
1.Introduction

InJune2009,theInternationalThermody-

namicEquationofSeawater2010（TEOS-10）

was endorsed by the Intergovernmental

Oceanographic Commission（IOC） of the

UnitedNationsEducational,ScientificandCul-

turalOrganization（UNESCO）asthereplace-

mentfortheInternationalEquationofStateof

Seawater1980（EOS-80）（IOCetal.,2010）.An-

othersubstantialchangefrom previousprac-

ticeistheuseofabsolutesalinity（gkg－1）in-

steadofPracticalSalinity（SP）inTEOS-10

（MILLERO,2010）.

Densityofseawaterisafunctionofabsolute

salinity（SA）ratherthanconductivity.Todate,

however,thereisnosensorthatcanprecisely

measureabsolutesalinityinsitu（MILLERO,

2006）.Therefore,analgorithmtoestimateab-

solutesalinitywasprovidedalongwithTEOS-

10（MCDOUGALL etal.,2009）.Theabsolute

salinityofInternationalAssociationofthe

PhysicalSciencesoftheOcean（IAPSO）Stan-

dardSeawater（SSW）（OceanScientificInter-

nationalLtd.,Havant,UK）hasbeenexamined

andusedtodefinetheReference-Composition

Salinity（SR）scale（MILLEROetal.,2008）.Prac-

ticalSalinitycanbeconvertedtoReference-
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CompositionSalinityovertherangeofconcen-

trationswherePracticalSalinityisdefined:SR
＝（35.16504gkg－1/35）× SP.

Toestimatetheabsolutesalinity（alsocalled

・densitysalinity・）foraparticularseawater

sample,thealgorithmexploitsthecorrelation

betweentheabsolutesalinityanomaly（δSA）

relativetotheReference-CompositionSalinity

andthesilicateconcentration,makinguseof

the globalatlas ofsilicate concentrations

（MCDOUGALLetal.,2009,Eqs.［3�6］）.How-

ever,δSA estimatedfrom themodelfrom

MCDOUGALL et al.（2009） shows latitude-

dependentsystematicdiscrepancyfromδSAes-

timatedfrom anothermodelfrom PAWLOWICZ

etal.（2010）whichexploitsmorepreciselythe

correlationbetweenδSA andnutrientconcen-

trationsand carbonatesystem parameters

basedonmathematicalinvestigationusinga

modelrelatingcomposition,conductivity,and

densityofarbitraryseawaters（Fig.1）.Abias

inthedensitydatafortheNorthPacificob-

tainedinthe1970smaypartlycontributetothe

discrepancy by overestimating thelatitude-

dependent coefficient in the model from

MCDOUGALLetal.（2009）.Therefore,valuesfor

absolutesalinityaswellasPracticalSalinity,

nutrientconcentrations,andcarbonatesystem

parametersshouldbeaccuratelycollectedfor

evaluationandfutureupdatingoftheestima-

tionmethod,especiallyintheNorthPacific,

coastalandmarginalseasandoceanicareasin

which density salinitieshavenotyetbeen

measured.Ifcertifiedstandardseawaterwere

availableasadensityreferencewithanuncer-

taintyontheorderof0.001kgm－3,seawater

densitycouldbemeasuredmoreaccurately

relative to this standard seawater with

metrologicaltraceabilitybymeansofanoscil-

lation-typedensitymeter（PICKERetal.,1974）.

In this study, we evaluated standard

seawatersusedforconductivityandnutrient

measurementsfortheirpotentialassucharef-

erence liquid by measuring their density

salinitieswithanoscillation-typedensityme-

ter.Thedensity salinitiesofthestandard

seawaterswerecomparedwiththeabsolute

salinities calculated from the two models
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Fig.1.Verticalprofilesofabsolutesalinityanomalies（δSA）estimatedfromthemodelsof（a）MCDOUGALL
etal.（2009）and（b）PAWLOWICZetal.（2010）,and（c）differenceoftheabsolutesalinityanomaliesbe-
tweenthetwomodels.Locationsofthedatausedfortheestimationareshownin（d）withthenumbers.
High-qualityhydrographicdataobtainedontheR/VMiraicruises（UCHIDA andFUKASAWA,2005;
KAWANOandUCHIDA,2007;KAWANOetal.,2009;UCHIDAetal.,2011）wereusedfortheestimation.



（MCDOUGALL etal.,2009;PAWLOWICZetal.,

2010）byusingmeasuredPracticalSalinity,nu-

trientconcentrations,andcarbonatesystem

parameters.

