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TermsofGlossary

AnalyzerInfraredAPC

Corpora-PhysicsAppliedthebymadeanalyzer(NDIR)infrarednondispersiveA

for(CDRG)GroupResearchDioxideCarbonthebyusedand1956in(APC)tion

COatmospheric 2 since.evermeasurementsgasreferenceand

CorrectionBarometer

thetoitadjusttoreadingbarometerFortinthetoappliedcorrectionA

manometermercury-columnconstant-volumetheofreadingcorresponding

barom-aasfunctionCMMthemakingbydeterminediscorrectionThe(CMM).

hasreadingbarometerTheinstruments.bothreadingsimultaneouslytheneter,

Hg.mm0.4to0.1rangetheinCMM,theofthatthanhigherbeenalways

Calibration

aoforvolume,aoformeasurement,aofrelative,orabsoluteStandardization,

system.gasreference

ScaleCalibration

thatmeasurements,CDRGofhistorytheforvalidequations,calibrationofsetA

COandJ-indexanalyzerAPCbetweenrelationshipthedescribe 2 fraction.mole

recentmosttheofyearcalendartheofdigitstwoand"X"bydesignatedisIt

aincluding,andto,upvalidscalecalibrationthefor"X97"e.g.event,calibration

1997.indatecentral

GroupResearchDioxideCarbon

ofInstitutionScrippsofDivisionResearchGeosciencestheingroupResearch

isInvestigatorPrincipalDiego.SanCalifornia,ofUniversityOceanography,

CDRG.isAbbreviationKeeling.D.Charles

Cathetometer

usedcathetometertheSpecifically,distance.measuretouseddeviceageneral,In

instrumenthigh-precisionaisCMMtheinlevelsmercury-heightmeasureto

theofdesignafrom1956inPasadenaofCompanyandHensonFredbymade

ATechnology.ofInstituteCaliforniatheofDepartmentEngineeringChemical

andlength1-meterofscrewleadaonmovescrosshairaligninganwithtelescope

leastawithmechanically,countedarescrewtheofTurns1-mm.ofpitchawith

pre-statedThemm..002ofreadabilityaandheightverticalinmm.01ofcount

mm..005iscision
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DateCentral

fiveof1985)(sinceconsistingevent,calibrationinfraredanofdateaverageThe

calibrationcubicthewhendaytheisdatecentralThedays.calibrationmarathon

calibra-interpolatedandatescentralbetweenapplies:yeargivenaofequation

applies.tion

Chamber

asurface,mercuryasurfaces,glassbydefinedCMMtheinvolume,orspace,A

COForstopcock.greasedacasessomeinandpointer,glass 2 gasreference

whichinchamber,cc4nominallythearechambersimportantthemeasurements,

COthe 2 whichinchamber,cc5000nominallytheandmeasured,isfractiongas

measured.isfractiongastotalthe

[CMM]ManometerMercury-ColumnConstant-Volume

COtheabsolutelymeasuretoCDRGthebyusedinstrumentThe 2 fractionmole

earlierinand[1986]al.etKeelingindescribedbeenhasItgases.referencein

CMM.isabbreviationThereports.

CO2 FractionGas

COThe 2 andextractioncryogenicbyfractiongastotalthefromremovedgas

ofmeasurementforCMMtheofchambercc4nominallytheintotransferred

-78atsublimationsrepeatedbydriedisgasThetemperature.andpressure ° InC.

COthegases,referencenatural-airofcasethe 2 Ncontainsalsofraction 2 ingasO

thousand.oneinpartoneapproximatelyofratiothe

CO22 [X]FractionMole

COofconcentrationThe 2 measure-manometricthefromcalculated"X")(symbol

COofmolesofratiothemeaningspecificallygases,referenceprimaryofment 2

dimen-isandratio""mixingatermedbealsomayThisgas.totalofmolesto

sionless.

EquationCalibrationCubic

APCbetweenrelationshipnon-lineartheexpressingpolynomialdegreeThird

COmanometricandJ-index,asresponse,analyzer 2 cali-cubicAfraction.mole

manometr-ofsetaofJ-indicesmeasuredthefromdeterminedisequationbration

ofsetaduringanalyzerAPCtheonrungasesreferenceprimarycalibratedically

days.calibrationmarathon
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BarometerFortin

ambientmeasuretousedbarometermeteorologicalmercury-columnstandardA

pressure.atmospheric

Imprecision

fromeithermeasurement,aofreproducibilityorrepeatabilitytheofestimateAn

frac-moletheexampleforquantities,similarofmeasurementsreplicateofseta

COoftion 2 meas-repeatofsetafromorgases,referenceprimaryofsuiteaof

Thechamber.manometricaofvolumecalibratedtheofexampleforurements,

normalaassumingdeviation,standardsampletheisimprecisiontheofmeasure

results.ofdistribution

JorIScale,Index

unitsinexpressedresponse,analyzerinfraredAPCthetorelatedlinearlyscale,A

COtoclose 2 indexItheonrecordedinitiallyaredataAllppm.infractionmole

scale,indexJthetoscaleindexItheconvertstransformationlinearAscale.

calibrations.manometricofbasistheon1959inestablished

DeterminationIndividual

COofmeasurementsCalibration 2 rou-areCMMtheofchambercc4theingas

measurementaifmore,ortriplicateinoccasionallyandduplicateinmadetinely

referenceFordetermination.""individualanismeasurementEachsuspect.is

COtheofmeasurementstwocalibrations,gas 2 com-areroutinelyfractiongas

determinationstwoyieldtofractiongastotaltheofmeasurementonewithbined

COtheof 2 (qv)."run"acalledcalibrationeachforfractionmole

[VR]RatioVolumeManometric

ofthattochambercc5000nominallytheofvolumecalibratedtheofratioThe

fromcalculatedfraction,moleTheCMM.theofchambercc4nominallythe

calcula-theinusedratiovolumethetoproportionalinverselyisdata,manometric

Ratio.VolumetoabbreviatedbeMaytion.

DayCalibrationMarathon

theallwhichduringanalyzerinfraredAPCtheonmeasurementsofsetsingleA

Nbothgases,referenceprimary 2 systemthewithtogetherrunarenatural-air,and

referenceprimaryofnumberthe1985Sincegases.referencestandardsecondary

25.to22fromvariedhasyeareachrungases
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CorrectionMeniscus

foraccounttoCMMtheinmeasurementsheightmercurytoappliedcorrectionA

islevelmercurythebecausecolumnsmercurytheofdiametertheindifferences

asuchbyaffectedismeasurementchambercc4Thetubes.smallindepressed

vaccumtheofthatthansmallerisdiametercolumnsamplethesincedifference,

isandcolumnsbothinvacuumawithmeasurediscorrectionThecolumn.

chambercc5000theofdiameterThemagnitude.inmm0.3approximately

meniscusabutsame,thearecolumnvacuumcorrespondingitsandcolumn

out-of-levelpossibleaforaccounttoappliedandmeasuredstilliscorrection

cathetometer.theoftelescopetheinswing

GasReferencePrimaryNatural-Air

wereThesegas.carriernatural-airwithgasesreferenceprimaryofsuiteaofOne

gasesreferenceprimarynatural-air12ofsuitea1981Since1974.inusedfirst

Gas.ReferencePrimaryAirtoabbreviatedbeMaymaintained.beenhas

N2 GasesReferencePrimary

NwithgasesreferenceprimaryofsuiteaofOne 2 Ono(i.e.gascarrier 2 These).

ofthreegases,13ofconsistedsuitethe1999In1959.sinceuseinbeenhave

1970.sinceuseinbeenhavewhich

Plenum

con-Thestopcocks.greasedwithequippedvialsglassPyrex7ofsetaofOne

bydeterminedbeenhavecc)2.7to1.2(fromplenumstheofvolumestained

ofnumberprescribedAwater.alsoandmercurywithfilledthemweighing

COofmoles 2 COwithplenumafillingbydefinedis 2 atpressureknownatogas

gastheoftemperatureandpressuretheofMeasurementtemperature.knowna

thatofvolumetheyieldsCMMtheofchambercc4theintotransferitsafter

plenum.theofvolumethetorelativechamber

COPrimary 2 StandardGasReference

COabsoluteassignedwithgasesreferenceofnumberaofOne 2 concentrations

COTheanalyzer.infraredtheforscalecalibrationadefinetousedand 2 concen-

MayCDRG.theofCMMtheinmeasurementbydeterminedbeenhavetrations

Gas.ReferencePrimarytoabbreviatedbe

SystemGasReferencePrimary

Neithergascarrierascontaininggases,referenceprimaryofsuiteThe 2 or

COofmeasurementscalibratetousetheirandnatural-air, 2 byatmospherethein
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CDRG.the

GasReference

aasusedandpsi)2200(tocylinderhigh-pressureaincontainedmixturegasA

COatmosphericofmeasurementtheforstandard 2 COofproportionThe. 2 isgas

millionperparts380to(300atmospheretheinfoundthatofvicinitythein

mixture,gastheofremainderTheproject.)thisoftimeduringvolumeby(ppm)

Nofcomposedbemaygas","carrierthe 2 airsyntheticoforair,naturaloforgas,

Ocontaining(usually 2 gas).argonnobutproportionatmosphericthetocloseat

Run

calibration.volumeorgasreferenceaofanalysismanometricindependentAn

gasreferenceaofaliquotsingleaofanalysistheis"run"aformer,theFor

theroutinelyisresult""runThecylinder.gaspressurehighthefromremoved

COtheofdeterminationsindividualtwoofaverage 2 Referencefraction.mole

duplicate.inusuallyreplicate,inmadealwaysarerunsgas

[DeviationStandardSample si ]

meas-ofsetaofimprecision,ordispersion,theestimatesthatquantityStatistical

measurements,repeatofsetaForerror.oflawnormaltheassumingurements,

calculatetousedequationthe si follows:asis

si =


 (n −1)

Σdi
2 



1/2

where di ofmeanthefrommeasurementindividualanofdifferencetheis n

ingivenisusedequationthemeasurements,replicateofsetaFormeasurements.

