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Abstract:Weproposeamethodtoestimatenitrate（NO3－）profilesintheupperwatercolumn

oftheSagamiBay,Japan,usingsurrogateoceanographicdatasuchastemperature,salinity

andchlorophylla（Chla）.Analysisofa10year（June1999-November2008）datasetrevealed

thatvariationsinnitrateprofileswereassociatedwithseasonalvariationsofwatercolumn

structureintheupper200moftheSagamiBay.Theupper200mwatercolumnstructurecould

beseparatedintothreelayers;thesurfacemixedlayer,theintermediatelayer,andthedeeper

layer.Thesurfacemixedlayershoweddistinctseasonalvariabilityindepth,whilethedeeper

layerthanσθ＝26,locatedatdepthsbetween130-160m,showedlittleseasonalvariability.

Warmandlesssalinewaterinthesurfacemixedlayerandtheupperintermediatelayerduring

summerandfallindicatedthatthiswaterwasinfluencedbyseasonalheatingandfreshwater

input,andthelargevariationatthesedepthsindicatedthespatialheterogeneityofthewater.

Whentheseasonalvariabilityofnitrateanditspredictorvariableswastakenintoaccount,ni-

trateconcentrationsintheuppertwolayerscouldbereproducedforeachseasononthebasis

oftemperatureandChla.Inthedeeperlayer,nitratecouldbeexplainedwithoutseasonalclas-

sificationonthebasisoftemperatureandsalinity.Theempiricalalgorithmsfornitrateinthe

threelayerswereusedtoconstructnitrateprofilesforfourseasonsintheSagamiBay.When

theperformanceofthealgorithmwastestedagainstanindependentdataset,thecoefficientof

determinationandrootmeansquaredifferencebetweenmeasuredandestimatednitrateineach

seasonrangedbetween0.92～0.98and1.3～1.6μM,respectively.Toourknowledge,thisisthe

firststudythatdemonstratesthatnitrateprofilesintheupper200mcoastaloceanicwaterscan

bereproducedbasedontemperature,salinityandChladata.Theselatterdatasetsarenowrou-

tinelymeasuredonvariousplatforms,suchasships,floats,gliders,andbuoys,usingCTDand

Chlasensorsandhencethesealgorithmscouldgreatlyaidinbiogeochemicalcyclestudiesin

theoceanicenvironments,especiallyinhighlydynamiccoastalregions.
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1.Introduction

Lightandnutrientsaremajorfactorscon-

trollingphytoplanktongrowthintheupper

layeroftheocean（PARSONS etal.,1977;

ARRIGO,2005）.Nitrate（NO3－）inparticularis

importantbecauseitisamainsourceofnitro-

gensupportingnewproduction（DUGDALEand

GOERING,1967）andbecauseingeneralinmany

oftheworld・soceans,phytoplanktonbiomass

intheupperwatercolumnisstronglyregu-

latedbynitrateavailability（FANNING,1989;

LEVITUSetal.,1993）.Theavailabilityofnitrate

intheeuphoticzoneisstronglyregulatedby

verticalmixingandadvectivesupplyofnitrate

totheuppereuphoticlayersoftheocean,both

ofwhichinturnareinfluencedbyvariationsof

environmentalforcing,suchassolarheating,

windstress,and/orintrusionofdifferentwa-

termasses（PRICEetal.,1986;MARRA etal.,

1990）.Despiteitsimportance,quantitativeesti-

matesofnitrateconcentrationsarelimitedbe-

causeofthelogisticaldifficultiesinmeasuring

nitratetemporallyandspatiallybyconven-

tionalshipobservations.Therehavebeenat-

tempts to estimate nitrate by automated

nitratesensorsonmooringsorprofilingfloats

（JOHNSONetal.,2006）,butlimitationsinsen-

soravailabilityhavebeenamajorimpediment

tothesemeasurementsbecomingroutine.

Previousstudiesshowedastrongnegative

correlationbetweentemperatureandnitrate,a

reflectionoftheprocessesofnutrientsupply

from the deep into the mixed layer

（KAMYKOWSKI,1987;GARSIDE andGARSIDE,

1995）.Thiscorrelationhasbeenusedinanum-

berofrecentstudiesforestimatingnitratecon-

centrationsinsurfacewaterusingremotely

sensed sea surface temperature （SST）

（KAMYKOWSKIandZENTARA,1986;GARSIDE

and GARSIDE, 1995; GONG et al., 1995;

KAMYKOWSKIetal.,2002;SWITZERetal.,2003）.

Theuseoftemperaturealoneasasurrogateto

estimatenitrateis,however,limitedinareas

wherephytoplanktonactivityishigh（GOESet

al.,1999;2000）.Thisisespeciallytrueinhigh

tomidlatituderegions,whereshortlived

burstsofphytoplanktongrowth,suchasdur-

ingspringorduringbloom formation,can

haveastronginfluenceonnitrateavailability.

