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ABSTRACT:

We have performeda systematicstudyof the calibrationaccuracy of multispectralaerialre-
flectanceimages. The study is part of the improvementof changedetectionfor aerial and
satellitemultispectralimages.It is basedon (a) a multitemporalimagedatasetfrom themul-
tispectralairbornescannerDaedalusAADS 1268and(b) simultaneouslymadegroundbased
hyperspectralreflectancemeasurements.Reflectanceimageswereobtainedfrom the raw im-
agesby processingwith theprogrampackageSENSAT-5, usingstandardurbanatmospheresin
theMODTRAN code.Thesystematicuncertaintyof theresultingreflectancespectrais mainly
dueto theuncertaintyin theatmosphericparameters.It canbereducedby fitting theDaedalus
spectrato groundtruthhyperspectralreflectancemeasurementsof selectedsurfaces.Theresult-
ing uncertainty������� of thereflectance� is estimatedto be11.0% onaverage.

KEY WORDS: Remotesensing,Reflectance,Error sources

1 INTRODUCTION

Remotelysensedmultitemporalimagesareusually takenunderdifferent illumination condi-
tions and observation geometries. In order to be independentof such influences,a trans-
formationof the measuredradiancesinto reflectancesis a prerequisitefor changedetection
[Wiemkeretal., 1997]. This transformationcan be donein two ways: by radiative transfer
modelsandby groundtruth (independentreflectancemeasurements).Usingradiative transfer
modelsoneneedsto have preciseinformationon atmosphericconditions,which in practiceis
oftennot available. Thereforethe reflectanceaccuracy is limited by thesimulationof the at-
mosphere.Moreovererrorsin sensorradiancecalibrationaffectthecalculatedreflectances.The
secondapproachis to measurethe reflectanceat selectedgroundcontrol pointsat the time as
the remotelysensedimage(alternatively referenceplaneswith known reflectancecharacteris-
tics canbe displayedduring overflights). In this studywe apply both approachesin orderto
estimatetheaccuracy of theresultingmultispectralreflectancespectra.

2 MEASUREMENTS

2.1 Overflights and ground basedmeasurements

Overflightstookplaceover Nürnberg,FRG(airport,industrialpark,residentialareaandnature
reserve)onAugust26,1997.Theoverflightsweredoneataltitudesof 300m(06:57hto 07:50h
and11:01hto 11:51hUT) and900m(10:22to 10:48UT). All datasetswererecordedwith the



11-channelairbornescannerDaedalusAADS 1268,operatedby the GermanAerospaceRe-
searchEstablishment(DLR), Oberpfaffenhofen,FRG.
Groundbasedmeasurementsof thespectralreflectanceweremadeat selectedlocationssimul-
taneouslywith the overflights. Reflectancespectrawereobtainedusingthe 870 channel(0.4
- 2.5 � m) spectroradiometerIRIS of Bundesamtfür GeowissenschaftenundRohstoffe (BGR),
Hannover, FRG.Measurementsweretakenat five targetareasof approximately0.01m� each.
Thechosengroundcoveringswere:1) concrete(airportrunway),2) asphalt(airport),3) artifi-
cial lawn (soccerfield), 4) naturallawn (soccerfield), 5) asphalt(industrialpark).Reflectances
of areas1, 2 and5 wereusedfor a recalibrationof the Daedalusreflectances.Areas3 and4
wereusedto checktheresult.

3 ACCURACY OF DAEDALUS REFLECTANCE SPECTRA

Daedalusbasedreflectancesweredeterminedin two steps.For eachpixel (scanangle 	 ) and
eachchannelDaedalusspectralradiances
���
�	�� werecalculatedfrom grey levels,thegainfac-
tor anda calibrationat the Daedalus-testbench(laboratory). In parallel, radiances
���
�	�� ��� �
asa functionof groundreflectance��� weresimulatedwith theradiative transfermodel(SEN-
SAT/MODTRAN, [Andersonet al.,1995], [Richter, 1994]). ��� is determinedby comparing
���
�	�� and 
���
�	�� ��� � (’inversemodelling’). See[Hepp-94], [Richter, 1994]for details.