(3)).(equationtextmainthe

GasesReferenceStandardSecondary

COofconsistinggasesreferencethreeofsetA 2-in-N2 APCthecalibratetoused

betweenresponseanalyzerindifferenceThedays.calibrationroutineonanalyzer

day,theforanalyzertheofsensitivitythedefinetousedisgasesspantwo

secon-"transfer"additionalAndivision.scalerecorderperindexanasexpressed

valuesindexTheday.theduringunknownsthetocompareddirectlyisgasdary

stan-secondarypreviousofthosefromdeterminedarestandardssecondarytheof

gasesreferenceprimarythewithcompareddirectlyaretheyPeriodicallydards.

days.calibrationmarathonofsetsduring
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FractionGasTotal

anddriedcylinder,gashigh-pressureafromremovedgasreferenceofaliquotAn

theofchambercc5000nominallyaintemperatureandpressureformeasured

CMM.
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Introduction1.

ofInstitutionScrippstheof(CDRG)GroupResearchDioxideCarbonThe

theof(CCL)LaboratoryCalibratingCentraltheasroleitsin(SIO),Oceanography

Meteorologi-Worldtheof(BAPMoN)NetworkMonitoringPollutionAirBackground

theforgasesreferenceprimarymaintained1975-1995,from(WMO)Organizationcal

(COdioxidecarbonof(X)fractionmoletheofmeasurement 2 Theatmosphere.thein)

furtherprovidetoandSIObyuseforgasesthesemaintaintocontinuedhasCDRG

activitiescalibratingofreportformallastThelaboratories.otherwithcross-calibration

thesummarizesreportThis1986].al.,et[Keeling1986inpublishedwasSIOat

periodtheforvalidscalescalibrationdescribesand1985sinceCDRGtheofactivities

Janu-incompletedcalibrationnewcomprehensiveaincluding1999,1,Januarytoup

1999.ary,

ActivitiesofSummary2.

sys-gasreferenceprimarytheofcalibrationthefor1985inadoptedProcedures

intervalsatsincecloselyfollowedbeenhave1986]al.,et[KeelingCDRGtheoftem

ofsetaoccasioneachOnyears.2beingintervalaveragetheyears,threetooneof

Nusingsetonegases,referenceprimary 2 air,naturalusinganotherandgas,carrieras

infrarednon-dispersive(APC)CorporationPhysicAppliedsametheonanalyzedwere

measurementsroutineinusedgasessecondarythreewithtogetheranalyzergas(NDIR)

COatmosphericof 2 ofresponseinstrumentthedeterminingofconsistedAnalysis.

COthelinkingcalibration,EachJ.value,indexanasexpressedgas,each 2 concentra-

24approximatelytookrank,secondaryofthosetogasesreferenceprimaryouroftions

suchFiveday".calibration"marathonacallwethateffortancomplete,tohours

cali-ofepisodeeachcompletetoweeks6aboutoveroutcarriedweredaysmarathon

1993,1990,1989,1987,inplacetakenhavecalibrationsinfrared1985Sincebration.

1999.and1997,1995,

awithmanometricallyanalyzedweregasesreferenceprimaryadditionIn

and19951993,1990,1985,in(CMM)manometermercury-columnconstant-volume

calibra-manometricThesemeasured.)werestandardsnatural-aironly1995(In1998.

COoffractionmolethedeterminedtions 2 bygasreferenceeachinX)(symbol,

cc5000ainmixturegasoriginaltheofpressureandtemperaturethemeasuring

COtheoutstrippingthenCMM,theofchamber 2 itsmeasuringandtrap,coldain

CMM.theofchambercc4ainpressureandtemperature
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calibration"cubiccalibrations,analyzergasAPCofseteachoutcarryingAfter

formtheofequations" X = Co + C 1J + C 2J 2 + C 3J 3 therelatingcomputedwere

inanalyzer,theofresponse J refer-theofconcentrationsmanometricthetoindex,

fractions,moleasexpressedgasesences X tousedconcentrationsmanometricThe.

Jthetotimeinnearestmeasuredthosewereequationcalibrationcubiceachformulate

7.1Tbl7.1.Tableinbelowindicatedascalibration,marathoneachindeterminedvaluesindex

"centraltheonvalidbetoassumedscalecalibratingadefinesequationcubicEach

ofepisodeparticularaofdaysmarathon5theofdateaveragetheasdefineddate,"

thebyfollowedXbydesignatedisyearparticularaforscaleThecalibrations.APC

Each1985.inestablishedscaletheforscale""X85thusyear,theofdigitstwolast

periodsallforcalibrationsystem’sthedefinewhichequationsofsetacomprisesscale

mostTheyear.designatedtheincludingandtoup1957ininceptionitsfromtimeof

theAdditionally,scale.X97thewasreportthisofcompletionthebeforescalerecent

volume-ofsetatorelativecalibratedwasCMMtheofchambercc4theofvolume

1998-1999.inand1993-1994,1990,1988,intimes:four"plenums"calibrated

referenceofintercalibrationmutualbeenhasCDRGtheofactivitymajorAnother

LaboratoryDiagnosticsandModelingClimateTheprograms.WMOotherwithgases

(NOAA,AdministrationAtmosphericandOceanicNationalU.S.theof(CMDL)

referenceofsetsrotatedhas1995,sinceWMOtheofCCLtheColorado),Boulder,

ouragainstanalyzedhaslaboratoryourwhichlaboratoriesWMOthebetweengases

Robins,""Rounddubbedexercises,Suchanalyzer.APCtheusinggasessecondary

cali-furtherStillelsewhere.reportedbeto2000,and1996,1991,inoutcarriedwere

haveanalyzerAPCtheusingprogramsindividualotherofgasesreferencesofbrations

University,Tohokufromgasesreferenceparticular,inCDRG;atoutcarriedbeenalso

in(AES)CanadaofServiceEnvironmentAtmosphericthe1987,inJapanSendai,

latterThe1999.and1997,1995-1996,1991-1993,inCMDLand1995,and1991

cali-manometricallyCMDL,thefromgasesnatural-airprimaryofsetaweregases

aprovidedhaseffortlastThis1996.inbeginninglaboratorythatbypreviouslybrated

al.etGuentherbyreportedCCL’spresentandpastthebetweenintercalibrationprecise

[2002].

assignedthebyinfluencedisequationscalibrationcubictheofDerivation

precisefromdeterminedbeenhaswhichglossary),see(VR,ratiovolumemanometric

TheCMM.theofchamberscc5000andcc4theofvolumestheofmeasurements

time.totimefromadjustedbeenhasequationsthesecomputetousedratiovolume

ofratiovolumeainresulting1974inmadefirstweredeterminationspreciseHighly

equationscalibrationtoretrospectivelyappliedwaswhich1981],[Guenther,1320.61
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years.priorfor

years.succeedinginequationscalibrationtoappliedalsowasratiovolumeThis

degraded,chambercc4theofperformancethe1980’searlytheduringHowever,

incleanedwasmercuryThedirty.becomingslowlycolumntheinmercurytoowing

theforchamberthetoassignedthenwasvolumeeffectivetime-varyingA1984.

primaryourthatassumingbyatarrivedwasassignmentThismercury.dirtyofperiod

COofconcentrationindriftednothadaverageontimetheatuseingasesreference 2

al,et.[Keeling1321.80was1985forassignedratiovolumeThe1985.to1974from

calibratingsubsequentestablishinginadoptedthenwasratiovolumeThis1986].

X97.throughscales

1974inonceonlypreciselyestablishedwaschambercc5000theofvolumeThe

assigned,wasvaluepreliminarydifferent,slightlyA[1981].Guentherbyreportedas

esta-ratiosvolumetheandabove,quotedratiosvolumebothdetermininginhowever,

below,6,sectioninexplainedasreport,thisInmercury.dirtyofperiodtheforblished

measure-ourofyearsallforVRthedetermininginadoptedisvaluepublishedthe

COatmosphericofments 2 betovolumesthereevaluatedalsohavewereportthisIn.

calibrationcubicnewinresultingchambers,cc5000andcc4thebothtoassigned

COatmosphericofmeasurementsourofperiodentiretheforequations 2 1957.toback

CalibrationsGasReferenceManometric3.