Toaccountforbiologicalactivity,GOESetal.

（1999,2000）proposedtheuseofchlorophylla

（Chla）asanadditionaldeterminantsofni-

trate,and showed thatitsaddition could

greatlyimprovethenitrateestimationinthe

surfaceocean.

SincetheempiricalalgorithmsofGOESetal,

（1999,2000）weremeantforusewithsatellite

data,theywerelimitedtothesurfaceandre-

liedprimarilyonsatellitederivedfieldsofSST

andChla.Herewedescribeanapproachtoes-

timatenitrateconcentrationfrom thesurface

totheocean・sinterior（200m depth）.The

methodusestemperature,Chlaandsalinityas

predictorvariablestoestimatenitrateconcen-

trationnotonlyinthesurfacebutalsointhe

subsurfacelayer（e.g.beloweuphoticzone）of

watercolumn.Weshowthatthealgorithms,

whenappliedtoCTDandChladatathatare

nowroutinelyderivedfrommooringsandpro-

filingplatforms,canbeextremelyusefultoun-

derstandnitratevariabilityinhighlydynamic

coastalenvironments,suchastheSagamiBay.

ThebayissituatedontheeastcoastofHonshu

Island,Japanandinaregionthatcomesunder

theinfluenceofseveralsourcewatersincluding

theKuroshiocurrentwater.

2.MethodsandData

2.1StudySite

SagamiBay,locatedinthesoutheasternpart

ofHonshuIsland,Japan,hasawidemouth

opentowardthePacificOcean（Fig.1A）.The

waterinthebayisinfluencedbyboththe

Kuroshiocurrentwaterandthecoastalwaters.

IWATA（1985）andmorerecentlyHINATAetal.

（2005）foundthattheoffshorewaterbetween

theKuroshiofrontandHonshuIsland,which

originatesoutsideofthebay,influencessur-

facewaterinthebay.IntermediateOyashio

water,whichhaslow temperature（<7.0℃）,

lowsalinity（34.2）andhighdissolvedoxygen

concentration（>3.5mll－1）,sometimesintrudes

intothebayatdepthalongtheisopycnalsur-

faceofσθ＝26.8（SENJYUetal.,1998）.Thewa-

terinthebayalsofrequentlyexchangeswith

bothTokyoBayandPacificOceanasobserved

byYANAGIandHINATA（2004）.

2.2DataSources

Developmentoftheempiricalalgorithmswas
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undertaken using temperature,salinity,ni-

trateandChlafrom surfaceto200m depths

fromthefollowingdatasources（Table1）:（1）

longterm monthlycruisesfrom 1999-2007at

Stn.S3byT/VSeiyoMaruofTokyoUniver-

sityofMarineScienceandTechnology,（2）

cruisescarriedoutbyNagoyaUniversityby

usingR/VTanseiMaruforcollectingdataat

manystationsintheentirebay,and（3）Japan

OceanographicDataCenter（JODC）.A frac-

tionofthedatafrom（2）,notusedforcon-

structing the algorithm, was used as

independentdatasettotesttheperformanceof

thealgorithmsthatweregenerated（Table2,
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Table1.Datasourcesforconstructingthenitratealgorithms

NoDataSources Cruises/Date NumberofProfiles

1 T/VSeiyoMaru MonthlyTimeSeries
（June1999�Sept2007）except:Oct
1999;Nov2001;Jan�Feb2002;Jan
2004

95

2 R/VTanseiMaru a.2004
-KT04�04（23�25April）
-KT04�11（8�12June）
-KT04�15（31July�2Aug）
b.2006
-KT06�08（2�4May）
c.2007
-KT07�10（18�20May）
-KT07�17（19�26July）
-KT07�30（13�20Nov）
d.2008
-KT08�01（20�23Feb）
-KT08�05（1�7April）
-KT08�15（6�10July）
-KT08�24（23�27Sept）
-KT08�29（6�10Nov）

12
7
7

13

4
28
23

8
10
22
21
6

3 JODC September,1996 6

Fig.1.MapsofJapan（A）andSagamiBay（B）withthesamplingstationsofnitrate,CTDandChla.Stations
indicatedbywhitecirclesrepresentthesamplingpointsofindependentdatasetsusedforthealgorithmvali-
dation.



Fig.1B）.

Duringcruises（1）and（2）,seawatersamples

werecollectedwith5or10LNiskinsamplers

mountedasarosettearoundaCTD（I-CTD

and NXIC-CTD,Falmouth Scientific-INC）.

SamplesfornitrateandChlawerecollectedat

discretedepthsinthewatercolumnfrom the

surface（5m or10m）to200m waterdepths.

