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Abstract暋PhotosyntheticallyAvailableRadiation(PAR)isanimportantbio灢op灢
ticalparameterrelatedtomarineprimaryproduction.PARisusuallymeasured
byabroadbandsensorandcanalsobecalculatedbymultispectraldata.Whenthe
PARiscalculatedbymultispectraldatainpolarregion,fourfactorsarepossible
errorsources.PARcouldbeoverestimatedasthewavelengthsofmultispectral
instrumentareusuallychosentoevademainabsorptionzonesofatmosphere.
However,bothPARscalculatedbyhyperspectralandmultispectraldataarecon灢
sistentwithanerrorlessthan1%.Bythefittingfunctionproposedhere,the
PARcalculatedbymultispectraldatacouldattainthesameaccuracywiththatby
hyperspectraldata.TocalculatetheattenuationrateofthePARneedsPAR0,
thePARjustunderthesurface.Here,anapproachisproposedtocalculate
PAR0bythebestfitoftheirradianceprofileof1灢5mwithacontentattenuation
coefficientundersurface.Itisdemonstratedbytheoryandobserveddataindif灢
ferenttimeatsamelocationthattheattenuationcoefficientofPARisindependent
oftheintensityofradiation.Butunderseaice,theattenuationcoefficientofPAR
isalittlebitdifferent,asthespectrumofthelighthasbeenchangedbyselective
absorptionbytheseaice.Therefore,thedifferenceofinclusionsinsidetheseaice
willresultindifferentPAR,andimpactontheattenuationofPAR.Bythere灢
sultsofthispaper,PARcanbecalculatedreliablybymultispectraldata.
Keywords暋 PAR,marineoptics,fieldobservation,multispectral,solarradia灢
tion.
doi:10.3724/SP.J.1085.2010.00113

1暋Introduction

Photosynthesisisaprocessbywhichtheplantfixescarbondioxideandproduces
drysubstancebytheactionofsolarenergy.ThePhotosyntheticallyAvailableRadia灢
tion(PAR)isthepartofthesolarenergyutilizedbychloroplastoftheplantforpho灢
tosynthesis[1].Themainassimilativewavelengthis400—700nm,abouthalfofthe
arrivingsolarradiationenergy[2,3].ThespectraldomainofPARisthemainscopeof
thesolarradiationthroughtheocean[4,5].PARisanopticalparametermutuallyin灢



teractionswithphytoplankton.ThespatialdistributionofPARastheenergysource
ofprimaryproductioninfluencesthereproductionofthephytoplankton.Ontheother
hand,thedistributionofthephytoplanktonchangestheabsorptionoflightinthesea灢
water,whichinturninfluencestheverticaldistributionofPAR[6,7].Theprofilingof
thePARisusedtorevealtheintensityofPARindifferentlevels,andthedataisben灢
efittostudytheverticaldistributionofthealgaeandprimaryproduction[8].The
maincomponentsintheatmospheretoabsorbthesolarradiationinthescopeof
400—700nmareoxygenandozone,basicallyindependenttothevaporandCO2

[9].
Intheocean,PARismainlyinfluencedbyphytoplankton.Asthespeciesofphyto灢
planktonindifferentregionarenotthesame,thespectralcomponentofPARbe灢
comesregionallydistinct[1].