COofratiofractionmoleThe 2 (COmixturegaseachofgastotaltogas 2 plus

equationanusingCMMtheofdatamanometricfromcalculatedisgas),carrier

[1981]:KeelingandGuentherbydescribedstate,ofequationvirialthefromderived

nG

nC =
VG BC

106VC BG ×

1 −



1 +

RTG

4PG BG




1/2

1 −



1 +

RTC

4PC BC




1/2

(1)
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where:

COofmeasurementthetoreferGandCSubscripts(1) 2 theofchambercc4thein

respectively.chamber,cc5000theingastotaltheofandCMM

(2) VG V/ C cc4theofthattochambercc5000theofvolumetheofratiotheis

(dimensionless).chamber

cmdynesinexpressedareTtemperatureandPpressureThe(3) −2 and ° respec-K,

tively.

(4) BC and BG COforcoefficientsvirialsecondtemperature-dependedtheare 2 and

cminrespectively,gas,totalthefor 3/mol.

10x8.31436astakenconstant,gastheisR(5) 7 molergs −1 °K−1.

ofheightsmeasuredtwobetweendifferencethefromcalculatedisPpressureThe

equationthebyCMMtheinmercury

P ∆= h ρ× Hg × g (2)

where:

∆h cmindifference,heightmercuryobservedthe=

ρHg g/cminmercury,ofdensitytemperature-dependentthe= 3.

g 32atgravityofaccelerationthe= ° seccm979.558betotaken52’N, −2.

correc-meniscusbyadjustedbeenhavedifferencesheightmercuryobservedThe

sampleandvacuumtheontubingglasstheofsizesdifferingforaccounttotions

housingcolumnThetelescope.cathetometertheofswingnon-levelforandcolumns

column,vacuumcorrespondingitsthandiametersmallerahaschambercc4the

approximatelyofcorrectionmeniscusainresulting − housingcolumnThemm.0.3

thuscolumn,vacuumcorrespondingtheasdiametersamethehaschambercc5000the

correc-Meniscusvalue.smallapracticeinbutzero,ofcorrectionmeniscusnominala

refer-thewithconcurrentmeasuredwerechamberscc5000andcc4thebothfortions

comparingbycalibrationsmanometricofepisodeeachduringmeasurementsgasence

abovevacuumawithCMMtheofcolumnsvacuumandsampletheofheightsthe

correc-MeniscusCMM).theofdescriptionaforbelow5,section(Seecolumn.each

A1.Appendixinlistedaremeasurementsallforappliedtions

NtheforcalculationsandmeasurementsManometric 2 primarynatural-airand

ofendtheatlistedare1999through1985fromepisodesfivetheforgasesreference

9.1a-iTbl
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thisof9.1ito9.1aTablesIntables.datatodevoted9sectionspecialainreport,this

theuponinitiallybasedlistedare(X)fractionmoletheofcalculationssection

arefractionsmoleThe1974.indetermined1320.61ofratiovolumemanometric

theofcontentvaporwatertheofreductionafter(ppm)millionperpartsinreported

theunderplacesdecimaltwotolistedareresultsTheppm.5abouttomixturegas

individualTheAverage.""RunandDeterminations""Individualheadingscolumn

COtheoftwo)(usuallymeasurementsreplicatefromderivedeterminations 2 frac-gas

gastotaltheofmeasurementsingleaandcolumnmanometricvolumecc4theintion

manometer.volumecc5000theinfraction

basicallyremainedhavemeasurementsthesemakingforfollowedproceduresThe

calibrationsfor[1981]KeelingandGuentherbydescribedweretheysinceunchanged

datamercury-columnoriginalthealllistsreportthisofA1Appendix1974.indone

COoffractionsmolecalculatedtheand1999to1969from 2 9.1.Tabletocopiedas,

betweendifferencethelists9.1TableinDifference""RunheadedcolumnThe

COoffractionmoletheofdeterminationstoreferwhichaverages,""runindependent 2

casesIncylinder.gasreferencethefromdrawngastotalofaliquotsseparatetwoof

betweendifferencesthelistscolumntheruns,suchtwothanmorearetherewhere

usuallymeasurements,allofaveragetheFinally,etc.).3,and22,and(1runsadjacent

Average"."Overallheadingcolumntheunderlistedisdeterminations,individualfour

avoidtoplacesdecimalthreetotabulatedaredatathecolumn,thiswithBeginning

"VolumeheadingcolumntheUnderplace.hundredththeatproblemsrounding

based(VR)ratiovolumemanometricthefromconvertedareaveragestheAdjusted,"

[Keel-(1321.80)1985inassignedVRtheto(1320.61)calibrationvolume1974theon

1986].al.,eting

atmosphericbackgroundtheapproximatelycontaingasesreferencenatural-airThe

Nofabundance 2 manometricallymeasuredisgaslatterThis1000.inpart1aboutO,

COextractedtheofpartas 2 NofamountThefraction.gas 2 gas,referenceeachinO

[BacastowSIOatWeissR.F.oflaboratorytheinchromatographygasbydetermined

sub-beenhasand9.1iand9.1g,9.1f,9.1d,9.1b,Tablesonlistedis1983a]al.,et

COtruetheproducetocolumnlasttheintracted 2 fraction.mole

individualofreplicateonereplicates,ofsetstwoinclude9.1TableindataThe

COtheofdeterminations 2 totalawithcombinedmanometersmalltheonfractiongas

Esti-gas.referencetheofrunsofreplicateanotherandmeasurement,fractiongas

deviation,standardsampleThedata.replicatefromderivedareimprecisionofmates

si p.1960,[Laitinen,expressionthebycalculatedismeasurementindividualanof,

548]:
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si = (
Na −Nf

Σdi
2

)
1/2 (3)

where

di setaofmeanthefrommeasurementindividualanofdeviation=

Na measurementsofnumbertotal=

Nf measurementsofsetsofnumber=

3.1Tblsamplethelists3.1Table si cali-eachfordeterminations,individualofsetsthefrom’s

mixture.gasoftypeandyearbration

ReplicatefromDataManometricofImprecision3.1.Table
Chambercc4theinMeasurements

_________________________DataDeterminationReplicateofNo.Year
Gases

NAir 2 NAir 2
sofNo. i sofNo. i

(ppm)Det’ns(ppm)Det’ns

.04848.0325211121985

.04648.0725011121990

.07056.0734614111993
.04442111995

.06352.0664413121998

ssampleThese i repeata-orimprecision,short-termtheofestimateanrepresent’s

cc4thetopertainingerrorsfrommostlyarisingmeasurements,manometricofbility,

measurements.chamber

stheofcalculationsimilarA i impre-theestimatesdata,runreplicatethefrom’s

extrac-andtransfergastheincludingmanometertheoncalibrationentireanofcision

3.2TblCOtheoftion 2 stheselists3.2Tablefraction. i typeandyearcalibrationeachfor’s

mixture.gasof
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DataRunReplicatefromDataManometricofImprecision3.2.Table

________________________________________DataRunReplicateofNo.Year
Gases

NAir 2 NAir 2 GasesAll
sofNo. i sofNo. i sofNo. i

(ppm)Runs(ppm)Runs(ppm)Runs

.06648.06524.0672411121985

.05049.06325.0332411121990

.06351.07229.0502214111993

.05722.05722111995

.05650.06126.0492413121998

latterThese si yearcalibrationgivenaduringreproducibilityrepresentbetter’s

rangewideaovermadewererunsbecauserepeatability,termshorttheforthosethan

wererunsreplicateexample,for1998,Inmonths.tohoursfromtime-intervals:of

scalculatedThetime.inseparatedwellmadepurposely i bestsecondtheis1998for

how-characteristic,strikingmostThe1985.sincesetdatawholetheinresultsofset

sthethatisever, i stheinrangethesimilar:soareyeareachfor’s i datafivethefor’s

9.2a-bTblsthedescribesA2Appendixppm..016onlyissets i detail.moreincalculations

Ntheofcalibrationsmanometricofhistorythesummarize9.2band9.2aTables 2

to1985fromdataTherespectively.standards,gasreferenceprimarynatural-airand

manometricassigned1985theusingcalculated9.1,Tableinshownasare1999

etKeelingbypreviouslyreportedasareyearsearlierforData(1321.80).ratiovolume

ofsetstheforcolumnsthebelowlistedareaverages1999,to1981From[1984].al.

anshowsaveragesofprogressionTheyear.everyincalibratedwerethatmixtures

gases.referenceprimaryofsetfulltheoffractionsmoleindriftupwardevident

CalibrationsAnalyzerInfrared4.

