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Abstract:　Inthispaper, anewhyperspectraldatamodelthatestimateschlorophyll-aconcentration(Chla)inTaihu

Lakeofsummerisproposed.ThemodelwasdevelopedbasedonmeasurementinsituinJuly2004, andwasvalidatedby

hyperspectraldatainAugust2004.WatersampleswerecollectedbyWuxiTaihuLakeEnvironmentMonitoringStation

andcoveredthetypicalwaterareas.Ateachsite, hyperspectraldataweremeasuredtentimesbyfieldspectroradiometer

ASDFieldSpec, andwereconvertedintoremotesensingreflectance.Differentbandcombinationswerecalculatedand

compared, andthenormalizedbandindexwasselectedbecauseitismoreexplicable.ThemodelbuiltbydatainJuly

2004 isChla(μg/L)=EXP(2.478 +16.378＊N66), whereN66 is(R696 -R661)/(R696 +R661).Goodness-of-fit

statisticsofthemodelR2 is0.9051 , andp<0.0001.Comparedwithothermodels, thisoneismorestable, andisofless

absoluteerrorwhenusedtoestimateChlainAugust2004.Theworksinthepaperalsoshowedthathyperspectraldata

modelcanbeusedtoestimateChlabymonthinthesummerofTaihuLake.
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1　INTRODUCTION

Thechlorophyll-aconcentration(Chla)isamainpa-

rameterthatreflectstheeutrophicationdegreeinwater

body
[ 1]

.Usingremotesensingdatatoestimatechlo-

rophyll-aconcentrationinthewaterbodyhasalready

becomeanimportantmethod, andthehyperspectral

dataareusedasamaindatasourcebecauseofits

higherspectrumresolution.Manyauthorshavestud-

iedtherelationbetweenChlaandthehyperspectral

data, andindicatedthathyperspectraldatacanbe

usedtoestimateChla
[ 2— 9]

.

TaihuLakeisoneofthefivebiggestfreshwaterlakesin

China, andisanimportantfreshwaterresourceinthe

YangtzeRiverdelta.Since80thofthetwentiethcentu-

ry, withthefastdevelopmentinindustry, eutrophication

inTaihuLakehasbecomemoreserious, toacertainde-

gree, hasaffectedthelocaleconomygrowth.

Someresearchershaveobtainedsomeconclusions

aboutrelationbetweenhyperspectraldataandChlain

TaihuLake
[ 5, 8, 9]

.However, datausedintheseworks

mainlyconcentrateintheoneperiodorthepartialwa-

terarea, andthemodeldidnotbeentestedbytheex-

trapolationconfirmation.

Thepurposeofthispaperistoestablishamodelthatis

robustandcanbeusedtomakepredicationofChla

basedonthehyperspectraldatainTaihuLake, summer.

2　REGIONANDDATA

TaihuLakeisalargeshallowwaterlake, whichwater
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areais2338km
2
, andthemeandepthrangeisfrom

twotofourmeters.Theregionclimateisthesubtropi-

calmonsoon.Theminimumprecipitationappearsin

JanuaryandFebruary, andthemaximumappearsin

JuneandJuly.TakeTaihuLakeasthecenter, the

west is upstream where distributes hills and

mountains, theeastisthedownriverwheredistributes

theplain.

TheWuxiTaihuLakeEnvironmentMonitoringSta-

tionhassetup21 samplesforroutinewaterquality

monitoringintypicalareafrom1996(Fig.1).Water

samplesarecollectedandprocessedinthefirst10

daysofeachmonthaccordingtothenationalstand-

ard.Statisticresultofdatashowsthattheaverage

Chlais27μg/Linthelake;thestandarddeviationis

56μg/L.TheaverageChlaineachmonthhasaobvi-

ousseasonalvariation(Fig.2).

Fig.1　LocationofsamplesinTaihuLake

Fig.2　AverageandrangeofChlamonthlyinTaihuLake

Insummer, thebiggestvarianceofChlaappearedin

AugustandSeptember, JuneandJulyarethenext.

AverageChlaincreasesfromJuneobviously, andrea-

chesthehighestinAugust, thenreducesgradually.

Besidesthesummer, variationofaverageChlain

eachmonthisnothigh, andthesmallestvarianceap-

pearedinwinter.Therefore, thesummeristhebest

seasontoestablishremotesensingmonitormodelof

Chla.

Inthesummerof2004, watersampleswerecollected

andanalyzedaccordingtothenationalstandard.In

thesametime, watersurfacespectrumsweremeas-

uredbyfiledspectroradiometerofASDFieldSpec.