Samplingdepthswerenotalwaysconsistent

foreachcruise.Samplesfornitratewerestored

inpolystyrenebottles,frozenimmediatelyaf-

terthecollectionandstoredat－20℃ until

analysis.Nitrateconcentrationsinwatersam-

plecollectedbyT/V SaiyoMaruandR/V

TanseiMaruweremeasuredbyauto-analyzers

AACS IIIand TRAACS 2000（Bran and

Luebbe）,respectively（HASHIMOTOetal.,2005）.

Chlainsamplesweremeasuredbyfiltering200

mlwatersamplesonto25mmWhatmanGF/F

filters.Chlawasimmediatelyextractedbyim-

mersing the filter into N,N-dimethylfor-

mamide（SUZUKIandISHIMARU,1990）under

coldanddarkconditions,foratleast24hours

priortotheanalysis.Chlaconcentrationswere

determinedusingaTurnerDesignModel10-

AUfluorometercalibratedwithstandardChla

（WakoPureChemicalIndustries）,accordingto

themethodofWELSCHMEYER（1994）.

2.3.DataAnalysis

Thedatabaseusedforconstructingthealgo-

rithmsfornitrateyielded262profilesoftem-

perature,salinity,nitrateandChlainthe

upper200m layer.NitrateandChlaprofiles

consistsof8�12samplingdepthpoints,which

variedamongthedifferentcruises,whiletem-

peratureandsalinityprofilesweremeasured

continuouslybyusingaCTDandusedforde-

rivingwaterdensitygradients.Thetotalnum-

berofdatapointscontaining temperature,

salinity,ChlaandNO3－ was3324.Themixed

layerdepth（MLD）wasestablishedbasedona

differenceinwaterdensityof0.125from the

surfacelayer（LEVITUS,1982）.Thedatafrom

thelongterm monthlycruisesatStn.S3by

T/VSeiyoMaruwereusedfortheanalysisof

seasonalvariability.

Relationshipbetweennitrateconcentration

anditspredictorvariableswereanalyzedby

multiplelinearregressionanalysis.Thepredic-

tiveaccuracyoftheregressionmodelwaschar-

acterized using root mean square error

（RMSE）withdatanumbeofN（KAMYKOWSKI

etal.,1986;GARSIDEandGARSIDE,1995;GOESet

al.,1999and2000;SWITZERetal.,2003）;

RMSE・
1

N ・
N

i・1
・・NO3estimated・NO3measured・

2

・
,（1）

whereNO3estimated,andNO3measuredisestimatedand

measured nitrateconcentration（μM）for

samplei,respectively.

3.Results

3.1.WaterColumnStructureoftheUpper200

mofSagamiBay.

AsshownintheT-Sdiagram from thear-

chiveddataofSagamiBay（Fig.2A）,thetem-

peratureandsalinityrangedfrom 8.9�28.5℃

and32.1�34.7,respectively.Itisclearlyseen

thatthedenserdeeperwatershowedlessvari-

abilityintemperatureandsalinitycomparedto

thelessdenseupperwatercolumnwaters.Figs.

2B-Eshowtheseasonalvariabilityassociated

withFig.2A,indicatingthatthehighertem-

peratureandlesssalineshallowwatersinsum-

merandfall.Itisimportanttonotethatthe

denserwater（σθ>24.3）hadlittlevariabilityin

salinityandfellontoalineontheT-Sdia-

grams（Figs.2A-E）,particularlybelowthewa-

terwithσθof26.Thisσθ of24.3and26also

nearlycorrespondedtothedensityofthesur-

facewaterduring winterand spring and
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Table2.Independentdatasourcesfortestingthealgorithmsperformance.

No Cruise Stations NumberofProfiles Seasons

1
2
3
4

KT08�01
KT08�05
KT08�15
KT07�30
KT08�29

S3,H3,J3,N5
S3,N3,N4,J3,H3,O1
H3,J3,N3,S3

S3,H3,J3,N3,N4,N5

4
6
4
6

Winter
Spring
Summer
Fall
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Fig.2.TheT-Sdiagramsoftheupper200mwatersinSagamiBayforallseasons（A）,winter（B）,spring（C）,
summer（D）andfall（E）.Thecolorbarrepresentsnitrateconcentration（μM）.Thethicklinescorrespond
totheσθ＝26isopycnalsurfaceandthethickdottedlineshowstheaveragewaterdensityofMLDwatersin
eachseason.
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Fig.3.Seasonalvariationofmixedlayerdepth（A）andtheaveragewithstandarddeviation（B）atstn.S3in
SagamiBayfrom1999to2006.Seasonaldensitystructureoftheupper200mwatercolumnofStn.S3（C）.
Dotandsolidlinesindicateσθ＝26andbottomofthemixedlayer,respectively.Thetoplayerisnamedas
mixedlayer（ML）,andthesecondlayeristheintermediatelayer（IML）,andthelastlayeristhedeeper
layer（DL）.



bottomofthewintermixedlayer,respectively.

