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ABSTRACT

We proposeanalgorithmfor deriving surfacespecificinformationfrom a multitemporalthermal
datasetwith a simplemodelof thediurnal temperaturecurve. Basedon ananalyticsolutionof
theheatconductionequation(Price1977) thisalgorithmallowsthedeterminationof thethermal
inertiaandof the linearizationcoefficientsof the outgoingheatfluxesfor eachpixel of a multi-
temporalthermalimageby fitting themodelto therespective temperaturevalues.At leastthree
temperaturemeasurementsatdifferenttimesof onedayareneededfor thatprocess.For computa-
tionalconveniencewe introduceafunctionrepresentingtheratioof two temperaturedifferences.
Thedeterminedmodelparametersareanalyzedregardingtheirusefulnessfor land-usemapping.
The algorithm was testedon a multitemporal multispectral image data set recordedby a
DAEDALUS AADS 1268 line scanner. The testsite wasan agriculturalareanearthe city of
Nuremberg, Germany. Thedatawasrecordedat 4:30a.m.,8:30a.m. and11:30a.m. (MET). In
orderto valuethe informationon surfacepropertiesderivedby applyingthis methodwe related
the resultingparametersto NDVI andapparentthermalinertia values. The resultsshow their
usefulnessfor supportingland-usemapping.

1 INTRODUCTION

Remotelysensedthermaldatahasbeenusedwidely to determinesurfaceproperties,particularlythermalinertia
andsurfacehumidity. Experimentalrestrictionsforcedthe researchersin the majority of casesto rely on one-time
measurements(e.g.(Seguin& Itier 1983)) orday-night-differencetemperatureimages(e.g.(Watson1982)). Through
thelaunchof hyperspectralsatellitesin thenearfuturemultitemporalthermaldatameasuredat moretimesof a day
canbeprovidedofferingnew possibilitiesfor thermalimageinterpretation.

During theHeatCapacityMappingMissiona modelfor thediurnaltemperaturecurve wasdeveloppedwhich is
basedon ananalyticalsolutionof the heatconductionequation(Price1977). With thatmodeltediouscalculations
with numericalmodelscanbeavoided. If only two temperaturemeasurementsareavailable(which is thecommon
casefor HCMM imagerybasedinvestigations)approximationshave to beusedandtheresultsareof limited validity
(Price1985). Provided with a third temperaturemeasurementthe exact modelcanbeusedfor calculatingsurface
propertiesyieldingadditionalandmorepreciseinformationonsurfaceproperties.

In this paperweproposeanalgorithmto fit this analyticalmodelof thediurnaltemperaturecurve to a multitem-
poral thermalimagerydatasetrecordedat leastat threedifferenttimesof a day. Thedeterminedparametersarethe�
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thermalinertia andthe linearizationcoefficientsof the outgoingheatfluxes. The latter enablethe determinationof
themeansurfacetemperatureof theobservationdayandthesumof the latentheatfluxandthesensibleheatfluxat
eachtime of theobservationday. Thealgorithmwastestedwith multitemporalmultispectralimagedatarecordedby
the airborneline scannerDAEDALUS AADS 1268. At flight altitudesof 300 m and900m thegeometricground
resolutionswereaboutoneandthreemeters,respectively.

Calculationof theerrorsshowedtheneedto averagetheresultingparameterimagesover regionsof interest.This
is notaseriousrestrictionasweareinterestedin surfacepropertiesof agriculturalareasandnotsinglepixels.Because
of the model’s simplicity the determinedparametersrepresentingsurfacepropertiesshouldonly be regardedasef-
fective onesandcomparisonsbetweenmodeledvaluesshouldonly bemadewithin onedataset.Takinginto account
theserestrictionscomparisonwith NDVI- andapparentthermalinertia(ATI) valuesshowedadditionalinformation
for land-usemapping.A quantitativeanalysisis in progress.

