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1. INTRODUCTION

The availabilityof imaging spectrometerssuch as AVIRIS,CASI,ROSIS,HYDICEetc. has createda
necessityfor spectralmethodsand modelswhich can predict the performanceof these instruments for detecting
and estimating a certain parameter, e.g. chlorophyllet as a water quality indicator.The methodpresentedhere
predicts which wavelengthbands are best suited for estimating a parameterquantitativelyand uniquely.Based on a
model relating the specificinherent opticalproperties (IOP)to the subsurfacereflectance,R(O-)over eutrophiclake
waters, simulationsof the effectsof concentrationranges of chlorophylla to the reflectancewereperformed.The
other opticallyactiveconstituentssuch as aquatic humus, sestondry weight, or the non-phytoplanktonpart of the
seston couldbe varied also. Using the noise-equivalent-radiancevalues for AVIRISthe performanceof AVIRIS
for detectingchlorophyllIXcouldbe calculated. By using such a predictivemethod costlymeasurement
campaigns, involvingfield and laboratorywork, with possibledisappointing results maybe avoided.

Beforedescribingthe model it is useful to point out three differentapproachesby which measurementsof
spectral (ir)radiancecan be used to estimateconcentrationsof water constituentsin remotesensing.Based on
Morel and Gordon(1980) two approachesestablish statistical relationships: i.e. the empirical and the semi-
empirical approach;wherebythe semi-empiricalmethod includes spectralknowledge in the analysis. The third,
analytical approach is based on physical modellingand is thereforepreferred. Gordon& Morel (1983)give a
comprehensivediscussionof the analyticalmodelsavailablefor clear oceanwaters through to turbid coastalwaters.
Kirk (1983, 1994)and Dekkeret al (1994) extendedthe discussionto inland waters. In the analyticalmodels
inherent and apparent optical propertiesof the water constituentsare used to model the reflectanceand vice versa.
The water constituentsare expressedin their specific(per unit measure)absorptionand backscattercoefficients.
Subsequently,a suite of analysis methodscan be used to optimallyretrievethe water constituentsor water quality
parametersfrom the remotelysensedupwelling radianceor radiance reflectancesignal.

Dekker (1993) developedremotesensing algorithms followingthe analyticalapproachfor estimation of
both iu situ chlorophylla and cyanophycoeyaninconcentrationsfrom airborne remotelysensedradiance
measurements,calibratedto subsurfaceirradiance reflectanceR(O-).This approachrequired the estimation of
specificabsorptionand backscatteringcoefilcientsfor both algal and non-algalparticulate matter. The chlorophyll
et algorithms were determinedfrom spectrophotometricmeasurementsof apparent absorptionand scattering.
Chlorophyllcxcouldbe derivedfrom the actual airborne remote sensing radiancewith an accuracyof 9.5 mg m-3
and cyanophycocyaninwith an accuracyof approximately20 mg m-3.These algorithms were developedusing only
two bands with centres at 676 and 706 nm respectivelyand a bandwidthof 10 nm wide. This was requiredbecause
the two airborne scannersused had a limited amount of spectralbands available:The Netherlands CAESARhas
nine spectralbands in the Inland WaterMode (using filters) and the CASI had (in 1990and 1993) 15
programmablespectralbands availablein the spatial mode, In order to comparethe CASI data with the CAESAR
data the bands werekept similar. CASI does allow a selectionof 15bands over the range of 430 to 870 nm.

However,AVIRIShas differentwavelengthcentres,bandwidthsand signal-to-noiseratios. Furthermore,
AVIRISmeasuresthe optical and nearbyand middle infrared spectrumcontinuously,so a selectionof bands is not
a priori necessary.Thus in order to gain insight into the performanceof AVIRISa spectralmodel was constructed

83



that enabledthe determinationof the effectof increasingchlorophylla on the spectralR(O-).A subsequent
translation of R(O-)to the noise equivalentradiancedifferenceas measured by AVIRlS (withoutatmospheric
influence!),givesa indication of the accuracyfor AVIRISin estimating chlorophyllIX.

