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Abstract

In this memorandum,we review thephysicsof blackbodyradiationandits applicationto the
determinationof seasurfacetemperatureusinginfraredmeasurements.We describethe process
of using infraredmeasurementsat variouswavelengthsto correctfor the interferenceof the at-
mospherein estimatingseasurfacetemperaturefrom spaceborneinstruments.Finally, we outline
thestandardstepsusedby theTeraScansoftwarefrom SeaSpaceCorporationto convert infrared
radiancemeasurementsto seasurfacetemperatures.
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1 Intr oduction

Infraredradiancemeasurementshave beenusedsince1970to estimateseasurfacetemperature
from space.The techniquesfor estimatingseasurfacetemperaturearebasedon the physicsof
blackbodyradiation. Solutionsarealsorequiredto practicalproblemssuchascorrectingfor the
effectsof theinterveningatmosphere,identifying cloud-freeregions,andnavigatingthemeasure-
mentsto groundcoordinates.

The National Oceanicand AtmosphericAdministration(NOAA) currently usestwo polar-
orbiting satellites,NOAA-12 andNOAA-14, for twice-daily global observationsof seasurface
temperature.Thesesatellitesareequippedwith theAdvancedVery High ResolutionRadiometer
(AVHRR) which scansthesurfacewith a nadir resolutionof 1.1km andcontinuouslybroadcasts
thedatato groundreceiving stationswithin theline of sight.

The SpaceOceanographyGroup at the JohnsHopkins University Applied PhysicsLabora-
tory (JHU/APL) hasrecentlyimplementeda capabilityto receive, process,andarchive AVHRR
datausingtheJHU/APLSatelliteCommunicationsFacility andhardware/softwarepurchasedfrom
SeaSpaceCorporation.Thismemo:

1. Reviews thepertinentphysicsof blackbodyradiation,

2. Describesthealgorithmsusedto derive seasurfacetemperaturesfrom multiple-wavelength
infraredmeasurements,and

3. Outlinesthe proceduresusedby the SeaSpaceTeraScansoftware to produceseasurface
temperatureestimates.

2 Physics

2.1 BlackBody Radiation

By virtue of molecularmotion, all substancesabove absolutezeroemit radiation. A body that
absorbsall incomingradiationis referredto asablackbody [1] [2]. Thewavelengthdistributionof
theradiationfrom a blackbody, B

�
λ � T � , wasmeasuredin thelastcentury. In 1893,Wien derived

thefollowing functionalform for this distribution:

B
�
λ � T ��� f

�
λT �
λ 5 (1)

whereλ is electromagneticwavelength,T is absolutetemperatureand f
�
λT � is a functionof the

productof wavelengthand temperature.This distribution function fit the observed datawhich
showedthattheradiationwentto zeroat theextremesof shortandlongwavelengths.

Usingclassicalelectromagnetictheory, RaleighandJeanspredictedthatat shortwavelengths
the emittedenergy shouldgrow to infinity, in contradictionto the observed data. This lack of
correspondencebetweenobservation andthe theoreticalpredictionof classicalelectromagnetics
wasknown astheRaleigh-Jeanscatastrophe.
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In 1901,Planckmadethesimpleassumptionthatenergy canonly exist in discretepacketsor
quanta.Theenergy is thesepacketsequalshν whereh is Planck’s constantandν is theelectro-
magneticfrequency. Fromthis andthermodynamicconsiderations,Planckderivedtheblackbody
spectralradianceas

B
�
λ � T ��� 2hc2

λ 5

1
exp � hc � � kTλ �	��
 1

(2)

wherec is thespeedof light andk is Boltzmann’sconstant.
Realobjectsarenot perfectlyabsorbingandhencethey emit lessradiationthanpredictedby

this equation. The emissivity of a real object ε
�
λ � T � is definedas the ratio of the amountof

radiationemittedby the object to that of a blackbodyat the sametemperatureandwavelength.
Notethatε � 1.