PARsensorisusuallyopticaloneswithbroadbandtoreceivethelightinthe
scopeof400—700nm,whichcouldbeusedaloneorwiththeotherinstrumentsys灢
tem[10].Besides,thespectraldatacouldbeintegratedtocalculatePAR.Thespectral
dataincludesmulti灢spectralandhyperspectraldata.Thehyperspectralinstruments
areprismatictogainthehundredsofspectraldatawhichiswithnarrowbandsand
coversallofthewavelengths.ThenumerousbandsarebenefittocalculatePARto
gainthesamespectralresponseofthebroadbandsensors[11].However,thespectral
instrumentswiththemulti灢sensorsandfiltersareusuallyequippedwithsomeselect灢
edwavebandstofittheatmospherictransmissionwindowtoavoidtheabsorption
zones.Themulti灢spectralinstrumentsarewithhighsensitivitytofacilitatetheopti灢
calmeasurementforweaklightindeeperocean[12],butitmightbringerrorsbytheir
limitedwavebands.TherearethreesignificancestocalculatePARbymulti灢spectral
instruments.Firstly,thesuccessfulcalculationofPARbymulti灢spectraldataincrea灢
sesthedatasetsofPARinfavoroftheecologicalstudy.Secondly,theuseofthe
PARsensorusuallyisnotcalibratedbythesurfacemeasurement,andthePARun灢
derwaterrecordedcannotexcludetheimpactfromthecloud,fog,andtheotherfac灢
torstocausethechangeofPARduring measurement.Whereastheunderwater
multi灢spectraldataarewellcorrectedbythesimultaneousobservationonthesurface,
andthecalculatedPARmightbemorereliable.Thirdly,themulti灢spectraldatacan
beusedtofindoutthecomponentsofPARindifferentwavebands,whichisbenefit
torevealtheactionofPARonthedifferentspeciesofphytoplanktonwithseparate
absorptionabilities.MorelandSmith(1974)definedthethreekindsofwatertypes
bythewavelength毸Hmaxatthemaximumintensityatspecificdepthofthesea.The
firsttypeofwaterisbluewater,andthescopeofthe毸Hmaxis440—475nm.The
TypeIIwaterisblue灢greencolorwiththe毸Hmaxin475—515nm.TheTypeIIIwater
isgreenwaterwith毸Hmaxbeyond515nm.Thesensitiveconnectionofspectralinstru灢
mentsandthephytoplanktonenableustorevealthespectralcomponentsofPARin
differenttypesofwater.

Thesensorsinmulti灢spectralinstrumentareusuallynotenough.Forexample,
thereare18wavebandsintheProfilingReflectanceandRadiometersystem (PRR灢
800)withthebandwidthof10nm.Itcovers180nm,onethirdof400—700nmis
notcovered[13],whichwouldbringsomeerrorifitisusedtocalculatethePARbyin灢
terpolation.Thewavebandoftheinstrumentisalwayschosentoavoidtheabsorption
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zoneofatmosphere,whichmightoverestimatesthecalculatedPARandtheirradi灢
anceneedstobecalibratedbeforeusing.

Inthepolarregion,thearrivingsolarradiationisquitedifferentfromthatin
mid灢latitude.Undertheverylowsolaraltitudecondition,thearrivingPARdownto
thesurfacedecreasesbythelongerlightpath,thickeropticalthickness,andin灢
creasedvaporabsorption[14].Theicecoverwillimpactstronglyonthemeasuredre灢
sult.Theseissueswillbediscussedindetailinthispapertoprovidethesolutionthe灢
oreticallyandapplicablyforPARcalculation.

2暋TheapplicabletheorytocalculatePARbymulti灢spectraldata

暋暋TherearetwokindsofmeasurementsofPAR,forscalarirradianceandcosine
irradiance.Theresponseofbiomassforlightduringphotosynthesisismainlyascalar
irradianceinwhichonlytheradiationintensityisconsidered,independentofthedi灢
rectionofincidentlight.Thus,PARisdefinedastheintegraloftheradiancefor
sphericalsolidangleof4毿,i.e.linksto

曇4毿
L(毴,氄,毸)d毟 (1)

WhereListheradiancewiththeunit毺Wcm-2·nm-1·sr-1;毟isthesolidangle,毴
and氄isthezenithandazimuthoftheradianceflux.Theotheriscosineirradiance,
whichismeasuredbyasensorwiththeflatquantumresponse.Theresponseofthe
sensorisproportionaltothecosineofthezenith,similartotheradiationarrivingata
plantonahorizontalplane,i.e.linksto

曇4毿
L(毴,氄,毸)cos毴d毟 (2)

Therefore,onemustknowwhatkindofinstrumentorPARisused.Theunderwa灢
tersensorsforPARmeasurementareusuallyflatquantumresponseones,whichwill
bediscussedinthispaper.

Accordingtothedefinitionoftheoptics,theintegralofradianceforthe2毿space
iscalledasthedownwellingirradiance[15].