2. METHOD

The methodused in this studycontains five steps:
● parametcrisationof the bio-opticaimodel
. run bio-opticalmodel for a range ofvalues for the water colistituents,especiallyCHL
● obtain resolvability of R(O-)by calculating the derivativeof R(O-)with respectto CHL
. convertR(O-)to upwellingradianceabovethe air-waterinterface
. comparethe radiancewith noise equivalentradianceof AVIRIS(1995)

Beforediscussingthe method and the modela seriesof subsurfacereflectancespectra (R(O-)measuredin
a varietyof inland watersof widelydifferingtrophic status in the Netherlandsis presentedand discussed.From
these measurementstwo representativewater typeswere selected:i.e. shalloweutrophic lakes and deep lakes.The
R(O-)measurementsenablevalidation of the results of the model. The spectraare presentedin Fig.1. The
chlorophyllcxvalues ranged from 25 mg m-3to 120mg m-3CHL.Reflectancein these waterbodies is low in the
blue end of the spectrum(400-500nm) as a result of relativelyhigh concentrationsof aquatic humus(=disolved
yellowsubstance) in nearly all Dutch waters. With increasingwavelengthreflectanceis markedlyaffectedby
particulate matler. Lakeswith relativelylowphytoplanktonand suspendedmatter concentrationshave low
reflectance,waterbodieswith lowphytoplanktonbut high suspendedmatter concentrationshave high reflectance
up to 720 nm, and lakeswith high phytoplanktonand suspendedmatter concentrationshave a similarlyhigh
reflectancebut punctuatedby absorptionfeaturesdue to photosyntheticpigments in phytoplankton,The additional
effkctsof particulatebackscatteringand humic absorptionin inland waters introducecomplexinteracting relations
betweenthe water constituentsand subsurfacereflectance.From these observationsqualitativeconclusionscan be
drawn on the effectof constituentconcentrationon R(O-)at differentwavelengths.By using a bio-opticalmodel a
more quantitativeanalysis becomes feasible.

measured R(t)-) in eutrophic and deep waters

0.10

0.09

0.08

0.07

0.06
=?
a 0.05
K

0.04

0.03

0.02

0.01

0.00

scptcmber 1990

3P

,

400 450 500 550 600 650

wavelength

Figure 1. MeasuredR(O-)representativefor shalloweutrophicand deep inland waterswith CHLvalues ranging
from 25 to 120mg m-3.The dotted lines are the centre wavelengthsof AVIRISchannels 33 to 37.
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3. A B1O-OPTICAL MODEL FOR INLAND WATERS

3.1 The relation bctwccn R(O-) and water constituent concentrations in inland waters

The underwaterlight field is determinedby the inherent opticalproperties (IOP)which are independentof
the ambient light field (i.e. independentof changes in the angular distributionof radiant flux). Within the scopeof
this studythese propertiesare specifiedby the absorptioncoefficienta (m”’)and the backscatteringcoefficientb~
(m”]).In inland waters the spectral reflectanceis predominantlya functionof (i) absorptionby algal pigments,
aquatic humus and tripton (the non-phytoplanktonpart of the suspendedmatter) at short wavelengthsand by pure
water at longerwavelengths,(ii) (back)scatteringby phytoplanktonand tripton which can be up to 1000times the
backscatteringof oceanicwaters.

The relation betweenR(O-)and the inherent opticalproperties (IOP)for oceanand inland waters systems
was investigatedby (Gordonet al., 1975,Morel and Prieur, 1977; Whitlock et al., 1981 ; Kirk, 1991; Dekker,
1993; Dckker et al., 1994),Dekker et af., 1994,found that the followinglinear backscatteringalbedomodelwas
the most appropriatemodel for inland waters:

J?(O-) = r]
bb(2)

a(~) + bb(A) ‘
q. 1

Valuesof rl ranged from 0.12 to 0.56 and appearedto be lake-specific.The IOP of all four opticallyactive
componentsare included in the model and are denotedby their first character:phytoplankton(p), tripton (t),
aquatic humus (h) and water (w).