2.2 Estimation of Temperature

A radiometermeasuresradiationover a finite wavelengthband.Let N
�
λ1 � λ2 � representthemea-

suredradiancein theregion λ1 to λ2. For a blackbody,

N
�
λ1 � λ2 ���� λ2

λ1

B
�
λ � T � dλ ��� λ2

λ1

2hc2

λ 5

dλ
exp � hc � � kTλ �	��
 1 � (3)

For any radiancemeasuredwithin a specifiedwavelengthwindow, thereis anassociatedtemper-
aturesuchthatat that temperaturea blackbodywould emit thesameradiation.This is calledthe
brightness temperature.All other thingsbeingequal,if we know the emissivity of a body and
measuretheemittedradiance,wecandeterminethebody’s truesurfacetemperature.

Therearethreemajor limitations to usingradiancemeasurementsfrom an orbiting platform
to estimatetheseasurfacetemperature.First, cloudsblock infraredradiationfrom thesurface.If
cloudyregionsarenotappropriatelyidentified,measurementsof cloudtemperatureareincorrectly
associatedwith seasurfacetemperature.Second,theinterveningatmosphereabsorbssomeof the
radiationemittedby the surfaceand it also emits radiationsomeof which goesdirectly to the
satelliteradiancesensorandsomeof which is reflectedfrom thesurfacebackup to thesatellite.
Third, solarradiationis reflectedfrom thesurfaceto thesensor. Theseproblemsarecircumvented
by procedureswhich identify cloudyregionsor regionsthatmaybecontaminatedwith solarradia-
tion. In addition,theeffectsof theinterveningatmospherearewavelengthdependent.Thepassive
measurementof radiationat differentwavelengthscanbeusedto infer anatmosphericcorrection.

Figure1showstheblackbodyspectrumfor anobjectat300K, roughlythespectrumof radiance
from anoceanat thesametemperature.Thefigurealsoshows theapproximatespectrumof solar
radiationreflectedfrom theseasurface[2]. Reflectedsolarradiationfrom thesurfaceis about1%
in theincomingsolarradiation.Theshadedregionsindicatethewavelengthbandsusedto measure
radiance(channels1–5)by theAVHRR.

Table1 is alisting of AVHRRwavelengthchannels.Channels1 and2 measurereflectedlight in
thevisibleandnearinfraredregions,respectively. Channels3, 4, and5 aredominatedby radiation
emittedfrom the surface. Channel3 hasthe advantagethat it is lesssensitive to atmospheric
watervapor. However, channel3 will admitasubstantialamountof reflectedsolarradiation.It is,
therefore,primarily usedat night. Channels4 and5 aremoreaffectedby watervapor, but arenot
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Figure1: Blackbodyradiationspectrum,reflectedradiationspectrumandthewavelengthchannels
usedby theAVHRR sensor. Channels1 and2 areclosein wavelength.

Table1: Tableof AVHRR channels.

Channel Region Wavelengths
1 Visible 0.58–0.68µm
2 ReflectedInfrared 0.725–1.1µm
3 EmittedInfraredWindow Channel 3.55–3.93µm
4 EmittedInfraredWindow Channel 10.33–11.3µm
5 EmittedInfraredWindow Channel 11.5–12.5µm
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substantiallycontaminatedby reflectedsolarradiation.It is thejudiciouscombinationof radiance
measurementsfrom channels3, 4 and5 thatpermitsextractionof seasurfacetemperature.

2.3 SeaSurfaceTemperatureAlgorithms

In AppendixA, we show why it is reasonableto believe thatfor nadirmeasurementsin cloudless
regionstheseasurfacetemperature,Ts, shouldbeof theform

Ts � a0Ti � a1

�
Ti 
 Tj � � a2 (4)

whereTi andTj arethe brightnesstemperaturesdeterminedfrom the radiancevaluesin two dif-
ferentinfraredwindow channelsi and j. Theconstanta0 is closeto 1 suggestingthattheinfrared
temperaturemeasuredin any oneof thesechannelsis closeto the seasurfacetemperature.The
temperaturedifferencetermmakesasmallcorrectionto this temperaturefor atmospherictransmit-
tance.Thea2 termis asmallcorrectionfactorassociatedwith thedifferentatmosphericbrightness
temperaturesat differentchannels.

Basedon empiricalcomparisonsof AVHRR dataandbuoy measurements,McClain et al. [3]
andBernstein[4] found two setsof algorithmsfor combiningthe radiancemeasurementsat the
threeemittedinfraredwindow channels— oneset for nighttimeandoneset for daytime. The
algorithmsusedat night canemploy the T3 � 7 channel.For daytimealgorithms,the T3 � 7 channel
containsreflectedskylight andonly combinationsof T11 andT12 areuseful.