Ed(毸)=曇2毿
L(毴,氄,毸)cos毴d毟 (3)

TheunitofEdistheunitoffluxW·m-2·nm-1orJ·m-2·s-1·nm-1。
PARhastwokindsofcomputationsystems.Oneistheenergysystem,whichis

integrateddirectlybyEd.Theotherisquantumsystemtocalculatethephotosyn灢
theticallyquantumfluxdensitywiththeunitofmol·m-2·s-1[16].Theconversion
betweenthemis:photonsperMoleistheAvogadronumber(Av=6.02暳1023photon
·mol-1);Av暳PAR(毸)isthephotonsarrivingatunitareaperunittime.Theener灢
gyofaphotonise=hc/毸,wherehisthePlancknumber(=6.63暳10-34J·s),cis
thevelocityoflight,and毸isthewavelengthoflight.Therefore,thetotalenergyper
unitareaandtime(J·m-2·s-1·nm-1)ofthelightwiththewavelength毸canbe
expressedas

AvhcPAR(毸)
毸 =Ed(毸) (4)
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Integralforthescopeof400—700nm,thePARcouldbecalculatedby

PAR=曇
暋暋700

暋暋400

PAR(毸)d毸= 1
Avhc曇

暋暋700

暋暋400

毸Ed(毸)d毸 (5)

TheunitofPARis毺mol·m-2·s-1,or毺E·m-2·s-1.
ItisimpliesfromEq.(5)thattheprecisionofPARcalculationismainlyrelated

tothemeasuredirradiance.Otherwise,therearesomefactorsregardingtheradiation
spectrumandshiningcondition mightinfluencetheaccuracyofcalculatedPAR,
whichwillbediscussedindetailinthisstudy.

3暋TheerrorandcalibrationofPARcalculatedbymulti灢spectraldata

暋暋Owingtothewavebandsofthemulti灢spectralinstrumentsisalwaysselectedto
evadethespectralabsorptionzonesofatmosphere,thecalculatedPARintegratedby
theirradianceswithin400—700nmcouldbeoverestimated.Themainissueusing
multi灢spectraldatatocalculatePARistheerrorlevelandtheefficiencyofitscalibra灢
tion.ThePARcalculatedbyhyperspectraldataareadoptedasastandardtocompare
withthePARcalculatedbymulti灢spectraldata.First,thehyper灢spectraldataare
usedtoobtainPAR.Then,theeighteenwavebandscorrespondingtothemulti灢spec灢
tralinstrumentaresoughtouttocalculatePARagain.Theerrorisestimatedfrom
bothPARs.

Thehyper灢spectralinstrumentisProfiler灢IIproducedbySatlanticInc.,whichis
usedtomeasurewaterirradianceintheJulyof2008duringtheninthcruiseofCana灢
dian“CircumpolarFlawLeadsStudy(CFL)暠program.Twelvewavebandsthatare
correspondingtothewavebandsofPRR灢800areselectedfromthe89wavebandsin
thescopeof400—700nm.Theyare412,443,490,510,520,532,555,565,589,
625,665and683nm.Thedifferentcoverageofthemulti灢andhyper灢spectraldatais
plottedinFig.1.

Fig.1暋Differentcoverageofmultispectralandhyperspectraldata.Curvedenotesthehyperspectrum
measuredbyProfiler灢II,andthehistogramdenotesthemultispectrumselectedbyPRR灢800.
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暋暋WefirstcalculatePARbyEq.(5)usingthehyper灢spectraldatainthescopeof
400灢700nm.ThecalculatedPARiscompletelyconsistentwiththePARtheinstru灢
mentprovidedbythesamealgorithm.Then,thedataforthetwelvewavebandsare
usedtocalculatePARtofindoutthedifferencebetweenthem.Letsubscriptide灢
notestheresultofmulti灢spectraldataandkdenotestheresultwithhyper灢spectralda灢
ta,theEq.(6)comesintoexistenceinawidthofamulti灢spectrumband.

毩i毸iEdi殼毸i=暺
k
毸kEdk殼毸k暋(殼毸i=暺

k
殼毸k) (6)

Theparameter毩iisusedtoexpressthedifferenceofPARcalculatedbymulti灢and
hyper灢spectraldata.Eq.(5)couldbechangetoas

曇
暋暋700

暋暋400

毸Ed(z,毸)d毸曋 暺
k
毸kEdk殼毸k=暺

i
毩i毸iEdi殼毸i (7)

The毩i,isrelatedtothechoiceofwavebands,aninstrument灢dependentparameter,
whichisdifficulttocalculatebyEq.(7)as殼毸i mightnotnicelyequalstothesumof
殼毸k.Therefore,theaveragea,possiblyadepth灢dependentparameter,ischosento
replace毩iby

毩=
暺

k
毸kEdk殼毸k

暺
i
毸iEdi殼毸i

暋(400nm 曑毸曑700nm) (8)

Thedatainclearwatershouldbechosentocalculate毩byEq.(8)togainaresult
withlargerdepthtoattainabettercalibration.