3.1 Noiseof the Daedalus-detector

The calibrationof the Daedalusdetectorwas performedby DLR after the overflight. Scan
frequenciesof 12.5, 25,50and100Hz wherechosen.TheDaedalusscannerwasmountedona
calibrationbench,a constantradianceilluminatedthescanneroptics.100lineswhererecorded
for eachscanfrequency. ThecalibrationfactorC is definedby thelinearrelationshipbetween
the scannersignal ���! #" (minus the dark-current�%$ ) and the radiance
��! #" of the calibration
source: &(' 
)�! *" � 
+���! #"�,-�%$.� (1)

The noise equivalent radiance 
�/)0 for eachchannel,a measureof the instrumentalnoise,is
definedby usingthestandarddeviationof thedark-currentmeasurements� dividedby thegain
factor 1 : 
 /)0 '2&43 ��� 1 (2)

Thenoiseis assumedto beadditive. Thus,the relative accuracy 5 � of theDaedalusdetector
turnsout to be 5 � ' 
�/)0 � 
�� (3)

where 
�� is themeasuredradianceof apixel.
Fig. 1 shows 5 � asa function of a) the scanrate,averagedover 10 channels,andb) of the
channelsfor a scanrateof 100 Hz (flight altitudeof 300 m). It canbe seenthat 5 � shows
a relatively high valuefor the first channel,which is dueto the decreasingsensitivity of the
photodetectorfor shorterwavelengths. 5 � remainsat valuesbelow 2% for channels2 to 10.
The increaseof 5 � with increasingscanrateis mainly dueto the decreasingexposuretime.
As a bulk value, 5 � averagedover all scanfrequenciesandchannelsat a radianceof 
�� '687:9<;>= �#� ;?=A@*B.C8=�@ (whichwefoundasagoodestimationfor radiancesduringouroverflights)
canbeassumedto betheinstrumentalnoiseof thescanner:
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Figure 1: Relative valuesfor instrumentalnoiseof the Daedalusscannerfor a radianceof
�� ' 6S7f9<;>= �#� ;?=A@*B.C8=�@ . a) Dependenceon scanrate(averagesover channels1 to 10) and
b) Dependenceon wavelengthfor 100 Hz scanrate(’worst case’,the errorsaresmallerfor
lowerscanrates).

3.2 Inaccurate knowledgeof the atmosphericparameters

Theacquisitionof accurateinformationaboutlocalatmosphericparametersis ademandingex-
perimentaltask.Oftenonecangetonly estimatesof groundvisibility, air pressureandhumidity
from ’nearby’weatherstations.In ourcasewereceivedsuchestimatesfrom themeteorological
stationat theNürnberg airport. In additionwe usedaltitudeprofilesof air pressure,humidity
andtemperaturemeasuredat Amberg (50 km eastof Nürnberg) by a radio sondelaunch. In
orderto estimatetheerrorcausedby inaccurateknowledgeof the local parameters,we made
several runswith MODTRAN/SENSAT for differentparameters.The illumination andview-
ing geometrywastakenfrom oneof our overflightsandchosento be typical for overflights
at noon(altitude300 m; heading195g ; sunzenith39.34g ; azimuthsun173.47g , i.e. we are
lookingperpendicularto theflight direction).Assumingtheaerosoltypeto be’urban’, wevary
thevisibility from 10to 30km for differentatmospheres(’Midlatitude summer’andsondedata
from Amberg). Thecalculationis donefor all Daedaluschannels.Fig. 2 shows the radiances
for a groundreflectanceof 10% whena) the visibility is varying between10 km and30 km
(for sondedataof weatherstationAmberg), b) theatmosphereis varyingbetween’midlatitude
summer’[McClatchey] andsondedata’Amberg’ for visibility of 15 km, c) shows therelative
deviation whencombiningi) differencesbetween’Amberg’ dataat 15 and 20 km visibility
andii) differencesbetweenatmospheres’midlat. summer’andsondedata’Amberg’ at 15 km
visibility.