3.2 The inherent optical properties: parametrization of the bio-optical model

The model is used to simulate the effectof changes in chlorophyllet (CHL)concentrationon R(O-).It is
necessaryto selectappropriatevalues for each of the specificinherent opticalproperties, i.e. the inherent optical
propertiesper unit water qualityparameter: e.g. the specificinherent absorptionby chlorophyllet, a*P,is the
amount of absorptioncausedby 1 pg 1’ chlorophyllcc.

a = ajCllL +a~C, +a~a~ (440) +aw

b, = b,;CIiL +b,;C, +bbw = b,; {CHL + C, ] +b,w
Cq.2

SpecificIOP are denoted by an asterix as superscript.Valuesfor the IOP in this model are:
aw: The temperaturedependentabsorptionby pure water from Buiteveldet al.(1994)
b~w: The backscatteringof pure water from Buiteveldet al.(1994)
a*p: specificinherent absorptionby chlorophylla derivedfrom Dekker(1993)
a*l: specificinherent absorptionby tripton from Dckker (1993).The concentrationof tripton Cl in mg 1-’
cannot be determineddirectlybut was calculatedby subtracting the algal fraction of seston dry weight from the
total seston dry weight (DW).The algal fractionof seston dry weight was estimatedusing an empirical relation
DW(p)=0.07 CHL (Buiteveld, 1995).The tripton absorptionwas dividedby the tripton dry weightyielding the
specificinherent tripton absorption.
b*b,: specificinherent backscatteringof seston (i.e. the sum of tripton and phytoplankton):although it wouldbe
preferableto have a separate specificinherent backscatteringfor tripton and phytoplanktonthis is not available
currently.
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a*],: the specificabsorptioncoefficientof aquatic humus is calculatedby assuming an exponentialslopefor
aquatic humus absorption and taking the absorptionby aquatic humus at 440 nm al,(440) (g440 as definedby Kirk
(1994) as a measureof the aquatic humus concentration(c.f, eq. 2):

Cq.3

‘J’hisequationis based on the assumptionof a fixed slope,whereS is stated to be independentof the choiceof
referencewavelength.An analysisof the a*}, values obtainedbetween400-800 nm for waterbodies in this study
showeda correspondenceto an exponentialfunctionwith an averagevalue of S = 0.0146 rim-’(Dekker, 1993).

In natural inland waters there is often a significantcorrelationbetweenchlorophyllIXand both aquatic
humus and tripton concentrations.Therefore,increasesin chlorophyllcxin the model (first series)are associated
with, in nature, occurringincreasesin aquatic humus and tripton. Using linear regressionfor nine samples in the
shalloweutrophic lakes, the followingequationswerederived:

ah (440)= 1.78 -t 0,009* CHL r2 = 0.69

C, = 11.54-t-0.042* CYJJ5 rz = 0.74
Cq.4

3.3 Resolv~bility with respect to CHL

The derivativeof R(O-)with respectto CHLcan be consideredas a measureof the resolvabilityof R(O-)
due to changes in CHL,The change in R(O-),AR(O-),due to a user definedaccuracyin CHL,ACHL, is
approximately

dR(O-)
AR(O-) = ~cl{l ACHL

.
q. 5

This means that the sensitivityof the instrument shouldbe sufficientto detect these changes in R(O-).The (partial)
derivativeof R(O-)with respectto CHLcan be found from eq. 2, yielding

6’R(O-)

6’CHL = “[“,+’:~i”~:~ic’”req. 6

From inspectionof eq. 6 we can draw some qualitativeconclusions:
- in terms of the effecton R(O-)there is a balancing eflectbetweenthe backscatteringand the absorptionof
phytoplankton;
- the sensitivityof R(O-)due to changes in CHLdecreasesfor increasingvaluesof CHL.

