc elaborate and
expensive than that needed to receivc APT data.

Thc VHRR i8 sinilar in many ways to the SR, being a two
chiJ.nncl, line-sciJ.nning radiometer sensitive to energy in the
O.6-0.7jJn iJ.nd 10.5-12.511n bands. However, the substantially
better ground resolution of thc VHRR, about 1 km ar DiJ.dir for
bothchannels, requires a faster mirror rotation for scanning
and iJ.n infriJ.red detector cooled to 105°K. Calibration arriJ.nge
ments are similiJ.r to those for thc SR. Both SR and VHRR data
are transmitted in.iJ.niJ.log form from the spiJ.cecriJ.ft; digitiza
tion, if desired, must be accomplis?ed on the ground.

The SHS, soon to be callcd GOES (Geostationary Operational
Environnental Satellite), is in an orbit that coincidcs with
EiJ.rth's e'1uatoriiJ.l plane (Husscy, 1974). At its altitude of
35,817 km, the spucecraft1s Hest-to-cast motion is cXiJ.ctly

. ..
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matehed to that of Earth beneath, i.e. it is wade to beeomc
stationary at whatever longitude is desired. SMS-l is pre
sently situated at 75°\1 and SHS-2 is at 115°H. From sueh a
great altitude, thc Earth's disk viewcd from the satellite
extcnds farther than 60 0 H and 60°8 at the longitude, of t110
spaeecraft, as well as 60° in longitude to the Hest andeast.
The stationary position of the spaeeeraft relative to Earth
also enubles a high frequency of observation, a.,.TJ.d it is an
excellent platform for data eolleetion and relay and for
rebroadeast of processed information.

The VISSR onboard the S11S was designed to provide frequent
visible und IR images of cloud patterns to the weteorologist.
The scanner image i3 built up line~by-line through a eornbina
tion of the 'dest-east spin of the spacccraft und a north-south
stcpping m8chanisn. The Dcr~~l naQe of operatic~ results in
full-disk visible and infrared images every 30 minutes. If
special, very high frequency (5-10 minute intervals), coveragc
is desired, t11e north-south extent of the irr:ages is neces
sarily greatly redueed. VISSR data are transmitted from tho
satellite in digital form, and ground resolution at nadir 'is
1 km for the visible channel data and 8 km for the thermal
channel data. The infrared channel r.:.J.kes use of a coolcd
dotector, and provision is mado for in-flight ealibration.

111. Current Sea-Surfaee Temperature and Tenperature Gradient
Products

The normal output data format for all thc IR sensors
previously de8cribed (SR, VHRR, and VISSR) is a black-and-
Hhite photographic inage Hhose gray-seale i8 tuned to general
meteorolobica1 usage (Figure 2). At three to six hourly inter
vals tbc VISSR-IR is currently produeed Hith a gray-seale
tuned to tho oeean surfaee temperature range (Figure 3). The
SR- and VHRR-IR images can be enha.,.TJ.ced sinilarly by arrange
ment. AlthouEh the SR data are routinely rcctificd, Dapped,
and electronieally gridded,no VISSR or VHRR data are produced
in mapped forn at prcsent, although both are gridded in one
form or another. VHRR inagcs can be stretched to rcmovc thc
forcshortening nor~ally present on thc western and castern edges.
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As previously nentioned, all the IR radiometers have pro
vision for in~flight calibration, but occasional checking of
this calibration against Earth targets of known temperature is
advisable. Studies have shown that relative radiative te~per

