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Abstract

In this memorandumyve review the physicsof blackbodyradiationandits applicationto the
determinatiorof seasurfacetemperaturaisinginfrared measurementsWe describethe process
of usinginfrared measurementat variouswavelengthsto correctfor the interferenceof the at-
mospheran estimatingseasurfacetemperaturdrom spacebornastruments Finally, we outline
the standardstepsusedby the TeraScarsoftwarefrom SeaSpac€orporationto corvert infrared
radiancemeasurement® seasurfacetemperatures.
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1 Intr oduction

Infrared radiancemeasurementlave beenusedsince1970to estimateseasurfacetemperature
from space. The techniquedor estimatingseasurfacetemperatureare basedon the physicsof
blackbodyradiation. Solutionsare alsorequiredto practicalproblemssuchascorrectingfor the
effectsof theinterveningatmospheredentifying cloud-freeregions,andnavigatingthe measure-
mentsto groundcoordinates.

The National Oceanicand AtmosphericAdministration (NOAA) currently usestwo polar
orbiting satellites,NOAA-12 and NOAA-14, for twice-daily global obsenationsof seasurface
temperature Thesesatellitesare equippedwith the AdvancedVery High ResolutionRadiometer
(AVHRR) which scanghe surfacewith a nadirresolutionof 1.1 km andcontinuouslybroadcasts
thedatato groundreceving stationswithin theline of sight.

The SpaceOceanographysroup at the JohnsHopkins University Applied PhysicsLabora-
tory (JHU/APL) hasrecentlyimplementeda capabilityto receve, processandarchve AVHRR
datausingthe JHU/APL SatelliteCommunicationgacility andhardware/softvarepurchasedrom
SeaSpac€orporation.Thismemo:

1. Reviewsthe pertinentphysicsof blackbodyradiation,

2. Describeghealgorithmsusedto derive seasurfacetemperaturefrom multiple-wavelength
infraredmeasurementsnd

3. Outlinesthe proceduresusedby the SeaSpacderaScarsoftware to produceseasurface
temperatur@stimates.

2 Physics
2.1 BlackBody Radiation

By virtue of molecularmotion, all substanceabove absolutezero emit radiation. A body that
absorbsll incomingradiationis referredto asablackbody [1] [2]. Thewavelengthdistribution of
theradiationfrom a blackbodyB(A, T), wasmeasuredn thelastcentury In 1893,Wien derived
thefollowing functionalform for this distribution:

f(AT)
A5
whereA is electromagnetievavelength,T is absolutedemperatureand f (A T) is a functionof the
productof wavelengthand temperature.This distribution function fit the obsened datawhich
shavedthattheradiationwentto zeroat the extremesof shortandlong wavelengths.

Using classicalelectromagnetitheory RaleighandJeangredictedthat at shortwavelengths
the emittedenegy shouldgrow to infinity, in contradictionto the obsered data. This lack of
correspondencbetweenobsenation andthe theoreticalpredictionof classicalelectromagnetics
wasknown asthe Raleigh-Jeansatastrophe.

B(A,T) = (1)
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In 1901, Planckmadethe simpleassumptiorthatenegy canonly exist in discretepacletsor
guanta.The enegy is thesepacletsequalshv whereh is Plancks constantandv is the electro-
magneticfrequeng. Fromthis andthermodynamiconsiderationsPlanckderivedthe blackbody
spectraradianceas
2hc? 1 )

A% explhc/(KTA)] -1 @
wherec is thespeedf light andk is Boltzmanns constant.

Realobjectsare not perfectlyabsorbingandhencethey emit lessradiationthanpredictedby
this equation. The emissvity of a real objecte(A,T) is definedas the ratio of the amountof

radiationemittedby the objectto that of a blackbodyat the sametemperatureand wavelength.
Notethate < 1.

B(A,T) =

2.2 Estimation of Temperature

A radiometemeasuresadiationover a finite wavelengthband. Let N(A;, A,) representhe mea-
suredradiancen theregion A, to A,. For a blackbody

A, 2hc? dA
A5 explhc/(KTA)] -1 @)

A
N(AL,Ay) = / *B(A,T)dA = /
Al )‘1
For any radiancemeasuredvithin a specifiedwavelengthwindow, thereis an associatedemper
aturesuchthatat thattemperaturea blackbodywould emit the sameradiation. This is calledthe
brightness temperature.All otherthings being equal,if we know the emissvity of a body and
measurdehe emittedradiancewe candeterminghe body’s true surfacetemperature.

