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Abstract

TheQinghai－TibetanPlateauplaysacriticalroleinreg10nalandglobalclimatechange．

More than60％ofthe surface area ofthe plateauis covered by grasslands．To revealthe

POtentialcontributionofgrasslandecosystemstoclimatechange，IexaminedtheCO2eXChange

betweentheatmosphereandanalpineKbbresiameadow（lat37029－－45’N，longlOlO12－23’E，

3250m a・S・1．）on the northeastern Qinghai－Tibetan Plateau．The ecosystem CO2flux was

measuredcontinuouslyuslngtheeddy－COVariancemethodfromAugust2001toDecember2002．

I examined the diurnal and seasonal variations of carbon　fluxes and assessed their

environmental and biologiCalcontroIs．Ifurther explored thelong－term Pattern Of carbon

dynamicsin the alpine ecosystemuslngmeteOrOlogicaland biomass data availablefor the

Periodfrom1981to2000Withasimulationmodelofthecarboncycleinterrestrialecosystems

（Sim－CYCLE）．

Themajorfindingsfromthe CO2fluxmeasurementswereasfollows：（1）The daily

ChangesinCO2eXChangeshowedCO2uPtakeinthedaytimeandCO2releaseinthenighttime

in summer and small C02release during all the dayln Winter．In2002，net eCOSyStem

productivity岬）duringthe丘vemonthsofsummeramountedto138．4gcm－2．〟EPduring

therestoftheyearreached－59・9gcm－2andthewinterfluxmeasurementsprovidedvery

importantinfbrmationtoestimatetheannualcarbondynamics．ThemaximumdailyCO2uptake

（3．9gcm－2day．1）inthissitewassmallerthanthatinothergrasslandecosystemsatalmostthe

samelatitude，althoughthemaximumL4Iwaslarger・The78・5gcm－2yr－1annuaLⅣEPin2002

WaSlowerthanthoseofwarmerecosystems，e．g．temPerateandtropicalgrasslandecosystems，

andasmuchasthoseofothercoolecosystems，e．g．alpineandborealecosystems．（2）TheCO2

exchangeasinfluencedbytheenvironmentalfactorswasanalyzedondailyandseasonalscales．

Theincrementofphotosyntheticphotonfluxdensity（刑）increasedthenetCO2uPtakeon

alltemporalscales．Theincrementoftemperaturedecreasedthe〃EPonalltemporalscales，

Whichwascausedbytheenhancementofecosystemresplrationindailyandseasonalchanges．

Theincrementofmoisture，e．g．SOilwatercontent，atmOSPhericwatervapor，didnotaffectthe
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daily〟EP（netCO2uPtake）．TheCO2effluxinthenighttimewassuppressedbysoilmoisture

increase．ThepatternsofsoilwatercontentandCO2effluxinthealpineecosystemseemstobe

differentfromthatreportedforsemi－aridgrasslands．

Sim－CYCLEmodelsimulationshowedthefollowingm再Orfindings．（3）Thetransition

experimentfbr1981－2000ShowedthattheannualNEPrangedfrom－70to＋70gcm－2yr－10Ver

the20years．（4）TheCO2eXChangeasinfluencedbytheenvironmentalfactorswasanalyzedin

theinterannualchanges．ThelightincrementsinthegrowlngSeaSOnPrOmOtedtheannualgross

Primary production（GPP）and NEP・hcreasesin temperature decreased the〃EP on all

temporal scales，through enhancement of the heterotrophic respirationin theinterannual

Changes．Increasesinprecipitationdidnotaffectthe〟だPintheinterannualChanges．（5）The

model sensitivity analysis showed that GPP，autOtrOPhic respiration64R），net Primary

PrOduction（〃PP）andplantbiomassrespondedquicklyandtheheterotrophicrespirationUm），

litterandsoilbiomassrespondedveryslowlytotheclimatechange・Temperatureincreasesof5

0cincreasedtheGPPandthoseover7・50cdecreasedtheGlobalWarmlngby50Cadvanced

theecosystemphotosyntheticactivityandthedurationofthegrowlngSeaSOn，andincreasesthe

