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Preface  

Thequalityoftheenvironmentvariesbothspatiallyandwithtime．Since  
remotesensingisatechnologysuitableforsimultaneousobservationofthephysical  
StateOfthetargetwithspatialextent，itcanbe an adequatetechniqueto obtain  
information on the spatialstructure of the quality of environment at a moment．  
WithaviewtoobtainingthebasicknowledgeforconstruCtingtheenvironmental  
informationsystem，aSeriesofremotesensingexperimenthasbeencarriedoutboth  
inlaboratoryandfieldby the NationalInstitute’forEnvironmentalStudiessince  
1977．Inthisreport，WaterqualitymeasurementofLakeKasumigaurabyspacecraft  
（LANDSAT）remotesensingisdescribed，andemphasisisbeingplacedonproblem－  
Oriented approaches，development of operationalinterpretation methods and  
techniquesofwaterqualitymeasurementbyremotesensing．  

Itishopedthattheresultsobtainedhereandthetechniquesdevelopedinthis  
study would be of much use to researchers of the environmental sciences and 
environmentplanners．  

Shota HIROSAKI  

Director of the 

Environmental Information 

Division，  

March 1986 
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Abstract  

Measuring the water quality of Lake Kasurnigaura from LANDSAT  
multispectralscannerdataisreportedherein．  

To jnvestigate the nature of suspended soJid or chJorophyJJ・SpeCtraJ  
reflectance relationships，a pOrtable high・Speed spectroradiometer for measuring  
SpeCtralreflectance of water surface was developed．Thisinstrument uses a  
monochromaticgratingandaphotomultipliersystemforlightdetectionandsweeps  
OVerthe400to850nmwavelengthspeCtralrangewithinonesecond．  

Both reflected an3 incident solar radiatiDn at the water surface and water 
quality parameterswere measured atgroundtruth points on Lake Kasumigaura．  
Ljnearregressionanalysisshowsthatthebest・EjtLorthere）ationshipbetweenSecchi  
depth transparency or suspended solid concentration in the surface water and 
radiancerenectanceatthewatersurfaceisinthe500to800nmwavelengthrange．  

StatisticalmodelstoestimatewaterqualityparametersfromLANDSATdata  
aredevelopeduSinglinearregressionanalysisbetweenthevariouswaterquality  
parameters and LANDSAT data．The results show a significant correlation  
between Secchi depth transparency or concentration of suspended solids and 
LANDSATband4，50r6data．  

Theeffectofthelighttransmittanceandpathradianceoftheatmosphereon  
LANDSATdataisalsoevaluated．The transmittance and thepathradiance are  
estirnated by alinear regression analysis between the radiance detected by  
LANDSAT andthe upwellingradiance observed at the watersurface．Thenthe  
distributionoftheradiancerenectanceoftheentiresurfaceofthelakeareestimated  
fromLANDSATdata．TheestimatedpathradianceincludedinLANDASTband4  

dataon3March1982wasO．26mW／cmLSrandthetransmittanceO．86．  
Fromthespectralradiancereflectanceofthewatersurfaceestimatedfrom  

LANDSATdata，Waterqualitymodelsindependentofdifferentweatherconditions  
aredeve】oped．  

Finally，distribution maps for concentration of suspended solidsin Lake  
Kasumigauraarepresented．  
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CHAPTER  

l  

IntroductiorL  

1．1GENERALINTRODUCTlON  

Remoteser15jngjsu5edtogatわerandrecord玩formatjDnaboutterrainand  
ocean surfaceswithout making actualcontact with the object or area being  
investigated・Eachtypeofsurfacematerial，forexample，SOil，rOCks・Vegetationand  
oceansurface，absorbandreflectsolarenergyinsomecharacteristicmannerwhich  
dependsonitsatomicandmolecularstructure，Inaddition，aCertainamountof  
intemalenergyisemittedindercndentlyofthesolarfluxfromthesurfacematerial・  
The absorbed，reflected，andinternally emitted energyin the electromagnetic  
spectrumcanbedetectedbyremotesensingoftheobjectorphenomenonofinterest・  
TheinstrumentS uSed provide the charateristic spectralsignatures andimages■  
Thesespectralsignaturescanthenusuallybecorrelatedwithotherknownspectral  
sjgnaturesofrock，50jl，CrOp，terrain，OrOCeanSurfacefeatures▲Byselec血g5peCjfic  
ranges of the electromagnetic spectrum to be used，uSefulinformation can be  
obtainedabouttheterrain oroceantobe examined．  

1nthepastdecade，withindustrialgrowthandtheincreaseinurbanization，  
humanpOllutionhasexpandedexponentially・Waterqualityparticularlyhavebeen  
seriouslydegeneratedbyorganicwasteinmanyrivers，1akes，eStuaries・andinland  
seas．Theincreasingcomplexityofwaterpollutionproblemshasforcedplannersto  
seek newmethodologies fordeterminingaltemative resource management plans・  
Tomeetthischallengeandtosatisfycertainplanningneeds，teChniquesforremote  
sensingofnaturalaquaticbodieshavebeendeveloped・Measurementsbyremote  
sensing may have two distinctjve contributjons：（1）monitorjng macroscopic  
environmentalconditionsand（2）simultaneousmeasurementofalargesurface，Such  
measurementsprovide an aidintheunderstanding，managernent，and controlof  
naturalwaterbodies．  

Remotely sensed data may be interpreted by two approaches. The first 
approachisqualitativeinnatureandhasbeenusedtomapfeatures，SuChasriver  
plumesandpollutionpatternswithoutconcurrentgroundtruthmeasurements・The  
secondapproachisquantitativeanalysisinwhichgroundtruthcoJJectedatalimited  
nurnberoflocationsisusedtocalibratetheremotelysenseddataandtoextendthe  
resultstotheremotelysensedscene・Resultsofthequantitativeanalysis，Calibrated  
regression equation，have been used to develop maps showjng quant止ative  
distributionsofsomewaterqualityparameterssuchastheamountofsuspended  
solidsorchlorophyllLa．Akeyproblemistodeterminewhethertherelationships  
betweensuspendedsolidsorchlorophyllLaandspectralreflectanceareunchanging■  
1ftheserelationshipsarevariablewithlocationandtime，thenextensiveground  
truthmustbeobtainedateachmonitoringsiteforcalibration，thusgreatlyreducing  
theutilityofremotesensingmethods．  

In this report，the water quality measurement of Lake Kasumigaura by  
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Satellite（LANDSAT）remotesensingisdescribed．Throughoutourexperiments，We  
especially tried to determine the degree of variability in relationships between 
COnCentrafionofsusperldedsolidsorchlorophyll・aandspeCtralreflectarlCeatWater  
Surface to determine whetheritis possible to make remote measurement with  
Sufficientaccuracytopermitmonitorlngwithfewornogroundtruthmeasurements．  
A spectroradiometer designed for spectralreflectance measurementinremote  
SenSingisdescribedinChapter2．Relationshipsbetweenwaterqualityandradiance  
reflectance at water surface are describedin Chapter 3． Water quality  
measurementsfromLANDSATMSSdataaredescribedinChapter4．Finally，an  
estimation of path radiance and transmittance of the atmosphere together with 
atmosphericcorrectionofLANDSATMSSdataaredescribedinChapter5，  

Chapter2is a revised versionofthe report of Miyazakiet al．（1981）and  
reportstheadditionallaboratoryexpriments（Miyazaki＆Watanabe，1984）andfield  
measurements．Chapter3isbasedorlapaPerbyOkamietal．（1982）．Chapter4is  
basedontechnicaldatafromaseriesofexpermentsofLakeKasumigaurareported  
byYasuokaandMiyazaki（1979，1982a，1982b）．Chapter5isarevisionofworkby  
YasuokaandMiyazaki（1982c）．  

1．2 AIM OFTⅢE PRESENTEXPERIMENT  

HerewaterqualitymeasurementsofLakeKasumigaurabyLANDSATMSS  
data are described．  

WhenmeasurlngterrairlOrOCeanObjectsbyremotesensingtechrliques，itis  
essentialto know the spectralcharacteristics ofthe objects．Toinvestigate the  
relationshipbetweenwaterqualityandspectralreflectanceaportablehigh－SPeed  
SpeCtrOradiometerwasdeveloped．UtilizingthisinstrumentatLakeKasumigaura，  
we obtained the relationships between water quality parameters and radiance  
reflectanceofthewatersurfaceandpathradianceandthetransmittanceoftheair  
betweenthewatersurfaceandtheremotesensor、  

Manyinvestigators have tried to rneasure water quality parameters  
qualitativelyorquantitativelyinvariousbodiesofwater，theresultingwaterquality  
distributionmapsshowedreasonableresultswithsufficientaccuracy，Theseresults，  
however，WerenOtindependentofparticularbodiesofwater，thenatureofthewater  
quality，andweatherconditions．Consequentlythedevelopmentofgeneralizedwater  
qualitymodelsadaptedtoremotesensingaredesired．  

Theaimofthepresentexperimentistodevelopatechniqueforestimatingthe  
effectsoftheatmosphereonLANDSATMSSdataandtodevelopawaterquality  
modelwhichwillmakeitfeasibletousequantitaveremotemeasurementsofwater  
bodieswithoutaccompaninggroundtruthformonitoringpurposes．  

Thestepsintheprojectareasfollows：  
（1）To develop a high－Speed spectroradiometer to measure the spectral  
characteristicsofsurfaceobjectswhichareapplicabletoremotesensing；  
（2）Toinvestigatetherelationshipsbetweenthewaterqualityparametersandthe  
spectralcharacteristicsofLakeKasumigaura；  
（3）Tomeasurewater quality parameters from LANDSAT MSS data utilizing  
regressionanalysIS；  
（4）ToevaluatetheeffectsoftheatmosphereonLANDSATMSSdata；  
（5）To estimate the surface radiance reflectance of Lake Kasumigaura from  
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LANDSATMSSdata；  
（6）Fina11y，tOdevelopawaterqualityrnodelsuggestedbytheexperimentsandthen  
toevaluatetheaptnessofthismodel．  
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CHAPTER  

2   

TheinstrumentationformeasurlngSpeCtraIreflectance  

2．1INTRODUCTION  

In recent years，in various scientific disciplines，teChniques for collecting  
remotelysenseddatahaveprogressedverYrapidly，butmanyproblemsstiuremain  
inthe utilization of this data．One of the main problemsis thelack of good  
techniques to obtain satisfactry samples of ground data．Since remote sensors  
Operatebydetectingorsensingenergylevelsofemittedand／orreflectedradiation  
OVerVariousrangesoftheelectromagneticspectrum，itisnecessarytomakeground  
measurements ofthereflectance fromnaturalsurfacesin order to understand the  
relationships between sI光Ctralreflectance and other surface parameters．The  
SpeCtralsignaturesoffieldsamplesmaybeobtainedbylaboratorymeasurement，but  
thesedatawillnot，ingeneral，betypicalofoutdoorsituations．Therewas，therefore，  
aneedtodevelopaspectroradiometerwithadequatewavelengthresollユtionwhich  
COuldbeusedtoobtaintypicalvaluesofspeCtralreflectarlCeinthefield，Several  
typesofspectroradiometerhavebeenusedtomeasurethespectralreflectanceof  
naturalsurfacesinthefield．Milleretal．（1971）developedafourchannelscanning  
photometer forremotesensing andthisinstrlユmentpTOVided spectralinformation  
aboutwatersurfaceinthespectralrangesof440to460，550to590，680to700，and  
720to750nm．BurrandDancan（1972），Ontheotherhand，developedasubmersible  
SpeCtrOradiometer for measuring upwelling and downwellingirradiarlCe SpeCtra  
underwater．TheinstrumentCOnSistsofasubmersibleprobe、CabLe、atldcontrolbox．  
WithiIltheprobe，thereisarotatlngWheelholding16interferencefiltersallowlng  
thedetectionofirradiancefrom400to700nmatevery20nmintervals．Rouseand  
Coleman（1976）usedaradiometer（InternationalLightIL700ResearchRadiometer）  
toinvestigaterelationshipsbetweenconcentrationofsuspendedsolidsarldreflected  
radiationinlaboratory experiments．A compact spectrometer ModelDA，tWO  
Channel（380and500nm）wasdevelopedbyDodaandGreen（1978）toobtainspectral  
atmosphericturbidity．Viollieretal．（1978）developedaradiometerwhichusesfour  
interferencefilters，446，500，525，and600IlmwithahalfbandwidthoflOnm．The  
upwellinganddownwellingradiatiDnSaredirectedintotheinterferencefiltersby  
twoopticalfibers．BoothandDustan（1979）detrelopedasubmersiblemulti－ChanIlel  
irradiancemeter（MER－1000）．ThisinstrumentCOVerSthewavelengthrange from  
410to694nmwithllinterchangeableinterference filters．For ground data  
collectioninremotesensing，Milton（1980）introducedalow－COSt，pOrtablemutti・band  
radiorneterthatmeasuresthespectralreflectanceofgroundobiectsinfourbands  
simultaneously，ThespeCtralcoverageofeachbandisdeterminedbyinterchangable  
absorptionfilters．Myrab¢et al・（1982）designedandconstructedaportablefield  
spectroradiometer to measure the spectralreflectance signatures of terrain arld  
ocean objects．Thisinstrument emPloys a chopping technique which makesit  
possibletomeasuresimultaneouslyboththeirradiancefromthesunandskyandthe  

－ 6 －   



radiancefromascene．Threeinterchangeablegratingsruledat500，1000，and2000  
nmcovertheentirespectralregionof340to2500nm，andthemonochromaticslitis  
adjustedtogivewavebandhalfwidthsoflO，20，and40nmforthe500，1000，and2000  
nmgratings，reSpeCtively．AdamsetalL（1985）introducedalightweight，pOrtable  
two．band radiometer which used the reflectance ratio ofinfrared to red or some  
linearcombjnatior】Ofthese cllaraCterjstjcs for estimatiJ】g Starlding crop bjomas5  
values，Theinstrumentemploystwointerchangeable filtersand photo detectors  
which，withtheaidofaneutralbeamspilittermountedatangleof450totheoptical  
axisoftheco11ectinglens，Simultaneouslymonitorstheintensityoftheradiation  
withthetwofilter／photodetectorassemblies，  

Noneoftheseinstruments，however，meetalloftherequirementsforground  
oroceanmeasurementsinspecifictieZds，Somesurfacecondjtionsaresodynamic  
that they may change within one second．Under such conditions，grOund data  
collectedattheinstanttheremotesensorfliesoverisabsolutelynecessarytoverify  
whatwasactuallypresentandwhattheacquiredimagerymaysubsequentlyreveal・  
This ground data collection is very expensive and often requires special 
instrumentation，planningandlogisticalsupport．Asaresult，thereisaneedforhigh・  
speedspectroradiometricinstrumentS，SpeCificallydesigned forcoHectingground  
data．Thefollowingpro【妃rtiesaredesirableforsuchinstrumentS：  