thebothmade,werecalibrationsinfraredwhichin1985sinceyearstheofallIn

Ningasesreferenceprimary 2 nondisper-APCtheonrunbeenhavenatural-airinand

routineThescheme.consistenthighlyafollowinganalyzergas(NDIR)infraredsive

agases,referencestandardsecondarytwousesanalyzerAPCtheofsystemcalibration

thedefinesthat(RSF),factorscalerecorderthedeterminetospan,highaandprincipal

theatmadewereweregasesspantheofComparisonsinstrument.theofsensitivity

thirdAbetween.intwiceanddaycalibrationmarathoneachofendandbeginning
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gasesallwhichtoreferencetheasusedis-gas"transfer"the-gasstandardsecondary

transferthetocomparedweregasesreferenceprimaryThecompared.directlyare

fraction.moleincreasingoforderindaymarathoneachduringstandardsecondary

period,calibrationeachduringrunweregasesreferenceprimarynatural-airEleven

fitbecannotitbecauseppm)(100fractionmolelowveryawithoneonlyexcluding

numberThedata.manometricandinfraredrelatetoequationcubicausingproperly

Nof 2 11fromrangedhasperiodcalibrationeachduringrungasesreferenceprimary

NtheofOne14.to 2 gasesnewthreeandcalibration1993theafterretiredwasgases

calibration.1993thewithbeginningaddedwere

thetoproportionalI,units,indexinrecordedinitiallyaredataanalyzerInfrared

approxi-and[1983b],al.etBacastowbyexplainedasanalyzer,APCtheofresponse

COoffractionsmoletoequalmately 2 theforResultsair.dryofppminexpressed

9.3a-pTblthelisttablesThe9.3p.to9.3aTablesinshownare1999to1985fromcalibrations

almostparentheses,inshowncomparisonsofnumberstatedtheforI,index,average

gasreferenceeachforaveragesoverallaretablestheinshownAlso10.always

linearthebydefinedJ,index,secondatoconvertedalsoandunitsIinexpressed

equation

J = 1.2186(I −311.51)+ (4)311.51

to1959incalibrationmanometricaafterformulatedwasscaleJ-indexThe

COoffractionmolethebetterapproximate 2 I-indexpreviousthethanairambientin

APCthetoproportionalarethatunitsinhowever,expressed,stillisscaleJThescale.

response.instrument

ofJ,""Sigmaheadingcolumntheunderdeviations,standardthelists9.3Table

duringgasreferenceeachfordays,theallofmeanthetorelativemeasurementsdaily

disper-greaterThedays.calibrationmarathon5ofconsistingepisodecalibrationeach

instrumentthecalculatingofprocedurethetodueisconcentrationsextremeforsion

referencesecondaryspanhighandprincipalthebetweendifferencethefromsensitivity

theinErrorsfraction.moleinppm20aboutbydifferonlywhichstandards,gas

COwithgasesformagnifiedaresensitivitythisofdetermination 2 farconcentrations

tochosenstandards,secondaryspanhighandprincipaltheofconcentrationsthefrom

nearconcentrationsforthanextrapolationgreatertoowingair,realofthattoclosebe

mean(rootimprecisionoverallancalculatingbyminimizedareerrorsThesethem.

nor-aoutcarryingafterepisode,calibratingeachforDEV))(RMSdeviationsquare

meantheconcordance,""tankcallwewhichprocedure,thisInprocedure.malization

spanprincipaltheofJfromgaseachofindexJindifferencesabsolutetheof
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ofmeantheassamethebetoday"marathon"eachonforcedisstandardsecondary

aproducesadjustmentThisepisode.calibrationtheofdaysalloverdifferencesthese

for(sensitivity)factorscalerecorderlinearanalyzer’sinfraredtheofestimatebest

secondaryspanhightheofindexJassignedtheofinfluencetheremovesanddayeach

theallonbasedissensitivityanalyzertheeffect,Incomputation.thefromstandard

theneargasesreferenceforscatterthereducingday,theduringcomparedmixturesgas

The54].p.1983b,al.,et[Bacastowrangeconcentrationtheofendshighandlow

degreesTheunchanged.however,remains,dayscalibrationthealloverindexJmean

intotake4.1TableinsummarizedDEV’sRMSthecomputinginusedfreedomof

4.1Tbladjustment.concordancetanktheaccount

Measurements*InfraredofDEV)(RMSDeviationsSquareMeanRoot4.1.Table

NYear 2 _________________________________________________________________ CombinedGasesAirGases
RMSRMSDegreesofNo.ofNo.RMSofDegreesofNo.ofNo.
DEVDEVofAnalysesgasesDEVFreedomAnalysesgases

Freedom

0.1480.1424055110.1544055111985
0.1340.1324055110.1354055111987
0.0790.0814055110.0774055111989
0.0670.0644055110.0694055111990
0.1500.1524055110.1485270141993
0.1820.1664055110.1954865131995
0.1660.1644055110.1684865131997
0.1180.1134055110.1234865131999

COoffractionmoleassametheapproximatelyunitsindexJinExpressed* 2 ppm.in

CalibrationsVolumeManometric5.

aandManometerVolumeLargeadevices,separatetwoofconsistsCMMThe

theofdeterminationtherequiresCMMtheofCalibrationManometer.VolumeSmall

Manometer,VolumeLargetheinchambercc5000nominallyabetweenratiovolume

Smalltheinchambercc4nominallyaandmeasured,isfractiongastotalthewhere

COthewhereManometer,Volume 2 theindiscussedAsmeasured.isfractiongas

con-haspractice,incalibration,overallthe1986],al.,et[KeelingreportWMO1986

volumechambercc4Thevolumes.theseofdeterminationsabsoluteseparateofsisted

byvolumestheirforcalibrateddirectlyplenumstorespectwithcalibratedbeenhas

cc5000Thebelow.discussedaswater,ormercurywithfilledthemweighing

inflaskcc4000aofvolumethetorespectwithcalibratedbeenhasvolumechamber

water.withfilledweighedbeenhadwhichCMMthe
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3-4]p.1986,al.,et[Keeling1986ofReportWMOthetoAddendumThe

and1974inchamberscc5000andcc4theofvolumestheofcalibrationsdescribes

morepresentedcalibrations1974theof1981][Guenther,reportlaboratoryA1985.

whenexcepthere,repeatedbenotwillproceduresofDescriptionprocedure.ofdetails

affected.areresultsorchangedhaveprocedures

CalibrationsVolumeManometerLarge con-ManometerVolumeLargeThe.

con-volume,cc5000approximatelyofeach("chambers"),columnssamplethreetains

refer-forusedwas1No.chamberManometerLargecolumn.vacuumonetonected

chamberManometerLargeinvolumecc4000nominallyThecalibrations.gasence

andcabinetthefromremovedwasstopcock,withflaskglassaofconsisting2,No.

Thetime.firsttheforvolumeitsdetermineto1974inwaterwithfilledweighed

ofvolumethetorelativedeterminedwas1No.chamberManometerLargeofvolume

COsametheoftemperatureandpressurethemeasuringbyflaskcalibratedthe 2 gas

chamberManometerLarge2.and1Nos.chambersManometerLargebothinaliquot

was1974inManometerLargetheofcalibrationTheused.beennothas3No.

[1981].Guentherbydescribed

referencewithall1974,inmadewerechambercc5000theofcalibrationsThree

calibra-threetheofaverageThecc.3947ofvolumeflaskcc4000calibratedtheto

preliminarya[1986],al.etKeelingindiscussedasHowever,cc.5015.09wastions

3.7974volume,cc4theforaverage1974thewithalongused,wascc5014.9ofvalue

This1983.until1974fromused1320.61,of(VR)ratiovolumeaformulatetocc,

1985fromusedVRtheand1985,inappliednotstillwashowever,correction,small

cc.5014.9ofvolumepreliminarythetoreferencedstillwas1321.80,report,thisuntil

chambercc5000theofvolumetheofdeterminationsadditionaltwo1980In

The2.No.chamberofflaskcc4000theofvolumethetoreferencewithmadewere

thewithcloselysoagreedThesecc.5015.20andcc5015.15werefoundvolumes

foracceptedwasvaluelatterthethat1974,infoundcc5015.09ofvolumeaverage

(cc5015.12ofaverageoveralltheofinsteaduse, si fiveoftotalthefor)cc0.13=

determinations.

CalibrationsVolumeManometerSmall cc4nominallytheofvolumeThe.

ofmeasurementthebycalibratedbeenhasManometerVolumeSmalltheofchamber

COofamountknowna 2 byestablishedisamountknownTheit.intotransferredgas

COpurifiedwith("plenums")vialsglassfilling 2 pressure,atmosphericambienttogas

measuredaatwall,aonnearbyattachedbarometerFortinaonmeasuredprecisely

temperature.
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relativethetocriticalisvolumechambercc4theofdeterminationcorrectThe