EightprofilesdataoftheCFLcruiseareusedtoestimate毩inFig.2.Themaxi灢
mumrelativeerrorislessthan0.01.Theresultscouldbefittedfortwosegments
(1—11mand11—30m)byquadraticfunctionsforthewholedepthbytheleast
squaresmethod.

Fig.2暋Verticalprofileof毩.Measured毩ateightstationsofCFLcruise(thinline)andfittingresultbyEq.(9).
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毩u=0.9947-0.0014z+1.1292暳10-4z2

毩d =0.9839+8.8308暳10-4z-9.4936暳10-6z2 (9)
Calculatedbymulti灢spectralirradiancedata,simplybymultiplyingPARwith毩.The
毩dependsmainlyonthechoiceofthewavebands,andmightbelittledifferenceindif灢
ferentregions.

4暋DeterminationofthesurfacePARandtheattenuationcoefficient

暋暋WhenthePARisacquired,theattenuationcoefficientofPARcanbecalculated
bytheOceanOpticsProtocolsofNASA[17],whichisexpressedby

PAR(z)=PAR(zm)exp[-km(z-zm)] (10)
Theattenuationcoefficientvariedwithdepthbytheleastsquaresmethodis

km =暺(z-zm)ln[PAR(z)/PAR(zm)]

暺(z-zm)2
暋(-4m 曑z曑+4m) (11)

BasedonEq.(11),theverticalattenuationdepth,adepthwhenthePARbecomes毭
percentagecouldbefoundout.Thecalculationisquitesimple,butthePAR0,the
PARjustundertheseasurfacemustbeaccuratelydetermined.IftheerrorforPAR0

isexpressedby殼PAR0,thedepthtobedeterminedwillhaveanerrorof殼z.From
Eq.(10),

殼PAR(z)=-kmPAR(z)殼z (12)
WhentakingPAR(z)=毭PAR0,theerroroftheattenuationdepthbecomes,

殼z=-1
km

殼PAR0

PAR0
(13)

暋暋Eq.(13)indicatesthefollowingissues.(1)Theerrorforattenuationdepthwill
increasewhenthebiasofPAR0increases.(2)Theerrorforattenuationdepthwillbe
largerwhenthewaterisclearwithasmallerkm.(3)Theerrorforattenuationdepth
isproportionaltotherelativeerrorofPAR0.WhenthePAR0islargerintheclear
day,thedeptherrortobedeterminedwillbesmallerastherelativeerrorofPAR0

becomessmaller.Theerroroftheattenuationdepthwillbelargerinthecloudyday
oratthemorningandevening.Forexample,iftheattenuationcoefficientis0.06,
therelativeerrorofPAR0is30%,theerrorofattenuationdepthwillbe5m.

However,therealPAR0enteringtheseasurfaceisdifficulttodetermine.The
surfaceunitoftheinstrumentmeasuresthePARarrivingontotheseasurface,but
mostarrivedPARdoesnotentertheocean,partofthemreturnstothespace.The
albedo,thereflectedPARmightbehelpfultosolvetheproblem,butshipsusually
donotequippedwithalbedosensorasthealbedoisdifficulttomeasurefromaship
conditionbytheimpactofshiphull.Andalsotheincidentirradiancerecordedbythe
surfaceunitissometimesquitedifferentfromthatrecordedbyunderwaterunitasthe
illuminationforbothunitsmightbeinconsistent,especiallyinthecasetodeploythe
underwaterunitfromaholeofice.Therefore,thePAR0nearlycannotdependon
thesurfaceunit,butonlyontheunderwaterPARdataitself.