（1）Thewavelengthrangecoveredshouldbethesarneasthatoftheremotesensors；  
（2）Aspectralresolution ofabout2nmisgenerally sufficient formostspectro－  
photometricmeasurementatthegroundlevel；  
（3）Thesamplingspeedofthescanningcycleshouldbelessthanonesecond；  
（4）Theinstrumentationshouldalsohaveadatastoragesystemsuehasadigital  
magneticcassettetapeoramini・floppydisksystem；  
（5）Theinstrurnentationshouldoperatewitheitherlineorbatterypowerforeither  
laboratoryorfielduse；  
（6）Theinstrumentationshouldbecompact，1ightandversatile；  
（7）TheeJectronjcandmechanicalreliabilityshouldbeveryhigh・  

This chapter describes the design of a newly developed high－Speed  
spectroradiometerforgrounddatacollectionanddiscussesitsapplicabilitytothe  
remotesenslngSeSSions．  

2．2 THEIIIGH－SPEED SPECTRORAD10METER  

」  ▲  

Fig．2，1  Photographsofthehigh・SpeedspeCtrOradiometer・  
（A）：Sensorunit．（B）：ColltrOlunit．  
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Fig・2・1showsphotographsofournewlydevelopedspectroradiometer，the  
instrumentCOnSistsofasensorunitandacontrolunit．Fig．2．2showstheblock  
diagramforopticalandelectricalsystemsofthespectroradiometer．  

Fig．2．2  BlockdiagTamOfthehigh－Speedspectroradiometer．   

2．2．1Thesensorunit  
ThesensorunitcontainsanoptlCalsystemandaphotomultipliersystem．The  

opticalsystem consists of an opticalfiber，alight collectinglens，and a  
monochrometersystem．Theopticalfiberisglassof7mmdimeter；itsefficiencyfor  
lighttransmittanceisaboutO，8foralengthoflminthevisiblewavelengthrange  
while thelight collectinglensis a commercially available cameralenswith a  
diameterof52mm，focal1erLgthof50mm，andf－Valueof2、0．WeusedanOff－plane  
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Eberttypeofmonochrometerwithafocallengthof300mm，SlitwidthofO．357mm，  
andareciprocaldisperSionof5・4nm／mmfora600－1ine／nmgratingwithanf・Value  
Of6・Thephotomultipliertube（PMT）usedisaside－OnS－20typePMTwhichhasa  
reJatjve】ywjdeandunjformrespor）SetOligl】tjr）thewave】engthrangeofjnterest．  

Fig．2．3showsaschematicdrawingofthethreetypesofopticalarrangements  
Of the sensor unit．In practice，the opticalarrangement（B）in Fig，2．3is most  
COnVenientforfieldandlaboratoryusebecauseoftheflexibilityofopticalfiberand  
adjustablelengthoftheopticalfiber．Allspectralmeasurementswiththeinstrument  
reportedherehavebeeTltaken wj（hoptjca】arraT7gement（B）．Fjg．2．4showsthree  
variationsofsensorheadfortheopticalfibersystem．Heads（A）and（B）arefor  
radiance measurement；the field of view of each sensoris determined by the  

Fig．2．3  0pticalarrangementoflightcollectingsystem．  

（A）ニStandardarrangement．（B）ニOpticalfiber．  

（C）：Downwordattachment．  
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（A）  

Fig，2．4  Schematicpictureofthreesensorheads．  

adjustable－1engthhoodinfrontoftheopticalfiber．Sensorhead（C）inFig．2．4uses  
aTeflondiffusingsphereforirradiancemeasurement．Sensorhead（B）and（C）are  
instal1edinametalpipetomeasurethespectralcharacteristicsofbothunderwater  
andground objects．Figs．2，5and2．6show thedependence ofthelight detection  
efficiencyofthesensorheadsonthedirectionalangleofthelightsource．Fig．2．5  
indicatesdetectionefficiencyofthesensorhead（A）and（B）inFig．2．4；Fig．2．6shows  
thedetectionefficiencyofsensorhead（C）．  

Theunitweighsabout22kgandis44cmlong，44cmwide，and35cmhigh．  
Theparametersands匹CificationsforthesensorunitarelistedinTable2．1，  

100 80 60 40 20 0 20 40 60 80100  

Efficiency（‰   

Fig．2，5  Directionalefficiencyofthesensorhead（A）and（B）inFig．2．4．  
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100 80 60 40 20 0 20 40 60 80100  

∈ffjciency（％）  

Fig■2▲6  Directionalefficiencyofthesensorhead（C）inFig，2．4．  

Table2．1 Parametersandspecificationofthesensorunit．  

ughtcollectimgsystem  
Methodofllghtcollection  
Optical fiber 

Difr一札ctiongratiItg  
Methodofmountings〉TStem  
Focallength  
Slit width  
Reciprocaldispersion  
F・Value  

Methodofdrivingsystem  
山glttdetec亡i爪gSyStem  

PMT  

Preamplifire  
Rangeoffrequency  
Linearity  
TemperatureStabj】ity  
Out put pawer 

Planemirror andlens  

Glassmade，7mm   

Off－planeEberttype  

300mm  

O．8mm  

12001ine／mm  

6  

Vibratinggrating   

SL20sideonty【杷   

DC－2kHz  

O．1％  

10〟Ⅴ／℃  

±10V  

2．2．2 ThecolltrOlumit  

ThecontrolunitconsistsofaPMThighvoltagepowersupplyandamicro－  
processorwithkeyboard，a5inchCRTdisplayandacassettetapeunit．Witha  
POtentiometerthePMTvoltageisadjustedbetweenlOOand999volts．Thesupply  
VOltageisdisplayedona3－digitLEDindicator．Themicro・prOCeSSOrisan8085，With  
a16KByteROManda4KBiteRAMtocontrolthetotalinteractiveoperationofthe  
instrument・Theoperationisdividedinto6subsystems：  
（1）Keyinginthechartdataofastandardlampforcalibration；  
（2）Measurementofthestandardlamp，thisroutinecalculatesthecorrectionfactor  
foreachwavelengthandstoresthemontheRAM；  
（3）Measurement，meaSured values are stored on the RAM after having been  
multipliedbythecorrectionfactorstoobtainabsoluteintensity；  
（4）Displaythechartdata，COrreCtionfactors，andresultsofthemeasurement；  

一11－   



（5）Readthecassettetape；  
（6）Initializationofthecassettetape．  

Thecontrolunitweighsabout20kgandis35cmlong，39cmwide，and45cm  
high．ThespecificationsofthecontrolunitarelistedinTable2．2．  

Table2．2  Parametersandspecificationofthecontrolunit．  

Operatimgsystem  
A／Dconverter  

Resolution  
Conversiontime  

Micro－prOCeSSOr  
CPU  
Memory  

Input device 
Ca湘ettetapeunit  

Methodofrecording  
Recordingdensity  
Speedofdataexchange  

CRTdisplay  
Screensize  
Number ofcharacter  
Densityofscreen  

Pen recorder  
A／Dconverter  
Recordingwidth  

12 blt 

lO／JS   

8080  

ROM4Kbite．RAM16Kbits  

Keyboard   

PE system 

800 BP1 

12Kbit／s   

5inchCRT  

24×80characters  

240×320dotts  

12 blt 

12〔lm  

2．2．3 Systemperformance  
Theopticalsystemisfirstcarefu11ylinedupbyusingamonochromaticlight  

beam・Thelinearityoftheinstrumentistestedbycomparisonwithanabsolutely  
Calibratedlinearradiometer．ThedeviationfromlinearitywaslessthanO．5％over  
awavelengthrangeofoperation・Thisdeviationwasconsideredtobenopractical  
Significane・Theslitofthemonochrometerwasadjustedtogiveawavehalf－band  
widthof2nmfor500blasedgratings，Thescanningtimefortheentirewavelength  
rangefrom400to850nmisaboutonesecondandmeasureddataareaccumulated  
upto99scancycles．Thetimetostorethedatainthemagneticcassettetapeis  
approximately30seconds，includingthetimetocalculatetheabsoluteintensitywith  
the correction coefficient．   

2．2．4 Calibrationprocedur由  
InordertomeasurespeCtralreflectanceaccurately，theinstrumentsholudbe  

Calibratedatregularintervals．Thecalibrationcanshiftduetofactorssuchasthe  
collectionofdustintheopticalsystemorfromavarietyofotherrandomfactors．  
Themostconvenientwaytocalibratetheinstrumentistomakeuseofastandard  

light■SOurCe Which・prOduces aknown amount pf radiant energy at various  
wavelengths，Thestandardlightsourceusedhereisa5WHalogenlampandthe  
shapeofitsspectraldistributioncurveisveryclosetothat■Ofblackbodyradiation  
attheapparentcolortemeratureofthelamp．ThislampiscommerciallyavailabIe  
Withacalibrationchartgivingradiantenergyoutputatsomephotometricdistance  

llご   



（50cm）frornthelampataspecifiedlampvoltage．Aregulatedpowersupply，also  
commerciallyavailable，hasbothan争CCurateammeterandvoltmetertoenableone  
toreproducethestandardoperatingconditionofthelamp．The procedureforthe  
Calibratingtheinstrumentareasfollows：  
（1）Keyinthechartdataofthestandardlamp，thedataarestoredineithermemory  
OrCaSSettetapeaSuTabledata”；  
（2）Measurethestandardlampatthephotometricdistance（50cm）withadequate  
PMT voltage，COrreCtion coefficients at every wavelength can be formed by  
determinlngtheratiosoftheactualspectralintensitylistedincalibrationchartof  
the standard．1arnp，divided by the actually measured spectralintensity of the  
Standardlamp．  
Thiscalculationisdone automatically by themicro－PrOCeSSOr and the correction  
coefficientsarestoredeitherinitsmemoryorincassettetapeas’－Referencedata”．  
SometypicalcorrectioncoefficientsaresnowninFig．2．7．  

0
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。
l
。
。
；
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」
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800  900  400  500  600  700  

Wavelength（nm）  

Fig，2．7  Correctioncoefficientofthesystem．  
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2．3 LABORATORY EXPERIMENTS  

TheinstrumentwasusedtostudythespectralcharacteristicsofnaturaJwater  
COntaining suspended solids and phytoplankton・Fig・2・8showed the setup for  
measurlngthespectralsignaturesofwatersamples■Thewaterisplacedintoa20  
×20rnmglasscellandilluminatedbya500WHalogenlampwhichisoperatedby  
apowersupplyhavingastabilizedvoltageandcurrent・TheresultsshowninFigs，  
2・9and2．10givetheresultingspectralsignatures fordifferent concentrations of  
SuSpendedsolidsorchlorophyllrainthewater・FigL2L9showstypicalspeCtraloutput  
measurementsforthreedifferentconcentrationsofsuspendedsolids；Fig，2．10shows  
thesameforchlorophyll－a，1nFig．2，9，aStheconcentrationincreases，theintensity  
Ofthereflectanceofwatersurfaceincreasesovertheentirewavelengthrangeof500  
to850nm．InFig．2．10，thehighestconcentrationofchlorophyll・ahasthelowest  
reflectaneeinthewavelengthrangeof430and680nm，therangesknowntohave  
Chlorophyll・aabsorptionbands．  

Opl：icalfiber  

H  
Lights  

Testtube   

Sample   

Fig．2．8  Measuringsystemforradianceofwatersample，  

TheinstrumentwasalsousedtomeasureirradianceunderwaterwithaTeflon  
4n・1ightcollector▲ TheTeflon47rSenSOrisillustratedinFig．2．4（C）．Thevertical  
distribution of photosynthetically activeirradiance was measuredinmicrocosm  
（Miyazaki＆Watanabe，1984），Where an axenic clonalculture of red tide alga，  
HeteroshなumaAkashiwo，greWandaccumulatedatthewatersurfaceduetovertical  
migration．Fig．2．11（A）showstheverticaldistributionoftheirradianceofpuresea  
Waterand Fig．2．11（B）showstheverticaldistribution ofirradiance ofsea water  
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Fig．2．9  Spectralcharacteristics of water with different concentration of  
suspendedsolids．1：52．8mg／l．2：26．4mg／l．3：13．2mg／l・  
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Fig．2．10  Spectralcharacteristics of water with different concentration of  
Chlorophyll－a．1：23．5JLg／l．2：15，4／‘g／l．3：7．69JLg／l．  
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Fig・2■11 SpectralcharacteristicsofunderwaterirradianceinMicrocosm・  

（A）：Pureseawater．（B）：SeawatercontaminatedbyILAkashiu）00f137，544  

cells／mJ．  

1：At watersurface，2：Ocmunderwater．3：10cm，4二20cm，5：40cm．  

6：60cm，7：80cm．  
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COntaminatedbyILAkashiwoat137，544cells／ml．Fig，2．12showstheunderwater  
irradiancewithdifferentconcentrationsofH Akashiwo atlO cm depth fromthe  
WaterSurfaceofmicrocosm．InFig，2．12，itcanbeseenthatahigherconcentration  
ofHAkashiworesultsinalowerrecordedirradianceinthespectralrangeof400to  
710nm．  
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Fig．2．12  Spectralcharacteristics of underwaterirradiance with different  

COnCentrationofHAkashiwomeasuredatthedepthoflOcmfromthe  

water surface．  

1二32，822cells／mL．2：63．518cells／ml．3：137，544cells／mL．  

4：272，832cells／mJ．  

2．4 FIEI．D EXPERInlENTS  

The high－Speed spectroradiometer has been used to measure the spectral  
Characteristics of the water of Lake KasumigaurainIbarakiprefecture・The  
measurement was carried out at the water surface and underwater at a time  

COincidingwiththeoverflightofaremotesensor．Therecordedresultswereusedto  
theestimatewaterqualityofthelake，theeffectoftheatmospherebetweenthe  
remotesensorandthewatersurface，andtheeffectsoflightreflectedfromthewater  
Surface．Fig．2．13showsthemeasuredspectralcharacteristicsofthesurfaceofLake  
KasumigauraandFig．2，14givestheunderwaterradiancedistributions．  
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Fig．2．13  Spectra15ignatureofwatersurfaceofLakeKasumigaura・  
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Fig．2．14  SpectralsignatureofunderwaterradianceofLakeKasumigaura・  

1：10cm underwater．2：20cm．3：40cm，4：60cm，5：80cm．  
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2．5 CONCLtJSlONS  

Thedevelopmentofaspectroradiometersuitableforcollectingdatafromfast  
movingsurfaceslikewaterwithwavemotioninremotesensinghasbeendescribed  
andsomeapplicationsofitsuseinlaboratoryandfieldexperimenthavebeenalso  
presented．Thisinstrumenthasbeenconstrctedtosupplytheneedforaportableand  
high－Speedspectroradiometerforgroundreflectancemeasurementsoverthevisible  
andthenearinfraredwavelengthrange．Itisdesignedtobe used espeCiallyfor  
Water Surface renectance measurements during remote sensing sessions．This  
SpeCtrOradiometerfulfills the aboveneeds．Its principalcomponents are alight  
COllectionsystem，alightchopper，amOnOChromaticgrating，aphotomultiplier，an  
electronic amplification system，a micro・prOCeSSOr with an analog－tO・digital  
converterl／Ochannel．acassettetapeunitandaCRTdisplay．Wehaveestimated  
themeasurementaccuracytobeaboutO．5％．  

Testsandmeasurementshaveshownthattheinstrumentworksasoriginally  
COnCeived andthatpotentiallyvariablespectralsignaturescanbeestablishedfor  
terraintargets．Fromaseriesofcarefulspectralmeasurementsofacertainterain  
target，Optimum sensor bandpasses and suitable overflight conditions for remote  
SenSOrSCanbe determined，takinginto account the naturallimitations on target  
discriminationposedbysurfacevariability．  