Theinstrument' sspectralbandwidthis1.58nmand

spectrum resolutionis3nm.Astandardgreyplate

withreflectance30% isusedasthereference.Meas-

urement procedure followed that described by

Tang
[ 10]

.Theinstrument, awayfromthewatersur-

faceapproximatelyonemeter, measuresthegrey

plate, watersurfaceandthesky, repeatingtentimes

foreachobject.Watersurfacestatus, winddirection

andwindspeedwererecordedatthesametime.

DatainthispaperarecollectedinJulyandAugustof

2004, thecorrespondingdateis1— 7thinJulyand

2— 6thinAugust, respectively.

3　DATAPROCESSING

Spectrummeasurementdatawereprocessedaccording

toTang
[ 10]

.Measurevaluewastransformedintothe

remotesensingreflectanceanddenotedbyRn, where

niswavelengthvalue.Windspeedparameteris

2.5%.Themedianvalueoftenmeasurementswas

takenassamplevalue.Becauseofthenoiseinmeas-

urement, reflectancewithwavelengthrangefrom

420nmto900nmwasusedinthepaper.

Insomesamplesites, spectrummeasurementdidnot

carryonorwasuselessbecauseoftheinfluencefrom

theweatherconditionandwatersurfacestatus.There-

fore, totalnumberofsamplesusedis17 (notinclu-

dingsample6, 12, 14 and18)inJuly, and20 in

August(notincludingsample12).

Therearemanymethodsofanalyzingtherelationbe-

tweenspectrumreflectanceandChla
[ 11]

.Thegeneral

workflowincludesthreesteps:a)datatransform;

b)determinethesensitivebandcombination, the

wavelength' spositionandothercharacteristicparame-

terofspectrumdata;c)buildmodel.Consideringthe
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feasibilityandusability, thecorrelationanalysisand

regressionanalysismethodwereusedinthispaper.

LinearrelationbetweenreflectanceandChlainJuly

wascheckedbythescatterchartatthefirst, andlog-

arithmrelationwasfound.Therefore, Chlaistrans-

formedbythenaturallogarithm, andisdenotedby

lnChla.

Correlationanalysiswasusedtogetthebandindex.

Forasingleband, thePearsoncorrelationcoefficient

betweenlnChlaandoriginalreflectanceorspectrum

derivationreflectancewithorder1, 2 and3 werecal-

culated.Foranytwodifferentbands, differenceand

ratioofreflectancewereusedtomakebandindex,

correlationbetweenthebandindexandlnChlawas

calculated.Thebandorbandindexwiththemaxcor-

relationcoefficientwillbeselected, andthisiscalled

themaxcorrelationcoefficientruleinthepaper.

Regressionanalysiswasusedtobuildrelationship

modelbetweenlnChlaandbandindexfromdatain

July.DatainAugustwereusedtotestthemodel.

ThemodelwiththelowestRMSE (RootMean

SquaredError)wasacceptedinthelast.

4　RESULTSANDDISCUSSION

4.1　Basicstatisticscharacteristics

AverageChlainJulyandAugustof2004 was42μg/

Land143μg/Lrespectively(Table1), whileitwas

39μg/Land59μg/Linhistoryinthesamemonth.

ChlainJuly2004 wasneartheaverageinhistory, but

thatinAugustwashigher.Inspatialdistribution, the

lowerChlaappearedinthemiddlepartandtheeastern

partofthelake, thehigherappearedinthewestpart.

ObvioushighvalueappearedinthenorthpartMeiLi-

anglake(sampleNo.19, 20)andriverentersofthe

lake(sampleNo.10, 12, 15)inthewestern.

Table1　StatisticscharacteristicsofChla(μg/L)

inTaihuLake

Month Min Max Average Stdev.

July 7 192 42 43

August 5 1140 143 255

Ingenerally, whenalgae' sdensityislowinwater,

thechlorophyll-ainthealgaemattercanresultsinab-

sorption, andavalleyinspectrumcurvecanbefound

fromwavelength420nmto500nmandat675nm.The

mostremarkablespectrumcharacteristicinwatercon-

tainedthealgaeisthepeaknearby700nm.Inaddi-

tion, becauseoftheinfluencefromalgaebluepro-

tein, valleyorshouldercurveshapecanappearin

642nm
[ 5]

.

SpectrumcurvesinJuly2004 areshowninFig.3.