In generaltherearethreeclassesof seasurfacetemperaturealgorithms.The “split-window”
algorithmusestheT11 brightnesstemperatureasthe lowestorderestimateof seasurfacetemper-
atureandthe differenceT11 
 T12 to correctfor the atmosphere.The “dual-window” algorithm
usestheT11 brightnessandthedifferenceT3 � 7 
 T11 to correctfor theatmosphere.Finally, thethe
“triple-window” algorithmusestheT11 brightnessandthedifferenceT3 � 7 
 T12 to correctfor the
atmosphere.

In addition,therearecorrectiontermsthatmustbeappliedto adjustthemeasurementsmade
off nadir. If wedefineθ to bethesensorzenithangle,thenthethreealgorithmshave theform:

Split
�
mc��� Ts � A0T11 � A1

�
T11 
 T12 � � A2

�
T11 
 T12� � secθ 
 1� � A3secθ � A4

Dual
�
bz��� Ts � A0T11 � A1

�
T3 � 7 
 T11 � � A2

�
T3 � 7 
 T11 � � secθ 
 1� � A3secθ � A4

Triple
�
tw ��� Ts � A0T11 � A1

�
T3 � 7 
 T12 � � A2

�
T3 � 7 
 T12 � � secθ 
 1� � A3secθ � A4

(5)

Thetemperaturescaneitherbein degreesCelsiusor Kelvin. In AppendixB, we list thecoef-
ficientsemployedby theTeraScansoftwareto computeseasurfacetemperaturegiventhesefunc-
tional formsusingboththeCelsiusandKelvin temperaturescales.

3 The TeraScanProceduresasEmployedat APL

3.1 Storing Data

On theAPL workstationpauli incomingAVHRR datais storeddirectly on disk. Four passescan
besavedon disk at onetime. As received,dataareautomaticallyarchivedto DAT (Digital Audio
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Tape).New passdatareplaceolderpassdataon thecomputerdisk.
Thecommandlspass lists thedatacurrentlyon disk. An exampleof theusageof thecom-

mandis:

pauli: lspass
# satel telem date day time durat lines

1 noaa-12 hrpt 95/12/12 346 12:19:21 10:45 3870
2 noaa-12 hrpt 95/12/12 346 13:56:45 12:37 4543
3 noaa-14 hrpt 95/12/12 346 17:35:41 15:14 5485
4 unknown hrpt 95/12/12 346 20:32:25 00:00 0

Eachline representa � 55� 4� scanof datasampledat incrementsof1 � 3 � 10� 3 radians.
The dataon tapecanbe listed and retrieved using the archive command. All DAT tape

operationsareperformedusingthis command.For example,hereis asessionwheretheDAT tape
is rewound:

pauli: archive
operation : char( 8) ? rewind
dev_name : char(255) ? [/dev/rmt/0mn]

Notethatthedefault tapedevicefile is /dev/rmt/0mn.
An exampleof asessionwherethearchive commandis usedto providea listing of thedata

on DAT is shown below:

pauli: archive
operation : char( 8) ? list
dev_name : char(255) ? [/dev/rmt/0mn]
printout : char( 3) ? [no]
catalog_pass : char( 3) ? [no]
pass satel telem date time orbit scans label
1 noaa-14 hrpt 95/12/12 06:09:50 0 5254 tape7
2 noaa-14 hrpt 95/12/12 07:50:17 0 5379 tape7
3 noaa-14 hrpt 95/12/12 09:32:58 0 3215 tape7
4 noaa-12 hrpt 95/12/12 10:37:44 0 3255 tape7
5 noaa-12 hrpt 95/12/12 12:19:21 0 3870 tape7
6 noaa-12 hrpt 95/12/12 13:56:45 0 4543 tape7
7 noaa-14 hrpt 95/12/12 17:35:41 0 5485 tape7
8 LASTPASS LASTPASS LASTPASS LASTPASS LASTPASS LASTPASS tape7

Tapesareinitialized by choosinginit astheoptionfor thearchive command.During the
initialization, theuserselectsa tapelabel.Wehavebeensequentiallynamingthetapesastape1,
tape2, . . .