Therearethreemajor limitations to usingradiancemeasurementBom an orbiting platform
to estimatethe seasurfacetemperatureFirst, cloudsblock infraredradiationfrom the surface. If
cloudyregionsarenotappropriatelydentified,measurementsf cloudtemperaturareincorrectly
associateavith seasurfacetemperatureSecondthe interveningatmospherebsorbsomeof the
radiationemittedby the surfaceandit also emits radiationsomeof which goesdirectly to the
satelliteradiancesensorand someof which is reflectedfrom the surfacebackup to the satellite.
Third, solarradiationis reflectedrom the surfaceto the sensor Theseproblemsarecircumvented
by proceduresvhichidentify cloudyregionsor regionsthatmaybe contaminateavith solarradia-
tion. In addition,the effectsof theinterveningatmospherarewavelengthdependentThe passve
measuremerdf radiationat differentwavelengthscanbe usedto infer anatmosphericorrection.

Figurel shavstheblackbodyspectrunfor anobjectat300K, roughlythespectrunof radiance
from anoceanat the sametemperatureThe figure alsoshows the approximatespectrumof solar
radiationreflectedfrom the seasurface[2]. Reflectedsolarradiationfrom the surfaceis about1%
in theincomingsolarradiation. Theshadedegionsindicatethewavelengthbandsusedto measure
radiancgchannelsl-5) by the AVHRR.

Tablelisalisting of AVHRR wavelengthchannelsChanneld and2 measureeflectedight in
thevisible andnearinfraredregions,respectrely. Channels3, 4, and5 aredominatedoy radiation
emittedfrom the surface. Channel3 hasthe adwantagethatit is lesssensitve to atmospheric
watervapor However, channeB will admita substantiabmountof reflectedsolarradiation.lt is,
therefore primarily usedat night. Channelst and5 aremoreaffectedby watervapor but arenot
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Figurel: Blackbodyradiationspectrumreflectedadiationspectrumandthewavelengthchannels
usedby the AVHRR sensorChannelsl and?2 areclosein wavelength.

Tablel: Tableof AVHRR channels.

Channel| Region Wavelengths
Visible 0.58-0.68um
Reflectednfrared 0.725-1.1um
EmittedInfraredWindow Channel| 3.55-3.93um
EmittedInfraredWindow Channel| 10.33-11.3um
EmittedInfraredWindow Channel| 11.5-12.5um

a s wWwN PR
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substantiallycontaminatedby reflectedsolarradiation.lt is the judiciouscombinationof radiance
measurementsom channels3, 4 and5 thatpermitsextractionof seasurfacetemperature.

2.3 SeaSurface Temperature Algorithms

In AppendixA, we shov why it is reasonabléo believe thatfor nadirmeasurements cloudless
regionstheseasurfacetemperatureTs, shouldbe of theform

Ts=agT; +al(Ti_Tj)+a2 (4)

whereT, and T, arethe brightnesgemperaturesleterminedrom the radiancevaluesin two dif-
ferentinfraredwindow channeld and j. The constant, is closeto 1 suggestinghattheinfrared
temperaturaneasuredn ary oneof thesechannelds closeto the seasurfacetemperature.The
temperaturelifferencegermmakesa smallcorrectionto thistemperaturéor atmospheri¢ransmit-
tance.Thea, termis asmallcorrectionfactorassociateavith thedifferentatmospheribrightness
temperatureat differentchannels.

Basedon empiricalcomparison®f AVHRR dataandbuoy measurementd/cClain et al. [3]
andBernstein[4] found two setsof algorithmsfor combiningthe radiancemeasurementat the
threeemittedinfrared window channels— one setfor nighttime and one setfor daytime. The
algorithmsusedat night canemploy the T, ; channel. For daytimealgorithms,the T; , channel
containsreflectedskylight andonly combinationsf T,; andT,, areuseful.

In generaltherearethreeclasseof seasurfacetemperaturalgorithms. The “split-window”
algorithmusesthe T, ; brightnessemperaturasthe lowestorderestimateof seasurfacetemper
atureandthe differenceT,;; — T,, to correctfor the atmosphere.The “dual-windon” algorithm
usesthe T, ; brightnessandthe differenceT; ;, — T, ; to correctfor theatmosphereFinally, thethe
“triple-window” algorithmusesthe T, ; brightnessandthe differenceT; ;, — T, , to correctfor the
atmosphere.