inseendriftapparentan1985,and1983Incalibration.manometrictheofstability

toattributedwasstandardsgasreferenceprimarytheofmeasurementsmanometricthe

progres-bycausedchamber,cc4theofvolumeeffectivetheinchangeoperationalan

theofcontacttheandshapemeniscustheaffectedthatmercury,theoffoulingsive

disassembled,wasmanometerThepointer.glassvolume-definingthewithmercury

1984.inmercurycleanwithreassembledandcleaned,

cali-volumeadditional[1986],al.etKeelinginreportedmeasurementstheSince

and1993-1994,1990,1988,inplenumswithmadewerechambercc4theofbrations

withalongcalibrations,thesefromresultingvolumeschambercc4The1998-1999.in

9.4a-eTbllistedAll9.4e.to9.4aTablesinlistedaredata,1985-86reportedpreviouslythe

themweighingby1974indeterminedvolumesplenumthetoreferencedarevolumes

mercury.withfilled

theofmeasurementscolumnmercurythetoappliedbeenhavecorrectionsTwo

mer-CMMtheforcorrectionmeniscustheistypeOnebarometer.FortinandCMM

differ-foraccountingchamber,cc4thedemarkingpointertheatreadingscolumncury

theofthattorelativecolumnsampletheofdiametersmallerthebycausedences

mercurythecomparingbydeterminediscorrectionmeniscusThecolumn.vacuum

wascorrectionmeasuredTheeach.abovevacuumawithcolumnstwotheofheights

tubing.diametersmallertheindepressedbeingmercurythemm,0.3approximately

differences.heightcolumnmercury"raw"thefromsubtractedthusiscorrectionThe

detailindescribedbeenhascorrectionmeniscustheofapplicationandMeasurement

volumethetoappliedcorrectionsmeniscusThe16].p.1981,Keeling,and[Guenther

mer-manometricthewithalongA3,Appendixinlistedaremeasurementscalibration

1974.sincechambercc4theofvolumetheofcalibrationsallfordatacolumncury

measurementspressureatmosphericthetoappliescorrectionoftypesecondA

differencesforaccountcorrectionsbarometerThesebarometer.Fortintheonmade

determinedwerecorrectionsTheCMM.theonmadethoseandreadingsitsbetween

bear-pressureatmosphericwithi.e.barometer,aasfunctionCMMthemakingfirstby

theofreadingssimultaneousnearlymakingthenandcolumn,sampletheoning

tem-TheCMM.theonandbarometertheonlaboratorytheinpressureatmospheric

columnmercuryitstoattachedthermometeraonreadwasbarometertheofperature

measurements.routineduringasthermometer,itsonCMMtheoftemperaturetheand

theusingtemperaturesamethetoadjustedwereinstrumentstwotheofreadingsThe

mercuryofmminmeasurements,thebetweendifferenceThemercury.ofdensity

barometerthetoappliedbetocorrection""barometertheasdesignatedwasheight,
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subtractingbyappliedwerecorrectionsTheCMM.thetothemnormalizetoreadings

correc-meniscusthewithAsreadings.barometer"raw"thefromcorrectionslistedthe

calibra-ofseteachofdatesthenearmeasuredwerecorrectionsbarometerthetions,

5.1TblA3.AppendixindatacolumnmercurythewithlistedareTheytions.

volumeofseteachforfoundvolumeschambercc4averagethelists5.1Table

correc-barometerandmeniscusthewithalong9.4e,-9.4aTablesfromcalibrations,

set.eachfortions

YearbyDeterminations,VolumeChambercc4CMM5.1.Table

averageOverallBarometerMeniscusMonthsYear
sofNo.VolumeCorrectionCorrection i

(cc)Det’ns(cc)(mm)(mm)

.00070153.7955-0.2-0.340Oct-Jan1985-86

.00082153.7961-0.2-0.294Feb-Mar1988

.00128213.7962-0.1-0.313Feb,Oct1990

.00185143.7939-0.4-0.288Oct-Feb1993-94

.00220223.7953-0.3-0.208Dec-Jan1998-99

volumechambercc4calculatedthelowerscorrectionbarometerofmm0.1Each

vari-set-to-settheincreasessignificantlycorrectionstheofApplicationcc.0.0005by

volumeschambercc4thecompares5.2Tablecalibrations.volumetheofability

settingbyobtainedthosewith5.1Tableinlistedcorrectionstheapplyingbyobtained

years.allforzerotocorrectionbarometerthe

Chambercc4onCorrectionsBarometerofEffect5.2.Table
CalibrationsVolume

ccVolume,AverageYear
correctionWith a correctionWithout b

3.79743.79741974
3.79653.79551985-1986
3.79713.79611988
3.79673.79621990
3.79593.79391993-1994
3.79683.79531998-1999

Average(1974-1999)(si (0.0005)3.7967(0.0012)3.7957)
Average(1985-1999)(si (0.0005)3.7966(0.0009)3.7954)

a 1974)incorrection(no5.1TableinlistedcorrectionsBarometer
b 0.0ofcorrectionBarometer
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0.0010byloweredisvolumechambercc4measuredtheofaverageoverallThe

deviationstandardtheFurther,corrections.barometermeasuredtheapplyingbycc

volume),1974the(includingvolumesaveragesixallofsettheeitherfromcalculated

barom-theofapplicationbydoubledapproximatelyis1985,sincefiveofsettheofor

thatnoteworthyalsoisitvariability,inincreasethistoadditionIncorrections.eter

betweendisagreementtheincreasescorrectionsbarometermeasuredtheofapplication

barometermeasuredtheapplytoelectWedata.post-1985theanddata1974the

herediscussedandreporteddatathetocorrections)meniscusaswell(ascorrections

bias.absolutelesserahavemeasurementsCMMthethatprobablitytheofbecause

1988-1999Calibrations,VolumeManometerSmallofSetsofDiscussion .

theybecause1988inrejectedwereP-5andP-4plenumsusingmeasurementsTwo

cir-aplenums,othertheusingresultsthefrombiasedsignificantlybetoappeared

9.4b.and9.4aTablesSeecalibrations.1985-1986theduringfoundalsocumstance

here.reportedcalibrationssubsequentanyinusedbeennothaveplenumstwoThese

measurement,volumeindividualanofdeviationstandardsamplethe1988In

(splenumofirrespective i stan-thetocomparablecc,0.00082betocalculatedwas),

Thecalibrations.1985-1986and1974theofdatathefromcalculateddeviationsdard

thethanhigher6300)inpart(10.0006orcc,3.7961wasfoundvolumecc4average

1985-1986.ofresult

averageidenticalalmostanhad1990inchambercc4theofcalibrationThe

sthebutcc,3.7962result, i The3000.in1approximatelylarger,significantlywas

cc4theofvolumethethatindicatetogetherviewedcalibrations1990and19881985,

ofcleaningtheafter5000inpart1approximatelywithintostableremainedchamber

infoundpreviouslythatassuchchangeprogressiveofsignnothuswasThere1984.

mercury.theoffoulingtoascribedand1983

lowersignificantlyaindicatedhowever,1993-1994,ofcalibrationsvolumeThe

towardchangeThecc.3.7939betodeterminedchamber,cc4theofvolumeapparent

toascribedpreviouslychangethefromdirectionoppositetheinisvolumelowera

theFurthermore,fouling.mercury si toagain,increasedmeasurements)14(for

2000.inpart1approximately

December,inplenumswithagaincalibratedwaschambercc4theofvolumeThe

measuredbeenhadgasesreferenceprimaryaftersoon1999,January,and1998

wasmeasurementstheofimprecisionthe5.1,TableinshownAsmanometrically.

thewithcloselymoreagreedvolumechambercc4averagethebutlarger,stillagain

volume.1993-1994thedidthandata1985-1990
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ashingbycleanedwereplenumsthecalibrations,volume1998-1999thetoPrior

510at ° repli-someHowever,regreased.freshlywereandovenglass-annealingainC

COwithplenumstheoffillingsthirdfewaevenandsecondcate 2 madeweregas

madecalibrationsvolumeTheregreased.againwerestopcocksplenumthebefore

cc4theforvolumeslargerproducetotendstopcocksplenumtheregreasingwithout

COtheholdingplenumsthoseforespeciallychamber, 2 Thistrime.longeraforgas

COtoduebecouldeffect 2 stopcocks.thethroughplenumstheofoutleakinggas

leakedhadair)roomfrom(i.e.gasesnon-condensableanythatevidencenowasThere

ple-the1998-1999,incalibrationsofsetstwolasttheForhowever.plenums,theinto

COwithrefillingbeforetimeeachregreasedwerenums 2 maderunstheofallIfgas.

to73,(Nos.setdatathefromremovedarestopcocksplenumtheregreasingwithout

foundvolumechambercc4averageTheremain.determinations22of15then12),

stheandcc3.7945tocc0.0008byreduces15thesefor i 1from2500in1toreduces

theinforcheckedsubsequentlywereregreasingtheofeffectsPossible1700.in

determinations14theof91993-1994,Inyears.previousofsetscalibrationvolume

resul-ahadfiveremainingThestopcocks.plenumtheregreasingwithoutmadewere

toremainingdatafewtooaretherebutcc,3.7928to0.0011byreducedvolumetant

5.3Tableit.doingnotorregreasingbetweendifferencetheofsignificancethejudge

bothchamber,cc4theofvolumetheforresultscalibrationaveragethesummarizes

calibrationsthoseonlyforandoutliers,ofrejectionaftersets,dataoverallthefor

previ-ofsetsdatatheForstopcocks.plenumtheregreasingafterimmediatelymade

Indetected.benotcaneffectregreasinga1990,and1988,1985-1986,years,ous

plenums.regreasedfreshlywithmadewerecalibrationsall1988,

RegreasingofEffectDeterminations:VolumeChambercc4CMM5.3.Table

retainingAverage
measurementsonly

regreasingafteraverageOverallYear
sofNo.Volume i sofNo.Volume i

(cc)Det’ns(cc)(cc)Det’ns(cc)

.00057133.7955.00070153.79551985-86

.00082153.7961.00082153.79611988

.00134173.7961.00128213.79621990

.0015353.7928.00185143.79391993-94

.00148153.7945.00220223.79531998-99
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VolumesPlenumofRecalibrationsRecent ofEmanueleGuy1999,ofJulyIn.