TheJohnsHopkinsUniversityAppliedPhysicsLaboratory
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Pass Data
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Figure2: Seasurfacetemperatureestimationprocedure.

3.2 Data Ingestion

The stepsnecessaryto produceseasurfacetemperaturedatafrom raw passdataare shown in
Figure2. In principle,thestepsneednot follow in exactly this order. Here,we show thesequence
thathasworkedfor us.

In orderto performany subsequentquantitativeprocessingontheraw passdata,it is necessary
to ingest apassfile usingtheTeraScanprogramhrptin. ThisputsthedataintoaspecialTeraScan
format. If thecalibrationoption if specified,thedataarecalibrated.Channels1 and2 areoutput
in percentalbedousingpre-launchcalibrationvaluesspecifiedin theavcal.coef file. Using
measurementsof deepspace( � 3 K) and internal blackbodies,whosetemperatureis measured
with precisionthermistors( � 300 K), datain channels3, 4, and 5 are calibratedandoutput in
termsof brightnesstemperature.Thereis theoptionto outputthedatain unitsof Celsius,Kelvin
or Fahrenheit.

Files generatedby hrptin containingAVHRR have a .avhrr filenameextension,by de-
fault.

3.3 Navigation

Thenext stepis to navigatethedataontogroundcoordinates.Thegrossnavigationis basedupon
KeplerianelementsthataredownloadedfromSeaSpacedaily. Onemaygetthefile elements.new
from SeaSpaceby usingftp. The addressis califia.seaspace.com. The usernameis
elements andthepassword is orbital3. Thecommandfixoes processesthis datasothat
TeraScansoftwarewill usethenew ephemeriselements.

More precisenavigation can be performedautomatically. The navboxes commandused
AVHRR datastoredin *.avhrr filesto generateafile, with auserselectedname,whichcontains
assetof boxesaroundcoastlinesfor navigation.

The commandnavigate searchesfor cloud-freeregions in the *.avhrr file andcorrelates
the scenewith know land boundariesto perform the fine-scalenavigation. The correlationis
performedin theboxespreviously generatedIf sufficient cloud-freeareasareavailablethe image
canbe navigatedto abouta few kilometers.Thedatamayalsobe navigatedmanuallyusingthe

TheJohnsHopkinsUniversityAppliedPhysicsLaboratory
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Figure3: Exampleof seasurfacetemperaturemapwith only ephemerisnavigation.

image/navigate optionfrom theinteractivexvu program.
Figure3 is seasurfacetemperaturemapin thesouthFloridaarea.Thecoastlinesareplacedon

theimageusingonly ephemerisinformationfor navigation.
Figure4 is alsoseasurfacetemperaturemapin thesouthFloridaarea.For this casethecoast-

linesareplacedon theimageusingephemerisinformationandthenavigate fine-scaleautocor-
relationprogramfor navigation. Note that therehasbeensignificantimprovement. It would be
possibleto manuallyimprovethecorrespondenceof thecoastlinedataandtheimagery.

3.4 Estimating SeaSurfaceTemperature

Thenext stepis to takethis temperaturedataandconvert it to estimatesof seasurfacetemperature.
Thenitpix commandperformsthenecessaryoperations.The processinvolvesfirst excluding
datatakenat largenadirangles.Next, imagepixelscontaminatedwith cloudsareidentified. Fi-
nally, aselectedseasurfacetemperaturealgorithmis appliedto thecloud-freepixels.

3.4.1 Exclusionof Data at Lar geZenith Angles

Experiencehasshown that the seasurface temperatureretrievals degradeas the sensorzenith
anglesincreases— aswe look further from nadir. The first stepin the seasurfacetemperature

TheJohnsHopkinsUniversityAppliedPhysicsLaboratory
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Figure4: Exampleof seasurfacetemperaturemapwith ephemerisandfine-scalenavigation.
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retrieval is to excludepixels thatarefar from nadir. By default, TeraScansoftwareexcludesdata
beyond53� from nadir.

3.4.2 Finding Cloud-FreePixels

Thesequenceof stepsto identify cloud involvesseveralfilters. Eachpixel mustsatisfyall of the
criteriato bejudgedcloud-free.