GPP・In contrast，Warmlng greater than7・50c may exceed the optimum temperaturefor

PhotosynthesisanddecreasedtheGPP．

Thisstudysuggeststhat（1）thealpinemeadowwasaC02Sink，atleastin2002・The

CurrentCO2Sinkstrengthiscomparablewiththoseofmanysub－alpineecosystemsreportedso

far．The verylow temperature，Which suppressed photosynthetic activity and shortened the

durationofthegrowingseason，decreasedthenetCO2uPtake．（2）Soilwateravailabilitywas

highinthealpinemeadow．ThehighSoilwatermightreducetheecosystemrespiration，because

Of the decrement of microbial activityin the well－Watered anaerobic conditions・（3）The

measuredannualCO2uPtakeisclosetothefluctuatlngrangederivedfrommodelanalysis，

althoughCO2uPtake data may contain estimation errors caused by energyimbalance and

gap－fillingmethods．（4）TheinterannualrelationshipsbetweentheannualCO2eXChangeand

environmentalfactorsdidnotdiffersignificantlyfromthoseofseasonalchanges．（5）Leng－term

glObalwarmingwillincreasetheecosystemcarbonuptake．However，eXtremeWarmingmay
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ShiftthisecosystemtoanotherbiometypethroughinvasionofotherplantspeciesadaptlVetO

WarmerenVlrOnmentS．

The prlmary COnClusions are that the alpine meadow has the potentialto sequester

atmosphericc02，butthepotentialappearstobesmall，POSSiblybecauseofthelimitationoflow

temperature・HoweverthedataarenotenoughtojudgewhetherthisecosystemisaCO2Sinkor

SOurCeOnaVeragefromthecurrentmeasurementsandmodelanalysis，mainlyduetothelimited

Observationdata．Multi－yeardataacqulSltlOnSOftheCO2eXChangearethereforerequired．
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ChapterlGeneraIIntroduction

1．1．Background

l．1．1．Globalclimatechangeandterrestrialecosystems

TheEarthclimatesystemandthefunctionlngOfterrestrialecosysteminteractstrongly

eachother．AchangeinoneafEectstheotherandfeedbackmechanismsoccur．Thesenatural

interactionsarenowdistufbedbyhumanactivitiesatanunprecedentedscale，bothintheirrate

andintheirgeographicalextent．Globalclimatechangeisnowinprogress．AtmosphericCO2

COnCentrationhasincreasedbynearly30％sincethepre－industrial1850，Whenitwasabout280

PPm・Itiscurrently370ppmandtheEarth，ssurfacehasbeenwarmedbyO・60cduringthe

twentiethcentury．Climate and terrestrialecosystems maintaintheirinteractiverelationships

throughCO2，WaterCyClesandenergyflow．Therefore，Climatearestronglyaffectedbychanges

intheproductivityofterrestrialecosystems，and amaJOrintegratedprocessbetweenliving

Organisms and the atmosphere，andland use and feeds back on productivity ofterrestrial

ecosystems（Royeta1．，2001）．

ConsideringtheglobalCO2budget，thereareimbalancesbetweentheCO2effluxbythe

COmbustionofthefossilfuel，CementprOductionandlandusechange，theCO2uptakebythe

OCeanknownasthe“missingsink”（IPCC，1990）．Eightyearsago，IPCC（1996）suggestedthat

“misslngSink”maybeinseveralforestecosystems，trOPicalandborealforests，buthasnot

COnCluded．Houghton（2003）hasestimatedthe“residual”terrestrialCO2fluxtobeasmuchas

－2．9±1．1PgCyr．lin1990S（Tablel．1）．Itwasequivalenttoone－thirdoftheCO2emissionby

thefossilfuelandlandusechange（6．3±0．4and2．2±0．8PgCyr－1，reSPeCtively）andaslarge

astheothertwom可OrCO2Sinks；theatmosphereandtheocean（－3．2±0．2PgCyr．1，－2．4±0．7

PgCyr‾1，reSPeCtively）．

The Kyoto Protocol，agreedin Kyoto COP3Conference（the3rd Session ofthe

ConferenceofthePartiestotheUnitedNationsFrameworkConventiononClimateChange）

heldinKyoto，Japan，December1997，hasnotonlysetlegally－bindinggreenhousegasemission

O切ectivesfor eachindustrialized country，but also allowedfor aninternational emissions

1



trading scheme．During the Kyoto commitment period，Carbon sinks may beincludedin

emissionstradingbyallocatingcreditsfortheamountofcarbonsequestered；increaseofcarbon

StOCksduetohumaninducedfbrestestablishment，affbrestationandrefbrestation．However，the

CO2SequeStrationfunctionlng Of terrestrial ecosystems，includingforests，graSSlands and

desertsetc．，hasnotbeenunderstoodsufficiently，andisneededfurtherresearchesuslngthe