2 THERMAL MODEL

Assumingtheone-dimensionalperiodicheatingof a uniform half-spaceof constantthermalproperties,thetem-
peratureobeys thediffusionequation.Theboundaryconditioncanbeexpressedas(Xue& Cracknell1995):
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where
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is thethermalconductivity, �	�"
A�B��� thetemperatureof thehalf-spacein depth 
 , � �"! is thesurfacealbedo,# � � �DC E+FHGJI%KML the solarconstant,$ the atmospherictransmittance,NPO%Q , � *SRUTWVX*SRUT:Y 4 &)(+*ZV&)( *[Y , V the
solardeclination,Y thelatitudeof observation, -�.0/)132 theemittedlongwave radiation, -�.0798 theatmosphericcounter
radiation,; thesensibleheatflux and >\? thelatentheatflux. An analyticsolutionof thediffusionequationsubject
to boundarycondition(1) is obtainedby Fourieranalysis(Carslaw & Jaeger1959). Thereforetheboundarycondition
hasto belinearized: � � ���	��
�������
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` a and b a arethe linearizationcoefficients. After somestraightforwardcalculationsthe following solutionfor the
surfacetemperatureis obtained(theexpressiongivenin (Xue& Cracknell1995) lacksthecoefficient g � ):
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with s thermalinertiaand
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Figure1: Hypotheticaltemperaturedata(asterisks)andmodeledtemperaturecurvesdirectly using(3) (solid line)
andbasedon therhi-function(dashedline, see(5)). Thelinesatconstanttemperaturelevelsrepresentthedaily mean
temperatures� � � ` a � g � ��I b a ^��D� e . Theunitsof theparametersare: ^ s�e � ^��� � L Q � mS� L � � m e , ^ ` a e � ^��|� � L�e
and ^�b a e � ^��|� � L � � m e . Theapparentdifferencesbetweeǹ �)� �B��� � and ` �P� 10�)� resp. b �P� �B��� � and b �P� 10�)� in a) donot
yield differenttemperaturecurvessince ` a 4 b a �	�U��� in therespective temperaturerangeand � aresimilar in both
cases.

3 CALCULATION OFSURFACE PROPERTIES

Having anappropriatenumberof temperaturemeasurementsat differenttimesof onedayonecanusethemodel
describedin Section2 to calculatesurfaceproperties.This is calledaninversemodelingprocess. Theparametersin
(3) whichcannotbedeterminedor at leastestimateddirectly from remotesensingmeasurementsarethelinearization
coefficients ` a and b a andthe thermalinertia s . Having at leastthreetemperaturevaluesper surfaceresolution
cell a non-linearleastsquarefit routine(Brandt1992) canbeusedfor their determination.The valueswhich have
to be provided are that of the surfacealbedo(which canbe determinedusing the reflective channelsof a remote
sensingsystem)andthe atmospherictransmittance(usuallydeterminedby a radiative transfercomputercodelike
MODTRAN complementedby on-sitemeasurements).This fitting processyieldsin generala very goodagreement
betweenmodeledandmeasuredtemperaturevalues(Fig. 1).

Theprescribedcalculationis time-consuming(about1min with threemeasuredtemperaturevaluesonaSparcUltraI
with 147MHz and160MB RAM) andthereforecannotbeperformedfor eachpixel of aremotelysensedimage.The
numberof fits canbereducedby usingthefollowing functionwhichwecalledtherelativeheatingindex (rhi):
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From(3) weget:
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This functionrepresentingthe ratio of two temperaturedifferencesdependsonly on onevariable,namelythe ratiobWa I s . The time parameters� m ��� L �B� 1 � 2 ��m and � 1 � 2 � L are determinedby experimentalconditions(the subscriptref
indicatesthat standardizedmeasurementslike the commonlymeasuredday-nighttemperaturedifferencescan be
usedas denominatorin (4) andan additionaltemperaturemeasurementin the morning can yield the third value
neededfor calculationof thenumerator).Thatmeansthat insteadof directly fitting thethree-parameterfunction(3)
to temperaturevaluesthemeasuredtemperaturedatais now transformedinto rhi-valuesfor eachresolutioncell with
(4) andthentheone-parameterfunction(5) is usedfor thefitting process.For computationalconveniencetheupper
andlower boundaryof the rhi-function( b a I s =0 resp. b a I+s¹¸�º ) shouldfirst becalculatednumericallyandan
interval of allowedrhi-valuesbedefined.Temperaturevaluesof pixelshaving rhi-valuesoutisdethis interval cannot
bemodeledwith (3) andwould yield irregularresultsin thefollowing calculationsteps.Thereforethesepixelshave
to be excludedfrom furthercalculations.The interval of allowedrhi-valuesshouldbe divided into an appropriate
numberof sub-intervals(dependingonaccuracy requirementsandavailablehardware)anda look-uptableshouldbe
createdusingtherespective averagedrhi-valuesof eachsub-interval for thefitting process.Having determinedtheb a I s -valuesthecalculationof ` a , b a and s is straightforwardusing(3). Testshave shown a very goodagreement
betweenthefitting baseddirectlyon (3) and(5) (seeFig. 1).