Channel 4 Differ ence. The presenceof sub-pixels cloudscanchangethe apparentbrightness
temperature.If weassumethattheseasurfacetemperatureis slowly varying,thena largevariance
in a local region mayindicatethepresenceof clouds.In thefirst cloudtest,a 3 � 3 region around
thepixel underconsiderationis used.If thedifferencebetweenthemaximumandminimumvalues
within the3 � 3 region is aboveaselectedvalue,thecenterpixel is flaggedascloudcontaminated.
SeaSpacerecommendsthis cutoff differenceshouldbe 2 � 5� and1� , for daytimeandnighttime,
respectively.

Maximum Value in the Channel 2 Albedo. A largealbedoin channel2 canindicatethepres-
enceof clouds.If thealbedoof apixelexceeds8%for dayor 2%for night,thenthepixel is flagged
ascloudcontaminated.

Channel 2 Differ ence. A large local variationin thealbedoin channel2 alsoindicatesclouds.
If thedifferencebetweenthemaximumandminimumalbedoexceeds2%in a3 � 3 regionaround
thepixel underconsideration,thecenterpixel is assumedto containclouds.This testis not used
for daytimedata.

Differ encein Channel 3 and 4. Channel3 andchannel4 absorbsignificantlydifferentpropor-
tionsof watervapor. A largedifferencein thebrightnesstemperaturesin thesetwo channelsis an
indicationof cloudcontamination.Sincechannel3 maycontainreflectedsunlight,this testis used
only at night.

Minimum Channel4 Temperature. If thechannel4 temperatureis too low, weassumethatwe
areseeingcloud-toptemperatures.We have have not beenusingthis asa strict cloud-elimination
test.Weacceptall temperaturesabove0� C.

SeaSurfaceTemperature Computation Theseasurfacetemperaturealgorithmhastheform:

Ts � A0T11 � A1

�
Ti 
 Tj � � A2

�
Ti 
 Tj � � secθ 
 1� � A3secθ � A4 � (6)

i.e., seasurfacetemperatureis thebrightnesstemperatureat11 µm pluscorrectiontermsbasedon
differencesin brightnesstemperaturesin differentwavelengthbands.Thenoisein thedifference
temperatureis theroot-mean-squaresumof the individual temperaturenoiselevels. To minimize
this noiseproblem,the meanof the Ti andTj within the3 � 3 region aroundthepixel is usedto
computethetemperaturedifference.

We provideanexampleof anitpix sessionbelow:

TheJohnsHopkinsUniversityAppliedPhysicsLaboratory
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Table2: Preferredselectionsof thenitpix parameters.

Parameter Default Day Night
cos sat zen 0.6 0.4 0.4
ch4 delta 0.3 2.5 1
ch2 max 3 8 2
ch2 delta 0.25 2 —
ch3 minus ch4 0 0 
 1 � 5base temp 0 0 0
temp step 0.1 0.2 0.2
min ch4 temp 0 0 0

pauli: nitpix
in/out files : char(255) ? n14.95347.1905.avhrr n14.95347.1905.sst
sst_method : char( 2) ? [mc]
cos_sat_zen : real ? [0.6] 0.4
ch4_delta : real ? [0.3] 2.5
ch2_max : real ? [3] 8
ch2_delta : real ? [0.25] 2
ch3_minus_ch4 : real ? [0] 0
base_temp : real ? [0] 0
temp_step : real ? [0.1] 0.2
min_ch4_temp : real ? [0]
min_sun_reflect: real ? [0]
mc noaa-14 D 1.017342 2.139588 0.779706 0.000000 -0.543000

For this session,theinput file is n14.95347.1905.avhrr. This file wasproducedby the
hrtpin program.Theoutputseasurfacetemperatureis writtenin file n14.95347.1905.sst.
The secondpromptindicatesthat the multi-channel(split-window) algorithmis used.The dual-
window andtriple-window algorithmsareselectedby answeringbz andtw, respectively.

Thecos sat zen parameteris thecosinethe themaximumzenithangle. If 0.6 is selected
thenanglesgreaterthancos� 1 � 0 � 6��� 53� 1� from zenithareexcluded.Here,we used0.4 to avoid
excludingany data.

Thech4 delta, ch2 max, ch2 delta, ch3 minus ch4 andmin ch4 temp aresetin
accordancewith our previousdiscussion.