The derivativeof R(O-)can not directlybe comparedwith the sensitivityof AVIRIS,but has to be
convertedto a radiance abovethe air-water interfaceas measuredby AVIRIS,Using a simplifiedair-water
interfacecorrection(Dekker, 1993)the followingexpressionfor the derivativeof the abovesurfaceupwelling
radiancewith respectto CHLcan bc derived:

r?Lnu Lo dR(o-)

8CHL “ ~ ~CIIL ‘
Cq.7

whereZ.Ois a panel-based downwellingradiance measurement,Eq. 7 expressesthe change in upwelling radiance
due to a change of 1 mg m-3of CHL (note that this change dependson the CHLalreadypresent (cf. eq. 6)). The
absolutevalues of the changes in radiance can be comparedwith the noise equivalentradianceof AVIRIS,
indicating the performanceof AVIRISfor detectingchanges in CHL.
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4. RES[JLTS

4.1 Simulations for shallow eutrophic lakes

]n the first seriesof simulations,correlationsbetweenthe organic compoundswere introduced as given
above(eq.4) in order to representnatural conditions in shalloweutrophic lakes.Figure 2a and b showthe results
for R(O-)and the derivativeof R(O-)to chlorophyllcx. In this simulation the effectof increasingchlorophylla
concentrationsis given in incrementsof 20 mg m-3ranging from 20 to 200 mg m-3.The aquatic humus and tripton
concentrationsincreaselinearlyaccordingto eq. 4.

The results indicate that at 400 nm there is a hinge point where the R(O-)does not change: the increasein
absorptionby phytoplankton,tripton and aquatic humus is balancedby the increasein scattering of the
phytoplanktonand tripton. From 410 to 660 nm there is a decreasein retlectaneewithin the same order of
magnitudeover this wavelengthrange, but it beeomesexponentiallyless as the concentrationof chlorophylla
increases.In the spectralareabetween660 and 720 nm R(O-)changes more. Fig 2a and b both showthat the
deereasein R(O-)at 676 and 750 nm is constant for all CHL.The maximum of R(O-)initially at 696 nm for
CHL=20mg m-3shitls to a maximum at 710 nm for CHL=200mg m-3.Thus for AVIRISthe channel 34 centered
at 674 nm in combinationwith channels 36 to 38 are required in order to detect such a range in these typeof
waters,provideda ratio algorithm is to be used. In fact, channel 36 is most suited for ranges up to 20 mg m-3
channel 37 for ranges in CHLof 40 to 120mg m-3and channel 38 for concentrationsfrom 120to 200 mg m-3.The
derivativeof R(O-)in Fig, 2b showseven clearerwhich wavelengthsare suited to discriminate reflectance
differencescausedby the changes in chlorophyllcc Most interesting howeveris the stablepoint at 696 nm which
might be a potentially important spectral locationfor developingnew algorithms.

4.2 Simulations for deep lakes (with algae bloom)

In the secondseries of simulationsthe concentrationsof the phytoplankton,triplon and aquatic humus
wereassumedto be uncorrelated,In order to model abloom occurringin a deep lake the ah(440)and Clwere fixed
at specificvalues of 0.5 m-l and 1 mg 1“’respectively. This maybe seen as a modelof a bloom occurringunder
maximal growth conditionsfor the algae with no extra detritus being createdduring the increasein chlorophyllct.
Figure 3a and b show the results for R(O-)and the derivativeof R(O-)to chlorophyllct.