Figure2: Dif ferencesin expectedfor a givengroundreflectanceof 10%at urbanaerosoltype
a) visibility 10 to 30 km whenusingdata’sondeamberg’ b) atmosphere’midlatitudesummer’
or sonde’Amberg’ atvisibility of 15km c) estimatederrorsusingdeviationbetween15and20
km at ’Amberg’ dataandb)



Webelievethatfig. 2 presentsalowerlimit to thesystematicuncertaintycausedby atmospheric
conditions,becausewe hade.g.no way of checkingthe aerosoldistribution (urban)for our
applicationarea.

3.3 Err or propagationinto reflectances

To calculatethereflectancesfrom theDaedalusradiances,SENSAT modelstheradiancesto be
expectedfor several ’ testreflectances’.Thetestreflectances,for which measuredandmodeled
radianceagreeis takento be the measuredreflectance(’inversemodeling’ by look-up-table
andinterpolation).The laws of errorpropagationallow to calculatethe errorof the resulting
reflectancewhenthe errorsof the usedradiancesaregiven (= resultsof chapters3.1 + 3.2).
Thuswefoundarelativereflectanceerrorof 4.3% (extremaare2.1% and7.1%)averagedover
reflectancesof 5, 10,15and20 % andall Daedaluschannels.This valueis to beconsideredas
a lower limit of thepixel basedreflectancefor thereasonsgiven. We alsonotethatany further
variability of thereflectancedueto targetinhomogenaitiesentersin mostpracticalapplications
(mixedpixel andtextureeffects).

4 ACCURACY OF IRIS REFLECTANCE SPECTRA

Groundtruth reflectancespectrawere obtainedby comparingthe target region with a stan-
dardof known spectralcharacteristics(BaSOh and/orSpectralon).ThespectroradiometerIRIS
(madeby GER,USA) is adualfield view instrument,allowing themeasurementof thereflected
radianceof thetargetandthereferenceto bemadesimultaneously. TheIRIS wasrepairedand
recalibratedby the manufacturera monthbeforeour measurement.IRIS measurementswere
donewith aBaSOh -reference,spectralcharacteristicsweredeterminendby intercalibrationwith
aSpectralon-standardof known spectralreflectance[T. Kollewe,1996]. Below, weestimatethe
errorsourcesof thisprocedure.

4.1 Noiseof IRIS-Detector.

Two field measurements(1997data)madesuccessively show differencescausedby noise,me-
chanicalandoptical IRIS characteristicsandsmallchangesin illumination. By comparingthe
target (or reference)measurements,we obtainthenoiseof thedetector. Fig. 3 shows the rela-
tivedifferenceaveragedover thetargetandreferencechannel.Its meanis i 2.25%,exceptfor
atmosphericabsorptionbandsandpartsof thespectrumwherethesignalto noiseratio is low.
Similar resultsweregivenin [T. Kollewe,1996]for the1994/1995measurementsof our group
(1.5%noiseand1%errorfrom mechanics).

4.2 Detector function.

Target-andreference-detectorof theIRIS normallydo not have thesamecharateristics.They
have to beadjustedto eachotherby thedetectorfunction. Sucha function is implementedin
thesoftwareof theIRIS.Neverthelesswemadefour measurementswith theBaSOh standardas
targetandreferencesimultaneouslyto obtainthe’currentdetectorfunction’ j�k��l k!monqp (theratioof
targetandreferencemeasurement).Fig.4 showsthefour ’currentdetectorfunctions’.Although
thereferencemeasurementis correctedby software,we seedeviationsfrom theexpectedratio
’one’. Moreover we seedifferencesbetweentheratiosthemselves(in the infrared),especially
betweenthemeasurementswhich weremadein themorningandthosewhich weremadepast



Figure 3: Maximum
relative noise of IRIS
detector (gray line).
The circles connected
the by dashed line
show the meanvalues
from IRIS noise av-
eragedwithin the re-
spective bandsof the
Daedalusdetector.