In addition,thereare correctiontermsthat mustbe appliedto adjustthe measurementsade
off nadir. If we definef to bethe sensorzenithangle,thenthethreealgorithmshave theform:

Dual(bz), Ts=AgTy; +A(T37 = Tig) +Ax(Ta7 = Tyy)(seD — 1) +Agsedd +A,  (5)

Triple (tw), Ts=AgT1+A(T3,—To) +A(T5, —Tp,)(sedd — 1) + Assedd + A,

Thetemperaturesaneitherbein degreesCelsiusor Kelvin. In AppendixB, we list the coef-
ficientsemployed by the TeraScarsoftwareto computeseasurfacetemperaturgyiventhesefunc-
tional formsusingboththe CelsiusandKelvin temperaturescales

3 The TeraScanProceduresasEmployedat APL

3.1 Storing Data

Onthe APL workstationpauli incomingAVHRR datais storeddirectly on disk. Four passesan
be saredon disk atonetime. As receved, dataareautomaticallyarchivedto DAT (Digital Audio
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Tape).New passdatareplaceolderpassdataon the computerdisk.
Thecommand spass lists thedatacurrentlyon disk. An exampleof the usageof the com-
mandis:

pauli: | spass

# satel tel em dat e day tinme durat |ines
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 represena +55.4° scanof datasampledatincrementf1.3 x 103 radians.

The dataon tapecan be listed and retrieved usingthe ar chi ve command. All DAT tape
operationsareperformedusingthis command For example hereis a sessiorwherethe DAT tape
is revound:

paul i: archive
operation : char( 8) ? rew nd
dev_nane . char(255) ? [/dev/rnt/0Omm]

Notethatthe defaulttapedevicefile is/ dev/ rnt / Omrm.
An exampleof asessiorwherethear chi ve commands usedto provide a listing of thedata
on DAT is shown below:

paul i: archive

oper ati on . char( 8) ? list

dev_nane . char(255) ? [/dev/rnt/0Omm]

pri nt out . char( 3) ? [no]

cat al og_pass . char( 3) ? [no]

pass satel tel em dat e tinme orbit scans | abel
1 noaa- 14 hrpt 95/12/12 06:09:50 O 5254 t ape7
2 noaa- 14 hrpt 95/12/12 07:50:17 O 5379 t ape7
3 noaa-14 hrpt 95/12/12 09:32:58 0 3215 t ape7
4 noaa-12 hrpt 95/12/12 10:37:44 O 3255 t ape7
5 noaa-12 hrpt 95/12/12 12:19:21 O 3870 t ape7
6 noaa-12 hrpt 95/12/12 13:56:45 O 4543 t ape7
7 noaa- 14 hrpt 95/12/12 17:35:41 O 5485 t ape7
8 LASTPASS LASTPASS LASTPASS LASTPASS LASTPASS LASTPASS t ape7

Tapesareinitialized by choosing ni t astheoptionfor thear chi ve commandDuring the
initialization, the userselectsatapelabel. We have beensequentiallynamingthetapesast apel,
t apez,...
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Sea Surface Temperature Processing Sequence

Ingest & _ Remove large Cloud Temp.
. —1 Navigate ] = — .
Calibrate angles tests computation
1\ Register
Pass Data Geographical . Create ¢
Region master

Sea Surface
Temperaure
Map

Figure2: Seasurfacetemperatur@stimationprocedure.

3.2 Datalngestion

The stepsnecessaryo produceseasurfacetemperaturedatafrom raw passdataare shovn in
Figure2. In principle,the stepsneednot follow in exactly this order Here,we shav thesequence
thathasworkedfor us.

In orderto performary subsequerjuantitatve processingntheraw passata,it is necessary
toingest apasdile usingtheTeraScamrogramhr pt i n. Thisputsthedatainto aspecialTeraScan
format. If the calibrationoptionif specified the dataarecalibrated.Channelsl and2 areoutput
in percentalbedousing pre-launchcalibrationvaluesspecifiedin theavcal . coef file. Using
measurementsf deepspace(~3 K) andinternal blackbodieswhosetemperaturas measured
with precisionthermistors(~300 K), datain channels3, 4, and 5 are calibratedand outputin
termsof brightnesdemperatureThereis the optionto outputthe datain units of Celsius,Kelvin
or Fahrenheit.