ature differences (ID~S) beTI~een ship and satellite temperaturen
are about 1.5°e for the SR~ 1.00e for the VHRR~ and are 0.5°
l.ooe for the VISSR. lillsolute temperature aCCuracy depends
strongly on the accuracy of the atmospheric correction. This
in turn depends chiefly upon }~nowledge of the water-vapor con
tent of the atmosphere andlJhcther the radiometer scan-spot
was free of clouds. Under the best of conditions the absolute
temperature differences beTI~een ships and satellites are about
2.00e for the SR, 1.5°e for the VHRR~ and 1.Ooe for the VISSR.
It should be taken into account, however~ that verifying
satellite-derived sea surfaee temperatures is not an easy or
straight-fo~~ard task. As nentioned earlier, virtually all
ship-measured tempcratures are molecular-kinetic rather than
radiative in type~ and are. bulk rather than skin tcmperatures.
Studies have shoiln that thc differenees between skin and bulk
temperatures are generally much sIDaller than the errors cited
above ('iiorld r1eteor. Organiz. ~ 1972). Another- verification
difficulty steT:'oS from the differing spatial eharaeters of the
two types ofobservations: the data from different ships are
e"ssentially independent IIspot ll or IIpoint ll measure:nents, "hereas
the satellite measuretlents are inteErated averages over areas
one to eight kiloweters or larger on a side. In arcas of
strong horizontal temperature gradients, time differenees
beD~een ship and satellite observations, or sroall loeation
errors in either data souree can contribute to apparent errors.
These eonsiderations, together with the knoiln uncertainties in
intake temperatures frOT:! ships-of-opportunity (I-;rorld I-leteor.
Organiz. ~ 1972) ~ Hould nakc i t unlikely that routine eomparisons
would ever yield differenees of less than about 1. ooe.

Quantitative IR data are available in a variety of formats 
on arrangement. Happed SR data can be presented as alpha
numeric printouts or as teIT.perature values at grid-points ~~ith

computer-produeed isotherms (figure 4). Similar products are
available using VHRR emd VISSR observaticns ~ but in this case
the observations are in the form of unmapped scanline data
(figure 5). The SR data are Earth-located with reference to a

. _.
{
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grid syste~ uscd routinely in numerical weather prediction
models. Thc VHRR and VISSR data ~ust be located by means of {
a scanline/scan-spot ~easurement on the associatcd image or
by cross-reference to co~mon features in the image and print
out. Althcut;h access to the special equip;::cnt needed is
presently limited, it is also possible to produce cOlor-coded
quantitative IR temperature displays.

Generally the most useful satellite product, and one that
is readily available upon arrangement, is a heavily-enhanced
B&W image, gridded and annotated. These can be occasionally
supplemented "ith color-coded or printout-type quantitative
charts. These products enable the USer or res eu:' eher to
detect the presence, extent, intensity, and changes in any
moderate or stron~er thermal feature having expression at thc
ocean surface.

One operational product based cn VHRR-IR images has been
produced Hcekly and distributcd by HOAA for ncarly two ycars
(Stumpf, 1974). This is the Experimental Gulf Stream Analysis.
This chart shows the major ther~al fronts separating Gulf
Stream, Slope, Shelf, and Surgasso \,ater, togethcr wi th thc
locations of cold cyclonic and warm anticyclonic eddics.

VHRR imuges huve enabled researchers to determine the
cxistence, extent, frequcncy, or intensity of many oceanic
thermal phenomena Hhose characteristics Here relatively unkno"n
or only suspected. Two examples: u~velling in the Gulf of
Tchuantepec (St~~pf, 1975), and Gulf Stream eddies
(Richardson ct al., 1973).

IV. Near-Futurc Improvcmcnts in Satellite-Derived Sea Surface
Tenperaturcs

Thc third generation polar-orbiting operational cnviron
mental satellite system is in the final plili~ning and initial
constructicn phases, with its first launch tentatively
scheduled for 1978 (Ludwig, 1974). The lTASA prototype of this
series is called TIROS-H, Dut subsequent NOAA-funded satellitcs
vlill bc called lWAA-(K+l), (K+2), etc., where K is the nurnber
of the last in the present ITOS serics. Thc major improvemcnts
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that TIROS-11 HilI brin~ include the replacement of the SR and
the VHRR by the Advanccd Very High Resolutio.n Radiometer { ..
(AVHRR) and a conversion to on-board digitizing u.nd direct
tru.nsmission of data fro~ the satellite. This HilI be
accomplished by an on-board data processor, which also will
"dcerade" the stored I-km resolution data to about 4-km
resolution for global meteorological coverage. Full-resolu-
tion measuremcnts will be available .for direct readout service
to suitably equipped ground stations and for lirnited arca
coveragc via thc stored data mode. Conventional APT service
also will continue.