Theshallow warm andlesssalinewaterin

summerandfallwasinprobabilitygenerated

bybothheatingandfreshwatersupplyinthe

bayaswellaslateraltransportfromoutsideof

thebay.

Fig.3showsseasonalvariabilityofthedepth

ofthesurfacemixedlayerinthecentralpart

（Stn.S3）oftheSagamiBay.Theseasonalvari-

abilityofeachyearfrom 1999to2006shows

thatthemixedlayerdepth（MLD）wasdeepest

inFebruary,shoaledrapidlyinMarchand

April,becameshallowestinsummermonths

（JunetoAugust）,andthengraduallydeep-

enedfrom SeptembertoFebruary（Fig.3A）.

ThedeepestMLD inFebruary,variedfrom

yeartoyear,rangingfrom115min2003to160

min2004（Figs.3A-C）.Onthebasisofthesea-

sonalvariabilityoftheaveragedMLD（Fig.

3B）,eachyearcanbeclassifiedintofoursea-

sonswithregardtoseasonalevolutionofthe

MLDasdepictedinFig.3C;（a）winter（Decem-

bertoFebruary）whentheMLDbecamedeeper

duetointensivecooling,（b）spring（Marchto

May）whentheMLDbecameshallowerdueto

heating,（c）summer（JunetoAugust）when

theMLDwereveryshallowandclosedtothe

surface,and（d）fall（SeptembertoNovember）

whentheMLDstartedtodeependuetograd-

ualcooling.Asisevidentfrom Fig.2,the

deeperwater（σθ>26）inSagamiBayshowed

littlevariabilityintheT-Sdiagram.Thedepth

correspondingto26σθ wasca.130-160m in

SagamiBayatStn.S3withlittleseasonalvari-

ability（Fig.3C）.Basedontheseasonalvari-

abilityoftheMLandthedepthofσθ＝26,we

classifiedtheupper200mwatercolumnofthe

SagamiBayinto3layers;（1）themixedlayer

（ML）abovetheMLD,（2）theintermediate

layer（IML）below theMLD andabovethe

depthofσθ =26,and（3）thedeeperlayer（DL）

withσθ>26.

3.2DevelopmentofNitrateAlgorithms

Ofthe262profilesavailablefromthedataset

usedinthisstudy,104profilesweretakenin

summerandtherestduringtheotherseasons.

Alsoofthe262profiles,45profileswerefrom

Stn.S3.Thenumberofprofileswassmallestin

winterwith29profiles（10.9%datapoints）of

whichmorethan2/3（20profiles）werefrom

Stn.S3.Inspringandfalltherewere50profiles

（17.5%datapoints）and79profiles（20.7%data

points）,respectively.Theseasonalunevenness

inthenumberofprofilesapparentlyresulted

fromtheobservationsoutoftheStn.S3during

R/VTanseiMarucruisesinsummerandfall.

NumberofprofilesatStn.S3showedlesssea-

sonalbias.Asforthespatialdistributionofthe

dataset,almosthalfofthedatawereobtained

atStn.S3（～45.1%）,butother9stationsdis-

tributedevenlyinthebay（Fig.1B）.Thefre-

quency distribution ofdata numbersin 3

differentwatersclassifiedinsection3.1shows
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Table3.Correlationcoefficient（r）betweennitrateanditspredictorvariablesinmixedlayerwater,intermedi-
atewater,anddeeperwater.nisnumberofdatapoints.

NO Predictors Winter Spring Summer Fall

MixedLayer n=212 n=215 n=87 n=242

1 Temperature
2 LogTemperature
3 Chlorophylla
4 Salinity

-0.49＊＊

-0.49＊＊

0.45＊＊

0.07

-0.68＊＊

-0.68＊＊

0.51＊＊

0.01

-0.35＊

-0.36＊

0.17
0.03

-0.91＊＊

-0.91＊＊

0.68＊＊

0.49＊＊

IntermediateLayer n=222 n=255 n=1183 n=243

5 Temperature
6 LogTemperature
7 Chlorophylla
8 Salinity

-0.71＊＊

-0.71＊＊

0.69＊＊

0.69＊＊

-0.86＊＊

-0.85＊＊

0.48＊＊

0.45＊＊

-0.94＊＊

-0.95＊＊

0.48＊＊

0.24

-0.93＊＊

-0.93＊＊

0.63＊＊

0.23

DeeperLayer n=665

9 Temperature
10 LogTemperature
11 Chlorophylla
12 Salinity

-0.87＊＊

-0.87＊＊

0.05
0.85＊＊

**p<0.001;*p<0.05



about57.2%（1903points）ofdatapointswere

obtainedfrom theIML,withhighestnumber

of1183pointsfoundinsummer.Ontheother

hand,datafromMLandDLconsistedof22.8%

and20%,respectively.Thisverticaldistribution

showedthatthedatabasewasmoreconcen-

tratedatIMLthanotherwaters.