2.MaterialsandMethods

Inthisstudyweusedstandardseawatersfor

conductivity（IAPSOSSW batchesP144�P152）

andfornutrients（ReferenceMaterialforNu-

trientsinSeawater［RMNS］lotBF;Kanso

TechnosCo.,Ltd.,Osaka,Japan）.Seawater

densitiesweremeasuredwithaDMA 5000M

oscillation-typedensitymeterwithanXsample

122samplechanger（Anton-PaarGmbH,Graz,

Austria）.Thesamplechangerwasusedtoload

samplesautomaticallyfrom uptoninety-six

12�mLglassvials.PracticalSalinitywasmeas-

ured with a salinometer（Autosal8400B;

GuildlineInstrumentsLtd.,Ontario,Canada）,

which wasstandardized with IAPSO SSW

batchP152.Nutrientsweremeasuredwithan

autoanalyzer （TRAACS 800 system;

Bran＋Luebbe,Norderstedt,Germany）.Total

alkalinity（TA）anddissolvedinorganiccarbon

（DIC）weremeasuredwith acustom-made

spectrophotometerandatotal-CO2measuring

system（NipponANS,Inc.,Fuchu,Japan）,re-

spectively（UCHIDAetal.,2011）（Table1）.

Densities of pure water and standard

seawatersweremeasuredat20.001℃ andat-

mosphericpressureinthelaboratorywitha

standarddeviationofabout0.001kgm－3.Time

driftofthedensitymeterwasmonitoredbype-

riodicallymeasuringthedensityofultra-pure

water（Milli-Qwater,Millipore,Billerica,Mas-

sachusetts,USA）prepared from Yokosuka

（Japan）tapwaterinJuly2010,densitystan-

dardwater（KyotoElectronicsManufacturing

Co., Ltd., Kyoto, Japan）, and standard

seawaters（Fig.2）.

ThetruedensityoftheMilli-Qwaterwases-

timated from the isotopic composition

（MENACH� andGIRARD,1973）andInterna-

tionalAssociationforthePropertiesofWater

andSteam（IAPWS）-95standard（FEISTEL,

2008）.Theisotopiccompositionforhydrogen

（δD）andoxygen（δ18O）relativetoVienna

StandardMeanOceanWater（VSMOW）was

determinedfortheMilli-Qwateranddensity

standardwaterbyusinganisotope-ratiomass

spectrometer（IRMS）MAT252withanequili-

brationdevice（ThermoFisherScientificInc.,

Waltham,Massachusetts,USA）;thetrueden-

sityoftheMilli-Qwaterwasestimatedtobe
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Table1.Concentrationsofsalinity,nutrient,andcarbonatesystem parametersinstandardseawaters.
PracticalSalinity（SP）wasmeasuredonAugust25,2010,andabsolutesalinity（SA）wasmeasured
onAugust26,2010forseveralbottlesofthestandardseawaters.Nutrientconcentrationswere
measuredonJuly14,2010;averageoftwomeasurementsforonebottleislisted.Totalalkalinity
（TA）wasmeasuredonSeptember12,2010.Dissolvedinorganiccarbon（DIC）wasmeasuredonNo-
vember7,2010forIAPSOSSW lotP152andonSeptember11,2010forRMNS.

Lot Dateof SP SA NO3 SiO2 TA DIC

no. manufacture ［PSS-78］ ［gkg－1］ ［μmolkg－1］

IAPSOSSW

P152
P151
P150
P149
P148
P147
P146
P145
P144

2010/05/05
2009/05/20
2008/05/22
2007/10/05
2006/10/01
2006/06/06
2005/05/12
2004/07/15
2003/09/23

34.9926
34.9984
34.9920
34.9945
34.9932
34.9914
34.9898
34.9913
34.9940

35.1578
35.1632
35.1572
35.1594
35.1574
35.1581
35.1559
35.1600
35.1626

0.04
0.03
0.39
0.04
0.96
1.36
0.47
0.06
0.08

22.16
32.39
38.91
40.95
45.16
69.40
78.48
69.77
90.52

2298.9
2303.7
2306.2
2307.4
2307.6
2309.5
2302.6
2317.3
2318.6

2055.9
－
－
－
－
－
－
－
－

RMNS

BF 2007/04/11 34.6138 34.7906 41.39 150.42 2376.3 2218.9
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Fig.2.Timedriftofthedensitymeter,asestimatedfromrepeatedmeasurementsofpurewaters（Milli-Q
anddensitystandardwater）andstandardseawaters（IAPSOSSWandRMNS）.Measuredvalueswere
averagedforeachdayanddensityanomaliesforMilli-Qwaterareshownrelativetotheestimatedtrue
value（998.2038kgm－3）.Fortheotherwaters,anomaliesfromthetemporalmeanwereaddedtothe
meanoftheanomaliesforMilli-Qwatermeasuredatthesametime.Dashedlinesshowtheregression
linesforMilli-Qwaterbeforeandafterday62.