Files generatedy hr pt i n containingAVHRR have a. avhr r filenameextension,by de-
fault.

3.3 Navigation

Thenext stepis to navigatethe dataontogroundcoordinatesThe grossnavigationis basedupon
Kepleriarelementshataredownloadedrom SeaSpacdaily. Onemaygetthefile el enent s. new
from SeaSpacéy usingft p. Theaddresss cal i fi a. seaspace. com The usernameis
el enent s andthepasswrdis or bi t al 3. Thecommand | xoes processethis datasothat
TeraScarsoftwarewill usethenewn ephemeriglements.

More precisenavigation can be performedautomatically The navboxes commandused
AVHRR datastoredin *. avhr r filesto generatafile, with auserselectechame which contains
assetof boxesaroundcoastlinedor navigation.

The commandnavi gat e searchedor cloud-freeregionsin the *.avhrr file and correlates
the scenewith know land boundarieso perform the fine-scalenavigation. The correlationis
performedin the boxespreviously generatedf sufficient cloud-freeareasareavailabletheimage
canbe navigatedto abouta few kilometers. The datamay alsobe navigatedmanuallyusingthe
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Figure3: Exampleof seasurfacetemperaturenapwith only ephemerisavigation.

i mage/ navi gat e optionfrom theinteractve xvu program.

Figure3 is seasurfacetemperaturenapin the southFloridaarea.The coastlinesareplacedon
theimageusingonly ephemerisnformationfor navigation.

Figure4 is alsoseasurfacetemperaturenapin the southFloridaarea.For this casethe coast-
linesareplacedontheimageusingephemerisnformationandthenavi gat e fine-scaleautocor
relation programfor navigation. Note that therehasbeensignificantimprovement. It would be
possibleto manuallyimprove the correspondencef the coastlinedataandtheimagery

3.4 Estimating SeaSurface Temperature

Thenext stepis to take thistemperaturelataandcornvertit to estimate®f seasurfacetemperature.
Theni t pi x commandperformsthe necessarpperations.The processnvolvesfirst excluding
datataken at large nadir angles.Next, imagepixels contaminatedvith cloudsareidentified. Fi-
nally, a selectedseasurfacetemperaturalgorithmis appliedto the cloud-freepixels.

3.4.1 Exclusionof Data at Lar ge Zenith Angles

Experiencehas shovn that the seasurface temperaturaetrievals degradeas the sensorzenith
anglesincreases— aswe look further from nadir. The first stepin the seasurfacetemperature
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Figure4: Exampleof seasurfacetemperaturenapwith ephemerisindfine-scalenavigation.
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retrieval is to exclude pixelsthatarefar from nadir By default, TeraScarsoftwareexcludesdata
beyond53° from nadir.

3.4.2 Finding Cloud-FreePixels

The sequencef stepsto identify cloudinvolvesseveralfilters. Eachpixel mustsatisfyall of the
criteriato bejudgedcloud-free.

Channel 4 Difference. The presenceof sub-pixels cloudscan changethe apparentrightness
temperaturelf we assumehatthe seasurfacetemperatures slowly varying,thenalargevariance
in alocal region mayindicatethe presenc®f clouds.In thefirst cloudtest,a 3 x 3 region around

thepixel underconsiderations used.If thedifferencebetweerthemaximumandminimumvalues
within the 3 x 3 regionis above a selectedralue,the centerpixel is flaggedascloud contaminated.
SeaSpaceecommendshis cutoff differenceshouldbe 2.5° and 1°, for daytimeand nighttime,

respectrely.

Maximum Value in the Channel 2 Albedo. A largealbedoin channel2 canindicatethe pres-
enceof clouds.If thealbedoof apixel exceeds8% for dayor 2% for night, thenthepixelis flagged
ascloudcontaminated.

Channel 2 Difference. A largelocal variationin the albedoin channel2 alsoindicatesclouds.
If thedifferencebetweerthe maximumandminimumalbedoexceedf2%in a3 x 3 regionaround
the pixel underconsiderationthe centerpixel is assumedo containclouds. This testis not used
for daytimedata.