Table3showsthecorrelationsbetweenmeas-

urednitrateconcentrationandeachpossible

predictorvariableindifferentwatermasses

andseasons.ForthemostcaseswithintheML

andtheIML,temperature,thelogarithm of

temperature（LogT）,andChlacorrelatedsig-

nificantlywithnitrate.Incontrast,highcorre-

lationwasobservedfortheDLnitratewith

temperatureandsalinity.Thelargedifference

intemperaturewithinthewatercolumn,be-

tweenthesurfaceMLandDL,requiredthe

conversionoftemperaturetoLogTtoreduce

thevariabilityinGOESetal.（1999;2000）,SILI�-

CALZADA etal.（2008）andSTEINHOFF etal.

（2009）independentlyshowedthattheaddition

oftheLogTimprovedNO3－predictionbymul-

tiple-linearregression.

Anexampleoftheimprovedrelationshipbe-

tweennitrateconcentrationintheMLandits

predictorvariableswithadditionalvariableis

showninFig.4.AdditionofChlaandtheuse

ofLogTbothimprovedthepredictabilityof

themodelcomparedtotheregressionwith

temperaturealone（Figs.4Aand4B）.Further-

more,thecombinationoftemperature,Chla

Lamer48,201078

Fig.4.RelationshipbetweenmeasuredandestimatednitrateconcentrationsinMLasanexampleofprocesses
indevelopingthenitratealgorithms:（A）Linearregressionwithtemperature,（B）Multiplelinearregres-
sionwithtemperatureandChla,（C）MultiplelinearregressionwithLogTandChla,and（D）Multiplelin-
earregressionwithtemperature,LogTandChla.RMSEandSEindicateRootMeanSquareErrorand
StandardErrorwiththestandarddeviation,respectively.



andLogTsignificantlyimprovedthepredict-

ability（Figs.4Cand4D）.Hereafter,weused

multiple-linearregressionanalysisofnitrate

withtemperature,LogTandChlafortheML

andtheIMLseasonbyseason,andforDLwith

temperature,LogTandsalinity.

Nitrateconcentrationineachseasonwases-

timatedbyapplyingtheabovealgorithmsto

MLandIML（Eq.2）andDL（Eq.3）,respec-

tively.

Nitrate[μM]＝a＋bT[degC]＋cChla

[μgl－1]＋elogT[degC] （2）

Nitrate[μM]＝a＋bT[degC]＋dSal[psu]

＋elogT[degC] （3）

Resultsofmultiple-linearregressiontoesti-

matenitrateconcentrationareshowninTable

4.Ther2rangedfrom0.59to0.93,andRMSE

from0.6to2.1μM.Itisnotablethatthelowest

r2of0.59andthesecondsmallestRMSEof0.7

μM wereobservedinthesummerML,where

thedatanumberwassmallestandthenitrate

concentrationwasthelowest.Exceptforthe

summer,r2 valuesduringtheotherseasons

werelargerthan0.73.

3.3.ApplicabilityoftheRegressionModels

Asetofindependentdata（Table2）fromsev-

eralstationsobtainedduringtheR/VTansei

Marucruises（Fig.1B）wasusedtotestthe

performanceofthenitratealgorithms.The
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Fig.5.Regressionsofmeasuredandestimatednitrateconcentrationsusingindependentdatasetsobtainedin
SagamiBayfromlocationsshowninFigure1Binwinter（A）,spring（B）,summer（C）andfall（D）.



NO3－ profilesintheupper200mwatercolumn

oftheSagamiBaywerecomputedbyusinga

combinationofmultiple-regressionmodelsfor

thethreelayersdescribedintheprevioussec-

tion,andthecorrelationsbetweenmeasured

andestimatednitrateareshowninFig.5.The

highestperformanceofthealgorithmswasob-

servedinfallwithr2andRMSEof0.98and1.4

μM,respectively.Ontheotherhand,thelow-

estperformancewasfoundduringwinterwith

r2andRMSEof0.92and1.6μM,respectively.

Inspringandsummerthealgorithmresultsin

r2andRMSEof0.95and1.6μM,0.97and1.3

μM,respectively.

4.Discussion

4.1.WaterMassandNitrateVariabilityin

SagamiBay

OuranalysisofT-Sdiagrams（Fig.2）re-

vealedconspicuousseasonalvariationsofwater

mass.ThelargestvariabilityintheT-Sdia-

gramwasobservedduringsummerandfallin

thesurfacemixedlayer.Thishightemperature

andlesssalinewatermassappearedonthetop

ofthewinterlowtemperatureandhighsaline

watermass.Thewatermasswithdensityofσθ

>24.3,and morespecificallyσθ>26,showed

verystableT-Ssignaturesforallseasonsdur-

ingthe10years.Thismaysuggestthatthis

watermasscamefromsamesourceduringall

seasons.Thiswatermasswasatsurfacein

winterandspringandbelowthesurfacewater

insummerandfall.