Fig.3.MeandensityoffsetfromtheestimatedtruevalueforIAPSOSSWbatchP152（first7measurements
inFig.2）andforMilli-Qwatermeasuredatthesametime.ThetruedensityfortheMilli-Qwaterat
20.001℃ andatmosphericpressurewasestimatedfrom theisotopiccompositionofwaterandthe
IAPWS-95standard（ViennaStandardMeanOceanWater［VSMOW］）forthethermodynamicproper-
tiesofwater;fortheIAPSOSSW,truedensitywascalculatedfromabsolutesalinitycalculatedbyus-
ingthemodelofPAWLOWICZetal.（2010）andTOES-10.
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Fig.4.MagnitudeofcorrectionsfortheabsolutesalinityofIAPSOSSW（batchesP144�P152）andRMNS
（lotBF）fromtheReference-CompositionSalinityplottedagainstthedateofmanufacture.Filledand
hollowcirclesindicatethetotalcorrectionsforthemodelsofMCDOUGALLetal.（2009）andPAWLOWICZ
etal.（2010）,whichincludecorrectionsformeasuredsilicate,nitrate,TA,andDIC.FortheIAPSO
SSW,correctionsfornitrateandDICarenotshownbecausetheyweresmall（0.00002±0.00002gkg－1

fornitrateand-0.0001gkg－1forDICinbatchP152）.

Fig.5.DifferencesbetweentheabsolutesalinitiesofIAPSOSSW andRMNS,asestimatedfromthemodels
ofMCDOUGALLetal.（2009）andPAWLOWICZetal.（2010）,andthoseestimatedfromthedensitymeas-
urements,plottedagainstthedateofmanufacture.Errorbarsshowstandarddeviation.Alsoshownis
thedifferencebetweentheReference-Compositionsalinity（SR）andthemeasureddensitysalinity.



998.2038kgm－3（Fig.3）.Forthedensitystan-

dardwater（certifieddensity,998.204± 0.015

kgm－3）,thetruedensityasestimatedfromthe

isotopiccomposition（998.2050kgm－3）agreed

withthemeasureddensity（998.2058kgm－3）as

corrected with theMilli-Q watermeasure-

ments.

Thetruedensity ofIAPSO SSW batch

P152manufacturedinMay2010wasestimated

from the Reference-Composition Salinity

calculatedfrom thelabeledPracticalSalinity

withtheslightcorrection（＋0.0011gkg－1）of

PAWLOWICZetal.（2010）forabsolutesalinity

andTEOS-10（IOCetal.,2010）（Fig.3）;how-

ever,therecouldbesomeambiguity（afewmg

kg－1 inSR）inthelabeledPracticalSalinity

（KAWANOetal.,2006）.

Weusedamethodsimilartothesubstitution

method（WOLF,2008）toapplyanoffsetcorrec-

tiontothemeasureddensitybyusingthe

Milli-Q watermeasurementswith a slight

modification of the density dependency

（Fig.3）,undertheassumptionthatthedensity

meterwasstableoverabout9hforaseriesof

measurementsofupto96samples.Weexpected

theeffectofdissolvedaironmeasureddensities

（about-0.0024kgm－3at20℃;HARVEYetal.,

2005）tobecancelledout,asthemeasuredden-

sityofpurewaterwasadjustedtotheIAPWS-

95standard.