ThemajordrawbacksofthisspectroradiometeraTethelimitedwavelength  
rangeofmeasurement，thetirnefordatastoragetocassettetape，andthehighcost  
Of construction，lt may tR pOSSible to extend the wavelength range to shorter  
WaVelengthsbyusingaquartzopticalfiberandlenssystem．Forextensiontolonger  
WaVelengths，however，anentirelynew systemforlonger wavelightdetectionis  
needed．Toshortenthedatastoragetime（itnowtakesabout30secondstorecord  
measurementdataontocassttetape）amini－floppydisksystemwillbefasterbecause  
Ofitsrandamaccessdatafiling．  

Thehigh・SPeedspectroradiometerdescribedinthischaptermeetsthecriteria  
we proposed for spectral measurements and would seem to be an appropriate 
instrumentforgrounddatacollectionduringremotesensing，  
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CHAPTER  

3   

Regression analysis between water quality parameters 

and radiance reflectance ofwater surface  

3．1INTRODIJCTION  

Suspended solidsand phytoplanktoninnaturalwaterbodies present major  
environmentalproblems．Thus，mOnitoringthistypeofpollutionfromnon・localized  
sourcesbyremotemultispectraltechniquesisincreasinglybeingconsideredbylocal  
governmentS．Asexplainedbefore，themultispeetralscannerdetectstheenergiesof  
absorbed，reflectedandemittedelectromagneticspectrumofobjects；therefore，tO  
interpretthisdatathespectralcharacteristicsofwatersurfacesmustbeunderstood．  
Somechemicalcompoundsdischargedfromhomesgiveorigintosubstancessuchas  
Chlorophyll，phaeophytinandye1lowsubstancewhichaltertheopticalpropertiesof  
the water surface．These substances are complex organic molecules foundin a  
varitetyofphytoplankton．Furthermore，thesuspendedsolids（SS）inthewaterbody  
also affect the speCtra Oftheirradiance upwelling from the water surface．For  
aquatic remote sensing，the key questionis whether the relationships between  
Substances（forexample，SuSpendedsolidsandphytoplankton）inthewaterbodyand  
SpeCtralrenectance are universal．Ifthese relationships should be variable with  
locationandtime，thenextensivegroundtruthwouldberequiredateachmonitoring  
Siteforcalibrationpurposes，thusgreatlyreducingtheutilityofremotesensing．  

Thebasicphysicalconceptswhichhaveledtothepresentlyexistingtechnolgy  
ofremotesenslngWeredevelopedbyanumberofinvestigators，SOmeOfwhomwere  
Duntley（1960）andWilliams（1970）．Theearlywork on the speCtralresponse of  
chlorophyllwasdonebymanyinvestigatorssuchasClarkeetal，（1969，1970），PoIcyn  
（1972），Mueller（1972），and Suits（1973）．Suits analyzed the effects of sand and  
Chlorophyllconcentrationonreflectanceandpointedouttherelativelyhighgreen  
andlowredreflectanceofchlorophyll，aSCOntraStedwiththeveryflatoruniform  
reflectanceofsand．Suitsfurtherexploredtheeffectonthereflectanceofwaterof  
increasingphytoplanktonconcentration．Foragivenconcentration oftheyellow  
substanceandsand，heplottedfivedifferentvaluesfortheextinctioncoefficientof  
phytoplankton to show changes in reflectance for various chlorophyll 
concentrations．ThevaluesofreflectancenearO．5JLmappearSlikeahinge；lower  
reflectanceisobservedintheblue，Withincreasingreflectancetowardthegreenand  
red regions．Rouse and Coleman（1976）performed alaboratory experiment to  
measurereflectedspectralrelationshipsversusconcentrationofsuspendedsolids．  
ThereflectancemeasurementsweremadeonseveralconcentrationsofMississippi  
RiversedimentandKaolinite（awhiteclay）L MeasurementsfortheMississippiRiver  
sediment showed approximately linear relationships between reflected radiance 
valuesandsedimentconcentrationsupto500mg／l．Above500mg／ltheradiance  
increasesmuchmoreslowlywithincreasingsendimentconcentration．Viollieretal．  

－ 20 －   



（1978）obtainedmeasurementsofdownwellingandupwellingradiancewithatwo・  
bandradiometerin theGulfofGuineaand concluded thatthelow values of the  
differencebetween446and525nmalbedos，andthehighvalue ofthedifference  
between550and600nmalbedosgivetwocriteria to discriminate zonesrichin  
phytoplankton from poor water．AranuVaChapun and Perry（1981）measured  
integrateddownWellingirradiance（from400to700nm）at2mdepthintervalsfrom  
thewatersurfaceto’adepthoflOmalongthecoastofBritishColumbia，Canadaand  
Showedthatthereisagreaterattenuationofirradianceatwavelength420nmthan  
at540rLm，a reSult which agreeswith absorption maximum and minimum of  
phytoplankton pigments．Bukata et al．（1983）measured opticalcross・SeCtions of  
LakeOntariowatermasses，andtheseopticalcross・SeCtionshavebeenutilizedto  
Studytheuseofchromaticityanalysisforestimatingwaterqualityparametersina  
bodyofwatercontainingchlorophyllandsuspendedsolids．Theyconcludedthat  
Chromaticityanalysisisonlyapplicableonaveryrestrictedrange．Inlaboratory  
experiments，McKimetaL（1984）measuredthespectralreflectancefromsusPenSions  
Oforgnicandinorganicsediments，individuallyandincombination，inawatertank  
withaChiu・Co11insSpeCtrOmeter（Chiu＆Collins，1978）andtheyconcludedthata  
differenceof5ppmforinorganicsuspensionscanbedetectedbythespectrometer  
andthattheresponsetoorganicsuspensionsissensitivetotheorderoflOOmg／l  
inshallowwater．Kishinoetal．（1984）usedasubmersible－SpeCtralirradiancemeter  
to obtainthespeCtralcharacteristics ofpure and sea water，and calculated the  
COntributionofquantaabsorbedbyphytoplankton．Goweretal．（1984）reportedthe  
SpeCtralmeasurement ofcoastalwater off British Columbia，Canadain order to  
analyzerelationshipsbetweenchlorophyllconcentrationandupwe11ingradianceat  
thewatersurface．   

InthischapterweexaminethevariaもIityofreflectanceofpo11utedwaterto  
determine whether it is sufficiently accurate to use quantitative remote 
measurementsofwaterbodieswithlittleornoconcomitantgroundtruth Water  
qualityparametersandspeCtralsignaturesofwatersurfaceweremeasuredinLake  
Kasumigaura and relationships betweenthe water quality parametersand the  
OpticalcharacteristicsofthewatersurfaceofLakeKasumigauraweredetermined，  
WealsodiscusstheoptimumWaVelengthforquantitativelymeasuringthe water  
qualityofthesurfacewaterfromLANDSATsatellitedata．  

3．2MEAStJREnlENTOFSPECTRAL REFI」ECTANCE  

OFLAKE EASUMIGAt7RA  

Groundtruthmeasurentofwaterqualityandspectralreflectanceofwater  
WeretaknonLakeKasumigauraexactlyduringtheoverflightofLANDSAT．The  
dataacquiredintheseKasumigauraexperimentsaresummarizedinTable3．l．Lake  
KasumigauraisthesecondlargestlakeinJapanandhasanareaof167．7km2with  
thedepthranglngfromOto7meters．Thelakewaterservesasareseivoirfor  
domestic，industrialandagriculturalusesaswellasbeingafishingground．Dueto  
thegrow址ofpopulationandindustrialactivitiesinthedrainageareaofthelake，the  
Waterqualityofthelakehasbeendegradedbyeutrophication．Theannualaverage  
ValtleSOfCOD（chemical0Ⅹygendemand）reachedasmuchasll．5ppmin1978．Fig．  
3・1showsphotographsofthepollutedsurfaceofLakeKasumigauraduringatypical  
Summer．Hence，anaSSeSSmentOfthewaterqualityofthelake，particularlyofthe  
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（A）：Radiancemea’鋸re轍tatwatersurhce．（勒Rdiancemeasurementof  
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Fig．3．3  Groundtruthpointsofthee】（perimerLt（250ct▲1983）．  

measurementsweremadewithin2hoursoftheoverflighttimeofLANDSATand  
thesunanglewascalculatedforeachsetofgTOundtruthmeasurements．Thetypical  
groundtruthpointsofthelakearemarkedonthemapofFig．3．3．  

Ateachgroundtruthpoint，theincidentradiationofthesunandskywere  
measuredfirst，thentheupwellingradiancefromthewatersurface，andfirlallythe  
undezwaterradianceatdepthsof5，10，20，40，60，and80cmfromthewatersurface．  
Tomakeonesetofthesemeasurementstakesabout20minutes．Simultaneously，the  
Surface water temperature，the Secchidepth transparency，and fundamental  
meteoroIogicalconditionssuchastemperature，humidity，windldirectionandspeed，  
visibilityetc．weremeasured．TomeasⅦ・eCOnCentrationofsuspendedsolidsand  
Chloroplyll－a，21iteTSOfsurfacewaterofthelakewerecollectedateachgroundtruth  
site．  

Table3．2givessometypicaldataforwatersurfacereflectance．Thesedata  
areplottedinFig．3．4；theradianceduetothetotalsolarradiationupwellingfrom  
awhitereflectorisshowninTable3．3andFig．3．5，Theupwellingradiancefroma  
WhitereflectorbyskylightisghowninFig．3．6，andtheradiance underwateris  
ShowninFig．3・7．Table3，4showsdataonwaterquality，inLakeKasumigaura．  
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Fig．3．5  Upwellingradianceofwhitereflectorduetototalsolarradiation at  

groundtruthpoint2．  
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Fig・3・6  Upwe11ingradianceofwhitereflectorduetoskylightatgroundtruth  

point2．  
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Fig・3▲7  SpectralradianceoflOcmunderwateratgroundtruthpoint2．  

3．3 ESTT鳳IATINGTfIERADIANCEREFLECTANCEJUSTABOVE  

THEWATER SURFACE  

Solar radiation reflected by the water surface varied with the amount of 

SuSpendedsolidsorchlorophyll－ainthewater．Thissuggeststhatachangeinthe  

Waterqualitycausesachangeintheamountofradiationreflectedfromthewater  

surface．  

ThespectralradiancereflectanceorratioofradiancetoirradianceratioR。  

atthewatersurfaceisdefindby  

Ro＝  

U。＝Uw＋Uk   

H ＝Hs。N十HsK，  

WhereUoistheupwe11ingspectralradiancefromthewatersurface．Histhespectral  
irradianceontothewatersurfacefromtotalsolarradiation，PUwistheupwelling  
SpeCtralradiancejustabovewatersurface，andURistheupwellingspeCtralradiance  
fromwatersurfaceduetoskylight（seeFig．3．8），Thespectralradiancereflectance  
うustabovethewatersurfaceRwisalsodefindby  
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Fig．3．8  0pticalprocessesthroughthewatersurfaceL  

3．4  

AsshowninFig．3．8，U。（0）istheupwellingspectralradiancejustbelowthewater  

Surface．ThentherelationbetweenUwandUu（0）is  

Uw＝・Uu（0）  3・5  

wheretw／nるaccountsforthetransmittancetwofirradiancefromwaterofindexof  
renectionnw，tOair（Note二tw／n息≒0．544），  

IfQisdefinedbytheratiooftheupwellingirradianceE。（0）justbelowthe  
WaterSurfacetoupwellingradianceU。（0）justbelowwatersurface，Eq．3．5canbe  
rewritten as  

Uw＝嘉・Eu（0）・  3・6  

ThevalueofQmaybecomputedforavarietyofwaterconditions．Austin（1974）  
obtainedavaluerangingfrom4．4to5．4inthewavelengthrange425to600nm．In  
thisreport，We aSSumethatthe body ofwateris alambertian reflector and the  
angulardistribution ofradianceinthelowerhemisphere ofthe watersurfaceis  
uIliformforradiancetravelingupward．Then，Q≒7T，andUwis  

Uw＝嘉・Eu（0）・  3・7  

In Eq．3．7，however，aCtualmeasurement of E。（0）isimpossiblein practice・  
Therefore，E。（0）wasestimatedfromtheupwellingirradianceatthedepthofzusing  
the relation 

Eu（0）＝E。（z）eKu■Z  3．8   
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Where K。istheextinction coefficientfortheupwellingirradiance ofthe water，  
expressedas  

Ku＝ 士loge景教  

therefore，Uwisexpressedas  

Uw＝譜㌃Eu（z）eKu■Z  

≒0．174Eu（z）eEu■Z  

3．9  

3．10  

TheupwellingirradianceE。（z）atthedepthofzunderwaterwascalculated  

by  

Eu（z）＝冗・Uu（z）  3．11  

WhereUu（z）istheupwellingradiancemeasuredatthedepthofzunderwater．Using  
Eqs．3．4and3．10，theradiancereflectanceRwjustabovethewatersurfacecanbe  
expressed as 

Eu（z）eKu◆Z  
Rw＝0．174   3．12  

ThetotalirradianceHontothewatersurfaceisestimatedwiththefollowing  
expression  

H＝方p・W  3．13  

Wherewistheupwellingradiancereflectedbyawhitereflectorhorizontallyplaced  
atthegroundtruthpoint．Thesurface ofthe white reflectorisassumedto be a  
lambertiansurfaceandpisthereflectivity ofthereflector and thevalueofpis  
SuPpOSedtobel．0．  

Thetypeoflightfromthewatersurfacewhichismostimportantforremote  
measurementsistheupwellingradianceUwjustabovethewatersurfacebecausethe  
upwelling radiance U, contains only optical information of the water or of 
Substancesinthebodyofwater，Ontheotherhand，upWellingradianceU。COnSists  
Oflightfromumderwaterandthelightreflectedbywatersurface，Inthisexperiment，  
upwellingradianceU。andupwellingradianceUu（z）underwaterweremeasuredat  
LakeKasumigauratodeducetheradiance Uwjust abovethewatersurface．The  
extinctioncoefficientK。mayChangeitsvaluewiththewavelength，Waterquality，  
or the position of the ground truth site．The extinction confficient of Lake  
KasumigaurawatercouldbemeasuredwithaspectrophotometersuchasaHITAC・  
220doublebeamspectrophotometer．Inthisreport，theextinctioncoefficientK。and  
theupwellingradiance Uwjustabovethethewatersurfacewerecalculatedusing  
Eqs，3．9，3，10and3．11with the values for z，Zl，and z2WerelO，10，and60cm，  
respectively．ThentheradiancereflectanceR。atthewatersurface and Rwjust  
abovethewatersurfacewerecalculatedfromtheEqs．3．1，3．11．3．12，and3．13．All  
termsinEqs．3，1to3．13excepttw／n＆aredependentonthewavelength．  

TheresultsarelistedinTables3．5，3．6，and3．7．Fig．3．9showsthespectral  
distributionoftheextinctioncoefficientK。；Fig．3．10，theradiancereflectanceR。at  
thewatersurface；Fig．3．11，theradiancereflectanceRwjustabovewatersurface．  
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∴Table3．5  Calculatedextinctioncoefficientsatgroundtruthpoint2．  
ぺU（1／⊂ト1〉  