Thehightemperatureandlesssalinesurface

waterappearedinsummertofallandshowed

largevariabilityintheirT-Ssignatures.Like

anyothertemperateregion,radiationfluxin-

creasesduring summerandpeaksin July

（HASHIMOTOetal.,2005;2006;ISHIZAKAetal.,

2007）,andhighheatfluxinsummeraffectsthe

heatcontentintheupperwatercolumnofthe

SagamiBayandchangesthewaterproperties

（OTOBE andASAI,1985）.Freshwaterinput

from riverandlateraltransportoflesssaline

waterfrom TokyoBaycanalsoinfluencethe

surfacewaterofSagamiBay,specificallydur-

ingsummer（KANDAetal.,2003;YANAGIand

HINATA,2004）.ThevariabilityofT-Sdiagram

atthesurfaceindicatedtheheterogeneityof

the less saline water in summer.Those

dynamicsofthewatermassintheSagamiBay

wasfairlyconsistentwiththeonedescribed

previously（IWATA,1985）andsimilartothe

near-by SurugaBay（NAKAMURA,1982re-

ferredinIWATAetal.,2005）.

Itisknownthattheverticalmixingandthe

upwardtransportofnutrientsinSagamiBay

during thesummerstratifiedseason takes

placeduetophysicalforcing,suchasregional

upwelling（KAMATANI et al.,1981）,topo-

graphiceffectonstrongcurrent（TAKAHASHIet

al.,1980）,andwind（ATKINSONetal.,1982）.In

mostcases,theseverticalmixingandupwelling

events cause relaxation of the seasonal

thermoclineresultinginmixingintheupper

watercolumn<～100m and/orupwellingof

deeperwatertotheupperwater.Theseevents

mayberesponsibleforthelargevariabilityof

surfaceT-Sdiagram duringthesummerand

fall.

Previous studies（BAEK et al., 2009;

TAKAHASHI etal.,1986）haveshown that

riverineinputsandmixing/upwellingcanlead

tosignificantincreasesintheamountofni-

trateinthebay.However,inourdataset,ni-

trateconcentrationsinthesurfacemixedlayer

insummerwereusuallylow（0.1�1.6μM）,de-

spiteindicationsoflargeriverineinputsand

upwellingasevidentfromthevariabilityatthe

surfaceintheT-Sdiagram duringsummer.

Onepossibilityisthatnitrateincreasesdueto

thesesporadiceventswasquicklyconsumedby

phytoplanktonanddepleted.Onthebasisof

experimental data and field-observations,

ISHIZAKA etal.（1983）andTAKAHASHIetal.

（1986）showedthatexcessnitratepresentin

upwellingwaterintheSagamiBaywasrapidly

depletedbyfastgrowingphytoplanktontolim-

itingconcentrations.Satellitedatashowing

largeheterogeneityofChlaandprimarypro-

ductioninthebayprovidesanindicationofthe

rapid response ofphytoplankton to these

eventsandthevariabilityinnitrateassociated

with phytoplankton biomass distribution

（ISHIZAKA etal.,1992;2007;KANDA etal.,

2003）.Theseobservationsjustifytheimpor-

tanceofinclusionofChlainthenitratealgo-

rithm.

ThelackofseasonalvariabilityintheT-S

diagram（Fig.2）forwatersbelowthedepthof
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σθ＝26,between130and160m,suggestedmini-

malinfluenceoflateraladvectiononnitrate

distribution.Furthermore,itsuggestedthat

theDLwasstableintheentireregionofthe

SagamiBayatleastduringtheobservationpe-

riod.Thiswasanunexpectedfindingbecause

theSagamiBayislocatedclosetotheKuroshio

andhenceitswatermassstructureisbelieved

to be affected by its dynamicalforcing

（YANAGIandHINATA,2004;HINATA etal.,

2005）.Ithasalso been reported thatthe

OyashiowatersometimesintrudesintoSagami

Bayinmuchdeeperlayer（～300m;SENJYUet

al,1998）.Sinceourobservationswerelimited

to200m,wedonotknowmuchaboutthedepth

rangeofthestablewatermassbelow this

depth.

Nitrate concentration in the DL were

stronglycorrelatedwithtemperatureandsa-

linitybutnotwithChla.Thisisnotanunex-

pected finding as phytoplankton photo-

synthetic activity and nutrientuptake in

deeperwaterswouldhavebeenminimalasis

alsoevidentfromtheextremelylowChlacon-

centrationintheDL（<0.07μgl－1）compared

totheML（0.03�7.12μgl－1）andtheIML

（0.01�4.16μgl
－1）.