To draw surfacespecificinformationfrom thedeterminedlinearizationcoefficients ` a and b a theseparameters
areusedto calculate� � � ` a � g � ��I b a and ;]>\? �U��� ¡ � ;¹4 >\? �P�U��� � ` a 4 b a �	�U��� �_-�» � z.0/P1U2 4 -�.0798 for each
imagepixel with � meansurfacetemperatureof observationday, ;]>\? sumof sensibleheatfluxandlatentheatflux,-�» � z.0/)1U2 �¼�	�U���S� � � C+½�¾ �W¿ 4Àw ½�¾ � � �	�3��� (linearizedStefan-Boltzmann-Law), -�.0798 atmospheric-counterradiation, ¾
surfaceemissivity, �	�U��� calculatedwith (3) and � thepoint in time of interest. -:.¼7�8 canbeestimatedusingheuristic
formulasor determinedby radiative transfercomputercodeslike MODTRAN, eventuallysupplementedby ground
measurementsandradiosondedata.

3.1 DISCUSSION

As thenotionof thermalinertia is not well definedfor vegetatedsurfacesandtheassumptionof a uniform half-
spaceis not tenablein thatcaseall determinedvalueswill beregardedaseffective ones.A probleminherentto the
analyticalFourier approachis the averagingof all modelparametersfor a whole period,i.e. oneday. Even if at-
mosphericconditionsarestable,parameterslike air temperatureandair humiditychangeduringtheintegrationtime.
Thereforeresultsshouldonly becomparedwithin onedatasetrecordedwithin 24hours.For comparingresultsfrom
datasetsrecordedat differentdaysa normalizationshouldbeapplied.Furtherdiscussionsregardingtheusefulness
of theFouriermodelingapproachcanbefoundin (Watson1978) or (Price1985).

Apart from computationalconveniencethe introductionof therhi-functionyields two considerableadvantages.
First, this functionis (within themodelassumptions)independentof atmospherictransmissivity andof albedo.Soit
canberegardedasasurfacepropertywith a highdegreeof normalizationwhich is importantfor severalapplications
like classificationandchangedetection.Second,pixelshaving temperaturevaluesthatcannotbemodeledwith (3)
caneasilybeexcludedby their irregularrhi-values.Reasonsfor theseirregularitiesarethesimplicity of themodel
andmisregistrationof thethermalimages.A simpleimprovementof theresultingimagescanbeachievedby using
spatialfeatures,i.e. takinginto accountneighbouringpixelsto assignparametersto excludedpixels.

3.2 COMMENT ON THE ERROR

A decisive point in usinganalgorithmyielding parametersfor describingobjectpropertiesis thecalculationof
errors.As a first steptheerrorof theunderlyingdataset,i.e. themeasuredtemperaturevalues,hasto bedetermined.
Thedeterminationof thetotal errorof thecalculatedparametersdescribedin Section3 is thenstraightforward:The
errorof thefitting-processcanbedeterminedby thelinearizationof theusedfunction,i.e. therhi-functionin ourcase
(Brandt1992). All othererrorscanbedeterminedby applyingtheGaussianerrorpropagationlaw.

