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ABSTRACT:

We have performeda systematicstudy of the calibrationaccurag of multispectralaerialre-
flectanceimages. The studyis part of the improvementof changedetectionfor aerialand
satellitemultispectraimages.lt is basedon (a) a multitemporalimagedatasetfrom the mul-
tispectralairbornescanneiDaedalusAADS 1268and (b) simultaneouslymadegroundbased
hyperspectrateflectancaneasurementsReflectancemageswere obtainedfrom the raw im-
agedy processingvith the programpackageSENSA-5, usingstandardurbanatmospheres
theMODTRAN code.Thesystematiaincertaintyof the resultingreflectancespectras mainly
dueto theuncertaintyin the atmospheriparameterslt canbereducedy fitting the Daedalus
spectrao groundtruth hyperspectraleflectanceneasurementsf selectegurfacesTheresult-
ing uncertaintyo,/ p of thereflectance is estimatedo be11.0% on average.
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1 INTRODUCTION

Remotelysensednultitemporalimagesare usually takenunderdifferentillumination condi-
tions and obseration geometries. In orderto be independenbf suchinfluences,a trans-
formation of the measuredadiancesanto reflectancess a prerequisitefor changedetection
[Wiemkeretal.,1997. This transformationcan be donein two ways: by radiatve transfer
modelsandby groundtruth (independenteflectanceneasurements)Jsing radiatve transfer
modelsoneneedgo have preciseinformationon atmosphericonditions,which in practiceis
often not available. Thereforethe reflectanceaccurag is limited by the simulationof the at-
mosphereMoreovererrorsin sensoradiancecalibrationaffectthecalculatedeflectancesThe
secondapproachs to measurehe reflectancet selectecgroundcontrol pointsat the time as
theremotelysensedmage(alternatvely referenceplaneswith known reflectancecharacteris-
tics canbe displayedduring overflights). In this studywe apply both approache# orderto
estimatahe accurag of theresultingmultispectrafreflectancespectra.

2 MEASUREMENTS
2.1 Overflights and ground basedmeasuements
Overflightstook placeover Nurnbeg, FRG (airport,industrialpark, residentiabreaandnature

resene)on August26,1997.The overflightsweredoneat altitudesof 300m(06:57hto 07:50h
and11:01hto 11:51hUT) and900m(10:22to 10:48UT). All datasetswererecordedwith the



11-channehirbornescannemaedalusAADS 1268, operatedby the GermanAerospaceRe-
searchEstablishmen{DLR), OberpfafenhofenFRG.

Groundbasedmeasurementsf the spectrareflectancaveremadeat selectedocationssimul-
taneouslywith the overflights. Reflectancespectrawere obtainedusingthe 870 channel(0.4

- 2.5 um) spectroradiometdRIS of Bundesamtiir Geavissenschaftennd Rohstofe (BGR),
Hannwer, FRG.Measurementa/eretakenat five targetareasof approximately0.01m? each.
The chosergroundcoveringswere: 1) concretgairportrunway),2) asphaltairport), 3) artifi-
cial lawn (socceffield), 4) naturallawn (socceffield), 5) asphalfindustrialpark). Reflectances
of areasl, 2 and5 wereusedfor a recalibrationof the DaedalugeflectancesAreas3 and4
wereusedto checktheresult.

3 ACCURACY OF DAEDALUS REFLECTANCE SPECTRA

Daedalusasedreflectancesvere determinedn two steps.For eachpixel (scananglef) and
eachchanneDaedaluspectraradianced.,,(#) werecalculatedrom grey levels,thegainfac-
tor and a calibrationat the Daedalus-testbendiaboratory). In parallel,radiances.s(8, pp)

asa functionof groundreflectance, weresimulatedwith the radiatve transfermodel(SEN-
SAT/MODTRAN, [Andersonretal.,1995], [Richter, 1994]). pp is determinedoy comparing
La(0) andLs(0, pp) (inversemodelling’). See[Hepp-94, [Richter, 1994]for details.