Thebase temp andtemp step parameterscontrolthescalingof thedata.
Theparametermin sun reflect is theminimumallowableangle(in degrees)betweenthe

reflectedsunglint andthesensorlook angle.
Table2 listspreferredchoicesfor thenitpix parametersfor dayandnighttime.
Thefinal line outputfrom nitpix is

mc noaa-14 D 1.017342 2.139588 0.779706 0.000000 -0.543000

Thisindicatesthatthedaytimesplit-window algorithmfor NOAA-14 is beingused.Thenumerical
coefficientsfor theseasurfacetemperaturealgorithmarelisted.
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By default,nitpix determinesfrom thedatawhetherto usethedaytimeor nighttimealgo-
rithms.

3.5 CreateImagesin a DefinedRegion

It is possibleto defineparticularregionsof interestusingthemaster2 program.This program
createsaMaster file with sufficient informationsothatany passcanbemappedinto thedefined
areawith a definedprojection. Raw dataare in satellitecoordinates,eachscanline is another
incrementalongthesatellitegroundtrack.Eachsamplewithin a scanline is anotherincrementof
1 � 3 � 10� 3 r.

Considerthefollowing example:

pauli: master2
output file : char(255) ? [Master]
projection : char( 13) ? rect
min_lat : char( 15) ? 30n
max_lat : char( 15) ? 50n
min_lon : char( 15) ? 75w
max_lon : char( 15) ? 60w
square_aspect : char( 3) ? [yes]
num_samples : int ? 1000
est_center : char( 3) ? [yes]
master2: 1741 lines, 1000 samples, 1.28042 km pixel height,
1.28042 km pixel width

Thissessioncreatesafile calledMaster with theinformationnecessaryto mapfuturepasses
into the geographicalregion from 30� N to 50� N and75� W to 60� W. Imagescreatedusing this
Master file will havearectangularprojectionandeachpixel will haveasquareaspectratio. The
imagewill have 1000samplesper line and1741lines. Eachpixel will representa 1.28042km �
1.28042km areaon thesurface.

3.6 CreateRegistered Image

Thefinal stepis to usetheMaster file to createa registeredseasurfacetemperatureimagein a
specifiedcoordinatesystem.Theprogramto performthis registrationis calledfastreg. Below
is asamplesession.

pauli: fastreg
in/out files : char(255) ? n12.95349.1250.sst n12.95349.1250.sst.fl
master_file : char(255) ? [Master] /d10/noaa/masters/fl
include_vars : char(255) ? []
poly_size : real ? [100]
n12.95349.1250.sst2.fl: mcsst: [ 1, 740] X [ 1, 790]

In this session,fastreg takes the seasurfacetemperaturefile n12.95349.1250.sst
usesa masterfile /d10/noaa/masters/fl to producea ground registeredimage named
n12.95349.1250.sst.fl.
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4 Conclusion

In thismemorandum,wehavereviewedthephysicsbehindseasurfacetemperaturemeasurements
usingdownlinkedAVHRR datafrom theNOAA satellites.Wehavealsodescribedtheprocedures
necessaryto processdatausingthe TeraScansoftware. Ray Sterner, who masteredmuchof the
TeraScansoftwareandhasprovided adviceon seasurfacetemperatureprocessing,in currently
completingbatchsoftwarewhich shouldpermit theautomaticprocessingof theincomingNOAA
data. The goal is to archive all dataand to producesynopticscaleimagesfor post-processing
browsing.
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Appendicies

A Justification for theFunctional Form of theSeaSurfaceTem-
peratureAlgorithm

Let N
�
T � representthe blackbodyradianceat temperatureT in a specifiedwavelengthregime.

Theradiancemeasuredat a satelliteis thesumof theoceanradiance,plusradianceemittedfrom
the atmosphere,plus the sky radiancereflectedfrom the surface. SeeFigureA-1. This canbe
expressedas

Measured� ��� �
Nm

�
Tm �� Ocean� ��� �

τaεwN
�
Ts� � Atmosphere� ��� �

εaN
�
Ta� � ReflectedSky Radiance� ��� �

τarwNsky (A-1)

( Ts ) r w Nsky

τ arwNsky

N m( T m)

ε a

wε

wε

N

τ

Water

a

N sky

N ( Ta)N ( Ts)
Atmosphere

Space

FigureA-1: Measuredradiances.