Differencein Channel3 and 4. Channel3 andchannelt absorbsignificantlydifferentpropor
tionsof watervapor A largedifferencen thebrightnesgemperatures thesetwo channelss an
indicationof cloud contaminationSincechanneB may containreflectedsunlight,this testis used
only at night.

Minimum Channel4 Temperature. [If thechannel temperaturés too low, we assumehatwe
areseeingcloud-toptemperaturesWe have have not beenusingthis asa strict cloud-elimination
test.We acceptall temperatureabove 0°C.

SeaSurface Temperature Computation Theseasurfacetemperaturalgorithmhastheform:
Ts=AgTy 1 +A(Ti = T)) +Ax(T, —T))(secd — 1) + Agsecd + Ay, (6)

i.e., seasurfacetemperaturés the brightnesgemperaturet 11 um pluscorrectiontermsbasecbn
differencesn brightnesgdemperatures differentwavelengthbands.The noisein the difference
temperatures the root-mean-squarsumof the individual temperaturenoiselevels. To minimize
this noiseproblem,the meanof the T, and T, within the 3 x 3 region aroundthe pixel is usedto
computethetemperaturelifference.

We provide anexampleof ani t pi x sessiorbelow:
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Table2: Preferredselection®f theni t pi x parameters.

Parameter Default | Day | Night
cos_sat zen 0.6 04 |04
chd_delta 0.3 25 |1
ch2_max 3 8 2
ch2 delta 0.25 2 —
ch3_m nus_ch4 | 0 0 -15
base_t enp 0 0 0
tenp_step 0.1 0.2 | 0.2
mn_.ch4dtenp |0 0 0

pauli: nitpix

infout files . char(255) ? nl14.95347.1905. avhrr nl14.95347. 1905. sst
sst_met hod . char( 2) ? [nt]
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_mnus_ch4 . real ? [0] O
base tenp . real ? [0] O
tenp_step . real ? [0.1] 0.2
mn_ch4 tenp . real ? [0]

m n_sun_reflect: real ? [0]

nc noaa-14 D 1.017342 2.139588 0. 779706 0. 000000 -0.543000

For this sessiontheinputfile isn14. 95347. 1905. avhr r . Thisfile wasproducedoy the
hr t pi n program.Theoutputseasurfacetemperaturés writtenin file n14. 95347. 1905. sst .
The secondpromptindicatesthat the multi-channel(split-window) algorithmis used. The dual-
window andtriple-window algorithmsareselectedy answeringoz andt w, respectiely.

Thecos_sat _zen parameteis the cosinethe the maximumzenithangle. If 0.6is selected
thenanglesgreaterthancos 1(0.6) = 53.1° from zenithareexcluded. Here,we used0.4 to avoid
excludingary data.

Thech4_del t a,ch2_max, ch2_del t a, ch3_m nus_ch4 andm n_ch4_t enp aresetin
accordancevith our previousdiscussion.

Thebase_t enp andt enp_st ep parametersontrolthescalingof thedata.

Theparametem n_sun_r ef | ect istheminimumallowableangle(in degrees)etweerthe
reflectedsunglint andthe sensotook angle.

Table2 lists preferredchoicesfor theni t pi x parameter$or dayandnighttime.

Thefinal line outputfrom ni t pi X is

nt noaa-14 D 1.017342 2.139588 0. 779706 0. 000000 -0.543000

Thisindicateghatthedaytimesplit-window algorithmfor NOAA-14 is beingused.Thenumerical
coeficientsfor the seasurfacetemperaturalgorithmarelisted.
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By default, ni t pi x determinedrom the datawhetherto usethe daytimeor nighttimealgo-

rithms.

3.5 Createlmagesin a DefinedRegion

It is possibleto defineparticularregionsof interestusingthe mast er 2 program. This program
createsa Mast er file with sufficientinformationsothatarny passcanbe mappednto the defined
areawith a definedprojection. Rav dataarein satellite coordinatesgachscanline is another
incrementalongthe satellitegroundtrack. Eachsamplewithin a scanline is anotherincrementof

1.3x1073r.

