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ABSTRACT

We proposeanalgorithmfor deriving surfacespecificinformationfrom a multitemporalthermal
datasetwith a simplemodelof thediurnaltemperatureurve. Basedon an analyticsolutionof
the heatconductiorequation(Price 1977) this algorithmallows the determinatiorof the thermal
inertiaandof the linearizationcoeficients of the outgoingheatfluxesfor eachpixel of a multi-
temporalthermalimageby fitting the modelto the respectie temperaturevalues.At leastthree
temperatureneasurementstdifferenttimesof onedayareneededor thatprocessFor computa-
tional conveniencewe introducea functionrepresentingheratio of two temperaturelifferences.
Thedeterminednodelparameterareanalyzedegardingtheir usefulness$or land-usemapping.
The algorithm was testedon a multitemporal multispectralimage data set recordedby a
DAEDALUS AADS 1268line scanner The testsite wasan agriculturalareanearthe city of
Nurembeg, German. Thedatawasrecordedat4:30a.m.,8:30a.m.and11:30a.m. (MET). In
orderto valuethe informationon surfacepropertiederived by applyingthis methodwe related
the resultingparameterdo NDVI and apparenthermalinertia values. The resultsshov their
usefulnessgor supportingand-usemapping.

1 INTRODUCTION

Remotelysensedhermaldatahasbeenusedwidely to determinesurfacepropertiesparticularlythermalinertia
andsurfacehumidity. Experimentakestrictionsforcedthe researchers the majority of casedo rely on one-time
measuremeni(®.g.(Seguin & Itier 1983) or day-night-diferenceemperaturémagege.g.(Watson1982). Through
thelaunchof hyperspectrasatellitesin the nearfuture multitemporalthermaldatameasurect moretimesof a day
canbe providedoffering new possibilitiesfor thermalimageinterpretation.

During the HeatCapacityMappingMissiona modelfor the diurnaltemperatureurve wasdeveloppedwhichis
basedon an analyticalsolutionof the heatconductionequation(Price 1977). With thatmodeltediouscalculations
with numericalmodelscanbe avoided. If only two temperatureneasurementsre available (which is the common
casefor HCMM imagerybasednvestigationsppproximationhave to be usedandtheresultsareof limited validity
(Price 1985. Provided with a third temperatureneasuremerthe exact model canbe usedfor calculatingsurface
properties/ielding additionalandmorepreciseinformationon surfaceproperties.

In this paperwe proposeanalgorithmto fit this analyticalmodelof the diurnaltemperatureurve to a multitem-
poralthermalimagerydatasetrecordedat leastat threedifferenttimesof aday The determinecharameterarethe
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thermalinertia andthe linearizationcoeficients of the outgoingheatfluxes. The latter enablethe determinatiorof
the meansurfacetemperaturef the obsenation day andthe sumof the latentheatfluxandthe sensibleheatfluxat
eachtime of theobsenationday Thealgorithmwastestedwith multitemporaimultispectraimagedatarecordecby
the airborneline scanneDAEDALUS AADS 1268. At flight altitudesof 300 m and900 m the geometricground
resolutionsvereaboutoneandthreemetersyespectrely.

Calculationof theerrorsshavedtheneedto averagetheresultingparameteimagesover regionsof interest.This
is notaseriougestrictionaswe areinterestedn surfacepropertief agriculturalareasandnotsinglepixels. Because
of the models simplicity the determinedparametersepresentingurfacepropertiesshouldonly be regardedas ef-
fective onesandcomparisondetweermodeledvaluesshouldonly be madewithin onedataset. Takinginto account
theserestrictionscomparisorwith NDVI- andapparenthermalinertia (ATI) valuesshoved additionalinformation
for land-usemapping.A quantitatve analysisis in progress.

2 THERMAL MODEL

Assumingthe one-dimensiongberiodicheatingof a uniform half-spaceof constanthermalpropertiesthetem-
peratureobeys the diffusionequation. Theboundaryconditioncanbe expressedis(Xue & Cracknell1995:

= (1—alb)SyV cos Z — Reurt + Ry — H — LE, 1)

z=0

whereXK is thethermalconductvity, T'(z, t) thetemperaturef the half-spacen depthz, alb is the surfacealbedo,
So = 1375 W/m? the solarconstant,VV the atmospheridransmittancecosZ = sindsin a + cosécosa, § the
solardeclination,a thelatitudeof obseration, R,,.; the emittedlongwave radiation, R.x, the atmosphericounter
radiation,H thesensibleheatflux and L £’ thelatentheatflux. An analyticsolutionof the diffusionequationsubject
to boundarycondition(1) is obtainedoy FourieranalysigCarslav & Jager 1959. Thereforeheboundarycondition
hasto belinearized:

= (1 —alb)SgV cos Z — [Ac + B.T(0,1)]. (2)

z=0

A. and B.. arethe linearizationcoeficients. After somestraightforwardcalculationghe following solutionfor the
surfacetemperaturés obtainedthe expressiorgivenin (Xue & Cracknell1995 lacksthe coeficient Cy):
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Figure 1. Hypotheticaltemperaturelata(asterisksland modeledtemperatureurves directly using (3) (solid line)
andbasedntherhi-function(dashedine, see(5)). Thelinesat constantemperaturéevelsrepresenthe daily mean
temperature§’ = (A. — C)/B. [°C]. Theunitsof theparameterare: [P] = [Jm~2s~'/2K~1], [A] = [Wm~?]
and[B.] = [Wm~2?K ~']. Theapparentlifferencedetweend ., 5 andAg rn; resp. Bg eq.3 and By i in @) donot
yield differenttemperatureurvessince A. + B.T(t) in the respectie temperatureangeandT aresimilarin both
cases.

3 CALCULATION OF SURFACE PROPERTIES

Having anappropriatenumberof temperatureneasurementst differenttimesof oneday onecanusethe model
describedn Section2 to calculatesurfaceproperties.This is calledan inversemodelingprocess The parameterin
(3) which cannothedeterminedbr atleastestimatedlirectly from remotesensingneasurementrethelinearization
coeficients A. and B. andthe thermalinertia P. Having at leastthreetemperaturevaluesper surfaceresolution
cell anon-linearleastsquarefit routine (Brandt1992 canbe usedfor their determination.The valueswhich have
to be provided are that of the surfacealbedo(which canbe determinedusing the reflectve channelsof a remote
sensingsystem)and the atmospheridransmittancgusually determinedoy a radiative transfercomputercodelike
MODTRAN complementedby on-sitemeasurements)his fitting procesgyieldsin generala very goodagreement
betweemmodeledandmeasuredemperaturealues(Fig. 1).

Theprescribedalculations time-consumingaboutl min with threemeasuretemperaturealuesonaSparcUltral
with 147MHz and160MB RAM) andthereforecannotbe performedor eachpixel of aremotelysensedmage.The
numberof fits canbe reduceddy usingthefollowing functionwhich we calledthe relative heatingindex (rhi):

T(tz) = T(t)

rhi = 4
T(tref,2) - T(tref,l) ( )
From(3) we get:
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This functionrepresentinghe ratio of two temperaturalifferencesdependnly on onevariable,namelythe ratio
B./P. Thetime parameters;,ts,ter1 andir.s» aredeterminedby experimentalconditions(the subscriptref
indicatesthat standardizedneasurementike the commonly measurediay-nighttemperaturaifferencescan be
usedas denominatotin (4) and an additionaltemperatureneasuremenin the morning canyield the third value
neededor calculationof the numerator) Thatmeanghatinsteadof directlyfitting the three-parametdunction (3)
to temperaturealuesthe measuredemperaturelatais now transformednto rhi-valuesfor eachresolutioncell with
(4) andthenthe one-parameteunction (5) is usedfor thefitting process For computationatorveniencehe upper
andlower boundaryof the rhi-function(B./P=0resp. B./P — oo) shouldfirst be calculatedhumericallyandan
interval of allowedrhi-valuesbe defined.Temperatureraluesof pixelshaving rhi-valuesoutisdethis interval cannot
be modeledwith (3) andwouldyield irregularresultsin thefollowing calculationsteps.Thereforethesepixelshave
to be excludedfrom further calculations. The interval of allowed rhi-valuesshouldbe divided into an appropriate
numberof sub-intenals(dependingn accurag requirementandavailablehardwareandalook-uptableshouldbe
createdusingthe respectie averagedhi-valuesof eachsub-intenal for thefitting process.Having determinedhe
B./P-valuesthe calculationof A., B. andP is straightforwardising(3). Testshave shavn avery goodagreement
betweerthefitting basedlirectly on (3) and(5) (seeFig. 1).

To draw surfacespecificinformationfrom the determinedinearizationcoeficients A. and B. theseparameters
areusedto calculateT = (A. — Cy)/B. andHLE(t) = (H + LE)(t) = Ac + B.T(t) — R + Rgy for each

imagepixel with T meansurfacetemperatur@f obsenationday, H L £ sumof sensibleheatfluxandlatentheatflux,
Rin (T(t)) = —30eT + 40€T T(t) (linearizedStefan-Boltzmann-La), Ry, atmospheric-countardiation, e

surf
surfaceemissvity, T'(t) calculatedvith (3) and¢ thepointin time of interest. Rq., canbe estimatedisingheuristic
formulasor determineddy radiative transfercomputercodesike MODTRAN, eventually supplementethy ground

measuremen@ndradiosondealata.