where

Nm radiancemeasuredat thesatellite,

τa is thetransmittanceof theatmosphere,

εw is theemissivity of water,

N
�
Ts) is theblackbodyradianceat theseasurfacetemperatureof Ts,

rw is thereflectivity of water, and

Nsky is thedownwellingsky radiance,

We know that atmosphericemissivity, εa, equals1 
 τa and that the emissivity of water, εw

equals1 
 rw. Wesubstitutetheserelationsin EquationA-1 andweget

Nm
�
Tm ��� τa

�
1 
 rw � N �

Ts� � �
1 
 τa� N �

Ta� � τarwNsky � (A-2)
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Rearrangingtermsyields

Nm
�
Tm ��� τaN

�
Ts � 
 rwτaN

�
Ts� � N

�
Ta � 
 τaN

�
Ta � � τarwNsky (A-3)

or

Nm
�
Tm �� τaN

�
Ts �!


small� ��� �
rwτaN

�
Ts�#" 1 
 Nsky

N
�
Ts�%$ � � 1 
 τa� N �

Ta� � (A-4)

Sincethereflectioncoefficientof wateris small,weeliminatethemiddletermontheright-hand
sideof thepreviousequationandget

Nm
�
Tm �� τaN

�
Ts� � �

1 
 τa� N �
Ta� � (A-5)

We now performa Taylor’s seriesexpansionfor Nm
�
Tm � aboutthe seasurfacetemperature,

keepingthefirst two terms.We rewrite Nm
�
Tm � as

Nm
�
Tm �� N

�
Ts� � ∂N

�
Ts�

∂T

�
Tm 
 Ts� (A-6)

Substitutethis relationinto theleft-handsideof EquationA-5. Theresultingequationis

N
�
Ts� � ∂N

�
Ts �

∂T

�
Tm 
 Ts ��� τaN

�
Ts� � �

1 
 τa� N �
Ta� � (A-7)

WemayalsoexpandN
�
Ta � as

N
�
Ta�� N

�
Ts� � ∂N

�
Ts �

∂T

�
Ta 
 Ts� � (A-8)

Substitutionof this into EquationA-7 yields

N
�
Ts� � ∂N

�
Ts �

∂T

�
Tm 
 Ts��� τaN

�
Ts� � �

1 
 τa� " N �
Ts� � ∂N

�
Ts �

∂T

�
Ta 
 Ts� $ � (A-9)

By eliminatinglike termsin thepreviousequationanddividing by ∂N
�
Ts �&� ∂T weget

Tm � τaTs � �
1 
 τa� Ta (A-10)

EquationA-10 is valid at two channelsi and j and we can rewrite EquationA-10 for two
wavelengthsas

Ti � τai
Ts � �

1 
 τai
� Tai

(A-11)

and
Tj � τaj

Ts � �
1 
 τaj

� Taj � (A-12)

ThedifferenceTi 
 Tj is thengivenas

Ti 
 Tj � Ts
�
τai


 τaj
� � �

1 
 τai
� Tai


 �
1 
 τaj

� Taj
(A-13)
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By multiplying EquationA-11 by τaj
andEquationA-12 by τai

, we generatedthe following
two equations:

τaj
Ti � τai

τaj
Ts � �

1 
 τai
� Tai

(A-14)

τai
Tj � τai

τaj
Ts � �

1 
 τaj
� Taj

(A-15)

We now subtractEquationA-15 from EquationA-14, yielding

τaj
Ti 
 τai

Tj � τaj

�
1 
 τai

� Tai

 τai

�
1 
 τaj

� Taj
(A-16)

SubtractingEquationA-16 from EquationA-13, wewrite:

Ti

�
1 
 τaj

� 
 Tj

�
1 
 τai

��
Ts
�
τai


 τaj
� �(' � 1 
 τai

� 
 τaj

�&�
1 
 τai

�	) Tai

 ' � 1 
 τaj

�!
 τai

�
1 
 τaj

�	) Taj
�

Ts
�
τai


 τaj � �
1 
 τai

� � 1 
 τaj
� Tai


 �
1 
 τaj

� � 1 
 τai
� Taj � (A-17)

Solvingfor Ts weobtain

Ts � Ti � 1 
 τai

τai

 τai

�
Ti 
 Tj �!
 �

1 
 τai
� � 1 
 τaj

�
τai


 τai

�
Tai


 Taj
� (A-18)