ThePAR0calculatedbytheirradianceundersurfacewithinseveralmetersis
stronglyinterferedbythewaves[11].Sometimes,PAR0isextrapolatedfromthePAR
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in5—10mundertheseasurface.Usuallytheextrapolationproducesgreaterrorsas
itattenuatedexponentially.Thenearsurfaceattenuationcoefficientcouldbeextrapo灢
latedbyEq.(11)under4m,andthenthePAR0couldbecalculatedbyEq.(10).
Buttheattenuationcoefficientextrapolatedbasedonthedataunder4m mightnot
suitthesurfacesituation,asthebiologicalactivityontheupperseveralmetersmay
causestrongerattenuation[1].

Inviewoftheadvantageofthepossiblemethods,wedecidetocalculatePAR0by
theattenuationcoefficientofPARinasmallerdepth.Adjustingthedepthscopetoas
1m曑z曑5minEq.(11),k0isconfirmedtobetheverticalattenuationcoefficientin
thenearsurfacelevel.Then,PAR0isobtainedbytheleastsquaresmethodas

PAR0= 暻
5

i=1
PAR( )i

1/5
exp(3k0) (14)

暋暋ThePAR0calculatedbyEq.(14)isshowninFig.3,inwhichthePAR0links
wellwiththePARintheupperlayerwater.PAR0isaphysicalparameterthatises灢
timatedbyvariousmethodsandcannotbeexaminedbyfieldexperimentinarough
seacondition.Itisstillimpossibletoindicatewhichmethodisthebestone.Howev灢
er,iftheattenuationcoefficientintheupperoceancouldbesupposedasaconstant,
theobtainedPAR0bytheleastsquaresmethodofEq.(14)shouldbetheoptimal.

Fig.3暋PAR0calculatedbymultispectraldataofBeringSeacruisein2008.
Numbersarethestationnumbersanddotsindicatetheestimate.

暋暋BasedontheestimationforPAR0,theattenuationdepthofPARcanbecalculat灢
edbyEq.(13).Fig.4showsthedepthswhenPARattenuatedto50%,30%,12%,
5%,and1%accordingtothedemandoftheecologicalstudyduringtheBeringSea
cruisein2008spring,showingthedifferenceindifferentlocations.
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Fig.4暋AttenuationdepthsofPAR.UpperfigureisthethirteenstationsduringtheBeringSeacruiseof
2008,andthelowerfigureshowstheattenuationdepthsofPARatthelevelsof50%,30%,
12%,5%and1%.

5暋InfluenceofradiationconditionontheobservedPAR

暋暋ThevalueofthePARischangingwithintensityoftheincidentradiation,but
theattenuationcoefficientofPARcalculatedbyEq.(11)shouldbedeterminedby
theopticalpropertyoftheseawater,independentofintensityoftheincidentradia灢
tion.Insuchaway,theattenuationcoefficientofPARcouldbeappliedtoestimate
accuratelythephotosynthesisintheocean.Theinfluenceoftheradiationvariationon
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theattenuationcoefficientofPARcanbeestimatedtheoreticallybydifferentialof
Eq.(11),

殼km = 1

暺(z-zm)2暺(z-zm)殼PAR(z)
PAR(z)-殼PAR(zm)

PAR(zm

é

ë
êê

ù

û
úú) (15)

SubstitutingEq.(10)intoEq.(15),itcanbeseenthat殼km =0alwaysexists,
whichillustratestheattenuationcoefficientasanopticalpropertyofseawaterisinde灢
pendentofthesolarradiation.

ThevariationoftheattenuationcoefficientofPARwithsolarradiationcouldbe
acquiredbyrepeatedobservationatasameplace.Buttherepeatedobservationsare
rareaslimitedshiptime.Eveniftherearesuchopportunities,errorarisenfromthe
shipdriftingmightnotbeneglected.TworepeatedmeasurementsinCanadianBasin
areshowninFig.5:onewasatStationCB5BR(75曘27.66曚N,156曘17.11曚W)of2006
andtheotherwasatStationCB灢4(5曘00.28曚N,149曘59.61曚W)of2009,withthetime
intervalsof4.8and2.5hours,respectively.TheintensityofPARduringthefirst
castincreasedat7mdeptharisenbyseaiceshading,butimpactedlittleontheatten灢
uationcoefficient(Fig.5a).InFig.5b,theattenuationcoefficientsomehowappeared
wavelikeswinginverticaldirection,possiblybecauseoftheshipdriftingorover
weaklight.However,theaveragevaluewasclosetothatofthefirstcast.Itisveri灢
fiedthatthevaryingintensityofPARfromchangingradiationexertslittleinfluence
ontheattenuationcoefficientofPAR.