Fig.3　Spectralreflectancecurveofsamples

inJuly2004, TaihuLake

Characteristicsofcurveinthedataareconsistentwith

previousconclusion.InFig.3, Spectrum curveof

threetypicalsampleswerepointedalone.No.7 isZe-

shan, whereChlais11μg/L.No.17 isShadunga-

ng, Chlais7μg/L, theminvalueofallsamples.

No.19 isDushankuo, Chlais192μg/L, themax

valueofallsamples.Thespectrumreflectancedoes

notchangeobviouslywiththeincreaseofChla, so, it

isdifficulttoestimateChlabysinglebandreflec-

tance.

4.2　Correlationanalysisbetweensinglebandre-

flectanceandlnChla

CorrelationanalysisresultsshowinFig.4 andTable

2.NegativecorrelationexistsbetweenChlaandorigi-

nalreflectance.Underp<0.008, correlationcoeffi-

cientr<-0.62, thewavelengthrelatedisfrom

450nmto510nm, correspondingtothemainabsorp-

tionvalleyinthespectrumcurve.

InFig.4, r de1, r de2 andr de3 arecorrelationco-

efficientbetweenlnChlaandreflectanceprocessedby

spectrumderivationwithorder1, 2 and3.r de1

changesobviouslycomparedwithr, themaxnegative
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Fig.4　Comparisonofcorrelationcoefficient

r:correlationcoefficientsinoriginalreflectance;

r de1, r de2, r de3:correlationcoefficientsinreflectance

changedbyspectralderivationwithorder1, 2 and3

Table2　Maxandmincorrelationcoefficientbetween

lnChlaandreflectance

Correlation r r de1 r de2 r de3

Min -0.6389 -0.6969 -0.5137 -0.5681

Wavelength 486 462 894 892

Max -0.1474 0.8109＊ 0.5906 0.6089

Wavelength 897 693 691 604

　　＊:p=0.001

correlationcoefficient-0.69(p=0.002)appearsin

462nmwherereflectancecurveistheabsorptionval-

leyinspectrum, themaxpositivecorrelationcoeffi-

cient0.81(p=0.001)appearsin693nmwherecurve

isthereflectionpeak.r de2 andr de3, compared

withr de1, doesnotincrease.

Therefore, tothereflectanceinthepaper, thespec-

trumderivationwiththefirstorderissuitable, the

derivationwiththesecondandthethirdorderarenot

useful.

4.3　Correlationanalysisbetweenbandcombina-

tionandlnChla

Inthefollowingsections, rd21, rr21 andrrde21 are

usedtorepresentthecorrelationcoefficientbetween

lnChlaanddifference(B2-B1), ratio(B2 /B1)of

twodifferentwavelength' sreflectance, andratio

(dB2 /dB1)oftwodifferentwavelength' sreflectance

handledbyspectralderivationwiththefirstorder, re-

spectively.ThemainresultslistedinTable3.

Table3　Maxandmincorrelationcoefficientbetween

lnChlaandbandcombination

Band
combination

rd21 rr21 rrde21

Min -0.7332＊ -0.8655＊＊ -0.9356＊＊＊

Bands 453— 446 666 /655 701/663

Max 0.9185＊＊＊ 0.9507＊＊＊ 0.9364＊＊＊

Bands 709— 660 696 /661 693/538

　　＊:p=0.001;＊＊:p=0.0001;＊＊＊:p=0.000000

rd21 changesin[ -0.7332, 0.9185] , andrr21

changesin[ -0.8655 , 0.9507] .Bandcombination

producedhighercorrelationthansingleband.

Accordingtothemaxcorrelationcoefficientrule, the

bandratiocombinationisbetterthanthebanddiffer-

ence.Thesignificanceofmaxpositiverr21 issame

withthatofrd21, butthesignificanceofmaxnega-

tiverr21 increasesonelevel.

rrde21 changesin[ -0.9356, 0.9364] .Themax

negativerrde21 ishigherthanthatofrr21 , andthe

maxpositivecorrelationcoefficientisbiggerthanrd21

andislowerthanrr21.

Thesensitivewavelengthschangewithspectrum' s

processingmethod.Accordingtothemaxcorrelation

rule, 696nmand661nmcanberegardasthebest.

RatiobandcombinationusedtoestimateChlaaredif-

ferentinthedifferentwaterbodyinpreviousstudies.

Forexample, ThiemannchoseR705 /R678
[ 3]

.InQi-

andaoLakewherewaterisclear, R701 /R516 isrelat-

edcloselywithChla
[ 7]

.InChaohuLakethatissimi-

lartoTaihuLake, R705/R680 ischose
[ 6]

.InTaihu

Lake, thebestratiobandcombinationselectedwas

R705 /R675
[ 5, 9]

, R702/R685
[ 12]

andR706 /R682
[ 8]

.