The resulting R(O-)spectra (Fig. 3a) are significantlydifferentfrom series 1 (Fig. 2a). There is a range
from 400 to 530 with some change in R(O-).In the derivative(Fig. 3b) there are two hinge points: at 420 and at
530 nm, This maybe a similar phenomenonthat causesthe blue-to-greenratio oilen used for oceanwaters to work.
In this case it seemsthat a blue to green ratio with a band below420 and a band around 480 nm would
discriminateup to 60 mg m-3CHL.From 530 to 650 nm R(O-)increasesin the same order of magnitudewith
increasing CHL (note that in series 1 there was a decreaseof R(O-)in this spectral region). At 676 nm the R(O-)is
stablewith increasing CHL: this points to a cmunterbalancebetweenthe increasein absorptionand the increase in
backscatteringby the phytoplankton.The increasein R(O-)at the 700 nm area is the most discriminativeof the
entire spectrum;especiallyfor concentrationsover 60 mg m-3CHL (as comparedto anywherefrom 530 to 650
rim).Once again it appears that a ratio algorithm involving the 674 nm speetralband and the 696 to710 nm range
is most suited for estimating CHL in a range from 20 to 200 mg m-3CHL,The increasein R(O-)beyond710 nm
through to 750 nm is also remarkableand a clear indication that this nearbyinfrared region is worth investigating
further: e.g. the increase in R(O-)at 750 nm is solelydue to the increasein backscatteringcausedby the
phytoplankton,As for the first series the derivativespectrumshowsa stable increaseof R(O-)at 750 nm with
increasing CHL.A spectralband in the areaof710 to 750 nm may thus serveas a reliable indicator of changing
backscatteringin a lake.
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R(t)-) as function of CHL
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Figure 2a. ModelledR(O-)as a function of increasing CI-ILwith associatedincreasesin tripton and aquatic
humus. The CHLranges from 20 to 200 mg m-3with incrementsof 20 mg m-3.The dotted lines are the
centrewavelengthsof the AVIRISchannels 33-37.
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Figure 2b. The derivativeof R(O-)to CHLas a function of CHL.The same data as in Fig. 2a are used.
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R{O-) as function of CHL

deep inland waters (algae bloom)
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Figure 3a. ModelledR(O-)as a function of increasing CHLlevelswith fixedvalues for tripton and aquatichumus.
The CHLranges from 20 to 200 mg m-3with incrementsof 20 mg n~-3.The dotted lines are the centre
wavelengthsof the AVIRISchannels 33-37.
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Figure 3b. The derivativeof R(O-)to CHL as a function of CEIL The same data as in Fig. 3a are used.
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4.3 An estimation of the accuracy with which AVHUS may estimate chlorophyll u in eutrophic lakes.

Basedon the first seriesof simulationsan estimatewas made for the accuracywith which AVIRISmay
dcteet CHLlevels in inland waters. A downwellingradianceas was calculatedfor a solar zenith angle of 30°, a
horizontalvisibilityof 10km was entered into eq. 7 and absolutevalues of the derivativeof1.,. were calculated,see
Fig 4. The noise equivalentradiance (NEDL)of AVIRIS(1995)is also given in Fig. 4 (the dashes)and from the
comparisonit showsthat at lowconcentrationsof CHL= 20 mg m“3AVHUScan discriminatedifferencesof 2.8
mg n~-3at 674 nm (CH 34), However,with increasing CHLthis resolvingpower reducesto 42 mg m“3at 200 mg
m-s at 676 nm, If, however,a ratio of the 674 to e.g. a 713 band (CH 38) is used for estimating CHLthese figures
will improve. Especiallyfor the higher concentrationsof CHL,becausethe derivativeof Lau to CHLis in the
order of 22 mg tn-3over the 20-200 mg m-3range at 700 to 720 nm. This accuracyis, in general, sutlcient for
inland water managementpurposes;Of course,during an actual flight of AVIRIS,the atmosphericand air-water
interfaceeffectsmay add considerablenoise and reducethe accuracyof the signal, therebyreducingAVIRIS’s
effectiveresolvingpower.