3.Results

Byusingmeasurednutrientconcentrations

andcarbonatesystem parameters,weexam-

inedthemagnitudeofcorrectionsfortheabso-

lutesalinityanomalyoftheIAPSOSSW and

RMNSbyusingtwomodels（Fig.4）.Thefirst

modelisfromMCDOUGALLetal.（2009）:

δSA［gkg－1］＝9.824×10－5［SiO2］ （1）

andthesecondisfromPAWLOWICZetal.（2010）:

δSA［gkg－1］＝（5.07［SiO2］＋3.89［NO3］＋

5.56ΔNTA＋0.47ΔNDIC）×10－5,（2）

where［SiO2］issilicateconcentration,［NO3］

isnitrateconcentration,ΔNTAisTAanomaly

normalizedtoasalinityof35（＝ TA－［2300

× SP/35］）,and ΔNDIC isDIC anomaly

normalizedtoasalinityof35（＝ DIC－［2080

× SP/35］）（allinunitsofμmolkg－1）.Al-

thoughthealgorithmtoestimateabsolutesa-

linityprovidedalongwithTEOS-10isconsisted

from latitude-dependentequationsforeach

oceanbasin（MCDOUGALLetal.,2009,Eqs.3�
6）,thesimplerelationshipwithsilicateob-

tainedbyfittingtothedatafromthroughout

theworldocean（MCDOUGALLetal.,2009,Eq.

2）isusedforthestandardseawaters,because

locationswherethesourcewaterwastaken

fromareunknown.

FortheIAPSOSSW,themagnitudeofthe

correctionsfornitrate,TA,andDICinEq.（2）

wassmall.However,silicateconcentrations

werehigherinIAPSOSSW withearlierdates

ofpreparation（Table1）,probablyasaresult

ofdissolutionofsilicatefromtheglassbottles

usedforSSW.Therefore,themagnitudeofthe

correctionforsilicateinbothEqs.1and2was

substantiallylargerfortheolderbatchesofthe

IAPSOSSW,andtherateofincreaseinsilicate

concentrationwasestimatedtobe0.0005gkg－1

y－1,althoughthisrateisabouthalfofthepre-

viousestimate（0.0012gkg－1y－1）（FEISTELet

al.,2010）.

Weexaminedthedifferencesbetweentheab-

solutesalinityoftheIAPSOSSW andRMNS

estimatedfromthetwomodels（Eqs.1and2）

andthedensitymeasurements（Fig.5）.The

correctiontermforDICinEq.2wasexcluded

fortheIAPSOSSW calculationbecauseDIC

wasnotmeasured,exceptinbatchP152.The

absolutesalinitiesestimatedfromEq.2agreed

wellwiththemeasureddensitysalinities.How-

ever,theabsolutesalinityoftheIAPSOSSW

estimatedfromEq.（1）,whichusesasimplere-

lationship with silicate,wasoverestimated,

probablybecauseofadifferenceincomposition

fromnaturalseawatercausedbydissolutionof

silicatefrom theglassbottle.FortheRMNS,

thedifferencewasrelativelysmallforboth

models.

4.Discussion

TheabsolutesalinityoftheIAPSOSSWesti-

matedfromEq.（1）wasoverestimated（Fig.5）.

ThecoefficientofEq.（1）doesnotrepresentthe

effectofSiO2alone,anditrepresentsbothSiO2
andthecombinedeffectsofTA,DIC,NO3,and
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soon.Alloftheseparametersarerelatively

correlatedinthedeepocean,andsoitmightbe

reasonabletoempiricallycorrelatethetotalef-

fecttoasingleoneofthem.However,sincethe

chemistryinsidethebottleofIAPSOSSW is

somewhatdifferent,thecoefficientofEq.（1）

cannotrepresenttheeffectoftheagingofthe

IAPSOSSW.

Thediscrepancy（0.006kgm－3）inthedensity

offsetbetween theMilli-Q waterand the

IAPSOSSW wasfound（Fig.3）.Uncertainty

oftheReference-CompositionSalinityScalefor

thedeterminationoftheabsolutesalinityof

SSW maybeaslargeas0.05gkg－1（WRIGHTet

al.,2011）.Moreover,itispossiblethatIAPSO

SSWnowavailablehasaslightlydifferentcon-

ductivity/densityrelationshipthantheSSW

thatwasusedwhenmostoftheconductivity/

densitymeasurementsweremadeinthe1970s.

Therefore,certifiedstandardseawaterforden-

sityisneededfordensitymeasurements.The

resultsweobtainedsuggestthatRMNShas

substantialpotentialasareferenceliquidfor

density measurements,because the RMNS

maintainsthecompositionofnaturalseawater

（OTAetal.,2010）andisstableforatleast3

years.The use of a magnetic levitation

densimeter（KANOetal.,2007）tomeasurethe

absolutedensityofRMNScouldbeaneffective

solutiontotheproblem offindingareliable

densityreference.
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