Inthepresentstudy,wedefinedtheIMLas

thewatermassbelowtheMLandabovethe

DL.Itwasverythinduringwinter/springand

thickduringsummer/fallbecauseofthedeep

andshallow ML,respectively.TheT-Sdia-

grams（Figs.2B-C）showthattherangesofσθ

inIMLwerenarrower,25.6�26and25.3�26,in

winterandspringandbutwerebroader,23.1�
26and23.6�26,insummerandfall,respec-

tively.Thisbroaderrangeinσθ,intheIML,

canbeattributedtomixingofthewarm and

lesssalinesummer-timesurfacewaterwithwa-

tersintheupperpartoftheIML.Thelarge

amountofphytoplanktonintheupperpartof

IML,whichwasinvariablyshallowerthanthe

euphoticzone（～30�67m,HASHIMOTO etal.,

2006）duringsummer,justifiedtheinclusionof

Chlaasapredictorvariableinthemultiple-

linearregressionofnitrateconcentrationin

theIML.

4.2.NitrateAlgorithm:StrengthandLimita-

tions

Ourdatasetrevealedthatnitrateconcentra-

tioncouldbeestimatedwithagreatdegreeof

reliabilityusingtemperatureandChlainthe

MLaswellasintheIML.IntheDL,nitrate

correlatedwellwithtemperatureandsalinity

（Table3）.Thisisanimportantfindingnot

onlyforexplainingwhatregulatesNO3vari-

abilityinthebay,butalsoforexplainingthe

rationaleinourchoiceofvariablesforthealgo-

rithmsfordifferentdepths.

Therehavebeenpreviousattemptstoesti-

matenitratefrom thetemperature,salinity

andChla.GOESetal.（1999;2000）andSILI�-

CALZADAetal.（2008）showedthatvariability

ofnitrateatthesurfacecouldbeexplainedby

SSTandChlainthePacificOceanandinthe

BenguelaUpwelling,respectively.GARSIDEand

GARSIDE（1995）andGARSIDEetal.（1996）were

abletoexplainthevariabilityofnitrateandits

originonthebasisoftemperaturefordeepwa-

terintheEquatorialPacificandcoastalwater

oftheGulfofMaineandsalinity,respectively.

IWATAetal.（2005）usedsalinityaloneforesti-

matingsubsurfacenutrientinSurugaBay,Ja-

pan.

Inthisstudy,nitrateprofilefromsurfaceto

200m couldbeestimatedusingdifferentalgo-

rithmsfordifferentlayersofverticalstructure

takingintoaccountnotonlydifferentphysical

andbiologicalprocessesbuttheoriginsand

mixingofdifferentsourcewaters.Theestima-

tionofaccurateverticalprofileofnitratewas

notpossiblebyothermethods,andthepresent

algorithmsshouldbehelpfulforunderstand-

ingthebiogeochemicalprocessesindynamical

marineenvironmentssuchastheSagamiBay.

Ingeneral,thealgorithmsperformedbetter

intheIMLandintheDLthanintheML（Ta-

ble4）.Oneofthereasonsforthisdiscrepancy

maybethehighlydynamicnatureoftheML

withlargevariabilityintemperature,salinity,

andChla,butasmallrangeofvariabilityin

nitrate,particularlyduringsummer.Inthe

ML,theweakestcorrelationsbetweenmeas-

uredandestimatednitratewerefoundinsum-

mer.Thisisperhapsduetothelow nitrate

concentrationsobserved,butalsobecauseof

the large variability of temperature as
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comparedtootherseasons.

Forthedevelopmentofthealgorithms,al-

mosthalf（～45%）ofthenitrateprofilescame

fromStn.S3.Theuseofdatafromasinglesta-

tioncouldbiasthealgorithms.However,our

testsofvalidityofthealgorithmswithinde-

pendentdatafromwiderlocationsshowedgood

performance（Fig.5）.Thecomparisonbetween

insituandestimatednitrateprofilesindiffer-

entseasons（Figs.6A-D）clearlyshowedthe

seasonalvariationofnitrateprofileparticu-

larlyinMLandIMLasaresultofseasonal

evolutionoftheMLD,withmaximum and

minimuminwinterandsummer,respectively.

Inwinter,thedecreasingSSTcausesdeepening

ofMLDandresultsinhighestandhomogene-

ousnitratethroughouttheML（Fig.6A）.On

theotherhand,duringsummer,theseasurface

heatingincombinationwithphytoplankton

productivityprevailingphysicalmixingresults

inveryshallowMLDwithlowernitrate（Fig.

6C）comparedtospring（Fig.6B）andfall（Fig.

6D）.