Fig.5暋PARanditsattenuationcoefficientsmeasuredatdifferenttime.(a)ObservationsatStation
CB5BR(75曘27.66曚N,156曘17.11曚W)withtheintervalof4.8hrs;(b)ObservationsatStation
CB灢4(75曘00.28曚N,149曘59.61曚W)withtheintervalof2.5hrs.Thickandthinlinesarethere灢
sultsfromthefirstandsecondcasts,respectively.SolidlinesdenotemeasuredPAR,anddashed
linesaretheattenuationcoefficientofPAR.
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暋暋Thetheoreticalsolution(Eq.15)andobservedresults(Fig.5)allsupportsuch
aconclusionthattheattenuationofPARisclosetoanopticalpropertyofseawater,
controlledbytheinclusionsinthewaterandnearlyindependentoftheillumination
condition.Thisconclusionsometimeisinstructiveforthefieldobservation.We
couldobservetheirradiancenomatterwhatthelightconditionis,suchasthedirec灢
tionofincidentlight,theshadingbycloud,fogorship.

6暋InfluenceofseaiceonPAR

暋暋Inicecoveredsituation,theopticalobservationisusuallyconductedinapieceof
emergingopenwatercutbyship.Themeasuredirradianceinfactisnottheradiation
enteredintotheseawaterundericecoveredcondition.Onemayaskthatcantheat灢
tenuationofPARcalculatedbythenewlyenteredsolarradiationrepresenttheice
coveredsituation.Or,inanotherwords,cantheattenuationcoefficientmeasuredin
factitiouslyopenedwaterrepresenttherealattenuationwhenicecovered?Thereby,a
comparisonisnecessarytomeasureonecastfromtheshipthroughemergingopen
waterandtheothercastfromaniceholeforicecoveredwaterinthesamelocation.
Itisdifficulttofindoutsuchdataastheobservationisquiterarefortwocasts
throughiceandshipinthesamestation.

OnthestationMK10duringacruiseonBeringSeainMarchof2008,wecon灢
ductedanopticalobservationontheiceat23:33(UTC)ofMarch22,andthenre灢
turnedtotheshiptoconductanotherobservationontheshipat02:31 (UTC)of
March23.Themovementoftheshipwithinthreehourswasneglectable.Thecom灢
parisonbetweenthetwocastsofPARsisplottedonFig.6.TheundericePARwas
measuredthrough0.68miceand0.04msnow,andthelightthroughtheattenua灢
tionofseaicewasweak.Thetimeforshipobservationwasclosetotheevening,so
thePARwasweak,butlittlebitestrongerthanthatunderseaice.Thetwoattenua灢
tionswerelittlebitdifferentwitharelativeerrorof12%,theattenuationmeasured
fromtheshipwasweaker.

Themaincausetogeneratetherelativeerrorwasseaicethatreducedthesolar
radiationspectrally.Theattenuationofseaiceforthesolarradiationis[18]

Ed =(1-毩)Ed0exp(-毮h) (16)
wherehisicethickness.ThedownwellingirradianceEd0andthespectralalbedo毩
wereobservedthroughthesurfaceunit,andthetransmissionirradianceEdthrough
seaiceweremeasuredbyaundericeinstrument.Theattenuationcoefficient毮ofso灢
larradiationthroughseaiceis

毮=-1
hln Ed

(1-毩)Ed

é

ë
êê

ù

û
úú

0
(17)

ThespectralattenuationcoefficientthroughseaiceisplottedinFig.7.Theattenua灢
tionofseaiceforsolarradiationisselective,obviouslyattenuatedinthewaveband
greaterthan600nm,whichchangesthesolarspectrumarrivingunderseaice[19].
Otherwise,theattenuationcoefficientinthefigureisabout3.5m-1,muchgreater
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Fig.6暋Observedresultsonship(thicksolidline)andonice(thinsolidline)atStationMK10(62曘11.57曚
N,169曘00.56曚W)ontheBeringSea2008.SolidlinesaremeasuredPARandthedashedlinesare
theattenuationcoefficientofPAR.