S†AlJO「」川U．   2  

」＝～じ1二1亡∧’Jこ0．D17bO   

Table3．6  Calculated radiance reflectance at water surfact at ground truth  

point2．  
R 【l／SR〉  

5†ATIUhトロ．   Z   
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Fig．3，11 Calculatedradiancereflectancejustabovethewatersurface．  

3．4 REGRESSIONANALYSISBETWEENWATERQtJAI．ITY  
PARAMETRRSAND RAI）lANCEREFLECTANCl乙  

AchangeintheconcentrationofsuspendedsolidsorphytoplaIlktoncauseda  
changeinthearnountofradiationreflectedfromwatersurface，andsolinearleast－  
squareregressionanalysiswasusedtoevaluatetherelationshipbetweenvarious  
waterqualityparametersandsolarradiationreflectedbywatersurfaceatdifferent  
wavelengths．  

Thedatasetstakenat12groundtruthpointswere usedto formalinear  
regressionmodelforthewaterqualityparametersfromtheradiationreflectedatthe  
watersurface．Thedependentvarjab】es（y）w占rethemeasured valuesofSecchi  
depth transparency，SuSPended solids and chlorophylトa，1istedin Table3・4；the  
independentvariables（x）weretheradiancereflectanceR。atthewatersurfaceand  
theradiancereflectanceRwiustabovethewatersurfacecalculated（seeprevious  
section）frorn the extinction coefficierlt K。，the upwellingirradiance Eu（z）  
underwater，andthespectralirradianceHor）tOthewatersurface．Therangeofthe  
radiancereflectance was400to800nmandthe resolution was2nm，and so，for  
suspendedsolids，forexample，andradiancereflectanceatthewatersurface，20l  
regressionmodelswereconstruCted．   

Instandardlinearregressionanalysis，thefollowingassumpt10nSaremade  
abouttherelationbetween（y）and（x）：（1）Foreachspecific（Ⅹ），thereisanormal  
distributionof（y）fromwhichthesamplevaluesof（y）areassumedtobedrawnat  
random；（2）Thenormaldistributionof（y）correspondingtoaspecific（Ⅹ）hasarrlean  
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Fig．3L12  Correlationcoefficientbetweenwaterqualityandradiancereflectance  

at watersurface．  

（A）：Transparency．（B）：SusI光ndedsolids．（C）：Chlorophyll・a，  
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Fig・3■13  Correlationcoefficientbetwe占nwaterqualityandTadiancereflectance  
justabovewatersurface．  
（A）：Transparency．（B）：SusI光ndedsolids．（C）：Chlorophy）1Aa．  
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thatliesonthestraightline；（3）Thenormaldistributionsof（y）foranyspecific（Ⅹ）  
areindependentofeachotherandeach havethesamevariance．We，therefore，  
assumed that the values used here have a normal distribution for each pair of 
measurements． The correlation coefficients between various water quality  
parametersandradiancereflectanceatthewatersurfaceareplottedinFig．3．12．  
Thosebetweenwaterqualityparametersandradiancereflectancejustabovewater  
SurfaceareplottedinFig．3．13．Thesignificancetestusedhereisatwo・tailedtest  
（Snedecor＆Cochran，1980）to determine the minimum value of the correlation  
COefficient（rc）whichwillreject the hypothesis ofindependence for allparis of  
Variables．Theminimumvalueofthecorrelationcoefficient（r。）wascalculatedto  
be O．58at the95％1evelof confidence．Therefore，Our reSults confirm that a  
signific？ntnegativecorrelationwasfoundtxtweentransparencyandtheradiよnce  
raflectAnce，Whilea positivecorrelationwasfoundbetween theconcentration of  
SuSpended solidsand the radianCereflectance．Onthe otherhand，Chlorophyll・a  
Showedapoorfitforthewavelengthrange．Thecorrelationcoefficientsbetweenthe  
Waterqualityparametersandtheradiancereflectancejustabovethewatersurface  
WhichareshowninFig．3．13didnotimprovesignificantlyexpectforchlorophyllra  
inthewevelengthrange440and680nm．  

DataequivalenttothatofLANDASTforspectralradianceatwatersurface  
between500to600，600to700，and700to800nmwerecalculatedbyintegratingthe  
SpeCtralradiancecurves．Againregressionanalysiswasappliedtothewaterquality   

Table3・8  CoefficientsofcorTelationbetweenwaterquality parametersand  
radiance at watersurface．  

Spectralrange（nm）  

500600  600－700  700－800  
Waterquality  

Transparency  0．92  －0．92  0．92  

Suspendedsolids  O．79  0．84  0．91  

ChlorophyllAa  TO．24  rO．32  0．16  

UrLdeTSCOredva］uesarestatisticallysignificantatthe5％】evel．  

Table3．9  Coefficients of correlation between water quality parmeters and  
radiancereflectancejustabovewatersurface．  

SI光Ctralrange（nm）  

500－600  600700  700800  
Waterquality  

ids  

Underscoredvaluesarestatistiscallysignificantatthe5％1evel，  

parameters and thisintegrated spectralradiance．The resulting correlation  
COefficientsarelistedinTables3・8and3．9；theunderscoredvaluesarestatistically  
significantatthe5％1evel・Itcanbeseenthattheregressionanalysisbetween  
Chlorophylトaandradiancereflectanceshowsweakcorrelation．AIso，therewasno  
improvement in the correlation between the radiance reflectance at the water 
Surfaceandtheradiancereflectancejustabovethewatersurface，Derivedlinear  
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regressionequationsfortransparencyandtheconcentrationofsuspendedsolidsare  
ShowninFigs・3・14to3・17・Ascanbeseenfromthesefigures，OnemeaSurement  
Valueshowsabnormallylowradiancevaluewhencomparedwiththeothervalues．  
Thispoint（pointlinFig，3，3）inthelakeisthemostclearplaceandthemeasured  
radianceatthewatersurfacewassupposedtobeverylow，andsothisvalueofwater  
qualityparameterwasexpectedtoappearasanoutlierintheregressionanalysis．  
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3．5 CONCl－USIONS  

Linearleast－SquareregreSSionanalysiswasusedtoevaluatetherelationships  
betweenvariouswaterqualityparametersandtheradiancereflectanceatthewater  
surface．Theresultsshowedthatthereisaquantitativerelationshipbetween the  
concentration of suspended solids and the Secchi depth transparency and the 
radiarlCereflectanceatthewatersurface．Thebestspectralrangeforusingthis  
quantitativerelationshipwouldbebetween700and800nmforsuspendedsolidsand  
between500and800Lnmfortransparency，andtheresultsindicatethatitshouldbe  
possiblequantitativelyto determineconcentration ofsuspended solidsin surface  
waterorSecchidepthtransparencyfromremoteplatforms．  

TheradianceU。meaSuredatthewatersurfaceconsitsoftheradianceUwjust  
abovewatersurface andtheradianceUR reflectedfromthewatersurfacebysky  
lightasstatedinEq．3．2．TheratioofURtOU。，therfore，Showsthefractionofthe  
radiarlCereflectedfromthewatersurfacebyskylightincludedinthetotalradiance  
fromthewatersurface．ThisratioisplottedinFig．3，18showingthatthecomponent  
URWaSdependentonthe wavelength and thatinfluence ofthistype ofradiance  
increasedatbothendsofwavelengthrngeof400to420and640to720nm．  
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Fig．3．18  RelationbetweenU。，Uw，UH，andUR／U。atgrOundtruthpoint2．  

Regression analysisbetweenwaterquality and radiancereflectance at the  

watersurface，andbetweenwaterqualityandradiancereflectancejustabovethe  

WaterSurfacedifferedonlyslightly，Therefore，thecomponentoftotalradiancedue  

tolight reflected from the water surface need not be considered，from our  

experiments，forwaterqualitymeasurementbyLANDSATremotesensing．  
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CHAPTER  

4   

Measuringwater．qualityfI・OmLANDSATMSSdata  

4．1INTRODUCTION  

Suspendedsolidsandphytoplanktonareaseriousprobleminstreams，1akes  
andestuaries，andtheydegradeaquaticecosystemsandpreventtherecreationaluse  
OfmanybodiesofwaterL Thesetwowaterqualityparametersaremeasuredatmany  
bodiesofwateraslaboratoryexperiments，forwaterresourcemanagement，Orfor  
Otherpurposes，Thesemeasurements，however，haveonlylimite・dusefulness，Since  
theyrepresentpointsamplesanddonotgivean・OVerallviewofthebodyofwater．  
Measurements of water surface reflectance fromla satellite or an airplane have  
ShownthepotentialuseofsucharemoteplatformtoglVequalitative aswellas  
quantitativemeasuresbfsuspended solids or phytoplanktonin the surface water  
OVeralargeareaofabodyofwater．  

Theinventionofamultispectraトscanner（Loweetal，1966，PoIcym1967）has  
broughtaboutanewdimensioninairborneandspacebornesurveyingofbothmarine  
andlandresources，Byutilizing．thesimultaneousregistryofseveralbandsinthe  
visibleandintheinfraredregionwithanairbornemultispectralscanner，PoIcynand  
Wezernak（1970）were able to mapindustrialdischarge from severaldifferent  
industrialplants．Multispectraldata were also／utilized to maplarge、Oil－Slicks  
occumngoffshoreduetoleaksfromoil－drillingplatforms；pipelines，OraCCidental  
Spillsfromships．  

The Earth Resorces Technology Satellite，ERTS，（NASA，1971），1ater  
renamed as LANDSAT wasnot designed for ocean observations；1however，Very  
earlyin the坤SSion Charnelland Maul（1973）reported that feAtures of  
oceanographicsignificancewerevisiblefromERTSimagery，andSzeki占1da（1973）  
reported good agreement between the ratio ofband4to band5and the surface  
Chlorophyll・a meaSuredbyship．WilliamsonandGraban（1973）foundfromERTS・  
1images that suspendedinorganic particles from two rivers・draininginto  
Chesapeake Bay had differerlt reflectanCe．Mauland Gordon（1975）developed  
techniquesofusingERTS－1datatodistinguishbetweenthecoastafwaterandthe  
GulfStreamandbetweencoastalwaterandplanktonbloom．Strong elal．（1974），  
usingsatellitedata■ofLakeMichigan，repOrtedthattheband4andband5dataof  
ERTS－1candetectsuspeildedsolids．Theyals6investigatedthesurfacecurrentand  
watercolorofLakeMichganusingERTS・1andVHRR－7Rdata．Yostetal．（1973）  
havecomparedERTS・1satellitedatawithふatersampledatacollectedinNewYork  
Bightandwereabletodeterminetheabsolutevalueoftotalsuspendedsolidswith  
MSSband5andband6data．AIsoYargereial．（1973）showedthatMSSband5and  
theband ratio ofband4to band5couldbe used for reliablemeasurement ofthe  
suspendedsolidstoatleast900ppminareservoir。inKansas．Kritikoselal．（1974）  
alsousedERTS・1multispectraldataformeasurementofthewaterqualityofthe  
Potomac River and showed that theimage ofband5could easily determinethe  
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COnCentrationofsuspendedsolidsinthebodyofwater．ByutilizingERTS－1data，  
SOmerelatedworkhasbeendonebythefollowdnginvestigators：Klemas（1973），  
Bowker（1973），and Ruggles（1973）・They have studied the disperSion of high  
SedimentationplumesfromERTSrlimages．Wezernak（1973），Yarger（1973），and  
Schuburt（1973）also haveinvestigated the surveillance of areas with high  
Sedimentationin various bodies of water．The coastalland use and thelVater  
propertiesofDelawareBayhavebeenstudiedbyKlemasetal．（1973，1974a，1974b）  
using ERTS－1satelliteand Skylab－EREDdata．They concluded that ERTLland  
Skylab・ERED provided data suitable for mapping coastalvegetation，1and use，  
COaStalerosion，CurrentCirculation．frontalsystem，Waterturbidity，Surfaceslicks，  
andwastedisposalplumes．  

Multiple regression techniques were used byJohnson（1975）to correlate  
ERTSLlda亡awithmeasuredvaluesofsuspeIldedsolidsinthePotomacRiver．He  
WaSabletoplotthesuspendedsolidcontoursfortheriver，andhesuggestedthat  
atmosphericcalibrationwithadifferentERTSsceneofthedeeperwaterareaof  
ChesapeakeBaymightmakemoreaccuratedetectionofsuspendedsolidspossible．  
Thomsonetal．（1975）usedtheratioofband4toband50fERTS－1datatoclassify  
thelimnologicalcharacteristicsoflakesintheareaofJamesBay，  

Gordoneial．（1975）showedthatthesuspendedparticleconcentrationinthe  
GulfofMexicocanbeestimatedfromMSSband5imagestakenbytheERTS－1  
Satellite；While band4is stronglyinfluenced by yellow substances．Rouse and  
Coleman（1976）jnvestjgatedtlledjscl】argep】umefrom亡heMjssjssjpjRjverjntotl】e  
Louisiana Bight from ERTS・1band5images．In Nigeria，Abiodun（1976）has  
examinedthedistributionofsuspendedsolidsattheinitialstageoftheannualflood  
in Lake Kainjiusing ERTSLIspectraldata．He delineated the suspended solid  
COnCentrationClearlyinto fivelevels．Johnson and Norris（1977）used Skylab  
multispectralscanner data to study the spectralsignature of the water at the  
COnfluenceoftheFalklandandtheBrazilCurrentofftheeastcoastofArgentina．  
Klemas and Polis（1977）investigated the tidalcurrent of Delaware Bay using a  
SuSpended soliddistribution mapderived fromERTS－1and LANDSAT・2satellite  
images．Strong（1978）utilised LANDSAT，Skylab，and NOAA satellite data to  
ObservechemicalwhitingsseveralmetersbelowthewatersurfaceinLakeMichigan  
andconcludedthatthewhitingscanbedetectedfromLANDASTband4．  

AbiodunandAdeniji（1978）showedthatthemovementof・thewaterofLake  
KainjiovertwoyearscouldbedetectedwithLANDSATband5images，Smithet  
al．（1978）reportedthattheratioofLANDSATband5toband7showedthepattern  
Ofdischarge from voIcanoesinto Hamersley Basin．Munday and Alfoldi（1979）  
COnfirmedthat the LANDSATband5data couldbe usedto measure suspended  
SOlidsinbodiesofwater．Klemas（1980）observedthetidalfrontofDelaware Bay  
withLANDSATsatelliteband5data．Thomas（1980）monitoredthemotionofnon－  
uniformlydistributedsuspendedsolidsinaNewZealandtidalbasinandpenetration  
depthforMSSband50Verthetidalbasinwasfounded．FinleyandBaumgardner  
（1980）observedtheplumesofturbidsurfacewaterinthevicinityofAransoPassby  
utilizingLANDSATimages，  

Khorram（1981）reportedthat，forassessingwaterqualityparameterswithin  
theSanFranciscoBay－Delta，LANDSATMSSdataandU－2colorandcolorinfrared  
photographs were combined with in situ data such as that for turbidity and 
SuSpendedsolids．TheydevelopedregressionmodelsbetweentheLANDASTdigital  
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dataandeachofthewaterqualityparametermeasurements．Theresultsshowed  
that the areas ofrelatively highconcentration ofsuspended solids wer9Clearly  
discemible frorn LANDAST MSS data．The water quality measurement of  
freshwaterlakesinAustraliahasbeeninvestigatedby Carpenter and Crmpenter  
（1983）・Toestimatewaterqualitytheyhavedevelopedmultipleregressionmodelsin  
Whichtheyaccountedforthesunelevationandthetimeofsampleco11ection．These  
modelswereusedsuccessfullytoestimatewaterqualityforthreelakesondifferent  
OCCaSlOnS，  