Sincethealgorithmsofthisstudyhadbeen

developedbasedongeneralwatermasscharac-

teristicswithintheupper200moftheSagami

Bay,itmaybedifficulttoapplythealgorithm

whenthewaterisaffectedbyun-identifiedwa-

termassesofdifferentnitrateconcentrations,

especiallyinthenear-shorestations.Evenwith

thislimitation,thefactthatDLin～130-200m

depthofSagamiBayshowedstableT-S-nitrate

relationshipmadeusconfidencethatouralgo-

rithmscanprovidevalidestimatesofnitrate

inputfrom deeper layer coused by wind-

inducedupwellingand/ortopographiceffecton

Kuroshiocurrent.

Wearenotcertainwhetherourapproach

could be directly applicable to other

embayments,neverthelessthisstudysuggests

thatasimilarapproachcouldbeapplicableto

reconstructhigh resolution nitrateprofiles

thatcouldbeusedforstudyingdaily,seasonal

toannualchangesbasedontemperature,Chla

andsalinityfromautomatedinstrumentscom-

monlyusedonvariousoceanographicmonitor-

ing platforms,such asfloats,glidersand

buoys.

5.Conclusions

Algorithmsfornitrate,constructedusing

physical（temperature,salinity）andbiological

（Chla）datafrom differentwatermassesin

differentseasons,wereabletoyieldhighlyreli-

able,high-resolutionprofilesofnitrateinup-

per200m watercolumnoftheSagamiBay.

ThewatermassanalysisusingT-Sdiagram

andMLDasacriteriatodistinguishbetween

watermasses,yieldedabetterbasisandunder-

standingofthecontrollingfactorsofnitrate
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Table4.Resultsofmultiplelinearregressionsforestimatingnitrateconcentration.Nisnumberofdata.The
valuesofa,b,c,dandeareconstantandcoefficientsofequationformixedlayerwaterandintermediatewater

（eq.2）andfordeeperwater（eq.3）

No
Seasons

Constant T Chla Sal LogT R2
RMSE
（μM）

N

a b c d e

MixedLayer

1 Winter
2 Spring
3 Summer
4 Fall

145.57
95.51
212.7
22.12

3.27＊＊

0.85＊＊

0.85＊

-1.51＊＊

3.41＊＊

1.81＊＊

0.30＊

2.41＊＊

----
----
----
----

-68.32＊

-93.44＊

-37.08＊

3.58＊＊

0.73
0.78
0.59
0.92

1.4
1.9
0.7
1.2

212
215
87
242

IntermediateLayer

5 Winter
6 Spring
7 Summer
8 Fall

329.52
187.85
83.88
98.76

11.5＊＊

3.68＊＊

-0.15＊＊

0.92＊＊

-5.92＊＊

-1.77＊

-0.12＊

-3.72＊＊

----
----
----
----

-181.02＊＊

-86.59＊＊

-25.76＊＊

-36.71＊＊

0.76
0.83
0.93
0.88

2.1
1.8
0.6
1.8

222
255
1183
243

DeeperLayer

9 All
Seasons

416.33 2.01＊＊ --- 11.00＊＊ 2.01＊＊ 0.90 0.6 665

＊＊P<0.001;＊P<0.05
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variabilityinthebay.Theanalysishelpediso-

lateMLfromtheDLwhichhaddistinctwater

properties（lowtemperature,highsalinityand

nitrate）comparedtotheIMLortheML.

Previousstudieshavedemonstratedthepos-

sibilityofnitrateestimationintheMLDde-

rivedfrom temperature（KAMYKOWSKI,1987;

GARSIDE andGARSIDE,1995;CHAVEZ etal.,

1996;SWITZERetal.,2003;HENSONetal.,2003;

SHERLOCKetal.,2007）.Itmaybenotedthatde-

rivingnitratebasedontemperaturealoneis

limitedbecauseofthehighlyvariablenatureof

nitrateoverspaceandtime（GOESetal.,1999;

2000）.Ourstudysuggeststhatnitratealgo-

rithmsbasedontemperature,salinityandChl

awhichtakeintoaccountthewatermasschar-

acteristicsofagivenareacouldbeabetterand

amorerobustapproachestimatingnitratecon-

centrationsinwatercolumneveninhighlydy-

namiccoastalenvironments.

Thisstudyalsodemonstratesthattheseal-

gorithmscouldbereliablyusedtofillinthe

gapsofinsitumeasurementsofnitrateconcen-

tration,suchdataaredifficulttoobtainby

conventionalmeans,suchasfromresearchves-

sels,oranotherplatform,forinstance:floats,

gliders,andbuoys.Thisstudyisthefirsteffort

todemonstratetheadvantagesofutilizinga

combinationofbiologicalandphysicalparame-

tersforobtaininghighresolutionnitrate,pro-

fileswhich could beimportantforbetter

understanding of carbon fluxes and bio-

geochemicalprocessesincoastal-oceanicwa-

ters.
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