filledthemweighingbyplenumsseventheofvolumestherecalibratedCDRGthe

remainingtheandeach,timesfourcalibratedwereplenumstheofFivewater.with

(ssatisfactoryareimprecisionsTheeach.twicetwo, i in1and6000in1between’s

by1974inobtainedimprecisionsthethanlargersomewhataretheyalthough15000),

ple-resultanttheofAll15000).in1of(averagemercurywithfilledthemweighing

P-1,plenumsforalthough1974,indeterminedthosethansmallerarevolumesnum

determina-newThe3000.in1onlyisdifferenceaveragetheP-7andP-6,P-3,P-2,

morebyvolumes1974thethansmallerareP-5andP-4Plenumsforvolumesoftions

calibra-previousrecalculatetousedarevolumesplenumnewtheIf1000.in1than

and1985-1986inP-5andP-4plenumsusingcalibrationschamber,cc4theoftions

volumestheSinceplenums.remainingtheusingthosewithwellagreethen1988

1974,inplenumsothertheusingthosewithagreedP-5andP-4plenumsusingfound

changedsignificantlyP-5andP-4plenumsofvolumeseffectivethethatseemsit

toAddendumSeeoven.theinoverheatingtodueperhaps1985,and1974between

details.moreforreportthis

1985sinceGasesReferenceStandardPrimaryofCalibrationsofReevaluation6.

hithertohave1985sincegasesreferenceprimaryofmeasurementsManometric

calcu-forvalidbe1985inassignedratiovolumeCMMtheassumingcalculatedbeen

3sectioninnotedasyears,succeedingallforgasestheoffractionsmolethelating

withtogethergases,theseforfractionsmoleresultingThe9.2).Tablesee(alsoabove

cali-cubicformulatetousedwere9.3),(TablemeasurementsanalyzerinfraredAPC

explainedasmadeweremeasurementsthesewhichinyeareachforequationsbration

cc4theofvolumetheofcalibrations5,sectionindiscussedAsabove.2,sectionin

1990through(VR)ratiovolumemanometrictheofconstancynearindicatedchamber

thereafter.VRindecreasepossibleabut

theoncalculatedgasesreferenceprimarytheofallalmostoffractionsmoleThe

theatdriftofevidenceshowedratiovolumemanometricconstantaofassumption

1200)inpart(onedriftgreaterAcalibrations.manometric1995and1993theoftime

1aFigtheofplotsinseenisdriftThiscalibrations.1998theoftimetheatevidentbecame

Nforvalue,1985thefromfractionsmolemanometricofdeparturesaverageyearly 2

1bFigaredata(Therespectively.1b,and1aFiguresingases,referenceprimaryairand

cc4theofvolumeeffectivesmallerprogressivelyA9.2b.)and9.2aTablesfrom

thethatunlikelyisItgases.referencethefordriftupwardapparenttheexplainmight

inpartoneofdriftapparentcumulativeasincechamber,cc5000thewithliesfault
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(a)  N2 Primary Reference Gases

(b)  Air Primary Reference Gases

Figure 1. Average differences from the 1985 value of manometric measurements of a) 
N2 and b) air primary reference gases, in mole fraction of CO2, by year. Volume ratio 
of constant-volume mercury-column manometer is held constant, at 1321.80. Plotted 
averages are for a) 10 N2 gases and b) 11 air gases analyzed in all years. Error bars 
represent +/- one standard deviation of an individual difference.
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theincc4.3ofchangeunlikelyhighlylarge,arequirewould1998to1985from1200

theindriftupwardanAlthoughchamber.manometerlargetheofvolumeeffective

thegivenunlikely,possibilitythisdeemwereal,becouldgasestheoffractionsmole

Nforaverageonbehaviorsimilar 2 ratedrifttheandgasesreferenceprimaryairand

allforsamethenearlydrifts(relativefractionmoletoproportionalcloselybeing

gases).

indicated1993inmadecalibrationsvolumetheabove,5sectioninreportedAs

previousthanlowersignificantlywaschambercc4theofvolumeeffectivethethat

tocloseagainwas1998-1999indeterminedvolumetheHowever,indicated.results

2Fig2.Figureinshownasvalues,previousthe

Ntheofcalibrationsmanometric1983,In 2 referenceprimarynatural-airand

toproportionalfractions,molemanometriclowertowardshiftsmallashowedgases

assumedWe1984].al.,et[Keelingyearsprevioustorespectwithfractionmolethe

effectivetheinchangeabycausedwas1983and1980-81betweenshiftthethat

assum-1983,involumeitsinfertoprocedureausedandchambercc4theofvolume

1985-1986Inconstant.remainedhadaverageongasesreferenceprimarythethating

ainfertobackextendedwasgasesreferencetheinconstancyassumingofmethodthe

al.,et[Keeling1985to1970fromchambercc4theofvolumeeffectivetheofhistory

1986].

toalsogasesreferencetheinconstancyassumingofmethodthisapplynowWe

thecallwewhichscalecalibratingnewacreatewedoingsoInresults.post-1985the

4invarientanassumewouldthatscaleX99BanfromdistinguishedbetoscaleX99A

reportthistoaddendumanindescribedisscaleX99BThevolume.chambercc

2001].al.,et[Guenther

3a-dFig3dto3aFiguresindemonstratedisscaleX99AnewthisforjustificationThe

i.e.fraction,molethetoproportionalfractionmoleinchangesofplotsshowwhich

1993,1990,yearstheofeachforincreasesfractionmoletheasincreasingchanges

referencedallareand9.2band9.2aTablesfromaredataplottedThe1998.and1995,

displayedwhichgases,referenceTwo1985.forassigned1321.80ratiovolumetheto

data.theoffitssquareleastlineartheinincludednotwerebehavior,driftanomalous

fitsrepresentlinessoliddetermined;y-interceptsthewithfitsrepresentlinesDashed

withagreeinterceptsforcedanddeterminedusingfitsTheorigin.thethroughforced

aofassumptionthesupportanddatatheofscatterthewithinyeareachothereach

proportionalaproducingchamber,cc4theofvolumeeffectiveinchange

effect.concentration-dependent



Figure 2. History of calibrations of the volume of the 4cc chamber in the constant-volume 
mercury-column manometer, with reference to the volumes of a set of plenums calibrated 
in 1974 by weighing them filled with mercury. Averages are plotted for each year: error 
bars represent +/- one standard deviation of an individual calibration.
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Figure 4. History of the volume of the 4cc chamber in the constant-volume mercury-
column manometer, as inferred from measurements of primary reference gases, assuming 
that those gases have remained stable on average. Solid black triangles represent 
calibrations of N2 primary reference gases; gray triangles, calibrations of air primary 
reference gases; and black-bordered gray triangles, calibrations of both N2 and air primary 
reference gases. Squares represent calibrations of the volume of the 4cc chamber using 
plenums (as in Figure 2). Smaller squares designate calibrations that have not been used 
for the provisional calibration reported here. The solid line connects the 4cc volumes used 
for manometric reference gas calibrations for the years indicated. The dotted line prior to 
1985 connects the 4cc volumes inferred for that period, assuming stability of the primary 
reference gases.
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(b)  Air Primary Reference Gases

(a)  N2 Primary Reference Gases

Figure 5. Average differences from the 1985 value of manometric measurements of a) N2 and b) 
air primary reference gases, in mole fraction of CO2, by year. Volume ratios of constant-volume 
mercury-column manometer for 1985 and later are different for each year, as determined by 
inference, assuming that the primary reference gases remained stable, on average. Volume ratios 
for the period before 1985 are the historical ratios divided by the factor 1.000503. Plotted 
averages for the N2 primary reference gases in a) are for three gases in 1970, eight in 1974 and 
1980, three in 1982, and ten for 1983 to 1998. Plotted averages for the air primary reference 
gases in b) are for ten gases in all years (one gas deleted as in Figure 3). Error bars represent +/- 
one standard deviation of an individual difference.
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ScaleX99AEquations,CalibrationAnalyzerInfraredofCoefficients7.1.Table

errorSTD
CofNo.DataInputCentral 2 C3 ResidualsFitof

CPairsDatafraction)X(moleJ(Index)DateYear 0 C1 10x 4 10x 7 (ppm)

N1985 2 J85Jul29 N
2

X85 N
2

0.0626.720044.01685.53244487.51321185

J85Jul29Air1985 Air X85 Air 0.0906.972404.04859.54082987.41921185

N1987 2 J87Dec6 N
2

X87 N
2

0.0766.413114.44805.51640189.35811185

J87Dec6Air1987 Air X87 Air 0.1096.875574.25404.53226388.50291185

N1989 2 J89Mar3 N
2

X89 N
2

0.0487.527663.41802.54754886.30291190

J89Mar3Air1989 Air X89 Air 0.0497.907153.26679.56263185.54301190

N1990 2 J90May22 N
2

X90 N
2

0.0457.175693.87607.53370987.13741190
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N1993 2 J93May20 N
2

X93 N
2

0.0608.162093.08776.56585981.69511493
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2
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2
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2
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2
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J97Aug19Air1997 Air X97 Air 0.0387.448744.37303.51942989.98721198

N1999 2 J99Jan1 N
2

X99 N
2

0.0898.270053.43132.53768287.23171398

J99Jan1Air1999 Air X99 Air 0.0708.601553.37978.54817687.08851198
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CO2-in-N2 COor 2 remainscalibrationrecentmosttheconvention,Bymixtures.-in-air

Adone.iscalibrationfutureauntildate,centralitsafterusepreliminaryforconstant

offractionsmolecalculatetousedCONVERT99A,program,FORTRANaofcopy

CO2 A5.Appendixinincludedisvalues,indexanalyzerAPCfrom

COforcoefficients,equationcubicthealllist9.6band9.6aTables 2-in-nitrogen

COand 2 scalescalibrationprovisionalpreviousinusedwerethatrespectively,-in-air

scale.X99AtheforcoefficientstheincludealsoandX97,toX85fromCDRGtheof

coefficientsequationcubicthelistcolumnsverticalThereport).thisof7.1Table(See

tocoefficientstheofrepetitionhorizontalrepresentmarksdittotheandscaleeachfor
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Inscale.precedingimmmediatelytheinequationsofsetthetoequationcalibration
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1985-1986inchambermanometriccc4ofcalibrationVolume9.4a.Table

Computed
Chamber4ccDate

VolumePlenumofExperiment
(cc)No.FillingsPlenumNo.