CorrelationcoefficientsbetweenlnChlaandratioin-
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dexthatarelistedabovewerecalculated.Theresults

showedthattheseindexesarerelatedwithlnChla

closely(risfrom0.90 to0.91)besidesR701 /R516

(r=0.82).WaterenvironmentinQiandaoLakeis

differentfromthatinTaihuLake, sotheratioR701/

R516 cannotbeusedinTaihuLake.Becauseofthe

differenceinmeasuringdate, measuringmethodand

thewaterenvironment, thebestbandcombination

cannotbecompletelysamewitheachother.

Ratiobandcombinationwasusedwidelyinremote

sensing.However, thisexpressionmaybringthemis-

understanding.TakeR696 /R661 asanexample, high

correlationwithlnChlamayberegardedthatlnChla

increaseswithincreaseofR696 anddecreaseof

R661.Infact, wecanseefrom thescatterchart,

withtheincreaseofChla, bothR696 andR661 de-

creased.Ontheotherhand, theratioissensitiveto

thedatachange.Thewaterreflectanceisoftenlower,

thesmallerchangeofthedenominatorinratiomayre-

sultinthebiggervariationofratiovalue.

Thedetailedanalysisindicatedthatitisthedifference

betweentwobandsreflectancetorelatewithlnChla.

Therefore, followingtheform ofvegetationindex

NDVI, anormalizationbandindexismade:NR21=

(B2-B1)/(B2 +B1).

Fig.5 showsrelationbetweenNR21 andlnChlawhere

B2 is696nm andB1 is691nm.Indistributionsof

sample, thevalueofratioR691 /R661 ishigherand

hasgreatvariation;NR21 islowerandhaslowervari-

ation.TothechangeoflnChla, NR21 ismorestable.

Fig.5　RelationbetweenlnChlaandbandindex

ThecorrelationcoefficientbetweenNR21 andlnChla

isdenotedbyrNR21.ThemaxnegativerNR21 is

-0.8666, inwhichB2 andB1 are666nm and

655nm.ThemaxpositiverNR21 is0.9518, in

WhichB2 andB1 are709nmand663nm.rNR21 of

696nmand661nmis0.9513, whichisverycloseto

themaxrr21 inTable3.

RNR21 oftwogroupswavelength(706, 682)and

(705, 675)thatusedinTaihuLake
[ 5, 8]

werecalculat-

ed, theyarehigherthanrr21 too.

Accordingtotheaboverule, thebestbandindex

shouldbeNR21 of(709, 663).Becausethechange

ofcorrelationcoefficientissmall, NR21 of(696,

661)isalsotakenintoaccount.ThesetwobandIndi-

ceswereusedtobuildmodel.

4.4　Regressionmodel

Table4 istheresultofregressionanalysiswherede-

pendentvariableislnChla, explanatoryvariablein

Model1 isNR21 of(696, 661), andthatinModel2

isNR21 of(709, 663).HigherFvalueandR
2
sug-

gestedtheobviouslinearrelationbetweenlnChlaand

NR21.

Table4　ModelexpressionoflnChlain

July2004 , TaihuLake

Model1 Model2

Coefficients t Coefficients t

Intercept 2.4782 24.4 2.9274 37.5

NR21 16.378 11.9 10.5535 12.0

R2 0.9051 0.9060

F 143 145

p 4.53E-09 4.21E-09

Residuals

Min -0.4549 -0.5820

1Q -0.1948 -0.1334

Median 0.0672 0.0607

3Q 0.2439 0.1977

Max 0.3904 0.4336

AccordingtoFvalueandR
2
, model2 isthebest.

However, theminandmaxresidualsinmodel1 are

smaller, showsmodel1 canfitbettertoextremeval-

ue.Therefore, model1 isacceptedtoestimateChlain

Augustfinally.

4.5　Modelvalidation

DatafromAugust2004 wereusedtotestthemodel1
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andresultshowedinFig.6—Fig.8.InFig.6 , the

computedresultwascomparedwiththeoriginalChla

withoutconsiderationofwatersurfaceconditionand

weathercondition.ChlaNR66 istheresultcalculated

bymodel1 parameters.ChlaR66, whichusedasa

reference, istheresultcalculatedbythemodelpa-

rametersbasedontherelationbetweenlnChlaandra-

tioof(696 , 661)inJuly.WhenChlaislow,

ChlaNR66 andChlaR66 aresimilar;WhenChlais

high, the difference between ChlaNR66 and

ChlaR66 isobviousanderrorbetweenChlaNR66

andChlaislower.