3.1 DISCUSSION

As the notion of thermalinertiais not well definedfor vegetatedsurfacesandthe assumptiorof a uniform half-
spaceds not tenablein thatcaseall determined/alueswill be regardedas effective ones.A probleminherentto the
analyticalFourier approachs the averagingof all modelparametersor a whole period,i.e. oneday Evenif at-
mosphericonditionsarestable parameterfike air temperatur@ndair humidity changeduringtheintegrationtime.
Thereforeresultsshouldonly becomparedvithin onedatasetrecordedwithin 24 hours.For comparingresultsfrom
datasetsrecordedat differentdaysa normalizationshouldbe applied. Furtherdiscussionsegardingthe usefulness
of the Fouriermodelingapproacttanbefoundin (Watson1978 or (Price 1985.

Apart from computationatonveniencethe introductionof the rhi-functionyields two considerabledwantages.
First, this functionis (within themodelassumptionsindependentf atmospheri¢ransmissiity andof albedo.Soit
canberegardedasa surfacepropertywith a high degreeof normalizationvhichis importantfor severalapplications
like classificatiorand changedetection.Second pixels having temperaturezaluesthat cannotbe modeledwith (3)
caneasilybe excludedby their irregularrhi-values. Reasondor theseirregularitiesarethe simplicity of the model
andmisraistrationof the thermalimages.A simpleimprovementof the resultingimagescanbe achieved by using
spatialfeaturesj.e. takinginto accounineighbouringpixelsto assignparameterso excludedpixels.

3.2 COMMENT ON THE ERROR

A decisie pointin usingan algorithmyielding parameter$or describingobjectpropertiess the calculationof
errors.As afirst steptheerrorof theunderlyingdataset,i.e. the measuredemperatur&alues hasto be determined.
The determinatiorof thetotal error of the calculatedparameterslescribedn Section3 is thenstraightforwardThe
errorof thefitting-proces€anbe determinedy thelinearizationof theusedfunction,i.e. therhi-functionin our case
(Brandt1992. All othererrorscanbedeterminedy applyingthe Gaussiarerror propagatioraw.

Theerrorsof P, A. and B, arevery sensitie to the errorsof the measuredemperaturesThis is dueto the



sensitvity of (3) resp. (5) to the B./P-valuesin the rangeof appropriateB./P-values(seeFig. 2). Usingthe
temperaturelatashavn in Figurel1, anassumedbsoluteerrorof 1.0°C for eachtemperaturaneasuremengields
relativeerrorsof P, A. andB, of a)29%,197%, 183% andb) 12%, 91%, 78% (neglectingerrorsof otherparameters).
Astheseerrorsarenottolerablefor conclusie resultsandtherequiremenbf morepreciseemperatureneasurements
cannotbe fulfilled by actualsensomlatforms,the resultingimagesmustnot be interpretedpixel by pixel but the
valueshave to be averagedover regionsof interest.Averagingover n pixelsyieldsareductionof theerrorby 1/1/n
(accordingto the Gaussiarerror propagatiodaw). For a discussiorof the errorsresultingfrom inaccuratemodel
assumptionsee3.1.

4 APPLICATION TO AN AGRICULTURAL AREA

4.1 DATA SET

Theimagerywasrecordedduringanexperimentthattook placeat the 26 August,1997,nearthe city of Nurem-
beig, Germay. A DAEDALUS AADS 1268line scanneron boarda Dornier Do 228 aircraft was usedyielding
a multispectraldataset consistingof ten reflective bandsandonebandin the thermalinfrared (8.5 — 13.um). At
flight altitudesof 300 m and900 m the geometricgroundresolutionwasaboutoneandthreemeters respectiely.
Imageflights took placeat4:30,8:30,11:30and12:30(MET), in orderto measure characteristipartof thediurnal
temperatureurve. As the weatherconditionschangedetweenthe lasttwo measurements.e. cloudsturnedup,
the 12:30-datases omittedin the following investigations.Atmosphericcorrectionswvere performedby usingthe
SENSA/MODTRAN computercode(Richter1992 relying on standarcatmospheriparametersupplementethy
groundmeasurementsf meteorologicatlataandradiosondelatarecordedn Ambexg (located60 km in the eastof
Nurembeg) (Prinz 1998. The emissvity of the surfacewasassumedo be 0.97 for the whole testsite. Fromthe
dataseta smallsceneshaving anagriculturalareawasextractedfor every overflight (Fig. 3). The earlymorningim-
agewastakenasreferenceon which theimageswereregisteredusingAkima local quintic polynomialinterpolation
(Wiemker1996.