Gordon et al．（1983）developed algorithms for measuring phytoplankton  
pigmentsfromthedata obtainedbythe CoastalZone Color Scanner（CZCS）on  
NIMBUS・7．ThesealgorithmswereappliedtodatafromtheMiddleAtlarlticBight  
andfromtheSargassoSea．CarauxandAustin（1983）alsousedNIMBUS－7datato  
monitorseasonalchangesinphytoplanktonpigmentdistributionirltheGulfofLions  
intheMediterraneanSea；thechar争Cteristicsofboundariesbetweenwatermasses  
withdifferent phytoplanktoncontentwere also noted．The results demonstrated  
that phytoplankton distributions are a goodindicator of seasonalvariations of  
OCeanicfronts，andcoastalupwellings，CyCloniceddies，andoftheplumeofariver．  

The Trophic StateJndex（TSI）proposed by CarJson（1977）indjcates the  
e11trOphiclevelof alake or ocean and can be calculated from any of several  
ParameterSSuChasSecchidepthtransparency，Chlorophyll，andtotalphosphoruS．  
Lillesand et al．（1983）estimated the TSlfrom LANDSAT data for60Minnesota  
lakes．TheyformulatedstatisticalmodelsrelatingvaluesoftheTSitoLANDSAT  
data，andtheresultsshowedthatTSIestirnatesfromLANDSATdatawerereliably  
ClosetothoseobtainedbytheSecchidepthtransparencymethod．  

Verdin（1985）reportedthatwithcorrectic＞nSforsunangleandatmospheric  
effectsinLANDSATdata，hewasabletoestimatetheSecchidepthtransparency  
andchlorophyllconcentrationoftheFlamingGorgeReservoirinWyoming，without  
COnCurrentSurfacesampling．Khorram（1985）developedwaterqualitymodelsto  
map salinity，turbidity，SuSpended solid，and chlorophyll・a COnCentratioIlin San  
Fransjsco BayaT7d DeJta．Khorram and Cheshire（1985）deveioped simi1ar water  
quality modelsforthe Neuse Riverestuaryin NorthCarolina，Theselattertwo  
modelsstillrequiredextensivegroundtruthmeasurements．  

Theworkofthesemanyresearchershasused，basical1y，regreSSionanalysis  
betweenwaterquality parametersandLANDSAT MSSdata for estimating the  
Waterqualityofmanybodiesofwater．Consequently，grOundtruthmeasurements  
takenatthetimeofLANDSAToverpassareessential．However，teChniquesfor  
COrreCting LANDSAT data for atmospheric effects werelaterintroducedin an  
efforttodevelopmoregentralwaterqualitymodelsormedelswhichdonotrequire  
anygroundtruthmeasurements．Furtherresearchworkisneededtodevelopaneasy  
andsimplewaytodeterminetheeffectoftheatmosphereonLANDSATdataand  
todevelopedgeneralizedwaterqualitymodelsofinlandbodiesofwaterandoceans．  

Theobjectoftheinvestigationreportedinthischapterwastouseremotely  
senseddata（LANDSATdata），COmbinedwithin s血data，tOaSSeSSWaterquality  
parameterssuchassuspendedsolids，ChlorophyllLa，andtranSparenCyandtolocate  
regionsofhighlypo11utedwaterwithinLakeKasumigaura．Ourinvestigationwas  
based on the relationships between water quality parameters and the spectral  
reflectanceofthewatersurfacewhichwedevelopedinChapter3，  
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4．2 DESCRIPTIONOFDATAACQUISITION  

Thewaterqualitydatacomprisedmeasurementsofsuspendedsolid，Ofalgal  
pigment（chlorophyll・a and phaeopigments）concentration，Of the Secchidepth  
transparency，Ofthe surface temperature of the water as wellas offundamental  
meteorologicalconditions such as temperature，Wind direction and speed，and  
Visibility．Thesemeasurementsweremadeatatimeandatapointonthelakewhich  
COrreSpOnded to an overflight of LANDSAT，These data were acquired on24  
November1981，3March1982，and250ctober1983，Typicalgroundtruthpointsare  
ShowninFig．4．1，andTable4．1summarizestheacquireddata．Thewaterquality  
dataarelistedinTable4，2，Theconcentration ofsuspendedsolidschanges from  
3．5mg／linthecleanwaterareainthecenterofthelaketo39．8mg／linthemost  
pollutedplacewhilechlorophy11・aChangesfrom6．9JLg／Lto124．4／Jg／l．  

Fig．4．1 LocationofsamplingpointsforgroundtruthatLakeKasumigaura（24  
Nov．1981）．  

Table4．1  SummaryofdataacquisitioninKasumigauraexperiment．  

Date  24November1981‡   3Marchlg82  250ctober1983  

LANDSAT  L・2，MSS  

Pathl15，Row35  

Spectral  Watersurface，  

measurement  Underwater●，  

White reflector  

WateT quality Teml光rature，  

Transparency，  

Suspended solids 

L－3，MSS  

PathlO7，Row35  

Watersurface，  

Underwater，  

White ref】ector  

Temperature，  

Transparency’  

Suspendedsolids  

lご  

Clear  

L－3，MSS  

Pathl15，Row35  

Watersllrface，  

Underwater轟，  

White reflector  

Temperature，  

Transparency，  

Suspendedsolids  

13  

C】ear  

Number oi 

ground truth 
point  

lVeather  
condition  

11  

Stronghaze  

＊MeasuredbyOCS（KishinogJ♂J．，19銅）  
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Table4．2  Summaryofwaterqualitysamplescollected・  

Suspended Chlorophyll－a Phaeophytin  
solids  

（mg／J）   （〟g／J）  （〟g／J）  

Ground Temr把ra－ Trans・  
Date  truth ture  

point  （℃）  
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The LANDSAT MSS data used wereidentified as Pathl15，Row35for  
LANDSAT・2and3data，andPathlO7，Row35forLANDSATr4data・Thedata  
werereceivedandusedassetsofmultispectraldigitalradiancevallユeSOnCOmputer  
compatible tape（CCT）．These data were distributed by the NationalSpace  
DevelopmentAgencyofJapan・  

TheLANDSATMSSdatawereobtainedfromfourspectralbands．Band4  
in500t。600nm（visiblegreen）；bよnd5is600to700nm（visiblered）；band6in700to  
800nmandband7is800tollOOnm（bothnearinfrared），andtheresolutionatground  
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1evelwasapproximately80×80m．  

Todeterminethepositionforgroundtruthmesurementsisoneofthemost  
importantfactorsforremotesensing．Here，ahandheldmariner’scompasswasused  
forreadingthemagneticcompassdiretionofseveralgroundobjectslocatedatthe  
lakeside．The accuracy of this rneasurementis between50tolOO meters under  
relativelycalmweatherconditions，anaCCuraCySatisfactoryforcoordinationwith  
LANDSATremotesensing．  

Digitallevelsforagroundtruthpoint are extracted fromtheCCTby first  
locatingthegroundstationcoordirlateOnaCCTgeneratedgraylevelmap．Thenthe  
9pixels（3×3pixels）whichcorrespondtoa240×240metersquareareaonthewater  

Surface at the coordinate are averaged．From’the CCT count for250ct．1983  
experiment，however，25pixels（5×5pixels）wereextractedandaveraged．InTable  

4，3，theCCTcountscorrspondingtoeachgroundtruthpointarelisted．  

4．3 REGRESSIONANALYSIS BETWEENWATERQUALITY  
PARAMETERS AND LANDSAT MSS DATA  

Forapparentlypracticalreasonsbutwithouttheoreticaljustification，alinear  
relationshipbetweenthewaterqualityparametersmeasured attheground truth  
point andthe upwellingradiancedetected by LANDSAT has often been used to  
measurewaterqualityinwaterbodies．Aseriesofregressionanalyseswererunto  
determinethebestrelatiorLShipsbetweeneachwaterqualityparametermeasuredat  
groundtruthpointsandthemeanCCTcountcomputedfromLANDSATband4，5，  
and6．ThedependentvariabZeswerewaterquaJityparametersandtheindependent  
Variables were CCT count from each band．Again，it was assumed that the  
distributionofthevaluesutilizedforregressionanalysisisanormaldistributionfor  
eachpairofmeasurements．  

Table4．4showsthe correlation coefficientscalculated from the regression  
analysisand fromthe significance test．The underscored valuesinthe table are  
Statisticallysignificantatthe5％1evel．Thetransparencyandamountofsuspended  
SOlids are wellcorrelatedwith the LANDSAT data band4，5，and6，While  
Chlorophyll－a Showednosignificantcorrelation with any ofthe LADSAT bands．  
Theregressionlinesfortransparencyandtheconcentrationofsuspendedsolidsare  
illustratedinFigs，4．2，4．3，and4．4．Ascanbeseenfromthesefigures，afewofthe  
measuremestvaluesareabnormal1yhighorlowwhencomparedwithothervalues．  
Atthesepointsonthelake，OnepOintinthe24Nov．1981andtwopointsinthe3Mar．  
1982experiment，thewaterqualitywashigh1yturbid fromrecentdredging．One  
point，inthe250ct．1983experirnent，atthecenterofthelake，thewaterwasvery  
Clear，andsothesewaterqualityvalueswereexpectedtoappearasoutliersinthe  
regressionanalysIS．  
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Table4．3  LANDSATCCTcountatthegroundtruthpoints．  

LANDSATCCTc（）unt  

Band4  Band5  Band 6 
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Table4．4  Coefficients of correlation betweenwaterquality parameters and  
LANDSAT CCT count．  

Date  24Nov，1981  3Mar．1982  250ct．1983  

LANDSATband  4  5  6  4  D  6  4  5   6  

Transparency LO．81O・82 0・78 Or96 －0・95 LO1910・91－0・91－0・98  

Suspendedsolids O・80 0r79 0・79 0・94 0・97 0・92 O・73 0・74 0・93  

Chlorophyll－a   －0．53－OL43－0・25 －0・30 －0・27 －0・31040 －0・47 －0・19  

ground  
．  

ll  13  12  

I.ANDSAT L2  L3  L4  

Underscoredvalue5areStatistical】ysignificant atthe5％1evel．  
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1evelsofpollutedareasarebrighterred，theleastpollntedareasarebrighterblue，  
andtheconcentrationrangeoflOtD30mg／lisrepresentedby16colorlevels．Fig．  
4．5（B）representstheconcentrationrangeofOto20rng／l；FigL4．5（C），therangeof  
lOto40mg／ノ．  

4．5 CONCLtJSIONS  

LANDSAT MSS data are not well suited for the remote sensing of water 
qualitysincethespectralbandofthemultispectralscannerarelocatedmostlyinthat  
partofthespectrumWherewaterabsorbsstrongly．Moreover，thesensitivityofthe  
detectorsissetforgenerallymorestronglyreflectinglandareas．However，byusing  
asirnplelinearregressiontechniqueondataobtainedoverwaterareaanddatafrom  
LANDSAT，Wehaveshown that Secchidepth transparency and concentration of  
suspended solids can be estimatedwith accuracy from LANDSAT MSS data．  
Experiments on three different dates showed that transparency and amount of  
suspendedsolidswerewellcorrelatedwithLANDSATMSSband4，5，and6data．  
Ontheotherhand，aSCarlbecoIICludedfromTable4．4，Chlorophyll・a WaSnOtWell  
correlatedwiththesameLANDSATdata．Band7datahasbeenexcludedfromthis  
analysisbecauseband7canhaveonlyaveryweakresponsetovariationsinwater  
area．Some more nuanced models using，for exrnple nonlinear regreession or  
multiplelinearregressionmightbeabletocorrelatewaterqualitywithLANDSAT  
databutwejudgedsuchmethodstohavelittlephysicalsignficancehere．  

Forthetransparencyandsuspendedsolidanalysis，thecorrelationcoefficients  
obtainedfromtheexperimenton24Nov．1981showedvaluesslightlylowerthan  
thoseoftheothertwoexperiments．Thismayhavebeenaresultoftheconditionof  
theatmospherebetweenLANDSATandthewatersurfacebecauseitwasavery  
hazydaythetimeofLANDSATovernight，Whenthevisibilitywasrecordedasless  
than2kmaroundthelake．Therewas，itseems，thepossibilitythathazeoverthe  
lakeaffectedtheCCTcountsextractedfromtheLANDSATdata．Anatmospheric  
correction，therefore，tOtheLANDASTdatamightbeneededtodevelopweather－  
independentregressionssuitableforestimatingwaterqualityrparameterst  

The models gerlerated allowedthe extrapolation of point－Sample data to  
produce distribution maps for the erltirelake from LANDAST data・These  
distribution maps corresponded closely to the actual observed conditions of the 
wateratvariouspartsofthelake．  
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CHAPTER  

5   

EvaluationofatmosphericeffectsonLANDSATMSSdata  

5．1INTRODtrCTION  

The characteristics of the earth’s surface can be accurately measured by  
comparingtheremotelysensedcharacteristicsofunknownregionswiththosefor  
regionsinwhichthesamecharacteristicshavebeenindependentlymeasuredatwhat  
arecalled tlground truth points”．Asthe number ofgroundtruth pointsrequired  
beomes fewer，thismethod becomes more efficient and valuable．As describedin  
Chapter4，WeuSedthismethodtomeasurethewaterqualityofLakeKasumigaura．  
Theregressionmodels．however，derivedfromtheregressionanalysisbetweenwater  
quality parameters and LANDSAT MSS data seem to be heavily dependent on 
Weatherconditions，Thatis，dependingontheweatherwhentheLANDASTdata  
wastaken，the slope and the y・intercept ofthe regressionlines showed different  
valuesfromoneanother．Becauseofthelowreflectanceofwater，theatmospheric  
pathradianceformsalargepartofthetotalradiancedetectedbyLANDSATMSS，  
andsothedjfferencesjnthemede】maybe）arge】ycausedbytheatmospherebetweeTl  
the water surface and the LANDSAT sensor．It has been known that the back－  
scatteredradiancefromwatersurfacecomprisesonlylOto50％ofthetotalradiance  
detectedbytheLANDSATsensor，LANDSATdatadistributedforusershavenot，  
ingeneral，beencorrectedforatmosphricscatterlngOrpathradiance，Thedifficulty  
inmakinganaccuratecorrectionforsuchatmosphericeffectsisamajorobstacleto  
theuseofremotesensingfordeterminingthewaterqualityofbodiesofwater．  