Weconcludethattheabsenceof cloudsandobservationsatnadir, seasurfacetemperaturemay
bewrittenas

Ts � a0Ti � a1

�
Ti 
 Tj � � a2 � (A-19)

For the approximationsusedhere,a0 � 1, i.e., at the lowestorder the seasurfacetemperature
equalsthe measuredbrightnesstemperature.The parametera1

�
Ti 
 Tj � accountsfor the atmo-

spherictransmittance.The last termis a smallcorrectionassociatedwith thedifferentbrightness
temperaturesof theatmosphereat thetwo measurementwavelengths.
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B Coefficientsfor SeaSurfaceTemperatureAlgorithms

setcountertable0
TablesB-1, B-2 andB-3 list theparameterstheTeraScansoftwareusesto computeseasurface

temperaturefor thesplit-window, dual-window andtriple-window algorithms,respectively. Coef-
ficientsarevalid for temperaturesin bothKelvin andCelsius.Theonly exceptionis thattheterm
A4 variesdependinguponthetemperaturescale.

TableB-1: Coefficientsfor split-window algorithm.

Satellite Time A0 A1 A2 A3 A4(K) A4(C)
noaa-14 D 1.017342 2.139588 0.779706 0.000 
 5 � 280 
 0 � 543
noaa-14 N 1.029088 2.275385 0.752567 0.000 
 9 � 090 
 1 � 145
noaa-12 D 1.013674 2.443474 0.314312 0.0 
 4 � 647 
 0 � 912
noaa-12 N 1.013674 2.443474 0.314312 0.0 
 4 � 647 
 0 � 912
noaa-11 D 1.01345 2.659762 0.526548 0.0 
 4 � 592 
 0 � 918
noaa-11 N 1.052 2.397089 0.959766 0.0 
 15� 52 
 1 � 316
noaa-9 D 0.9994 2.7057 
 0 � 27 0.73 0.1177 
 0 � 046
noaa-9 N 0.9994 2.7057 
 0 � 27 0.73 0.1177 
 0 � 046
noaa-7 D 1.0346 2.5779 0.0 0.0 
 10� 05 
 0 � 60
noaa-7 N 1.0346 2.5779 0.0 0.0 
 10� 05 
 0 � 60
noaa-10 D 1.1 0.0 0.0 0.0 
 27� 316 0.0
noaa-10 N 1.1 0.0 0.0 0.0 
 27� 316 0.0
noaa-8 D 1.1 0.0 0.0 0.0 
 27� 316 0.0
noaa-8 N 1.1 0.0 0.0 0.0 
 27� 316 0.0
noaa-6 D 1.1 0.0 0.0 0.0 
 27� 316 0.0
noaa-6 N 1.1 0.0 0.0 0.0 
 27� 316 0.0
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TableB-2: Coefficientsfor dual-window algorithm.

Satellite Time A0 A1 A2 A3 A4

�
K � A4(c)

noaa-14 N 1.008751 1.409936 0.000000 1.976 
 0 � 764 1.626
noaa-12 D 1.017736 0.426593 1.800916 0.0 
 3 � 114 1.731
noaa-12 N 1.017736 0.426593 1.800916 0.0 
 3 � 114 1.731
noaa-11 D 1.03432 1.347423 0.953042 0.0 
 7 � 64 1.73
noaa-11 N 1.03432 1.347423 0.953042 0.0 
 7 � 64 1.73
noaa-9 D 1.014 0.5118 0.958 1.55 
 2 � 224 1.60
noaa-9 N 1.014 0.5118 0.958 1.55 
 2 � 224 1.60
noaa-10 D 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-10 N 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-8 D 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-8 N 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-7 D 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-7 N 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-6 D 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12
noaa-6 N 1.009 1.502 0.0 
 1 � 2 
 2 � 58 
 0 � 12

TableB-3: Coefficientsfor triple-window algorithm.

Satellite Time A0 A1 A2 A3 A4(K) A4(C)
noaa-14 N 1.010037 0.920822 0.000000 1.760 2.214 0.528
noaa-12 N 1.058532 1.016347 0.0 2.081917 
 3 � 407 12.58
noaa-11 N 1.036027 0.892857 0.520056 0.0 
 9 � 224 0.617
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