4.2 RESUITS AND DISCUSSION

The methoddescribedn Section3 wasappliedto the datasetdescribedabose. The time parametersn (5)
are determinedoy the experimentalconditions: ¢y = t1 rer = 4: 36,12 = 8 : 11, to rer = 11 : 33 (MET). The
transmissiity V' = 0.75 wascalculatecby MODTRANZ2. Fromnumericalcalculationg B./ P=0resp.B./P — o)
we getrhi € [0.345,0.649]. As the rhi-functionis continuousand monotonicallyincreasingwith growing B,/ P-
values(seeFig. 2), nolocal extremacanmisleadthefitting routineandtheresultrepresentthe bestoverall solution.
For the calculationof the errorswe useda total error of the measuredemperaturesf 2.0°C (Prinz1998. Errorsof
otherparametersverengglected.

HLE(t) is calculatedfor ¢ = 12 : 00 MET, for we have radiosondealataat this time (seeSection4.1) enabling
aprecisedeterminatiorof Ry, (seeSection3). Figure4 shaws the resultingimages. Note thatregionsthatseem
to be coherentin the albedoimagecanin generalbe found ascoherentregionsin the resultingimages(not taking
into accountexcludedpixels). From the resultingthermalinertiaimagewe definedsomeregions of interest(see
Fig. 4, for comparisortheseregionsarealsodravn in the albedoimagein Figure3) andcalculatedhe meanvalues
of the modeledparameterg¢Table 1). The errorsof the T- and H L E-valuesare very large and must be reduced
by averagingover larger areas.Disregardingthe errorsa comparisorto groundmeasurement@.g. (Parlov 1999)
yieldsanoverall agreementegardingtheir magnitude.

To relatethe valuesof P, T and H L E to more commonlyusedconceptsve calculatedthe correlationcoefi-
cientswith theNDVI- andapparenthermalinertia(ATI) valuesfor eachimagepixel (seeTable2). As multiplicative
constantglo not affect the correletaioncoeficient, we usedthe following definition: ATI = (1 — alb)/(T(11 :
33) — T'(04 :36)). Thecorrelationcoeficientsof about0.6 betweenAT'T and H L E(12:00) shav anoverall agree-
mentbetweertheseconceptdut indicatethe achi&vementof additionalinformationusingthe latter ones. Absolute
correlationcoeficientssmallerthan0.4 indicateclearlydistinctinformationsources.
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Figure2: rhi-valuesasafunctionof B./P. Thetime parameteraret; =t s = 4:36,t5 = 8: 11,15 1er = 11:33
(MET).

Table1: Determinedhermalinertia, 7- and H I E-valuesfor someregionsof interest(seeFig. 4).

P Ae B. T HLE(12:00)
[1/(m*s'/*)K] [W/m?] [(W/m?*/K] | [°C] [W/m?]

Areal || 2746.+73. | —6279.+£403. | 22.2+24 | 21.+49. | 327+ 1161.
Area2 || 1258.4+4. | —1768.+35. | 6.6+0.2 |29.+£11. | 126.4102.
Area3 || 1019.+37. | —6219.+£417. | 22.1+25 | 18.+34. | 386.+ 1208.
Aread || 1887.4+19. | —3187.+115. | 11.54+0.7 | 23.4£20. | 221.+ 336.
Area5 || 1340.+24. | —4861.+£223. | 17.44+1.3 | 19.4£22 | 353.4648.
Area6 || 1819.+109. | —7806.+853. | 27.5+5.1 | 19.+£57. | 381. % 2459.

Table2: Correla

tioncoeficientsfor thewholetestscene.

| P | T |HLE(2:00
NDVI || 0.18| -0.68 0.52
ATI || 0.58| -0.67 0.58




Figure3: Albedo-,temperatur€11:33)-andNDVI- imageof thetestscene.

4000 400 W/m»2 10°C

Figure4: Thermalinertia- (unit: [J/(m?s'/?)K]), H LE(12:00)- andT-imagesgexcludedpixelsarecoloredblack.



5 CONCLUSIONS

In this paperwe developeda methodto fit a simple analyticalmodelof the diurnal surfacetemperatureurve
to a multitemporalthermaldatasetconsistingat leastof temperatureneasurementst threedifferenttimesof one
day This procedureyields threeparametergor eachimagepixel describingthermalpropertiesof the underlying
surfacej.e. thethermalinertiaandthetwo linearizationcoeficientsof the outgoingsurfacefluxes. For interpretation
purposesthelatteronescanbeusedto calculatethe daily meantemperatur@andthe sumof the sensibleheatfluxand
thelatentheatflux. Becausef the model’s simplicity andthe algorithm’s sensitvity towardserrorsof the measured
temperaturelatatheseparametershouldonly be usedfor investigationsvithin onedatasetandof large areasTests
with amultitemporalmultispectrabatasetrecordedoy a DAEDALUS AADS 1268line scannepoveranagricultural
areashovedthatadditionalinformationis achievedin comparisorio NDVI andATI values.
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