The derivative of Lau to CHL as a function of CHL
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Figure 4. The derivativeof the upwelling radianceL.. with respectto CHLfor a range of CHL levelsfrom 20 to
200 mg m-3with incrementsof 20 mg m-3.The NEDL of AVIIUSis denotedby the dashes. The graph should be
read as follows:At a concentrationof CHL=20 mg m-3the line dLau/dCHLrepresentsthe NEDL requiredto
discriminate a CHLconcentrationdifferenceof 1 mg m-3.
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5. . CONCLUSIONS AND DISCUSSION

A predictivemodel for estimating the effectof varying concentrationsof a water quality parameteron the
reluctancesignal from a waterbodyis a powerfultool in assessing the potential of remotesensing instruments such
as AVIRIS. These modelsmay also play an important role in definingpreset spectralbands for instruments such
as the CASI or the (planned)ESA satellite imaging spectrometerMERISor for MODIS.Another important role
for such models is for developingrobustalgorithms for detectingchlorophylla or any other optical waterquality
parameter,Especiallythe capabilityto simulate co-varying, or independentlyvarying opticalwater quality
parameters is a valuableasset and pushes the developmentof algorithmsbeyondthe scopeofferedby the empirical
or semi-empiricalapproach.

Two simulationsseries, assuming increasesof CHLin steps of 20 mg m-3from 20 to 200 mg m-3,one
with covaryingconcentrationsof aquatic humus and tripton and one with stableconcentrationsof aquatichumus
and tripton, showed significant intluence on the size and shape of the R(O-)spectraand the derivativespectraof
R(O-)to CHL. In fact severalhinge points in the R(O-)were identified,that indicate spectralareas where increases
in absorptionare compensatedby increasesin backscattering.It was also possibleto identifyareas in the derivative
spectrawhere the rate of change of R{O-)with increasingCHL levelswas either exponentialor linear. A
preliminary comparisonwith actual in situ measuredspectra showeda goodcomparison with the modelled
spectra. If a ratio algorithm for chlorophyllwere to be used of the form R(O-)67@(0-)71XI,it has becomeobvious
from this modelingexercisethat severaladjacentbands of AVUUSare required in order to monitor the shift in the
nearbyinfrared reflectance:the peak shiils from 696 at 20 mg m-3to 710 nm at 200 mg m“3CHL, requiring the
use of AVIRISchannels 36, 37 and 38. Another important conclusiondrawn from the modellingresults is that
AVIRIShas a sutllcient NEDLfor detectingconcentrationdifferencesof CHL:based on the 1995performance
values AVIRIScan detect2,8 mg m-3CHLat concentrationlevelsof 20 mg m-3and 22 mg m-3CHLat 200 mg m“3
CHL. Using smart algorithms these accuraciesmay even improve. Ofcoursein a real remotesensing mission these
values will deterioratedue to the influenceof the atmosphereand a rough water surface.

The parametersas they havebeen definedhere are representativeonly for these lakes. E.g. the
phytoplanktonfraction of seston dry weight was calculatedusing the data from Buiteveld(1995).Other
phytoplanktonoccuring in these lakes such as Prochlorothrixhollandica have a differentratio: DW= 0.048 CHL
(Rijkeboer et al. 1990).For samplesof 12 lakes taken in May 1994the value for phytoplanktonequivalentdry
weight fractionwas DW=O.059CHL(calculatedfrom data in Gilijamse, 1994). This value is perhaps more
realislic as it is representativefor natural populationsof algae.

The modelpresentedhere is part of a pilot studyon the use of forwardmodels (fromthe inherent optical
water properties to remotelysensed radiance).The model needs to be tested more thoroughlywith field and
laboratorydata. The input parameters maybe improvedand made more generallyapplicable, Foreseen
developmentsare the inclusion of a realistic air/water interfaceincluding waveglintand whitecapping;as well the
inclusion of an atmospheremodel. It is also intended to use the forwardmodel for developinginverseanalytical
methodsfor estimating water quality parametersfrom remotelysensedradiancedata.
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