3.1 Noiseof the Daedalus-detector

The calibrationof the Daedalusdetectorwas performedby DLR after the overflight. Scan
frequencie®f 12.5, 25,50and100Hz wherechosen.TheDaedaluscannewasmountedna
calibrationbench,a constantadiancealluminatedthe scanneoptics. 100lineswhererecorded
for eachscanfrequeng. ThecalibrationfactorC is definedby thelinear relationshipbetween
the scannersignal D.,; (minusthe dark-currentD,) andthe radiancel.,; of the calibration
source:
C = Lea/(Dear — Do) (1)

The noise equivalent radiance Ly for eachchannelameasuref the instrumentahoise,is
definedby usingthe standardleviation of thedark-curreneasurements dividedby thegain
factor~:

LNE = C . 0'/")/ (2)
The noiseis assumedo be additve. Thus,the relative accurag Fp of the Daedaludetector
turnsoutto be

FD = LNE/LM (3)
wherel,, is themeasuredadianceof a pixel.
Fig. 1 shaws Fp asa function of a) the scanrate, averagedover 10 channelsandb) of the
channeldor a scanrate of 100 Hz (flight altitude of 300 m). It canbe seenthat F, showvs
a relatively high valuefor the first channelwhich is dueto the decreasingensitvity of the
photodetectofor shorterwavelengths. F'p remainsat valuesbelov 2% for channel2 to 10.
The increaseof Fp with increasingscanrateis mainly dueto the decreasingxposuretime.
As a bulk value, Fp averagedover all scanfrequenciesand channelsat a radianceof Ly, =
20 Wm™?um~'sr~! (whichwefoundasagoodestimatiorfor radiancesluringouroverflights)
canbeassumedo betheinstrumentahoiseof thescanner:

58% : for Daedalus band 1

N 21 -1y _
Fp(20 Wm™"pm™ sr™") = { 0.5% : for Daedalus bands 2 to 10.
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Figure 1: Relatve valuesfor instrumentalnoise of the Daedalusscannerfor a radianceof
Ly = 20 Wm™2um~'sr~'. a) Dependencen scanrate (averagesover channelsl to 10) and
b) Dependencen wavelengthfor 100 Hz scanrate (‘'worst case’,the errorsare smallerfor
lower scanrates).

3.2 Inaccurate knowledgeof the atmosphericparameters

Theacquisitionof accuratenformationaboutiocal atmospheriparameterss ademandingx-
perimentatask.Oftenonecangetonly estimate®f groundvisibility, air pressureandhumidity
from’nearby’ weatheistations.In our casewe recevedsuchestimate$rom themeteorological
stationat the Nurnbeg airport. In additionwe usedaltitude profilesof air pressurehumidity
andtemperaturaneasurecit Amberg (50 km eastof Nirnbeg) by a radio sondelaunch. In
orderto estimatethe error causedy inaccurateknowledgeof the local parametersywe made
several runswith MODTRAN/SENSA for differentparametersTheillumination andview-
ing geometrywas takenfrom one of our overflights and chosento be typical for overflights
at noon (altitude 300 m; headingl195’; sunzenith39.34; azimuthsun173.47, i.e. we are
looking perpendiculato theflight direction). Assumingtheaerosotypeto be’urban’, we vary
thevisibility from 10to 30 km for differentatmospheregMidlatitude summer’andgondedata
from Ambemg). The calculationis donefor all Daedaluschannels Fig. 2 shavs the radiances
for a groundreflectanceof 10% whena) the visibility is varying betweenl10 km and 30 km
(for sondedataof weatherstatio®mbelg), b) the atmospherés varyingbetweenmidlatitude
summer’[McClatche/] andsondedata’Amberg’ for visibility of 15km, c) shavs therelative
deviation when combiningi) differencesdbetween’Amberg’ dataat 15 and 20 km visibility
andii) differencedetweematmospheresnidlat. summer'andsondedata’Amberg’ at 15 km
visibility.
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Figure2: Differencesn expectedfor a givengroundreflectanceof 10% at urbanaerosolype
a) visibility 10to 30 km whenusingdata’'sondeambeg’ b) atmospherémidlatitude summer’
or sondeéAmberg’ atvisibility of 15km c) estimatederrorsusingdeviation betweerl5and20
km at’Amberg’ dataandb)



We believethatfig. 2 presentslowerlimit to thesystematiaincertaintycausedy atmospheric
conditions,becauseve hade.g.no way of checkingthe aerosoldistribution (urban)for our
applicationarea.