10UT. Thismaybecausedby transportingtheIRIS duringthedayto reachthedifferentstarget
areas(seesection2.1).

Figure4: Comparisationof target andreferencemeasurement(both BaSOh ). The left figure
shows the ratios j k��l krmsn�p betweentarget and referencefor different times t. The right figure
shows therelativedeviation from average.

Therelative reflectancespectra��tul "Q
+v�� (ratio of target w%
+v�� andreferencemeasurementxy
+v�� )
weredividedby thesimultaneouslymeasured’currentdetectorfunction’ j ��l krmsn�p .

� tzl " 
+v�� ' w%
+v��x%
uv�� 3 x|{�}*~�����
+v��w�{�}*~�����
uv�� ' w%
+v��x%
uv�� 3 aj.�A��� monqp (4)

Theerrorswerecomputedby gaussianerrorpropagation.Theerrorof j ���Q� 
uv�� wasdetermined
by quadraticallyaddingthe noiseandthe term � ������ �Q� � � , which takesthe shift in the detector
function(seeright graphicof fig. 4) into account.

4.3 Calibration with referencestandard.

In order to obtainabsolutereflectancespectra,we calibratedthe relative reflectancespectra��tul "!
+v�� by comparisonof a BaSOh anda Spectralonmeasurement( w ${�}*~��8� 
+v�� , w $~#� �Q���]� }u���u� 
uv�� ),
both madewith the target channelof IRIS (minimal time differencebetweenboth measure-
ments,constantillumination wasverifiedby an independentPyranometermeasurement).Ab-
solutereflectancespectra��� 
+v�� arethengivenby:



� � 
+v�� ' � tul " 
uv�� 3 w ${�}*~���� 
+v��w $~#� �Q���]� }u����� 
+v�� 3 � ~#� �Q�Q��� }u���u� 
uv�� � (5)

where� ~#� �Q���]� }u���u��
+v�� is theknown absolutereflectanceof ourStandard[LabsphereInc.,1994].

4.4 Conversionof spectrainto Daedaluschannels.

IRIS reflectancespectrahave a higherspectralresolutionthantheDaedalusspectra.To com-
parethem,we averagedthe IRIS reflectancespectraover the spectralbandsof the Daedalus
detector. Measurementsfor sometargetareasweremadeseveral times. We averagedthemto
taketargetinhomogeneityandchangesin solarzenithangle(BRDFeffects)into account.

Overall reflectanceaccuracy of IRIS from noise,detectorfunctionandcalibrationwith refer-
encestandardis onaverage3.2% (doesnotexceed5.5%) in thewavelengthregionof Daedalus
channels1 to 8 and6.6% (doesnotexceed8.0%) in thewavelengthregion of Daedaluschan-
nels9 to 10.

5 RECALIBRA TION OF DAEDALUS DATA

To getrid of systematicerrors,we performeda lineartransformationfrom Daedalusinto IRIS
spectraby theleastsquaresmethod.Marking theDaedalus-reflectancesof thegroundareasfor
band � by ���]� � with error ���q��� � andtheanalogIRIS measurementsby  .�]� � with error ��¡u��� � , we
minimized(varyingtheparameters¢�� and £¤� )¥ ' /¦ �s§ @©¨  Y��� �W,ª
�¢��d«-£��S���]� ����¬ �� �¡u��� � «­£ �� � ��q��� � ® M|`�\�¯°_�X�R±P.N�^u²�X´³ c RµV¶\�^uXYZ:NQP8R�R#XY³�V.[�·]_ c V c ·]P8`

(6)

for eachband.ThetransformedDaedalusspectra� aregivenby� ' £�� 3 ��� «­¢�� � ' a c P¸a 7 NQPSR c*¹ Xº_�V.`�Z�^)PYNUTWVYXYZ�VY[�\�^
(7)