Fig.7暋SpectralattenuationcoefficientofseaiceforsolarradiationcalculatedbyEq.(17).
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thanthatof1.6m-1 weusuallyuse[20],becauseoftheicealgaeattachedatthebase
oftheice,whichweakensthesolarradiationpenetratingtheseaice[21].Asacompar灢
ison,theseaiceontheBohaiSeacontainsmanyparticlesformingbysuspended
dust,whichstronglyattenuatesthelightof400灢500nm[22].Therefore,thecompo灢
nentofPARchangesafterpenetratingthroughvariousseaices.

AsillustratedinSection5,thedifferenceofPARproducedbyradiationintensity
shouldnotimpacttheattenuationofseawater.Butwhenthearrivingradiationspec灢
trumalters,theattenuationcoefficientofPARwillchangeaccordingly,astheatten灢
uationofwaterforeachwavelengthisdifferent.Therefore,theattenuationofPAR
intheemergingopenwaterisusuallydifferentwiththatinicecoveredwater.The
higherattenuationcoefficientintheicecoveredwaterispostulatedtocausebythe
changingspectrumofpenetratedsolarradiation.Dependingontheuniquepairofda灢
ta,itisimpossibletoindicatesufficientlythedifferenceofPARsinnewlyopenedwa灢
terandunderseaice.Moreobservationsandstudiesarenecessaryinthefuture.

7暋Resultsanddiscussion

暋暋Photosyntheticalavailableradiation(PAR)isanimportantbio灢opticalparame灢
ter,whichisconnectedwiththeprimaryproductionprocessofmarinephytoplank灢
ton.PARcouldbemeasureddirectlybythesensorwithsinglewaveband,andcould
bealsocalculatedbymulti灢orhyper灢spectraldata.Themultispectraldatacanbe
usednotonlyforthecalculationofPAR,butalsotorevealthemainspectralcompo灢
nentsofPAR.FourfactorsthatmightproducethecalculatingerrorofPARisstud灢
iedinthisstudytoensurethemulti灢spectralirradiancedatatobeanreliabledata
sourceofPAR.

Owingtotheselectedspectrumsofmulti灢spectralsensorsavoidthemainatmos灢
phericabsorptionzones,thecalculatedPARmightbeoverestimated.Inthisstudy,
thePARscalculatedbymulti灢andhyper灢spectraldataareverifiedtoapproacheach
otherwiththerelativeerrorlessthan1%.BasedontheobservationsinArcticO灢
cean,twoquadricfunctionsarebuilttocalibratethecalculatedPARbymulti灢spec灢
traldatatoattainthesimilaraccuracywiththatusinghyper灢spectraldata.

ThePARjustundertheseasurface,PAR0,isnotmeasurableinroughseacon灢
dition,butisnecessaryforcalculationoftheattenuationcoefficient.Anapproachis
proposedinthisstudytocalculatethenearsurfaceattenuationcoefficientfirst,which
issupposedtobeaconstant,andthentocalculatethevalueofPAR0 bytheleast
squaresmethodusingtheobservedPARat1—5m.Theacquiredattenuationcoeffi灢
cientistheoptimalestimationofthePAR0andconnectswellwiththeunderwater
PAR.

TheobservedPARdatainthesamelocationbutdifferenttimeindicatesthatthe
PARisquitedifferentwiththedistinctsolaraltitude.However,therelativeerrorof
theattenuationcoefficientofPARisquitesmallshowingthatPARisclosetoanopti灢
calpropertyofseawater,nearlyindependentoftheradiationintensity.Basedonthis
conclusion,thesamePARcouldbeobtainedindifferenttimeunderdistinctshining
conditions.
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Undertheicecoveredocean,theshipmeasuredPARbythenewlyopenedwater
isnottheonereallyentersintothewater,whichisdifferentwiththePARdirectly
measuredontheseaicebyahole.Becauseoftheselectedabsorptionofseaiceforthe
penetratedsolarradiation,thecomponentofPARaltersandtheattenuationcoeffi灢
cientwillchangeaccordingly.Therefore,theseaicewilleventuallyinfluencethe
componentofirradianceandtheattenuationofPAR.

ViatheanalysisforcalculatingPARbymulti灢spectraldatainpolarregion,the
problemswefacedhavebeenstudied.ItallowsustocalculatePARfrommulti灢spec灢
traldataandstudiesthespatiotemporalvariationofPARintheicecoveredregion.
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