A number of approaches to determining the required correction for path  
radiancearecurrentlybeingexp10red．Turnerand Spencer（1972），0’Neillet aL・  
（1978），and Dave（1978）haveusedaradiativetransfermodeltocomputethepath  
radiance，Gordonetal．（1973）andRogersetal．（1973）measuredpathradiancebythe  
Duntleymethod（Duntley，1973）ofcorrectionforatmosphericeffects．Fraseretal．  
（1977）estimatedtheatmosphericradianceforLANDAST－1MSSby utilizingthe  
radiancedetectedoverthedeepoceanareawheretheradianceoftheatmosphereis  
severaltimes stronger than the ocean radiance．Gordon（1978）has proposed a  
methodforcorrectingtheaerosolinfluenceonremotelysenseddatabymeasuring  
theradianceofthewavelengthrangeofO．7JLmOrlonger，Wheretheoceanbecomes  
ablackbody．HeassumedthatthescatteringeffectsduetomoleculesandaerosoIs  
intheatmosphereareindependentofoneanotherandthattheaerosoleffectsare  
linearlydependentono画caJthickness．ThesehypothesesⅣereVerifiedbyVio】】ier  
etal．（1980）byaccuratelycalculatingdiversetermsofatmosphericperturbation，and  
developingsimpleformulastofacilitatequickandaccuratecorrection．Gordon el  
al．（1980）applied this method to remove the aerosoleffect from the radiance  
measured by the NIMBUS－7CoastalZone Color Scanner（CZCS）over Southern  
Califomia，Chesapeake Bay，andtheGulfofMexico．Thephytoplaktonpigment  
concentrationsderivedfromthecorrectedCZCSradiancesagreedwellwithsurface  
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measurements．Underthe assumption that the radiance observedin LANDSAT  
band7（0．81．1FEm）overwaterisnearlyequaltothepathradianceofatmosphere，  
Onits11ka et al．（1981）developed algorithms for path radiance correction of  
LANDSATimagesacquiredoverJapanesecoastalweters．Thecorrectedimages  
showedsomeinterestingfeatureswhichwerenotevidentintheoriginalLANDAST  
images．MacFarlane andRobinson（1984）presented atmospheric correctionsfor  
LANDAST－3data collected over the Solent area on the south coast of England  
duringtheperiod1979to1980・TheRayleighscatteringwascalculatedfromthe  
incident solarirradiarlCe．the Rayleigh scattering function，the Rayleighoptical  
thickness，theradiancetransrnittance，theoptlCalthickenssoftheozone，andthe  
Fresnelreflectivity．TheactualequationsusedwerederivedbySturn（1981，1983），  
Another factor，the aerosoIscattering component，Can be calculated from the  
LANDSATCCTband7digitaldatabyassumingthereisnoradiancereflectedfrom  
thewatersurfaceinbarLd7．  

These methods have been shown to be effective for determinlng the path  
radianceataspecificgeographiclocation．InJapan，however，Significantspatial  
inhomogeneitiesintheDpticalchaTaCteristicsoftheatmosphereareexpected，andso  
theabovemethodsarenotexpectedtobesousefultocorrectdatatakenoverJapan．  

Inthischapter，WeattempttOeStimatetheatmosphericeffects，eSpeCiallythat  
ofpathradianceandtransmittancebyanempiricalanalysisbasedontheradiance  
detectedbyLANDSATandthatmeasuredatthewatersurface．Wealsopresent  
somecorrectionsofLANDSAT MSSdata whichwemade．  

5．2 ESTIMATINGTHE PATH RADIANCE ANDTIIETRANSMITTANCE  
OFT珂E ATMOSPI‡ERE  

TheresponseofeachLANDSATMSSbandtoupwellingradiaIICeOVerWater  
Canbeexpressedas  

L＝r・U。＋P  5．1  

where Lis apparent radiance detected by LANDSAT，Pis atmospheric path  
radiance．U。isupwellingradianceabovethewatersurface，andfistheatmospheric  
transrnittance（see Fig．5，1），Theradiancereflectance R。atthewatersurfaceis  
glVen aS  

R。＝  
5・2  

where Histhetotalincidentsolarirradianceatwatersurface，ThenusingEq．5．1  
R, can be written as 

5■3  R。二・  
Thetotalincidentsolarirradiance Hisestimatedwiththefollowingexpression  

H＝方・β・W  5・4  

whereWistheupwe11ingradiancereflectedbyawhitereflectorplacedattheground  
truthpoint・Thesurfaceofthewhilereflectorisassumedtobealambertiansurface  
andpisthereflectivityofthewhitereflector・NowusingEq・5・3and5・4radiance  
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Fig．5．1 Schematicflowdiagramofremotesensingofwaterquality・  
Threespectralcomponentsdetectedbyremotesensor，   

reflectianceR。Canbeexpressedas  
L－P  

5．5  R。＝   
ア・方・β・W   

AlltermSinEqs．5．1to5．5aredependentonthewavelength  
In order to obtain the path radiance P and the transmittance T Of the  

atmosphere between LANDSAT and the water surface for Eq．5．1，alinear  
regressionanalysiswasintroducedinthisstudy．  

AsdescribedbeforeinChapter4，On24November1981，3March1982，and25  
0ctober1983，thedateswhenLANDSAT・aCquiredtheinformationusedinthisstudy，  
theradianceofthewatersurfaceandtheupwellingradiancereflectedfromawhite  
renectorweremeasuredwhththehigh・Speedspectroradiometer atthetimewhen  
LANDSATpassedoverthatspot．   

Table5．1  Radiance corresponding to maximum andminimun sensitivity for  
eachbandofLANDSAT・2，3，and4．  

LANDSAT－2   LANDSAT・3   LANDSAT・4  

Lm且X Lml。  L。．aX L．nln L．n＆x L．nl。  
Band Wavelength（nm）  

500 600  2．63・0，08  

600－700  1．76  0．06  

700－ 800  1．52  0，06  

800－1100  3．91  0．11  
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Before estimating the path radiance and the transmittance，the absolute  
radiancedetectedbyLANDSAThadtobederived．Thedigita17・bitcountN of  
LANDSATisconvertedintoradianceLbyassigning127totheknownmaxirnum  
ValueLm8XandzerototheminimumvalueLm．n．Thus，Lisgivenby  

L＝ 幣・N＋Lm仙・  5．6  

ThevalueofL。8XandLml。ineachbandofLANDSAT－2，3，and4areshowninTable  
5．1．  

Table5．2  Coefficients of correlation between radiance detectded by  

LANDSAT and radiance atwatersurface，  

LANDSAT band   24Nov．1981  3Mar．1982  250ct．1983  

－  、   

哩  虹姐  旦こ旦巨  
UnderscoredvaluesarestatisticaLLysigTtificantatthe5％）evel．  

ThevaluesofupwellingradianceU。andWusedinthisstudywerecalculated  
fromthemeasuredradiancevaluesatthegroundtruthpointsbyintegratingoverthe  
WaVelengthrangesequivalenttothoseofLANDSAT．TheradianceU。andWwere  
measured approximately from oTle hour before and to one hour after actual  
LANDSAT overnight．For eliminating theinfluence ofthe sun angle effect，the  
radianceU。WaSnOrmalizedbyfollowingequation  

U3＝U。・  5■7  

Where U冨isnormalized upwellingradiance at the water surafce and WNis the  
radiance value ofthewhite reflectormeasured at the exact．time（9：30A．M．）of  
LANDSAToverflight．  

hordertoestimatethepathradiancePandthetransmittance了inEq．5．1，a  
regressionanalysiswasperformedonthedatasetof 〈L）and 〈U冨〉，tOdetermine  
theconstants a and bin  

L＝a・U冨十b  5．8  

Here again it was assumed that the measured values L and U, are normally 

distributedforeachpairofdatasets．  

From Eqs，5．1and5．8，the transmittanceland the path radiance P are  

expressedas  

r＝a  p＝b．  5．9  

Figs，5．2，5．3，and5．4show the relationships between the radiance detected by  

LANDSAT and the radiance at thewater surface．The calculated coefficients of  

COrrelationarelistedinTable5．2andthederivedtransmittanceandpathradiance  

aresummarizedin Table5．3．Ascanbeseen from Figs．5．2，5．3and5．4，allthe  

computedvaluesofthesamplecorrelationcoefficients（ー）arelargerthanthe95％  

levelofconfidencecriticalvalues（r。），0．60，0．55，andO．58forthe24Nov．1981，3Mar，  

1982，and240ct．1983experimentsrespectively．Therefore，thehypothesisthateach  

pairofdatasetsareindependentofeachothershouldberejected，  
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Table5．3  Estimatedtransmittanceandpathradiance．  

24Nov．1981  3Mar．1錮2  250ct．1983  

a  b  a  b  a  b  

（mW／cm2・Sr）  （mW／cm2・Sr）  （mW／cm2・Sr）  

Band4 0．77（±0．27）0．26（±0．02）0．86（±0．10）0．26（±0．01）0．65（±0．26）0．16（±0．04）  
Band5 0．72（±0．26）0．16（±0．01）0．78（±0．08）0．11（±0．01）0．60（±0．27）0．06（±0．04）  
Band61．17（±0．56）0．10（±0．01）1．01（±0．21）0．06（±0．01）0．48（±0．20）0．02（±0．02）  

5．3 ESTIMATINGTHE RADIANCE REFLECTANCE OF  

TtrEWATERSURFACE FRO二Ml．ANDSATI）ATA  

FromEqs5．5and5．9theradiancereflectanceatwatersurfaceofthelakecan  

beexpressedas  

L－b  
R。＝   5．10  

a・ガ・β・W   

Usingthisequation，thedistributionofradiancereflectanceR。iscalculatedfromthe  
LANDSATdatainthissection．ForthevalueoftheradianceWreflectedbyawhite  
reflector，thevalueWNmeasuredatthetimeofLANDSAToverpasswasused，and  
thereflectivityp ofthewhitereflectorwasassumedtobel．0．Ontheotherhand，  
thecaJcu】atedvaJuesatthegroundtruthpoITlt6，forexample，On3Mar．1982from  
LANDSATband6gavethevalue：a＝0．78，b＝0．11（mW／cm2・Sr），L＝0．13（mW／  
Cm2・Sr），W＝2．66（mW／cm2・Sr），andR。＝0．31（％／sr）．  

Figs．5．5to5．7showtheoriginaluncorrectedLANDSATband5imagesand  
the estirnated distribution of radiance reflectance from water surface of Lake  
Kasumigaura．TnFigs．5．5（B），5．6（B），and5．7（B），theradiancerefIectancerange  
fromO to30（％／sr）isrepresentedby127colorlevels．Theseimagesgive much  
Clearerdetailthantheoriginalimagesbecausepathradiancehasbeeneliminated．  
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Fig．5．5  Distributionofradiancereflectance（24Nov．1981），（A）：0riginalimage  

fromLANDSATMSSband5．（B）：Estimatedpattemofradiancereflectance  

at water surface 
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mg・5・6  Ⅸstributi穐¢fradia払伐refleぬn¢e（3Mar．19軌（A）：伽i如1alima詳  
frcmLANDSATMS岳band5．（B）：Estiha傾pattemofradiancereflectance  
atwatersurface．  
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Fig．5．7  Di＊ributionofradiancer色flectance（？与q軋19S3）．（A）：Originalimage  

fromLAN工）SATMSSband5．（B）：EstimatedpattemOfradiancereflectance  

at water凱1rface．  
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5．4 ESTIMATINGTIIEWATERQUALITYDISTRIBUTION  
BYTHERADIANCEREFLECTANCE  

hthepreviouschapter，thedistributionofwaterqualityinLakeKasumigaura  
WaSeStimatedfromlinearregressionsbetweenthewaterqualityparametersandthe  
LANDSAT CCT count corresponding to the point where the water quality  
parameterswereactuallymeasuredonthelake・TheSecchidepthtransparencyand  
theconcentrationofsuspendedsolidsarewellestimatedfromLANDSATband4，5，  
and6data．nowever，theregressionmedelsdevelopedarenotindependentofthe  
Weather conditions such as clouds，haze or humidity occuring on the date of  
Observation．Therefore，grOundtruthrneasurementswererequiredforcalibrating  
themodelsforquantitativewaterqualitymeasurement．  

Inthis section，We PreSent a Similarlinear regression between the water  
quality parameters and the radiance refli・CtanCe derived frorrlthe original  
LANDSAT data．  

Table5．4showsthecoefficientsofcorrelationobtainedbylirlearregreSSion．  
Theunderscoredvaluesarestatisticallysignificantatthe5％1evel．Comparedtothe  
resultspresentedinTable4．4，thecoefficientsofcorrelationfortranSParenCyandfor  
COrlCentratioヮofsuspendedsolidshaveimproved，eSpeCial1yintheband5and6for  
thedate24Nov，1981．Thismeansthatusingtheradiancereflectancefromwhich  
hasbeeneliminatedtheeffectoftheatmosphere，Oneisbetterabletoestimatewater  
quality．ThemodelderivedbythisanalysisisshowniTIFig．5．8．Theregressionlines  
foreachofthethreewavelengthbandshavebeenplottedseparatelyinFigs．4．2to   

Table5．4  Coefficients ofcorrelation between water quality parameters and  
radiance reflectance at water surface calculated from LANDSAT  
CCTcount．  

Date  24Nov，1981  3Mar，1982  250ct．1983  

LANDSATband   4  5  6  4  5  6  4  5  6  

Transparency  二む空二生堕二旦二旦亘 二む堕二旦二旦Z二』堕 二む聖二旦二塁二建  

Suspendedsolids O．67 0，77 0．92  0・92 0．96 0．94  0．73 0・76 0・9JI  

Chlorophyll－d   －0．44 －0．48 －0．35 －0．封 －0．30 －0．36 ，0．24 －0．37 －0，20  

No．ofground  
truth point 11  13  

LANDSAT  L－2  L3  

UⅧk侶CQredvalu鮎areShtisti亡allysi釘Iificantatthe5％leYel．  

4．4，Whereitcanbeseenthateachofthethreeregressionlinedhaveadifferenty・  
interceptandslope，Ontheotherhand，inFig．5．8，thethreeregressionlinescanbe  
seentobemuchmorenearlyequlValentintheiry・interceptandslope・Todetermine  
the degree to which the regTeSSiDnlines are equivalent，the statisticalitest  
（Kawabata，1982）wasappliedtothedifferencebetweentheslopesandbetweenthe  
y・intercepts．Thisstatisticaltestforcomparingthreeregressionmodelsshowedthat  
underthe95％confidencecondition，thesIopeOfthelinesforthe24Nov・1981and  
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the3Mar．1982experimentisequlValentandthey－interceptofthelinesforthe3  
Mar．1982andthe250ct．1983expeTimentisequivalent・TheTefore，threeregression  
linescanberepresentedbyonelinearregressionline・Thissimplerelationcan，then．  
beconsideredtobeageneralizedmodelformeasuringthewaterqualityofLake  
Kasumigaura．  

Mapsforthedistributionofsuspendedsolidsderivedusingthesemodelsare  
ShoⅥ1inFig．5．9．  
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Fig．5．9  Esiimated8jstributionmapofsuspendedsolids．  
（A）：10－38mg／J（24Nov．1981）．（丑）：¢－20Ⅰ喝／J（3Mar．1982）．（qこ20－4伽Ig／J  

（250ct．1983）．  
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5．5 CONCl－USlONS  

Effectssuch asthe transmittanceandthe pathradiance ofthe atmosphere  
have been estimated by alinear regression analysisbetween the radiance at the  
WaterSurfaceandtheradiancedetectedbyLANDSAT．Withvalues，theradiance  
reflectanceatthewatersurfacehasbeendeducedfromLANDASTMSSdata，The  
deriveddistributionoftheradiancereflectancegivesmuchclearerdetailthanthe  
orjgjnalLANDSATimages．ModeJsforestimatingwaterquality（transparencyand  
concentrationofsuspendedsolids）weredevelopedbyregressionanalysisbetween  
thewaterqualityandtheradiancereflectance，Finally，distributionmapsforthe  
concentrationofsuspendedsolidsinLakeKasumigaurawerepresented．  