Theinitial Daedalusreflectancespectra��� weredeterminedusingthesondedatafrom weather
stationAmberg, the aerosoltyp ’urban’ of MODTRAN anda visibility of 15 km. Daedalus
spectrausedfor recalibrationwereaveragedover 5 » 5 pixel to besurethat theplaceof IRIS
measurementis found. Moreover we correctedimagedatafor adjacency effects(seesection
5.1)anddetermineduncertaintyin imagedatabecauseof thetargetinhomogeneityandbecause
of differencesin anglesof illuminationandobservationof thecalibrationtargets(BRDFeffects).

5.1 Adjacencyeffects

For targetsof small size (size lessthen7 » 7 pixels) and at the edgesof larger targetsthe
observed radianceis influencedby adjacentpixels. Especiallyfor targetsof low reflectance
surroundedby high reflective materials(for examplea watertarget surroundedby vegetation
or asphaltnext to a lawn as given at the airport), the surroundingcontributionsto the mea-
suredradiancearenot negligable [Richter, 1996]. Comparingimagedataof the airport area
with andwithoutcorrectionfor adjacency ([Richter, 1992],[Hepp-94]) we foundthechangein
reflectanceis lessthen1% for i 50%of the imagepixelsandlessthan7% for i 90%of the
imagepixels.Thenumberof pixelswith changesin reflectancegreaterthan20%is about1.5%
. Thisshows thatcorrectionfor adjacency is necessary.



Figure5: Comparisionof DaedalusandIRIS spectrabeforeandafter recalibration.Surfaces
wereconcrete,2 » asphalt,artificial lawn andnaturallawn (from top left to buttomright)

5.2 Inhomogeneityof the targets

Thevariability � � of a signal 
�� measuredby theairborneDaedalus-scanner, hastwo main
sources,theintrumentalnoiseof thescanner� / andthenaturalvariabilityof thetarget.Thelaw
of error-propagationallowsto seperatethesecontributions.Weanalysedthegroundtruthtargets
andseperatedthenaturalvariability. It turnsout, thattherelative lies at5.5% onaverage.

5.3 Differ ent anglesof illumination or observationof the calibration targets

Thereflectionof realsurfacesoftendoesnotmeettheLambertianassumption,i.e. theintensity
of the reflectedradianceis not a simplefunction of the cosineof the incident irradiance. It
mustbe describedby the BidirectionalReflectanceDistribution Function [symbol: j t ; unit:
1/sr] asdefinedby [Nicodemus,1970]. TheBRDF is a functionof theanglesof incidenceand
reflectionandof thewavelength.Thereforewemayobtaindifferentreflectancesbecauseof (a)
time differencesbetweenthe groundmeasurementsandthe overflightswhich causedifferent
illuminationanglesand(b) off-nadirviewing of theDaedalusscanner(seetable1).

The BRDF of someartificial surfaces( for exampleconcreteor roof coverings)can be de-
scribedby an empirical function [Meisteret al.,1996]. Using the parametersfor concrete
([Meisteretal., 1996]) andasphalt([Monno,1998]) we canestimatethe differencein the re-
flectancebetweenanIRIS groundmeasurementandtheDaedalusmeasurement.Thedifference
is causedby BRDFeffects.

Table1 shows the BRDF j½¼Q¾ §�$�¿t at nadir viewing (geometryof the IRIS measurements)and
theBRDF j t of theDaedalusviewing geometryof thethreetargetareasusedfor recalibration
for the different illumination andviewing angles(sunzenith 	�� , zenith viewing direction 	 t
andrelativeazimuthangle À ). Relative deviation remainsbelow 2 % for viewing zenithangles
below 10g . For specialillumination geometry(extremeoff-nadir viewing andin directionof
forwardscattering)we seerelativedeviationsup to 14%.