Fig.6　EstimatedandmeasuredChlain

August2004 , TaihuLake

Fig.7　EstimatedandmeasuredChlaafterremove

deviantsamplesinAugust2004

Fig.8　Modelfitlineandsampledistributions

Underthenormalmeasurementcondition(removing

samplesinthecloudydayandwatersurfacewith

blue-greenalgaebloom), thetotalnumberofsamples

inAugustis13.Inthesesamples, errorbetween

ChlaNR66 andChlaislowerthan thatbetween

ChlaR66 andChlatoo(Fig.7).

Fig.8 showsallsamplesinJulyandAugust, fitline

andconfidentfitcurveofModel1.Basedondouble

variablenormalprobabilityellipsewithconfident

0.99, themodel1 hasthebetterforecastabilityunder

thenormalcondition.Thisalsosuggeststhatmodel

builtinJuly2004 canbeusedtoestimateChlainAu-

gust2004.

Bymodel1, thelowestabsoluteerroris1μg/L, while

itsrelativeerroris6%.Thehighestabsoluteerroris

42μg/Landitsrelativeerroris22%.Theerrorvalue

changeswithlocationofsamples.Sampleswiththe

absoluteerrorsmallerthan5μg/Lappearedinthe

centerofTaihuLake(sampleNo.4— 8).Thesam-

ple(sampleNo.19)withthemaxabsoluteerror,

whichis42μg/LinJulyand78μg/LinAugust, ap-

pearedinthemainchannelofthelake, butitsrelative

errorissmallerthan25% inbothmonths.

5　CONCLUSIONS

Correlationbetweenthesinglebandreflectanceand

thechlorophyll-aconcentrationislowandcannotbe

usedtobuildmodel.Highercorrelationcanbefound

betweenlnChlaandreflectanceafterspectrumderiva-

tionwiththefirstorder.Bandcombinationcanhigh-

lightthedifferenceinreflectance.Normalizedband

indexisbetterthantheratioindex.Modelbasedon

normalizedbandindexhaslowererrorandiseasyto

explanation.

RegressionmodelofChlainJuly2004 isChla(μg/

L)=exp(2.4782 +16.378＊(R696-R661)/(R696

+R661)), whereR661 andR696 areremotesensing

reflectanceatwavelength661nmand696nm.Valida-

tionbydatainAugust2004 showsthatthismodelcan

beusedtoestimateChla.Therefore, basedonhyper-

spectraldata, buildingamodeltoestimateChlainJu-

lyandAugustinTaihuLakeispossible.

Bothexpressionandselectionofsensitivebandsare
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importantinmodelbuilding.WhenthegoodnessR
2

ofmodelisnear, distributionsofresidualsmaybe

different.Itisnecessarytovalidatemodelbydifferent

datafromdifferentdate.

LinearrelationbetweenChlaandhyperspectraldatais

obviousanduseful, butmodelpreciseneedtoin-

creasefurther.StudyofvariationofChlaandsuspen-

dedsedimentandtheiropticscharacteristicsindiffer-

entmonthsandspatialwillbethenextworks.
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夏季太湖叶绿素 a浓度的高光谱数据监测模型

韦玉春 , 黄家柱 , 李云梅 , 光　洁
(南京师范大学 虚拟地理环境教育部重点实验室 , 南京　210046)

摘　要:　本文依据 2004年 7月的实测数据构建了太湖夏季叶绿素 a浓度的实测光谱数据估计模型 ,并使用 2004年

8月的数据对模型进行了验证 。调查样点覆盖了太湖内的典型水域 ,水样数据由无锡太湖环境监测站采集 。样点的

光谱数据用 ASDFieldSpec野外光谱仪获取 ,每个样点测量 10次 ,测量结果被转换为遥感反射率 。对不同的波段组合

进行比较分析后 ,从可解释性出发 ,最终选择了归一化指数表达式作为最佳波段组合 ,所建立的模型为:Chla(μg/L)

=EXP(2.478 +16.378＊N66), 其中 , N66为 (R696 -R661)/(R696 +R661)。模型的 R2 为 0.9051 , 显著性 p<

0.0001。与其他模型相比 ,本文的模型比较稳健 ,用于估计 8月的叶绿素 a浓度具有较小的绝对误差 。本文的工作同

时表明 ,在太湖的夏季相邻月份 ,可以使用实测光谱数据模型进行水体叶绿素 a浓度的估计 。

关键词:　绿素 a;高光谱数据;太湖;水环境