ThecorrelationcoefficientsderivedinChapter5aftermakingcorrectionfor  
theeffectsoftheatmosphere，WeremuChimprovedoverthoseobtainedinChapter  
4wherer）OCOrreCtionfortheatmospherewasapplied、Thevaluesofthecorrelation  
coefficientincreased，eSpeCiallyforthemeasurementsmadeon24Nov．1981．Since  
thiswasaveryhazydayatthetimeofLANDSAToverpass，ratherlowcorrelation  
COefficientswereexpected．Thisresultsuggeststhattheatmosphericeffectswere  
eliminatedbyusingthederivedvalueofradiancereflectanceinsteadoftheoriginal  
LANDSATCCTdata．  

TheregressionmodelsshowninFig．5．8．werestatisticallynearlyequivalent  
tooneanotherinslopeandy・intercept．Therefore，thereseemstobeapossibilityof  
developingmodelsformeasuringthewaterqualitityinLakeKasumigaurawhichare  
independentofthedateorseason．1tisalsosuggestedthatoneregressionmedelfor  
estimatingthewaterqualitycanbeformedbythewholedatasetofthewaterquality  
and the radiance reflectance at the water surface of the three Kasumigaura  
experinlentS．  
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CIIAPTER  

6  

DiscllSSions and concltlSions  

MeasuringwaterqualitybyLANDSATremotesensingwasdescribedinthis  
report．  

In remorte sensing，electromagnetic energy acts as alink between surface  
featuresoftheearthandtheremotelyseparatedsensor．Therefore，itisessentialto  
Studythecharacteristicsoftheelectromagneticenergy reflectedby theob5ectof  
interest・Ahigh・Speedspectroradiometerwasdevelopedtostudytherelationships  
between spectralreflectanCe and the surface features．The spectroradiometer  
OperateSirlaWaVelengthrangeof400to850nmwitharesolutionof2nm，andits  
SCannlngCyCleisapproximatelyonesecond．Laboratory and field measuremerltS  
withthisinstrumentShowedtheappropriateaccuracyandthespeedofoperation  
WaSeSPeCiallywellsuitedformeasuringashiftingandchangingsurfacesuchas  
Water．  

Toinvestigatetherelationshipsbetweenvariouswaterqualityparameters  
andupwellingradiancefromthewatersurface，aneXperimentwascarriedoutat  
LakeKasumigauraon25Nov．1983．Thewaterqualityparametersweremeasured，  
andatthesametime，theupwellingradianceatthewatersurfaceandunderwater  
Were meaSured with this spectroradiometer． Frorn the radiance measured  
underwater，theextinctioncoefficientofthelakewaterandtheradiancejustabove  
WaterSurfacewerecalculated．Theregressionanalysisbetweenthewaterquality  
andtheradianceatorjustabovethewatersurfaceshowedsignficantcorrelation  
betweenSecchidepthtransparencyorconcentrationofsuspendedsolidsandthese  
radiances，However，therewerenodifferencesdetectedbetweentheradianceatthe  
WaterSurfaceandiustabovethewatersurface，thusshowingthatrenectionatthe  
WaterSurfaceneednotbeconsidered．Secchidepthtransparencyandconcentration  
Ofsuspendedsolidswerewellestimatedinthewavelengthrangeof500to800nm．  

Waterqualitymodelsweredevelopedforthreedifferentweathercoditionsby  
useofregressionaIlalysisbetweesthewaterqualityparametersandtheLANDSAT  
CCTcountL ThemedelsshowedgoodabilitytoestimateSecchidepthtransparency  
andconcentrationofsuspendedsolidsfromthedataofLANDSATband4，5，and6．  
However，therewasadifferencebetweenthemodelderivedforacleardayandfor  
ahazyday・ThereforesomecorrectionoftheLANDSATdata foratmospheric  
effctswasrequiredtodevelopawaterqualitymodelwhichwouldbeindependentof  
theweatherconditions．  

InordertoestimatetheatmosphericeffectsontheLANDSATMSSdata，the  
transmittanceandthepathradianceoftheatrnospherewereestimatedusingalinear  
regressionbetweentheradiancedetectedbyLANDSATMSSandtheradianceat  
water surface．The LANDSAT MSS data were converted from CCT count to  
absoluteradiancedatausingthesensitivityparametersofthesensorglVenbytheEq・  
5・6・TheradiancereflectanceatthewatersurfacewasdefinedbytheEq．5．10arld  
the distribution of the radiance reflectance was calculated from the estimated  
transmittanceandpathradiance，andradiaIICedetectedbyLANDSATMSS．The  
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resultsshowedthatthedistributionmapsforradiancereflectanceappearedtobe  
ClearerindetailthantheimagesfromtheoriginalLANDSATdata．Thiswasthe  
evEderlCe that the path radianee had been suceessfu】Jy e】imjnated from 亡he  
LANDSATMSSdata．  

The derived radiance reflectance of the water surface was correlated with  
Various water quality parameters to formulate models for estimating the water  
qualityiJldependentlyoftheeffectsoftheatmosphereontheremotelysenseddata，  
Distribution maps for suspended solids for three different days and weather  
COnditions were presented．The resultant maps agreed wellwith the actual  
characteristicsofthewaterofLakeKasumigaura．  

A series of similar remote sensing experihlentS Were performed on Lake  
Kasumigauraduringtheyears1979to1981（Yasuoka＆Miyazaki1979，1982a，1982  
b）．The correlation coefficients derived between water quality parameters and  
LANDSATMSSdataarelistedinTable6．1，Thewaterqualityparameterswere  
notalwayswellcorrelatedwithLANDSATMSSdata、On20Feb．1979and13Aug．  
1980，theSecchidepthtransparencyandtheconcentrationofsuspendedsolidswere  
Wellestimated from LANDSAT MSSdata，While the concentration ofsuspended  
SOlidscouldnotbeestimatedfromthedatafor14Dec．1979，19Jan．1980，and6Feb．  
1980．Thisshowedthatthemodelsderivedforestimatingwaterqualityparameters  
lrarjedwi仁山theweathercoJ】dtior】SOr亡heseasonoftl】eyear．h ordertodelTe】op  
generalized models which are independent of the weather conditions，SOme  
COrreCtion of the LANDSAT MSS data for the effects of the atmosphere are  
definitelynecessary．  

Table6．1 CoefficierltS OfcorreJation between water quality parameters and  
LANDSATCCTcountobtainedfrompreviousexperimentsatLake  
Kasumlgaura．  

Date  20Feb．1979  14Dec．1979  19Jan．1980  6Feb．1980  

LANDSATband  4 〕 6   4  5  6   4  5  6   4  5  6  
Transparency   －D．93－0．94、0．95 －0．00－0．1g－0．53 0．39－D－64－8．90 0．卸一0．13－0．71  

Suspendedsolids O．91O，89 0．90 0．18 0．18 0．23 0．17 0．33 0．49 0．01MlO．04  

Chlorophyll－〃  －0．10－0．15、0．06 0．52－0．47－0．04 －021日8 0．59 －0．240．40－0．12  

COD  －D．14－0．42－0．42  】 －   －  一  －D．570．54031  

Groundtruthpoint  15  10  10  16  

LANDSAT  2  3  3  3  

Date  13Aug．1980   17Dec．1980  22Jan．1981  

LANDSATband  4  5  6   4 〕 6   4  5  6  
Transparency   日6－M8一日5 一日D－0．60－0．71  

Suspendedsolids O．77 0．810．95 0．70 q．72 0．74  

C吊orophylトα  0．72 0．72 0．90 －0．07－0．120．19  

COD  一 一 一   0－21－0．018．31  

G【Ound血t恒血t  22  22  

LANDSAT  2  2  

0．42－0．64－0－44   

0．39 0．61－0．41   

D．27 0．42 0．30  

0．19 D．33 D．鎚  

15  

2  

Underseoredvaluesarestatisticallysignificantatthe5％1evel  
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Inthisreport，themodelsdevelopedbycorrectingLANDSATdata forthe  
atmospheregaveasimi1arslopeandy－interceptforvariedconditions（seeFig．5．8）．  
This suggested that thereis a possibility of developing generalized rnodels for  
measuringwaterquality from LANDSAT data．However，thisrequiresthat one  
measures the upwelling radiance of water surface at the time of LANDSAT  
overpass in order to estimate the transmittance and the path radiance of the 
atmosphere．Thiswould requires匹Cialinstrumentationto measure the surface  
radiance．  

Thefinalgoalofthisstudyistoformulate asinglemodelto estimatethe  
WaterqualityparametersofLakeKasumigauraby LANDSATdatawithoutany  
groundtruthmeasurements，ThedataforvisibilityintheLakeKasumigauraarea  
provided by alocalmeteorologicalstation may possibly be used for calculating  
transmittance and path radiance or some simulation models for calculating  
transmittanceandpathradiance，forexample LOWTRAN5（Kneizys et al．1980）  
maypossiblybellSed．Thesemethods，WhichwereneitheTdescribednorusedinthis  
report，may be an alternative way to measure radiance at ground truth points．  
Finally，aSeriesofadditionalstudiesareneededatvariousseasonsoftheyearand  
undervariousweatherconditionsinordertodevelopgerleralizedrnodelsforwater  
qualityestimationwhichareapplicabletoLakeKasumigauraallyearround，The  
latest LANDSAT・5satellite carries a Thematic Mapper（TM）with30Lmeter  
resolutionandwithsixvisibleandinfraredbandseachhavinganarrowerrangethan  
the four MSS barlds，Italso has one thermalband，In the future，from the  
LANDSATTMdatawemaybeabletogetbetterresultsforchlorophylldetection  
duetotheincreasedspatial（from80to30meter），SPeCtral（from4to7bands），and  
radiometric（from7to8bit）resolutionofthedata，  
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LANDSATリモートセンシングによる  

霞ヶ浦の水質計測  

宮崎 忠国l  

本研究は人工衛星（LANDSAT）リモートセンシングを利用した霞ヶ浦湖水の水質計  

測手法の開発について述べたものである。  

リモートセンシングは人工衛星や航空機を利用して上空から地表の物質の種類や状態  

を知る技術である。地表の物質はその種類や状態により固有の電磁波の反射特性を持っ  

ているため，対象物の反射特性を計測することによってその物質の種頬や状態を知るこ  

とが出来る。リモートセンシングでは計測対象物質の量や状態とその物質の反射特性と  

の間の関係を知ることが最も大切である。このため，リモートセンシングにおける基礎  

データの収集を目的として高速ラジオスペクトロメータの開発を行った。この高速ラジ  

オスベタトロメータは，分光郡にグレーティングを，光検知部に光電子増倍管を利用し，  

波長分解能2nmで，400から850nmの波長範囲を1秒間で測定する。フィールドや実験  

室内での測定結果から，本装置はリモートセンシング実験の光学的基礎データの収集，  

特に水のような動きの速い対象物の光学的データの収集に最適であることが判明した。  

本装置を利用して，霞ヶ浦湖水の分光特性を計測した結果，水面直上の上方向放射輝度  

と浮遊懸濁物（SS）の量は波長領域500～800nmで良い相関があることが判明し，リモー  

トセンシングによるSSの定量的計測の可能性が示された。しかし，クロロフィルーαに  

関しては，良い結果は得られなかった。次に，LANDSATにより得られたデータと水質  

の関係を調べ，定量的水質計測のための統計モデルの作成を行った。この結果，透明度  

とSSの量はLANDSATバンド4，5及び6で計測可能であるという結果を得た。さら  

に，定量的水質計測に大きな影響を及ぼす大気散乱光についてその影響の評価を行った。  

LANDSATデータと水面で測定した分光反射輝度データから大気の散乱光と透過率を  

推定し，得られた大気散乱光と透過率を用いてLANDSATデータの大気補正を行った。  

大気補正されたLANDSAT画像は原画像に比べて画像が細部で鮮明となった。また大  

気補正されたLANDSATデータによる水質計測モデルは時期の異なった実験に対して  

ほぼ一様なモデルが開発され，時期や季節によらない安定な水質計測モデルの開発の可  

能性が示された。最後に，LANDSATによる霞ヶ浦全域のSS濃度図の作成を行った。  
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の湖水環境に及ぼす影響一昭和53，54年度．（1981）   

第21号 陸水域の富栄養化に関する総合研究（Ⅴ）－【層ケ浦流入河川の流出負荷墨変化とその評  

価一昭和53，54年度．（1981）   

第22号 陸水域の富栄養化に関する総合研究（ⅤⅠ）－層ケ浦の生態系の構造と生物現存還十一」唱  

和53，54年度．（1981）   

第23号 陸水域の官業責化に関する総合研究（VIl）一湖沼の富栄養化状態指標に関する基礎的研  

究一昭和53，54年度（19飢）   

第24号 陸水域の富栄養化に関する統合研究 ‖≠一宮栄養化が湖利用に及ぼす影響の定量化に  

関する研究一昭和53，54年度．（1981）   

第25号 陸水域の富栄養化に関する総合研究（IM一－「〝わ肌耶ぬ（監藻類）の増殖特性一昭和  

53，54年度．（1981）   

第26号 陸水域の富栄養化に関する総合研究（Ⅹ）頭頬培養試験法によるAGPの測定昭  

和53，54年度．（1981）   

第27号 陸水域の富栄養化に関する総合研究（XI）研究総括一昭和53，54年度．（1981）   

第28号 複合大気汚染の植物影響に関する研究一昭和54，55年度 特別研究報菖．（1981）   

第29号 StudiesonchironomidmidgesoftheTamaRiver．（1981）  

Part3．Speciesofthesubfami1yOrthocladiirLaereeOrded atthesummersurvey and  

theirdistributioninrelationtothepollutionwithsewagewaters．  

Part4．Chironomidaerecordedatawintersurvey．  

（多摩川に発生するユスリカ類の研究  

一第3幸辰 夏期の調査で見出されたエリユスリカ重科Orthocladiinae各種の記載と．そ  

の分布の下水汚染との関係について  
第4報 南浅川の冬期の調査で見出きれた各様の分布と記載－）  

※第30号 海域における富栄養化と赤潮の発生機構に関する基礎的研究一昭和54，55年度 特別研  

究報告．（1982）   

第31号 大気汚染物質の単一▲および複合汚染の生体に対する影響に関する実験的研究一昭和55年  

度 特別研究報告．（1981）   

第32号 スモッグチャンバーによる炭化水素一窒素酸化物系光化学反応の研究一環境大気中にお  

ける光化学二次汚染物質生成機構の研究（フィールド研究1） 【 昭和54年度 特別研究  

中間報告．（1982）   

第33号 臨海地域の気象特性と大気拡散現象の研究一大気運動と大気拡散過程のシミュレーショ  

ン一昭和55年度 特別研究報告．（1982）  

※第34号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和55年度 特別研究報告．（1982）   

第35号 環境面よりみた地域交通体系の評価に関する総合解析研究．（1粥2）   

第36号 環境試料による汚染の長期モニタリング手法に関する研究一昭和55，56年度 特別研究  

報告．（1982）   



第37号 環境施策のシステム分析支援技術の開発に関する研究．（1982）   

第38号 Preparation，analysis and certification of POND SEDIMENT certified reference  
meterial．（1982）  