TA Overflight 	�� 	 t À j±¼�¾ §�$ ¿t j t �
[time UT] [ g ] [ g ] [ g ] Á a 7�= � @Â �*Ã Á a 7�= � @Â �uÃ [ % ]

1 07:27 61.4 3.9 98.8 6.526 6.519 - 0.11
2 07:27 61.4 2.6 81.2 2.755 2.766 0.41
5 07:11 63.9 15.8 84.7 2.537 2.715 7.00
1 10:23 40.8 36.3 149.1 6.798 6.941 2.10
2 10:23 40.8 33.4 149.1 4.234 3.646 -13.87
5 10:33 40.3 16.5 27.6 4.261 4.408 3.44
1 11:36 39.4 7.6 177.1 6.508 6.453 - 0.84
2 11:36 39.4 1.9 2.9 4.313 4.337 0.55
5 11:12 39.2 7.2 12.3 4.323 4.404 1.88

Table 1: Estimated
BRDF j t for dif-
ferent target areas
TA (seesection2.1)
for different view-
ing and illumination
geometry. The three
rows indicate three
different overflights,
seesec.2.1� meansrelative de-
viation

5.4 Overall uncertainty

Errorsof thecoefficients ¢�� and £¤� weredeterminedusingtheMonteCarlomethodby adding
randomnoiseto  .�]� � and ����� � in equation6 (thenoisehada gaussiandistributionof width ���q�s� �
resp. ��¡u��� � ). For Daedalusreflectancesof 5, 10,15 and20 % (typical in our images)we found
a relativeaccuracy of ������� = 11.0% (averageoverchannelsandreflectances)for thecorrected
Daedalusspectra� .
Note: Thecalculatedradiancesfrom MODTRAN/SENSAT arenot valid for inclinedsurfaces
(missing3Dmodelof ourtestsite).Sothegivenaccuracy isonly valid for non-inclinedsurfaces.

6 SUMMARY

Reflectancespectraof selectedsurfaces(concrete,asphalt,naturallawn, artificial lawn) were
determinedfrom airborneimages(DaedalusAADS 1268scanner)using the radiative trans-
fer packageMODTRAN/SENSAT andgroundbasedreflectancemeasurements.For typical
Daedalusreflectances(between5 and20 %) we estimateda lower limit of the relative accu-
racy of pixel basedreflectancesof 4.3% on average.Theaveragereflectanceaccuracy of IRIS
groundbasedmeasurementsis 3.9%. UsingtheIRIS reflectances� � , theDaedalusreflectances� � canbe recalibrated.After the recalibrationthe accuracy of Daedalusreflectance� � ��� is
11.0% on average.We considerthis to bea conservative estimateof thereflectanceaccuracy
which canbe derived from DaedalusAADS 1268sensordatafor multipixel areasin the ab-
senceof detailedknowledgeof atmosphericconditionsbeyondgroundvisibility, pressureand
temperature.
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physik,FRG.

[T. Kollewe,1996] T. Kollewe,1996.VergleichmultispektralerFlugzeugscanneraufnahmenmit Reflek-
tanzmessungenamBoden,diplomathesis,CENSIS-REPORT-17-96,Universiẗat Hamburg, Univer-
sitätHamburg, FRG.

[M. Kolleweetal., 1996] M. Kollewe, J. Bienlein, T. Kollewe, H. Spitzer, Comparisonof Multispec-
tral AirborneScannerReflectanceImagesWith GroundSurfaceReflectanceMeasurements,Second
InternationalAirborne RemoteSensingConferenceandExhibition, SanFrancisco1996,vol III, p.
220-228,ERIM Ann Arbor 1996.

[LabsphereInc.,1994] Calibration certificate SRT-50-120, Report No. 12611-D, LabsphereInc.,
P.O.Box70,NorthSutton,NH 03260,Nov. 1994

[Meister, 1996] G. Meister, 1996. Messungder spektralenReflexionsfunktion (BRDF) ausgewählter
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