The AVHRR is to have four chcmnels of 1.1 km resolution
data: visible (0.55-0.9~m), reflected IR (0.725-1.1~m), and
two emitted (thermal) IR (10.5-11.5 and 3.55-3.93~m). The use
of two water-vapor window bands for thermal mapping is expected
to ~reatly improve the accuracy of measuring surface tempera~

tures by enabling a better atr:lospheric correction. The
currently employed methods of correcting the radiative temper
atures for attenuation (which is principally from water vapor
in the intervcning atmosphere) are far from optimum. SUcll
methods use either an assumed water vapor profile iffiplicit in
a model atmospheres type of correcticn; or they uso an estinate
of total mass of water vapor obtained fro~ an atmospheric
sounding radioi..eter on board the· satcllite Hhere the IR sounder
data are not spatially coincident VTi th the SR or VHRR measure
ments. The tHO thermal channels on thc AVHRR, hO~Tever, are in
parts of the spectrutl in Hhich both the amount of atmospheric
attenuation w~d the functional relation between radiance and
radiative tcmpcrature are quite diff~rent. Since both IR
detcctors vieH the same spot on Eerthls surface simultaneously
through the same atmospheric colurrn, the difference in the
mcasured radiances can be used to determine the proper
atmospheric corrcction to the radiative temperature. There
will be probley.~ with the 3.55-3.93~m data during the daytime
because of contamination from reflected solar radiation, and
methods for handling this situation are unproven. As an anSHcr
to this problem and in an effort to inprove yet further on the
absolute accuracy of the satellite-derived sea surface temper
atures, HASA is developing a fivc-channel version of the AVHR..'l\
for incorporation on later TIROS-H fliehts. The fifth channel
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is designed to measure emitted thcrnal radiation in the window
region from 11.5 to 12.5~m where solar conta~ination is no
problem.

--- --------

, ..
{

•
As mentioned earlier, AVHRR data are to be transmitted

digitally from the satellite rather than by analog signal.
Analog SR-IR data, and to a lesser extent VHRR-IR data, have
been consistcntly plagued by "noise" problems. The noise is
always greater with stored than direct-broadcast data, and a
large part of it has been traccd to the tape recorders on
board the satellite. Recent experience ~,ith the VISSR-IR
data, whicll arc digitized on board the spacecraft before
transmission, and are extremely "clean", i.e. noisefree, lends
support to the presumption that thc AVHRR-IR data will be
very clean also.

Although somc improvcments in calibration nrocedures are
being developed in conncction with VISSR-IR, no changes to
the sensor complement of the operational geostationary
satellites are planncd for thc ncar-future except for thc
addition of an atmospheric sounder. The cnly impact of this
on the sea-surface ten:perature measurencnt capability of GOES
will be the availability of atmospheric moisture values for
attenuation corrections. Further devclopment of tcchniques
for exploiting the half-hourly observation frequency of GOES
to study the dynamics of such phenomena as Gulf Stream waves
(Legeckis, 1975) is anticipated.

V. Some Additional Considerations (and Limitations) in the Use
of Satellite IR Data for Sea Surface Tem?erature Mapping

Assuming that atmospheric correction problems will largely
disappear Hith the introduction of multi-speetral AVHRR-IR
measurements, the only serious limitation to sea surface temp
erature mapping from space will be cloud cover. For time
seales of the order of a feH days to a weck or so, most oeeanic
thermal phenomena are sufficiently conservative in comparison
with cloud systems that ene or thc other of t',-lÖ currently used
techniques is generally effectiVe. The first tc'chnique is the
one used in large-area mapping, and it involves spatial and
temporal compositing of the IR data. To reduce the effects of
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noise in the sean-spots of raw IR data and to use nighttime
observations when therc ure no eoneurrent measurements from
the visible speetrum ehannel, all sean-spot data falling into
small grid squares over aperiod of several days to a weck or
more are eomposited into frequeney distributions (i.e. histo
grams) of radiative temperature. By analyzing the histogram
statistieally to determine thc highest signifieant modal temp
erature, eloud-eontaminated and noisy data are effeetively
removed. Of course the larger the grid-box used, the greater
is the loss of spatial resolution; also, the longer the
eompositing period, the greater is the loss of time-ehanges in
the thermal patterns. The higher the resolution in the raw
data the better, for ÜlO reasons: higher probability of
eloudfree sean-spots and higher resolutien inrthe final pro
duet. High frequeney of observation, as in the ease of VISSR,
is also advantageous beeause adequate numbers of eloudf~ee

sean-spots ean generally be aeeumulated over relatively small
boxes and/or short eompositing periods.