Considerthe following example:
paul i: master2
output file . char (255)
proj ection . char( 13)
mn_| at . char( 15)
max_| at . char( 15)
mn_|lon . char( 15)
max_| on . char( 15)
square_aspect : char( 3)
num sanpl es cint
est _center . char( 3)

N ) ) ) ) ) ) )

r)

[ Mast er ]
rect
30n
50n
75w
60w

[yes]
1000

[yes]

master2: 1741 lines, 1000 sanples, 1.28042 km pi xel height,

1.28042 km pi xel width

This sessiorcreatesafile calledMast er with theinformationnecessaryo mapfuturepasses
into the geographicategion from 30°N to 50°N and 75°W to 60°W. Imagescreatedusingthis
Mast er file will have arectangulaprojectionandeachpixel will have asquareaspectatio. The
imagewill have 1000samplegerline and1741lines. Eachpixel will represent 1.28042km x

1.28042km areaonthesurface.

3.6 CreateRegisterdImage

Thefinal stepis to usethe Mast er file to createa registeredseasurfacetemperaturémagein a
specifiedcoordinatesystem.The programto performthis registrationis calledf ast r eg. Below

is asamplesession.

pauli: fastreg

infout files . char (255)
master file . char (255)
i ncl ude_vars . char (255)
poly size . real

r)
?
2

?

nl2. 95349. 1250. sst nl2. 95349. 1250. sst . f |
[ Master] /d10/noaal/ masters/fl

[]

[ 100]

n12.95349. 1250.sst2.fl: nmcsst: [ 1, 7401 X[ 1, 790]

In this sessionf ast r eg takesthe seasurfacetemperaturdile n12. 95349. 1250. sst
usesa masterfile / d10/ noaa/ mast er s/ f| to producea ground registeredimage named

n12.95349. 1250. sst . f1 .
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4 Conclusion

In thismemorandumye have reviewedthe physicsbehindseasurfacetemperatureneasurements
usingdownlinkedAVHRR datafrom the NOAA satellites.We have alsodescribedhe procedures
necessaryo procesdatausingthe TeraScarsoftware. Ray Sterney who masterednuch of the
TeraScarsoftware and hasprovided advice on seasurfacetemperaturgrocessingjn currently
completingbatchsoftwarewhich shouldpermitthe automatigprocessingf theincomingNOAA
data. The goalis to archive all dataandto producesynopticscaleimagesfor post-processing
browsing.
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Appendicies

A Justification for the Functional Form of the SeaSurfaceTem-
perature Algorithm

Let N(T) representhe blackbodyradianceat temperaturel in a specifiedwavelengthregime.
Theradiancemeasuredt a satelliteis the sumof the oceanradiance plus radianceemittedfrom
the atmosphereplus the sky radiancereflectedfrom the surface. SeeFigure A-1. This canbe
expresse@s

Measured Ocean Atmosphere ReflectedSky Radiance
Space Nm(Tm)

Atmosphere '[aEWN(TS)ﬁ ﬁ €aN(Ta) ﬁ Tal wNsky

sz(Ts)ﬁ rWNsky{}

Water

FigureA-1: Measuredadiances.
where
Nm, radiancemeasuredt the satellite,
T, is thetransmittancef theatmosphere,
&w IS theemissvity of watet
N(Ts) is theblackbodyradianceat the seasurfacetemperaturef T,
rw is thereflectivity of water and
NSky is thedownwelling sky radiance,

We know that atmospherieemissvity, &, equalsl — 15 andthat the emissvity of water &y
equalsl — ry,. We substituteheserelationsin EquationA-1 andwe get

Nm(Tm) = Ta(1—rw)N(Ts) + (1 — 1a)N(Ta) + TalwNgy, - (A-2)
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Rearrangindermsyields

Nm(Tm) = TaN(Ts) — rwTaN(Ts) + N(Ta) — TaN(Ta) + TarwNg, (A-3)
or
srllall
- Noy ~
Nm(Tm) = TaN(Ts) — rwTaN(Ts) [l— N(T )} +(1—1a)N(Ta) . (A-4)

Sincethereflectioncoeficientof wateris small,we eliminatethemiddletermontheright-hand
sideof the previousequationandget

Nm(Tm) = TaN(Ts) + (1 — 12)N(Ta) - (A-5)

We now performa Taylor’s seriesexpansionfor Ny, (Ty,) aboutthe seasurfacetemperature,
keepingthefirst two terms.We rewrite N (Tm) as

IN(Ts)
oT

Nm (Tm) = N(Ts) + (Tm - Ts) (A-6)

Substitutethis relationinto theleft-handsideof EquationA-5. Theresultingequations