The errorsof s , ` a and b a arevery sensitive to the errorsof the measuredtemperatures.This is dueto the



sensitivity of (3) resp. (5) to the b a I s -valuesin the rangeof appropriateb a I+s -values(seeFig. 2). Using the
temperaturedatashown in Figure1, anassumedabsoluteerror of �+f�d �)� for eachtemperaturemeasurementyields
relativeerrorsof s , `�a andbca of a) u+Á Â , � Á E Â , �DÃ C Â andb) � u Â , Á � Â , E+Ã Â (neglectingerrorsof otherparameters).
As theseerrorsarenottolerablefor conclusiveresultsandtherequirementof moreprecisetemperaturemeasurements
cannotbe fulfilled by actualsensorplatforms,the resultingimagesmustnot be interpretedpixel by pixel but the
valueshave to beaveragedover regionsof interest.Averagingover n pixelsyieldsa reductionof theerrorby �DI t n
(accordingto the Gaussianerror propagationlaw). For a discussionof the errorsresultingfrom inaccuratemodel
assumptionssee3.1.

4 APPLICATION TO AN AGRICULTURAL AREA

4.1 DATA SET

Theimagerywasrecordedduringanexperimentthattook placeat the26August,1997,nearthecity of Nurem-
berg, Germany. A DAEDALUS AADS 1268 line scanneron boarda Dornier Do 228 aircraft wasusedyielding
a multispectraldatasetconsistingof ten reflective bandsandonebandin the thermalinfrared( Ãpf�F � �DC�f Ä�K ). At
flight altitudesof 300m and900m the geometricgroundresolutionwasaboutoneandthreemeters,respectively.
Imageflights tookplaceat4:30,8:30,11:30and12:30(MET), in orderto measureacharacteristicpartof thediurnal
temperaturecurve. As the weatherconditionschangedbetweenthe last two measurements,i.e. cloudsturnedup,
the 12:30-datasetis omittedin the following investigations.Atmosphericcorrectionswereperformedby usingthe
SENSAT/MODTRAN computercode(Richter1992) relying on standardatmosphericparameterssupplementedby
groundmeasurementsof meteorologicaldataandradiosondedatarecordedin Amberg (located60km in theeastof
Nuremberg) (Prinz 1998). Theemissivity of the surfacewasassumedto be 0.97for the whole testsite. From the
dataseta smallsceneshowing anagriculturalareawasextractedfor everyoverflight (Fig. 3). Theearlymorningim-
agewastakenasreferenceon which theimageswereregisteredusingAkima local quinticpolynomialinterpolation
(Wiemker1996).

4.2 RESULTS AND DISCUSSION

The methoddescribedin Section3 wasappliedto the dataset describedabove. The time parametersin (5)
aredeterminedby the experimentalconditions: � m � � m9� 1 � 2 � w�Å C Æ , � L � Ã Å � � , � L � 1 � 2 � � � Å C+C (MET). The
transmissivity $ � d�f�E F wascalculatedby MODTRAN2. Fromnumericalcalculations( b a I+s =0resp. b a I+sÇ¸Èº )
we get } y R5É ^ d�f�C w F��9d�f�Æ wÊÁ e . As the rhi-function is continuousandmonotonicallyincreasingwith growing bWa I s -
values(seeFig. 2), no localextremacanmisleadthefitting routineandtheresultrepresentsthebestoverall solution.
For thecalculationof theerrorsweuseda totalerrorof themeasuredtemperaturesof u f d �)� (Prinz1998). Errorsof
otherparameterswereneglected.;]>\? �3��� is calculatedfor � � � u�Å d+d MET, for we have radiosondedataat this time (seeSection4.1) enabling
a precisedeterminationof -�.0798 (seeSection3). Figure4 shows the resultingimages.Note that regionsthatseem
to be coherentin the albedoimagecanin generalbe foundascoherentregionsin the resultingimages(not taking
into accountexcludedpixels). From the resultingthermalinertia imagewe definedsomeregionsof interest(see
Fig. 4, for comparisontheseregionsarealsodrawn in thealbedoimagein Figure3) andcalculatedthemeanvalues
of the modeledparameters(Table1). The errorsof the � - and ;]>\? -valuesarevery large andmustbe reduced
by averagingover largerareas.Disregardingtheerrorsa comparisonto groundmeasurements(e.g. (Parlow 1998))
yieldsanoverall agreementregardingtheir magnitude.