3.3 Error propagationinto reflectances

To calculatethereflectancefrom the DaedalugsadiancesSENSA” modelstheradiancego be

expectedfor several’testreflectances’Thetestreflectancedpr which measure@ndmodeled
radianceagreeis takento be the measuredeflectancg’inversemodeling’ by look-up-table
andinterpolation). The laws of error propagatiorallow to calculatethe error of the resulting
reflectancevhenthe errorsof the usedradiancesare given (= resultsof chapters3.1 + 3.2).

Thuswefoundarelativereflectancerrorof 4.3% (extremaare2.1% and7.1%)averagedver

reflectancesf 5, 10,15and20 % andall DaedalushannelsThis valueis to be consideredis

alower limit of the pixel basedeflectancdor thereasongjiven. We alsonotethatary further

variability of thereflectancelueto targetinhomogenaitieentersn mostpracticalapplications
(mixedpixel andtexture effects).

4 ACCURACY OF IRIS REFLECTANCE SPECTRA

Groundtruth reflectancespectrawere obtainedby comparingthe target region with a stan-
dardof known spectrakcharacteristicéBaSQ and/orSpectralon)The spectroradiometdRIS
(madeby GER,USA) is adualfield view instrumentallowing the measuremerdf thereflected
radianceof thetargetandthereferenceao be madesimultaneouslyThe RIS wasrepairedand
recalibratedoy the manufacturea monthbeforeour measurementlRIS measurementaere
donewith aBaSQ-referencespectratharacteristicareredeterminendby intercalibratiorwith
aSpectralon-standaaf known spectrateflectancgT. Kollewe, 1994. Below, we estimatehe
errorsourcesf this procedure.

4.1 Noiseof IRIS-Detector.

Two field measurementd 997data)madesuccessely shav differencecausedy noise,me-
chanicalandoptical IRIS characteristicandsmallchangesn illumination. By comparingthe
target (or referencemeasurementsye obtainthe noiseof the detector Fig. 3 shavs therela-
tive differenceaveragedover thetargetandreferenceehannel lts meanis ~ 2.25%,exceptfor
atmospheri@bsorptiorbandsandpartsof the spectrumwherethe signalto noiseratio is low.
Similarresultsweregivenin [T. Kollewe, 1996]for the 1994/1995measurementsf our group
(1.5%noiseand 1% errorfrom mechanics).

4.2 Detectorfunction.

Target- andreference-detectaf the IRIS normally do not have the samecharateristicsThey
have to be adjustedo eachotherby the detectorfunction. Sucha functionis implementedn
thesoftwareof thelRIS. Neverthelessve madefour measurementsith theBaSQ standards
tagetandreferencesimultaneouslyo obtainthe’currentdetectorfunction’ f1,, ., (theratio of
targetandreferenceneasurementfig. 4 shavsthefour ’currentdetectofunctions’. Although
thereferencaneasuremens correctedoy software we seedeviationsfrom the expectedratio
'one’. Moreover we seedifferencedetweerthe ratiosthemseles(in theinfrared),especially
betweerthe measurementwhich weremadein the morningandthosewhich weremadepast
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Figure4: Comparisatiorof targetandreferencemeasurementboth BaSQ). The left figure
shaws the ratios f7,,,, betweentarget and referencefor differenttimest. The right figure

shavstherelative deviation from average.

Therelative reflectancespectrap,..;(A) (ratio of target7'()\) andreferencaneasuremenk()))
weredividedby the simultaneouslyneasuredcurrentdetectofunction’ fp.(»).

T'(A)  Rpaso,()) _ o) o1
R(A) Tgaso,(A)  R(A)  foern
Theerrorswerecomputedoy gaussiarerror propagationThe errorof fp..(A) wasdetermined

by quadraticallyaddingthe noiseandthe term o3, .., Which takesthe shift in the detector
function(seeright graphicof fig. 4) into account.