（環境標準試料「地底賢」の調製，分析及び保証値）  

乳第39号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和56年度 特別研究報告．（1982）   

第40号 大気汚染物質の単一及び複合汚染の生体に対する影掛こ関する実験的研究－昭和56年度  

特別研究報告．（1983）  

兼第41号 土壌環境の計測と評価に関する統計学的研諷（1983）  

※第42号 底泥の物性及び流送特性に関する実験的研究．（1983）  

兼第43号 StudiesonchironomidmidgesoftheTamaRiver．（1983）  
Part5・AllObservationonthedistributionofChironominaealongthemaiIIStreamin  

Junewithdescriptionof15newspecies．  
Part6・Description of speCies of．the subfamily Orthocladiinae recovered from the  

mainstreamintheJunesurvey．  
Part7．Additiollalspeciescollectedinwinterfromthemainstream．  
（多摩川に発生するユスリカ額の研究  

第5報 本流に発生するユリカ塀の分布に関する6月の調査成績とユスリカ亜科に属  

する15新種等の記録－  
一第6報 多摩本流より6月に採集されたエリユスリカ亜科の各種iこついて  
一第7雑 多摩本流より3月に採集されたユスリカ科の各種について¶）   

第44号 スモッグチャンバーによる炭化水素変素酸化物系光化学反応の研究一環境大気中にお  
ける光化学二次汚染物質生成機構の研究（フィールド研究2）一昭和54年度 特別研究  

中問報告．（1983）   

第45号 有機廃棄物，合成有機化合物，重金属等の土壌生態系に及ぼす影響と浄化に関する研究  
¶昭和53～55年度 特別研究報告．（1983）   

第46号 有機廃棄物，合成有機化合物，重金属等の土壌生態系に及ぼす影響と浄化に関する研究  
一昭和5d，55年度 特別研究＃告 弟1分冊．（1983）   

第47号 有機廃棄物，合成有機化合物，重金属等の土壌生態系に及ぼす影響と浄化に関する研究  
一昭和54，55年度 特別研究報告 第2分冊．（1983）  

粟第48号 水質観測点の適正配置に関するシステム解析．（1983）   

第49号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和57年度 特別研究報告．（1984）  

※第50号 陸水域の富栄養化防止に関する総合研究（Ⅰ）一霞ケ浦の流入負荷塁の算定と評価一昭  
和55～57年度 特別研究報告．（19朗）  

※第51号 陸水域の富栄養化防止に関する総合研究（lI）霞ケ浦の物質循環とそれを支配する因  
子一昭和55～57年度 特別研究報告．（1984）  

粟第52号 陸水域の富栄養化防止に関する総合研究（ⅠⅠⅠ）一霞ケ浦高浜入における隔離水界を利用  

した富栄養化防止手法の研究－－傑和55～57年度 特別研究報告．（19朗）   

第53号 陸水域の富栄養化防止に関する総合研究（IV）霞ケ浦の魚類及び甲かく類現存量の季  
節変化と富栄養化一昭和55～57年度 特別研究報告．（19別）   

第54号 陸水域の富栄養化防止に関する総合研究（Ⅴ）－一偏ケ浦の高架糞化現象のモデル化一昭  

和55～57年度 特別研究報乱（1984）   

第55号 陸水域の富栄養化防止に関する総合研究（Vl）一宮栄養化防止対策－昭和55～57年度  
特別研究報告．（19飢）   

第56号 陸水域の富栄養化防止に関する総合研究（VlI）一湯ノ湖における富栄養化とその防止対  

策一昭和55～57年度 特別研究報告．（1984）   



凝第57号 陸水域の宮栄養化防止に関する総合研究川【l）－腰括報告昭和55～57年度 特別研  

究報告．（1984）   

第58号 環境試料による汚染の長期的モニタリング手法に関する研究一昭和55～57年度 特別研  

究総合報告．（1984）   

第59号 炭化水素一窒素酸化物一硫黄酸化物系光化芋反応の研究一光化学スモッグチャンバーに  

よるオゾン生成機構の研究一大気巾における有機化合物の光酸化反応機構の研究一昭  
和55一、－57年度 特別研究報告（第1分間）．（1984）   

第60号 炭化水素窒素酸化物ー硫黄酸化物系光化学反応の研究光化学エアロゾル生成機偶の  

研究、昭㈲55～57年度 特別研究報告（第2分冊）．（1984）   

第61号 炭化水素変素酸化物一統黄酸化物系光化学反応の研究－一環境大気中における光化学二  

次汚染物質生成機構の研究（フィールド研究1）一昭和55～57年度 特別研究報告（第  

3分冊）．（19銅）   

第62号 有害汚染物質による水界生態系のかく乱と回復過程に関する研究一昭和56～58年度 特  

別研究中間報告．（1984）  

弾第63号 海域における富栄養化と赤潮の発生機構に関する基礎的研究一昭和56年度 特別研究報  

告．（1984）  

発第64号 複合大気汚染の植物影軌こ関する研兜一一昭和54～56年度 特別研究総合報乱（19S4）   

第65号 StudiesoneffectsofairpollutantmixturesonplantsPartl．（1984）  

（複合大気汚染の植物に及ぼす影響 、 第ユ分冊）  

粟第66号 StudiesoneffectsofairpollutantmiⅩtureSOnplants－Part2．（19銅）  

（複合大気汚染の植物に及ぼす影響一第2分冊）   

第67号 環境中の有害物質による人の慢性影響に関する基提的研究一昭和54～56年度 特別研究  

総合報告．（19飢）  

※第68号 汚泥の土壌還元とその環境影響に関する研究－■沼耗56～57年度 特別研究総合報告．  

（1984）  

丸第69号 中禅寺湖の高架義化現象に関する基碇的研究．（1984）   

第70号 Studiesonchironomidmidgesin】akesoftheNikkoNationalPark．（1984）  

Part】∴ EcologlCa15tudiesonchirollOmidsinlakesoftheNikko NationalPark．  

PartlI．TaxonomicalaIldmorpholog】Ca】studiesonthechiroIlOmidspeciescollected  

Eromlakesin the Nikko NationalPark．  

（日光国立公園の湖沼のユスリカに関する研究  

一第1部 日光国立公園の湖のユスリカの生態芋的研究  

一第2部 日光国立公園の湖沼に生息するユスリカ類の分類学的，形態学的研究一）  

※第71号 リモートセンシンプによる残雪及び雪折植生の分布解析．（1984）   

第72号 炭化水素一窒素酸化物一統黄酸化物系光化学反応の研究 環境大気中における光化学二次  

汚染物質生成機構の研究（フィールド研究2）一昭和55～57年度 特別研究報告（第4  

分冊）．（1985）  

※第73号 炭化水素一窒素酸化物一成責酸化物系光化学反応の研究¶昭和55～57年度 特別研究総  

合報告．（1985）  

X第74号 都市域及びその周辺の自然環境に係る環境指標の開発に関する研乳 環境指標－その考  

え方と作成方法一昭和59年度 特別研究報告．（1984）   

第75号 Limnologicalandenvironmentalstudiesofelementsinthesediment ofLake BhTa，  

（1985）  

（琵琶湖底泥中の元素に関する陸水芋及び環境化学的研究）   



第76号 Studyonthebehaviorofmonoterpenesintheatmosphere．（1985）  

（大気中モノテルペンの挙動に関する研究）  

第77号 環境汚染の遠隔計測・評価手法の開発に関する研究一昭和58年度 特別研究報告．（1985）  

第78号 生活環境保全に果たす生活者の役割の解明．（1985）  

第79号 Studiesonthemethodforlongtermenvironmentalmonitoring－Researchreport  

in1980－1982．（1985）  

（環境汚染による汚染の長期的モニタリング手法に関する研究）  

第80号 海域における赤潮発生のモデル化に関する研究一昭和57／58年度 特別研究報告．（1985）  

第81号 環境影響評価制魔の政策効果に関する研究一地方公共団体の制度運用を中心として．  

（1985）  

第82号 植物の大気環境浄化機能に関する研究一昭和57～58年度 特別研究報告．（1985）  

第83号 StudiesonchironomidmidgesofsomelakesinJapan．（1985）  

（日本の湖沼に発生するユスリカ類の研究）  

第別号 重金属環境汚染による健康影響評価手法の開発に関する研究－一昭和57～59年度 特別研  

究総合報告．（1985）  

第85号 Studiesorltherateconstantsoffreeradicalreactionsandre】atedspectroscopicand  

thermochemicalparameters．（1985）  

（フリーラジかレの反応速度と分光学的及び熱力学的パラメーターに関する研究）  

第86号 GC／MSスペクトルの検索システムに関する研究．（19餌）  

第87号 光化学二次汚染物質の分析とその細胞毒性に関する基礎的研究一昭和53～58年度 総合  

報告．（1986）  

第88号 都市域及びその周辺の自然環境等に係る環境指標の開発に関する研究11．環境指標応  

用例とシステム．（1986）  

第89号 MeasuringthewaterqualityofLakeKasumigaurabyLANDSATremotesensing．  

（1986）  

（LANDSATリモートセンシングによる霞ケ浦の水質計測）  

第90号 ナショナルトラスト運動にみる自然保護運動にむけての住民意識と行動一知床国立公園  

内100平方メートル運動と天神崎市民地主運動への参加者の分析を中心として．（1粥6）  

第91号 Economic analysis oiman’s utilization of environmentalresourcesin aquatic  

environmentsandnationalparkregions．（1986）  

（人間による環境資源利用の経済分析一水環境と国立公図地域を対象にして）  

第92号 アオコの増殖及び分解に関する研究．（1986）  

第93号 汚泥の土壌還元とその環境影響に関する研究（Ⅰ）一昭和58～59年度 特別研究総合報  

告（第1分冊）．（1986）  

第94号 汚泥の土壌還元とその環境影響に関する研究（ⅠⅠ）一一」沼和58～59年脛 特別研究総合報  

告（第2分冊）．（1986）  

第95号 自然浄化機能による水質改善に関する総合研究（Ⅰ）－汚濁負荷の発生と流出・流速  

一昭和58～59年度 特別研究報告．（1986）■  

第96号 自然浄化機能による水質改善に関する総合研究（ⅠⅠ）一水草帯・河口域・池沼の生態系  

構造と機能一昭和58～59年度 特別研究報乱（1986）  

※ 残部なし   



ReportofSpecialResearchProjecttheNationa11nstituteforEnvironmentalStudies   

No．1● Manactivityandaquaticenvironment－WithspecialreferencestoLakeKasumigaura  

Progressreportin1976．（1977）   

No．2■ S【udiesonevaLuationandamelioI’a［LonofairpollutioElbyphIltSrProgressreportin  

1976－1977．（1978）   

［startingwithReportNo．3，thenewtitleforNIESReportswaschangedto：］  

Research Report fromtheNationalInstitutefor EnvirorLmentalStudies   

嘉No．3  Acomparativestudy ofadultsandimmature stagesofnineJapanese species ofthe  

genusChironomus（Diptera，Chironomidae）．（1978）   

No．4● Smog chamber on photochemicalreactions of hydrocarbonrnitrogen oxides system  

rProgressreportin1977．（1978）   

No．5＋ Studies on the photooxidation productsofthe alkylbenzene－nitrogen oxides system，  

andontheireffectsonCulturedCellsResearchreportin1976－1977．（1978）   

No．6■ ManactivityandaquaticenvironmentWithspecialreferencestoLakeKasumigaura  

－Progressreportin1977－197S．（1979）  

兼No．7  Amorphologicalstudy ofadults andimmature stagesof20Japanese speciesofthe  

familyChironomidae（Diptera）．（1979）  

※No．8－ Studies onthebiologicaleffectsofsingle and combined exposure of air op11utants  

Researchreportin1977－1978．（1979）   

No．9事 Smog chamber studies on photochemicalreactions of hydrocarbonrnitrogen oxides  

SyStemProgressreportin1978．（1979）   

No．10書 StudiesonevaluationandameliorationofairpollutionbyplantsProgressreportin  

1976－1978．（1979）  

丼No．11 Studies on the effects of air pollutants on plants and mechanisms of phytotoxicity．  

（1980）   

No．ユ2  Multie】ementanalysisstudiesbyflameandinductivelycoupledplasmaspeetroscopy  

utilizingcomputer－COntrOlledinstrumentation．（1980）   

No．13  StudiesonchironomidmidgesoftheTamaRiver．（1980）  

Partl．Thedistributionofchironomidspeciesinatributaryinrelationtothedegree  

Ofpollutionwithsewagewater．  

Part2，DescrjptJOnOf20specie50fChironomjnaereeoveredfromatributary．   

No．14■ Studiesontheeffectsoforganicwastesonthasoilecosyslem－Progressreportin1978・  

1979．（19捌〕）  

累No．15◆ Studies on the biologicaleffects ofsingle and combined exposure of air pollutants  

Researchreportin1977－1978．（1980）   

No．16一 尺ell10teT11eaSUrenlen亡ofairpo‖血onb）′amObj】e】aserradar．（19紬）  

※No，17● Influence of buoyancy on fluid motions and transport processes、Meteorological  

characteristicsandatmosphericdiffusionphenomenainthecoastalreg10nrProgress  

reportin1978L1979．（1980）   

No．18 Preparation．analysISandcertificationofPEPPERBUSIIstandardreferencematerial，  

（1980）  

ーX－   



荻No、19－ Comprehensivestudiesontheeutrophicationoffresh－Water areaS－Lakecurrent of  

Kasumigaura（Nishiura）－1978－1979．（1981）   

No．20－ ComprehensivestudiesontheeutrophicationoffreshTWaterareaS－Geomorphological  

andhydrometeorologicalcharacteristicsofKasumigaurawatershedasre）atedtothe  

lakeenvironmentr1978L1979．（1981）   

No．21■ Comprehensive studies on the eutrophication of fresh・Water areaSpVariation of  

po】lutantloadbyjnfluentriverstoLakeKasumigaura－19781979・（1981）   

No．22＋ Comprehensive studies on the eutrophication of fresh－Water areaS‾Structure of  

ecosystemandstandingcropsinLakeKasumigaura1978－1979・（1981）   

No．23● Comprehensivestudiesontheeutrophicationoffreshrwaterareas－Applicability of  

trophiestateindicesforlakesL1978－1979，（1981）   

No．24◆ Comprehensive studies on the eutrophication of fresh・Water areaS－Quantitative  

analysis of eutrophication effects on main utilization oflake water resources－  

1978－1979．（1981）   

No．25■ Comprehensive studies on the eutrophication oE fresh・Water areaS．Growth  

characteristicsofBlueLGreenAlgae，めcyocysfts L1978－1979．（1981）   

No．26． Comprehensivestt］diesontheeutrophicationoffresh－WaterareaSLDeterminationof  

arga】growthpotentialbyalgalassayprocedure－1978－1979・（1981）   

No．27＊ Comprehensive studies on the eutrophication of fresh・Water areaS－Summary of  

researches－19781979．（1981）   

No．28● Studies on effects of air pollutantmixtures on plants－Progress repotin1979－1980．  

（1981）   
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