3.7954P-185Oct241
3.7959P-785Oct242
3.7939P-185Oct243
3.7962P-785Oct244
3.7952P-185Oct305
3.7954P-385Oct306

#3.7978P-485Oct307
#3.7986P-585Oct308

3.7958P-785Oct309
3.7953P-186Jan2110
3.7947P-286Jan2111
3.7961P-386Jan2112
3.7961P-686Jan2113
3.7953P-786Jan2114
3.7944P-186Jan2315
3.7963P-386Jan2316

#3.7989P-586Jan2317
3.7961P-786Jan2318

#3.8001P-486Jan2319

3.7955=15ofMean
σin 0.00071=
σm 0.00018=

others,withdisagreeP-5andP-4numbersPlenumDeleted:#
19.p.textsee
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1988inchambermanometriccc4ofcalibrationVolume9.4b.Table

Computed
Chamber4ccDate

VolumePlenumofExperiment
(cc)No.FillingsPlenumNo.

3.7955P-188Feb191
3.7954P-788Feb192
3.7949P-188Feb233
3.7952P-288Feb234
3.7973P-388Feb235
3.7966P-688Feb236
3.7961P-788Feb237
3.7960P-788Feb258

*3.7977P-688Feb259
3.7967P-388Feb2510
3.7966P-288Feb2511
3.7964P-188Feb2512
3.7950P-188Mar213
3.7957P-288Mar214

#3.7994P-488Mar215
#3.8008P-588Mar216

3.7961P-788Mar217

3.7961=15ofMean
σin 0.00082=
σm 0.00021=

rejected)twoofmeasurement(OneSinglet*
others,withdisagreeP-5andP-4numbersPlenumDeleted:#

19.p.textsee
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1990inchambermanometriccc4ofcalibrationVolume9.4c.Table

Computed
Chamber4ccDate

VolumePlenumofExperiment
(cc)No.FillingsPlenumNo.

3.7938P-190Feb81
3.7952P-790Feb82
3.7975*P-190Feb124
3.7972P-790Feb125
3.7956P-190Feb147
3.7962P-790Feb148
3.7964P-290Feb149
3.7975P-390Feb1410
3.7975P-690Feb1411
3.7937P-190Oct413
3.7948P-790Oct414
3.7952P-290Oct415
3.7979P-390Oct416
3.7962P-690Oct417
3.7954P-790Oct518
3.7968P-190Oct519
3.7965P-390Oct820
3.7956P-190Oct821
3.7973P-790Oct822
3.7957P-290Oct823
3.7983P-690Oct824

3.7962=21ofMean
σin 0.00128=
σm 0.00028=

rejected)twoofmeasurement(One*Singlet

plenumlargewith12and63,NumbersExperimentNote:
here.reportednotcalibration,chamber64ccforP-8number
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1993-1994inchambermanometriccc4ofcalibrationVolume9.4d.Table

Computed
Chamber4ccDate

VolumePlenumofExperiment
(cc)No.FillingsPlenumNo.

3.7907P-193Oct121
3.7920P-793Oct122
3.7937P-194Jan314
3.7962P-794Jan315
3.7927P-294Jan316
3.7940P-394Jan317
3.7945*P-694Jan318
3.7915P-194Feb29
3.7945P-794Feb210
3.7931P-194Feb712
3.7944P-794Feb713
3.7958P-294Feb714
3.7936P-394Feb715
3.7975P-694Feb716

3.7939=14ofMean
σin 0.00185=
σm 0.00049=

rejected)twoofmeasurement(One*Singlet

plenumlargewith17and113,NumbersExperimentNote:
here.reportednotcalibration,chamber64ccforP-8number



-67-

1998-1999inchambermanometriccc4ofcalibrationVolume9.4e.Table

Computed
Chamber4ccDate

VolumePlenumofExperiment
(cc)No.FillingsPlenumNo.

3.7924P-198Dec101
3.7947P-798Dec102
3.7927P-198Dec143
3.7948P-298Dec144
3.7955P-398Dec145
3.7967P-698Dec146
3.7982*P-798Dec147
3.7942P-299Jan068
3.7981P-799Jan069
3.7966P-199Jan0610
3.7991P-699Jan0611
3.7999P-399Jan0612
3.7938P-199Jan1313
3.7946P-799Jan1314
3.7935P-299Jan1315
3.7953P-699Jan1316
3.7958P-399Jan1317
3.7913P-199Jan2118
3.7944P-799Jan2119
3.7931P-299Jan2120
3.7960P-699Jan2121
3.7959P-399Jan2122

3.7953=22ofMean
σin 0.00220=
σm 0.00047=

rejected)measurementsthreeof(OneDoublet*
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CO1985-1999inequationscalibrationcubic1985-1999ofCoefficients9.6a.Table 22-in-N22 scales*calibration

CubicDesignated
CoefficientCubic a ScaleX99AScaleX97ScaleX95ScaleX93ScaleX90ScaleX87ScaleX85

CCUB85 0 87.592b dittoc 87.51316dittodittodittoditto o

C1 0.530735b .5324440dittodittodittodittoditto o

C2 (X104 4.0661) b 4.016849dittodittodittodittoditto o

C3 (X107 6.6595) b 6.720037dittodittodittodittoditto o

CCUB87 0 89.519d 89.37936ditto f 89.26957i 89.35812ditto o

C1 0.5141841d 0.5153639ditto f 0.5165722i .5164008ditto o

C2 (X104 4.5126) d 4.474744ditto f 4.432576i 4.448049ditto o

C3 (X107 6.3390) d 6.375607ditto f 6.422056i 6.413108ditto o

CCUB89 0 86.11240used)(not g 86.10552j 86.30291ditto o

C1 0.5487304g 0.5491640j .5475480ditto o

C2 (X104 3.363977) g 3.349575j 3.418023ditto o

C3 (X107 7.583929) g 7.599323j 7.527658ditto o

CCUB90 0 87.03689e 86.93749ditto k 87.13737ditto o

C1 0.5338652e 0.5353530ditto k .5337088ditto o

C2 (X104 3.857944) e 3.806676ditto k 3.876065ditto o

C3 (X107 7.192074) e 7.248319ditto k 7.175689ditto o

CCUB93 0 81.58785h 81.33812l 81.69511ditto o

C1 0.5664659h 0.5693753l .5658587ditto o

C2 (X104 3.070776) h 2.970689l 3.087755ditto o

C3 (X107 8.176814) h 8.278050l 8.162087ditto o

CCUB95 0 87.17948m 86.05133ditto o

C1 0.5273961m .5397667ditto o

C2 (X104 3.982520) m 3.578591ditto o

C3 (X107 7.496791) m 7.918435ditto o

CCUB97 0 91.01927n 89.14810o

C1 0.4971282n .5191699o

C2 (X104 4.831165) n 4.098514o

C3 (X107 6.689967) n 7.440487o

CCUB99 0 87.23173o

C1 .5376818o

C2 (X104 3.431323) o

C3 (X107 8.270052) o

table.inrighttoleftfromorderalphabeticalinpagenextonFootnotes*
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Notes9.6a.Table

(Index):Jandfraction)(moleXbetweenrelationshipcubicofCoefficients(a)
=X C 0 + C 1J + C 2J

2 + C 3J
3.

1985The(b) N2 valuesJofconsistsscalesX97throughX85theforsetdatacubic
9.2a).(Table1985inmeasuredvaluesXand9.3a)(Table1985inmeasured

inreportedassametheexactlyareandplacesdecimal2toexpressedareData
accounttoppm0.11byincreasedbeenallhavevaluesJ[1986].al.etKeeling

calibrations.marathon1985theduringdriftstandardsecondaryfor

left.thetocoefficientofrepetitionDenotes(c)

1987The(d) N2 JpreliminaryofconsistsscalesX90andX87theforsetdatacubic
valuesXand9.3c)Tablethanlowerppm0.04to(0.031987inmeasuredvalues

places.decimal2toexpressedareDatab).note(see1985inmeasured

1990The(e) N2 meas-valuesJofconsistsscalesX93andX90theforsetdatacubic
(using1990inmeasuredvaluesXpreliminaryand9.3g)(Table1990inured

mm0.000andchambercc4formm-0.340ofcorrectionsmeniscuspreliminary
Table(see39272No.fordataallusingandmeasurementschambercc5000for

places.decimal2toexpressedareData9.1c)).