The seeond teehnique, whieh is the one normally uscd over
relatively limitcd areas and for maximum detail in the delinea
tion of temperature gradients, eonsists simply of taking
advantage of "targets of opportun i ty", i. e. areas that are
intermittently eloudfrce or nearly so. In such areas one ean
use virtually the full-resolution of the r~~ IR data, although
spatial averaging of the IR temperatures over short distanees
may be desirable to reduee noise in the SR and VHRR measure
ments that were temporarily stored on tape in the spaeeeraft.
In this teehnique it is highly desirable, although not always
neeessary, to use only daytime observations. Daytime measure
ments enable use of the simultaneous visible speetrum data and
thus unambiguous determination of eloudfree oeean areas. The
differenee between eloud-assoeiated thermal patterns and those
assoeiated with sea surfaee temperature gradients is usually
obvious to an experieneed interpreter of IR images, espeeially
if the images are of the veryhigh resolution type such as VHRR
and they have been enhaneed for this type of use. If, on the
other hand, the IR image is low resolution, or has peor eon
trast in the oeeanie temperature range, or if thc analyst is
dealing primarily with alpha-numerie or eontoured gridprint
type data, use of the simultaneous visible ehannel data is all

..'
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but mandatory to prevent confusion or errors related to cloudi-
ness. {

Finally, it should be noted that the type of synoptic
view of ocean surface thermal patterns afforded by satellites
is very new to marine scientists .. 1·1uch remains to be learned
about the usefulness and limitations of this relatively untried
aid to marine environmental analysis. Surface thermal patterns
are not always weIl correlated with those at depth; and the
relation betwecn them and dynamic, biologieal, or chemical pro
cesses is often complex,variable, or incompletely understood.

VI. Concluding Remarks

Sea-surface tet:perature mapping vlith, or wi th the aid of,
satcllite infrared measureffients is moving from the exncrimental
stage to being accepted as just another tool for moni ~oring .
one important aspect of the atmospheric and marine environment.
The V.S. lJavy is using satellite-derived sea-surface temperatures
to supplement sparse ship observations in generating their temp
erature charts for the Southern Hemisphere. The V.S. Coast
Guard is routinely using VHRR-IR imagery in~he Gulf Stream area
to improve their air-sea rescue capability. A major oil company
is using this same type of information to improve on their ship
routing procedures. Sevcral occclDographic research groups are
employing satellite IR imagery to direct their research vessels
to thc areas of specific oceanic phenomena and thus reduce costly
search time (V~\ovich, 1975). And, increasing n~~bers of oceano
graphie scientists are turning to satellite data in a synergistic
sense in the realization that here i~ an often po~erful tool to
use in ccnjunction with conventional instr~ents and techniques.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

FIGURE LEGEITDS

Southern Hemisphere isotherm analysis (6 August
1975) derived from HOAA/HESS global operational ..•
sea-surface temperature computation (GOSSTC0l1P)
on a lOO-km grid. Satellite temperature retrievals .
entering analysis can be several days to several
weeks old in areas where unbroken cloudiness is
very persistent.

VHRR-IR image enhanced to emphasize the oceanic
thermal front extending easu'lard ~om Ieeland
(22 l-lay 1975). By convention the "armer the
radiating surface, the darker the tone in the
image.

VISSR-IR image enhanced to emphasize the thermal
front associated with the Gulf Stre~~ (26 February
,nryh\
..L-'I...JJ_

Contoured printout of mapped SR tenperatures for
28 June 1973 in NHC g~id box mlJ':1Der 36-45 (upper
left-hand corner of box is at 42. 9U, 62. 9H). The
grid spacing is about 12 km. Cnboard calibration
was accomplished, and the radia~ces were normalized
to a nadir vieH before converting to effective
blackbody tenperatures in deg. K•

Alpha-numeric printout of unmapped VISSR tempera
tures (25 February 1975). Change from onetype
character to next (see table at top) corresponds to
a 1°C tempe~ature interval. Area sho:m is Gulf
Stream off coast of Carolinas.
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