To relatethe valuesof s , � and ;]>\? to morecommonlyusedconceptswe calculatedthe correlationcoeffi-
cientswith theNDVI- andapparentthermalinertia(ATI) valuesfor eachimagepixel (seeTable2). As multiplicative
constantsdo not affect the correletaioncoefficient, we usedthe following definition: ` �:Ë � ��� �|� �"! �SIp�0�	���+� ÅC+C � � �	�"d wWÅ C Æ+��� . Thecorrelationcoefficientsof about d�f�Æ betweeǹ �:Ë and ;Ì>\? �S� u�Å d+d � show anoverall agree-
mentbetweentheseconceptsbut indicatetheachievementof additionalinformationusingthe latterones.Absolute
correlationcoefficientssmallerthan d�f w indicateclearlydistinctinformationsources.



Figure2: rhi-valuesasa functionof bca I+s . Thetime parametersare � m � � m9� 1 � 2 � w�Å C+Æ , � L � Ã Å �+� , � L � 1 � 2 � �+� Å C+C
(MET).

Table1: Determinedthermalinertia, � - and ;Ì>\? -valuesfor someregionsof interest(seeFig. 4).s `:a bWa � ;Ì>\? �S� u\Å d+d �^ Í I��¼KML * mS� L)�BÎ�e ^ GJI%K�L¼e ^ GJI%K�LSI%Î�e ^��)� e ^ GJI%KMLÏe
Area1 u E w Æpf)Ð_E C�f � Æ u E Á f)Ð w d+C�f u+u f u Ð u f w u �+f�Ð w®Á f C u Epf)ÐÇ�+�DÆp�+f
Area2 � u F Ã�f9Ð w f � �DE Æ+Ã�f)Ð6C F�f Æ�f�ÆWÐhdpf u u+Á f�Ð � �+f � u Æpf)ÐÇ�Dd u f
Area3 �Ddp� Á f)Ð_C E�f � Æ u � Á f)Ð w �DE�f u+u fU�XÐ u f�F �DÃ�f�ÐhC w f C+Ã+Æpf)ÐÇ� u d Ã�f
Area4 �DÃ Ã+Epf)Ð|� Á f � C���Ã+E�f)ÐÇ� �DF�f �+�+f�F�Ð6d�f�E u C�f�Ð u d�f u+u � f)Ð6C+C+Æpf
Area5 �DC w dpf)Ð uxw f �Ww Ã Æ��+f)Ð u u C�f �DE�f w ÐÇ�+f�C � Á f�Ð u u f C+F+Cpf)Ð6Æ w Ãpf
Area6 �DÃp� Á f)Ð �Dd Á f � E+Ã d+Æ�f)Ð6Ã F+C�f u E�f�F�Ð6F�fU� � Á f�ÐhF E�f C+Ã�� f)Ð u%w F Á f

Table2: Correlationcoefficientsfor thewholetestscene.s � ;]>\? ��� u\Å d d+�
NDVI 0.18 -0.68 0.52

ATI 0.58 -0.67 0.58



Figure3: Albedo-,temperature(11:33)-andNDVI- imageof thetestscene.

Figure4: Thermalinertia-(unit: ^ Í Ip�0K L * m�� L ��Î�e ), ;Ì>\? �S� u\Å d+d � - and � -images;excludedpixelsarecoloredblack.



5 CONCLUSIONS

In this paperwe developeda methodto fit a simpleanalyticalmodelof the diurnal surfacetemperaturecurve
to a multitemporalthermaldatasetconsistingat leastof temperaturemeasurementsat threedifferenttimesof one
day. This procedureyields threeparametersfor eachimagepixel describingthermalpropertiesof the underlying
surface,i.e. thethermalinertiaandthetwo linearizationcoefficientsof theoutgoingsurfacefluxes.For interpretation
purposes,thelatteronescanbeusedto calculatethedaily meantemperatureandthesumof thesensibleheatfluxand
thelatentheatflux.Becauseof themodel’s simplicity andthealgorithm’ssensitivity towardserrorsof themeasured
temperaturedatatheseparametersshouldonly beusedfor investigationswithin onedatasetandof largeareas.Tests
with amultitemporalmultispectraldatasetrecordedby a DAEDALUS AADS 1268line scanneroveranagricultural
areashowedthatadditionalinformationis achievedin comparisonto NDVI andATI values.
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