(4)

prel()‘) =

4.3 Calibration with referencestandard.

In orderto obtain absolutereflectancespectra,we calibratedthe relative reflectancespectra
prei(A) by comparisorof a BaSQ anda Spectralormeasurement’s, so, (A), T8y ectraton(A))s
both madewith the target channelof IRIS (minimal time differencebetweenboth measure-
ments,constanillumination wasverified by anindependenPyranometemeasurement)Ab-
solutereflectancespectrgp;( ) arethengivenby:



T8as0,(A)
PO = el g Ty P Q
pectralon

Wherepspectralon(A) 1S theknown absoluteeflectancef our StandardLabspherdnc., 1994].

4.4 Conversionof spectrainto Daedaluschannels.

IRIS reflectancespectrahave a higherspectralresolutionthanthe Daedaluspectra.To com-
parethem,we averagedthe IRIS reflectancespectraover the spectralbandsof the Daedalus
detector Measurementfor sometargetareasvere madeseveral times. We averagedhemto
taketargetinhomogeneityandchangesn solarzenithangle(BRDF effects)into account.

Overall reflectanceaccurag of IRIS from noise,detectorfunction andcalibrationwith refer
encestandards onaverage3.2% (doesnotexceeds.5%) in thewavelengthregion of Daedalus
channelsl to 8 and6.6 % (doesnotexceed8.0%) in thewavelengthregion of Daedalushan-
nels9to 10.

5 RECALIBRATION OF DAEDALUS DATA

To getrid of systematierrors,we performeda lineartransformatiorfrom Daedalusnto IRIS
spectraby theleastsquaresnethod.Marking the Daedalus-reflectance$ thegroundareador
bandn by z;, with erroro,, , andtheanalogIRIS measurementsy y; ,, with erroro,, ., we
minimized(varyingthe parameters,, andb,)

S = a [yl,n - (an + bnxi,n)]Q

2 2 42
=1 in,n —I_ bno-ri,n

N : number of spectra used for recalibtation  (6)

for eachband.Thetransformedaedaluspectrg aregivenby
p=b, pp+a, n = 1 to 10 for the bands of Daedalus (7)

Theinitial Daedaluseflectancespectra, weredeterminedisingthe sondedatafrom weather
stationAmbeig, the aerosoltyp 'urban’ of MODTRAN anda visibility of 15 km. Daedalus
spectrausedfor recalibrationwereaveragedover 5 x 5 pixel to be surethatthe placeof IRIS
measuremens found. Moreover we correctedmagedatafor adjacenyg effects(seesection
5.1)anddeterminedincertaintyin imagedatabecausef thetargetinhomogeneityandbecause
of differencesn anglef illuminationandobsenationof thecalibrationtargets(BRDFeffects).

5.1 Adjacency effects

For targetsof small size (sizelessthen7 x 7 pixels) and at the edgesof larger targetsthe
obsered radianceis influencedby adjacentpixels. Especiallyfor targetsof low reflectance
surroundedy high reflectve materials(for examplea watertarget surroundedy vegetation
or asphaltnext to a lawn as given at the airport), the surroundingcontributionsto the mea-
suredradianceare not neggligable [Richter, 1996]. Comparingimagedataof the airportarea
with andwithout correctionfor adjaceng ([Richter, 1992],[Hepp-94) we foundthe changdn
reflectancas lessthen1% for ~ 50% of theimagepixels andlessthan7% for ~ 90% of the
imagepixels. Thenumberof pixelswith changesn reflectancgreaterthan20%is aboutl1.5%
. Thisshaws thatcorrectionfor adjaceng is necessary
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Figure5: Comparisionof DaedalusandIRIS spectrabeforeandafter recalibration. Surfaces
wereconcrete? x asphaltartificial lawn andnaturallawn (from top left to buttomright)

5.2 Inhomogeneityof the targets

The variability o5, of asignal Z.,; measuredy the airborneDaedalus-scanndnastwo main
sourcestheintrumentahoiseof thescanner y andthenaturalvariability of thetarget. Thelaw
of error-propagatiorallowsto seperatéhesecontritutions.\\e analysedhegroundtruth targets
andseperatethe naturalvariability. It turnsout, thattherelative liesat5.5% on average.