ON(Ts)
oT

N(Ts) + (Tm—Ts) = TaN(Ts) + (1 — Ta)N(Ta) - (A-7)

We may alsoexpandN(T,) as

ON(Ts)

(Ta—Ts) - (A-8)

Substitutionof this into EquationA-7 yields

ON(Ts)
oT

ON(Ts)

N(Ts) + s

(Tm—Ts) = TaN(Ts) + (1 - 1a) |[N(Ts) +

(Ta—Ts)| - (A-9)

By eliminatinglik e termsin the previous equationranddividing by dN(Ts) /0T we get
Tm = TaTs+ (1— Ta)Ta (A‘].O)

EquationA-10 is valid at two channels and j andwe canrewrite EquationA-10 for two
wavelengthsas

and
T] = Tast+ (1— Taj)Taj . (A_12)
ThedifferencerT; — T, isthengivenas
Ti _TJ :Ts(Tai —Taj)+(l—Tai)Tai —(1—Taj)Taj (A_13)
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By multiplying EquationA-11 by Ty andEquationA-12 by 15, we generatedhe following
two equations:
TajTi - Tai Taj TS+ (1— T31)T31 (A‘14)

We now subtractEquationA-15 from EquationA-14, yielding
SubtractingequationA-16 from EquationA-13, we write:

T1-Ta)-T(1-1q) =

(M- 1)+ [(1-Ta) - T (1-T) | o = [(1- 1)~y (1-1a) | Ty = (A-17)
Ts(Ty — Ty + (1-14)(1— raj)Tq -(1- raj)(l— rf,\)Taj .

Solvingfor Ts we obtain

(1-713)(1—Ta)
Ta — T

1-14
Ts=T+ (Ti=Tj)—

Ta —Ta A-18
S (Ta—Ta) (A-18)

We concludethatthe absenc®f cloudsandobsenationsat nadir, seasurfacetemperaturenay
bewritten as

For the approximationsusedhere,a, ~ 1, i.e., at the lowestorder the seasurfacetemperature
equalsthe measuredrightnessemperature.The parameteia, (T, — Tj) accountsfor the atmo-
spherictransmittanceThe lasttermis a small correctionassociateavith the differentbrightness
temperaturesf theatmospheratthetwo measurememnwavelengths.
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B Coefficientsfor SeaSurface Temperature Algorithms

setcountertableO

TablesB-1, B-2 andB-3 list the parameterghe TeraScarsoftwareusesto computeseasurface
temperaturdor the split-window, dual-windav andtriple-window algorithms respectiely. Coef-
ficientsarevalid for temperatureg bothKelvin andCelsius.The only exceptionis thattheterm
A, variesdependingiponthetemperaturecale.

TableB-1: Coeficientsfor split-window algorithm.

Satellite Time A, A A, A, AWK AC)
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 101345 2.659762 0.526548 0.0 4592 —0.918
noaa-11 N 1052  2.397089 0.959766 0.0  —1552 —1.316
noaa-9 D 09994 27057 -027 073 0.1177 —0.046
noaa-9 N 09994 27057 -027 073 0.1177 —0.046
noaa-7 D 10346 25779 0.0 00 -1005 —0.60
noaa-7 N 10346 25779 0.0 0.0 1005 —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 11 0.0 0.0 00 —27.316 0.0
noaa-8 N 11 0.0 0.0 00 —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 27316 0.0
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TableB-2: Coeficientsfor dual-windav algorithm.

Satellite Time A, A A, A, A,(K)  Alc)
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 0.958 155 —-2224 1.60
noaa-9 N 1.014 0.5118 0.958 155 —-2224 1.60
noaa-10 D  1.009 1.502 0.0 -12 -258 -0.12
noaa-10 N  1.009 1.502 0.0 -12 -258 -0.12
noaa-8 D  1.009 1.502 0.0 -12 -258 -0.12
noaa-8 N  1.009 1.502 0.0 -12 -258 -0.12
noaa-7 D  1.009 1.502 0.0 -12 -258 -0.12
noaa-7 N  1.009 1.502 0.0 -12 -258 -0.12
noaa-6 D  1.009 1.502 0.0 -12 -258 -0.12
noaa-6 N  1.009 1.502 0.0 -12 -258 -0.12
TableB-3: Coeficientsfor triple-window algorithm.
Satellite Time A, A A, A, A,K)  ANC)
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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