1987The(f) N2 inmeasuredvaluesJofconsistsscaleX93theforsetdatacubic
areDatab).note(see1985inmeasuredvaluesXand9.3c)(Table1987

places.decimal2toexpressed

1989The(g) N2 inmeasuredvaluesJofconsistsscaleX93theforsetdatacubic
areDatad).note(see1990inmeasuredvaluesXand9.3e)(Table1989

places.decimal2toexpressed

1993The(h) N2 inmeasuredvaluesJofconsistsscaleX93theforsetdatacubic
preliminary(using1993inmeasuredvaluesXpreliminaryand9.3i)(Table1993

cc5000formm0.000andchambercc4formm-0.340ofcorrectionsmeniscus
places.decimal2toexpressedareDatachamber).

1987The(i) N2 meas-valuesJofconsistsscalesX97andX95theforsetdatacubic
reason)unknownfor6078No.forppm309.641except9.3c,(Table1987inured

for39239No.for332.695except9.2a,(Table1985inmeasuredvaluesXand
places.decimal3toexpressedareDatareason).unknown

1989The(j) N2 meas-valuesJofconsistsscalesX97andX95theforsetdatacubic
theexcept9.2a,(Table1990inmeasuredvaluesXand9.3e)(Table1989inured

expressedareData9.1c)).Table(see39272No.forusedwasdataallofaverage
places.decimal3to

1990The(k) N2 meas-valuesJofconsistsscalesX97andX95theforsetdatacubic
areDatai).note(see1990inmeasuredvaluesXand9.3g)(Table1990inured

places.decimal3toexpressed

1993The(l) N2 meas-valuesJofconsistsscalesX97andX95theforsetdatacubic
theexcept9.2a,(Table1993inmeasuredvaluesXand9.3i)(Table1993inured

expressedareData9.1e)).Table(see35299No.forusedwasdataallofaverage
places.decimal3to
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1995The(m) N2 meas-valuesJofconsistsscalesX97andX95theforsetdatacubic
forexcept9.2a,(Table1993inmeasuredvaluesXand9.3k)(Table1995inured
areDatatypo).todueppm276.448-7366No.andk)note(see35299No.

places.decimal3toexpressed

1997The(n) N2 valuesJpreliminaryofconsistsscaleX97theforsetdatacubic
Xand9.3m)Tablethandifferent0.003to0.001are12of(81997inmeasured

dataandl)note(see7366No.forexcept9.2a,(Table1993inmeasuredvalues
places.decimal3toexpressedareDataomitted).are35299No.for

Xfromderivedcoefficientsequationcalibrationcubic7.1:(TablereportThis(o)
9.3k,9.3i,9.3g,9.3e,9.3c,9.3a,TablesinvaluesJand9.5aTableinvalues

9.3o).9.3m,
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scales*calibrationnatural-air1985-1999inequationscalibrationcubic1985-1999ofCoefficients9.6b.Table

CubicDesignated
CoefficientCubic a ScaleX99AScaleX97ScaleX95ScaleX93ScaleX90ScaleX87ScaleX85

CACUB85 0 87.437b dittoc 87.41915dittodittodittoditto o

C1 0.539971b .5408285dittodittodittodittoditto o

C2 (X104 4.0632) b 4.048589dittodittodittodittoditto o

C3 (X107 6.9533) b 6.972401dittodittodittodittoditto o

CACUB87 0 88.472d 88.41010ditto f 88.45327i 88.50291ditto o

C1 0.5318281d 0.5322826ditto f 0.5320256i .5322630ditto o

C2 (X104 4.2659) d 4.248717ditto f 4.250774i 4.254044ditto o

C3 (X107 6.8519) d 6.870007ditto f 6.873000i 6.875569ditto o

CACUB89 0 85.34976used)(not g 85.51778j 85.54302ditto o

C1 0.5636964g 0.5622643j .5626305ditto o

C2 (X104 3.218512) g 3.269152j 3.266791ditto o

C3 (X107 7.955842) g 7.899927j 7.907150ditto o

CACUB90 0 86.53137e 86.78888ditto k 86.81452ditto o

C1 0.5466209e 0.5441992ditto k .5445588ditto o

C2 (X104 3.773212) e 3.858314ditto k 3.856169ditto o

C3 (X107 7.508333) e 7.414694ditto k 7.421745ditto o

CACUB93 0 77.77432h 78.31770l 78.32011ditto o

C1 0.6114029h 0.6061471l .6063189ditto o

C2 (X104 1.992009) h 2.156214l 2.154148ditto o

C3 (X107 9.499736) h 9.330685l 9.334236ditto o

CACUB95 0 82.54768m 83.38100ditto o

C1 0.5844231m .5756788ditto o

C2 (X104 2.449161) m 2.716229ditto o

C3 (X107 9.330916) m 9.078236ditto o

CACUB97 0 87.91449n 89.98723o

C1 0.5397380n .5194290o

C2 (X104 3.765930) n 4.373030o

C3 (X107 8.021745) n 7.448742o

CACUB99 0 87.08846o

C1 .5481764o

C2 (X104 3.379783) o

C3 (X107 8.601554) o

table.inrighttoleftfromorderalphabeticalinpagenextonFootnotes*
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Notes9.6b.Table

(Index):Jandfraction)(moleXbetweenrelationshipcubicofCoefficients(a)
=X C 0 + C 1J + C 2J

2 + C 3J
3.

valuesJofconsistsscalesX97throughX85theforsetdatacubicAir1985The(b)
9.2b).(Table1985inmeasuredvaluesXand9.3b)(Table1985inmeasured

inreportedassametheexactlyareandplacesdecimal2toexpressedareData
accounttoppm0.11byincreasedbeenallhavevaluesJ[1986].al.etKeeling

calibrations.marathon1985theduringdriftstandardsecondaryfor

left.thetocoefficientofrepetitionDenotes(c)

JpreliminaryofconsistsscalesX90andX87theforsetdatacubicAir1987The(d)
valuesXand9.3d)Tablethanlowerppm0.04to(0.031987inmeasuredvalues

places.decimal2toexpressedareDatab).note(see1985inmeasured

valuesJofconsistsscalesX93andX90theforsetdatacubicAir1990The(e)
(using1990inmeasuredvaluesXpreliminaryand9.3h)(Table1990inmeasured

mm0.000andchambercc4formm-0.340ofcorrectionsmeniscuspreliminary
Table(see66696No.fordataallusingandmeasurementschambercc5000for

places.decimal2toexpressedareData9.1d)).

inmeasuredvaluesJofconsistsscaleX93theforsetdatacubicAir1987The(f)
causedsummarydatatheintypoawhere71341,No.forexcept9.3d(Table1987

1985inmeasuredvaluesXandppm)317.31ofinsteadppm317.26ofvaluea
places.decimal2toexpressedareDatab).note(see

inmeasuredvaluesJofconsistsscaleX93theforsetdatacubicAir1989The(g)
areDatad).note(see1990inmeasuredvaluesXand9.3f)(Table1989

places.decimal2toexpressed

inmeasuredvaluesJofconsistsscaleX93theforsetdatacubicAir1993The(h)
preliminary(using1993inmeasuredvaluesXpreliminaryand9.3j)(Table1993

cc5000formm0.000andchambercc4formm-0.340ofcorrectionsmeniscus
latervalues,manometricpreliminary67615,and71286Nos.forandchamber,

decimal2toexpressedareDatarespectively).different,.02and(.03corrected
places.

valuesJofconsistsscalesX97andX95theforsetdatacubicAir1987The(i)
9.2b).(Table1985inmeasuredvaluesXand9.3d)(Table1987inmeasured

places.decimal3toexpressedareData

valuesJofconsistsscalesX97andX95theforsetdatacubicAir1989The(j)
9.2b).(Table1990inmeasuredvaluesXand9.3f)(Table1989inmeasured

places.decimal3toexpressedareData

valuesJofconsistsscalesX97andX95theforsetdatacubicAir1990The(k)
9.2b).(Table1990inmeasuredvaluesXand9.3h)(Table1990inmeasured

places.decimal3toexpressedareData

valuesJofconsistsscalesX97andX95theforsetdatacubicAir1993The(l)
Data9.2b).(Table1993inmeasuredvaluesXand9.3j)(Table1993inmeasured

places.decimal3toexpressedare
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valuesJofconsistsscalesX97andX95theforsetdatacubicAir1995The(m)
arevaluesXThe1995.inmeasuredvaluesXand9.3l)(Table1995inmeasured
ofaveragethe34819,No.forgases:threeforexcept9.2bTableinreportedas

rejected;2No.Runandmadewas3No.Runlater-usedwas2and1Nos.Run
determi-onelater-usedwasdeterminations4allofaveragethe71479,No.for

usedwasdeterminations4allofaveragethe67615,No.forrejected;wasnation
(seerejectedwasdeterminationonelater-typo?)-504.090ofinstead(504.099

places.decimal3toexpressedareData9.1g).Table

1997,inmeasuredvaluesJusesscaleX97theforsetdatacubicAir1997The(n)
sevenforppm0.002or0.001by9.3nTablefromdifferingvaluespreliminarybut
werevaluesJthebecause71286,No.forppm0.014byandgasestheof

indescribedassametheareusedvaluesXThejogs.ofnumberthebyweighted
places.decimal3toexpressedareDatal.note

Xfromderivedcoefficientsequationcalibrationcubic7.1:(TablereportThis(o)
9.3n,9.3l,9.3j,9.3h,9.3f,9.3d,9.3b,TablesinvaluesJand9.5bTableinvalues

9.3p).
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