5.3 Differentanglesof illumination or observationof the calibration targets

Thereflectionof realsurface®oftendoesnot meetthe Lambertianrassumptioni.e. theintensity
of the reflectedradianceis not a simple function of the cosineof the incidentirradiance. It

mustbe describedby the Bidirectional ReflectanceDistribution Function [symbol: f,; unit:

1/sr]asdefinedby [Nicodemus,1970]. The BRDF is a functionof the anglesof incidenceand
reflectionandof thewavelength.Thereforewe mayobtaindifferentreflectancebecausef (a)
time differencesetweenthe groundmeasurementand the overflightswhich causedifferent
illumination anglesand(b) off-nadir viewing of the Daedaluscannefseetablel).

The BRDF of someatrtificial surfaceq for example concreteor roof coverings)can be de-
scribedby an empirical function [Meisteretal.,1996]. Using the parameterdor concrete
([Meisteretal., 1996) andasphalt([Monno, 1998]) we can estimatethe differencein there-
flectancebetweeranIRIS groundmeasuremerdndtheDaedalusneasurement hedifference
is causedy BRDF effects.

Table 1 shavs the BRDF f%7=°" at nadir viewing (geometryof the IRIS measurementsjnd
the BRDF f. of the Daedalussiewing geometryof the threetargetareasusedfor recalibration
for the differentillumination and viewing angles(sun zenith ;, zenith viewing direction .,
andrelative azimuthangler). Relatve deviation remainsbelow 2 % for viewing zenithangles
below 10°. For specialillumination geometry(extremeoff-nadir viewing andin direction of
forwardscattering)wve seerelative deviationsup to 14 %.



TA || Overflight| ;| 0, v = I 9| Table 1: Estimated
[ime UT] | [°] [ [°]| [°] | [1072L] | [102] | [%] | BRDF f. for dif-
ferent target areas
2 07:27 |614| 26 | 81.2 | 2.755 2.766 0.41| for different view-
5 || 07:11 |63.9|15.8| 84.7| 2537 | 2715 | 7.00| Ing an({'”“{?}'”?ﬁ'on
1 || 10:23 |40.8|36.3| 149.1| 6.798 | 6.941 | 2.10| pood ot i hioa
2 10:23 | 40.8| 33.4| 149.1| 4.234 3.646 | -13.87| differentoverflights,
5 10:33 | 40.3|16.5| 27.6 | 4.261 | 4.408 3.44 Seesec-Z-lI Ve d
T || 1136 |394] 7.6 |177.1] 6508 | 6453 | -0.84| Jancanselaive de-
2 11:36 |39.4| 1.9 | 29 | 4313 | 4337 | 055
5 11:12 |39.2| 7.2 | 12.3 | 4.323 | 4.404 | 1.88

5.4 Overall uncertainty

Errorsof the coeficientsa,, andb, weredeterminedusingthe Monte Carlo methodby adding
randomnoiseto y; , andz; , in equationd (the noisehada gaussiardistributionof width o, ,
resp.o,, ,). For Daedalugeflectancesf 5, 10, 15 and20 % (typical in ourimages)we found
arelativeaccurag of o,/p = 11.0% (averageover channelsaandreflectancesfor thecorrected
Daedaluspectrap.

Note: The calculatedradiancesrom MODTRAN/SENSA arenot valid for inclined surfaces
(missing3D modelof ourtestsite) Sothegivenaccurag is only valid for non-inclinedsurfaces.

6 SUMMARY

Reflectancespectraof selectedsurfaceqconcrete asphalt,naturallawn, artificial lawn) were
determinedrom airborneimages(DaedalusAADS 1268 scanner)using the radiatve trans-
fer packageMODTRAN/SENSA and groundbasedreflectancaneasurementsFor typical
Daedalugeflectancegbetweens and 20 %) we estimateda lower limit of the relative accu-
ragy of pixel basedeflectancesf 4.3% on average.The averagereflectanceccurayg of IRIS
groundbasedneasuremenis 3.9%. UsingthelRIS reflectanceg;, theDaedaluseflectances
pp canbe recalibrated.After the recalibrationthe accurag of Daedalusreflectancer,/p is
11.0% on average.We considetrthis to be a conserative estimateof the reflectanceaccurag
which canbe derived from DaedalusAADS 1268 sensordatafor multipixel areasin the ab-
senceof detailedknowledgeof atmosphericonditionsbeyond groundvisibility, pressureand
temperature.
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