SCientificallycorrectmethodareneededtopredicttheprogressofglobalwarming．

1．1．2．Measurementandmodelingofcarbondioxidebetweentheatmosphereand

terrestrialecosystems

The“FLUXNET”researchnetworkpr可ect，includingAmeriFlux，CarboEurope（fbrmer

EUROFLUX），AsiaFlux，KoFlux，OZFluxetc．，WillprovidecurrentunderstandingofhowCO2，

WaterCyClesandenergyflowandtheproductivitiesofvarioustypeecosystemsinteract．The

FLUXNETisaglObalnetworkofmicrometeorologicaltowersitesthatuseeddy covariance

methods to measure the exchanges of CO2，Water VaPOr，and energy between terrestrial

ecosystemsandatmosphere．Atpresent，OVer200towersitesareoperatingonalong－termand

COntinuous basis．Researchers also collect data on site vegetation，SOil，hydrologic，and

meteorologicalcharacteristicsatthetowersites．Valentinietal．（2000）presenteddataofnet

ecosystemcarbonexchange，COllectedbetween1996and1998from15EUROFLUXforestsites，

andsuggestedthatmanyEuropeanforestecosystemsactascarbonsinks．Falgeetal・（2002）

usedthe FLUXNET database to research thefactorsthat controIseasonalchangesingross

Primary production（GPF）and ecosystem respiration（凡）in a wide range of terrestrial

ecosystems．TheirresultsshowedthattheseasonalityofGPPwasdeterminedbythelife－fbrm

（e．g．broadleaforneedleleaf），and that ofRewas affectedbythe climatictypes that are

Characterizedusuallybytemperature．Wilsonetal．（2002）presenteddataofthewarmseason

Partitionlngbetweensensibleandlatentheatflux，andBowenratioat27FLUXNETsitesover

66Siteyears．TheirresultshowedthattheclimaticcontrolonBowenratiowasquantiBeduslng

theclimatologicalresistance，Whichisproportionaltotheratioofvaporpressuredeficittonet
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radiation，andin which there were some generaldifferences between vegetation types and

climates．

Recently，manylntegrationmodelsthatrepresentcarbon，Waterandenergyexchanges

betweenterrestrialecosystemsandtheatmospherehavebeendeveloped．Basedonapproaches

toestimatephotosynthesis（GPP）or〃PP，thesemodelsaredividedintothreecategories；Light

Use EfBciency（エUE）approach，Biochemicalapproach，and Carbon assimilation approach

（Cramereta1．，1999；Arora，2002）．LtLEapproach，e．g．inCASA（Pottereta1．，1993），BIOME2

（Haxeltineetal・，1996），GLO－PEM（Goetzetal・，2000），uSeSSatellitedata（NDVI）todetermine

thetemporalbehaviorofthephotosyntheticactivetissue，andcalculatesGPPor〃PPasthe

PrOductofabsorbedphotosyntheticactiveradiation（4LuR）byaconversione疏ciencyfactorc．

ThesemodelscanbeusedtoexaminetheeffectofclimatevariabilityonNLP，butthetimeof

interestislimited to that ofthe satellite archive．The satellite observations provide some

biosphereproduttion・Biochemicalapproach，e・g・inBIOME－BGC（RunningandHunt，1993），

CARAIB（Warnantetal・，1994），DOLY（Woodwardeta1．，1995），BIOME3（Haxeltine and

Prentice，1996），HYBRID（Friendeta1．，1997），Simulateschangesinbothstructure（vegetation

distribution and phenology）and　function（biogeochemistry）of ecosystems．Generally，

equilibriumbetweenclimate andvegetationis assumed，but the models canbe turnedinto

dynamicalglobalvegetationmodels（DGVMs）．Todate，theyhavebeenappliedtopotential

Vegetationonly．Thisisincontrasttosomeofmodelsintheothercategorieswhichaccountfbr

land use either explicitly（CARAIB）orimplicitly throughthe use ofsatelliteobservations．

Carbon assimilationapproach，e．g．in FOREST－BGC（Running and Coughlan，1988），TEM

（McGuireetal・，1992），CENTURY（Partoneta．，1993），FBM（Ludekeeta1．，1994），PnET－DAY

（Abereta1．，1996），Sim－CYCLE（ItoandOikawa，2002），Simulatesthebiogeochemicalfluxes

Onthebasisofsoilandclimatecharacteristics，uSlngeithervegetationmapsorbiogeography

modelstoprescribevegetationstruCture．Thesemodelssimulatephenologyeitherexplicitlyor

implicitlysothattheseasonalactivityofacanopycanchangeinresponsetoclimatechange．

Sim－CYCLEisamechanisticmodel，Onthebasisofthedry－matterprOductiontheory

establishedbyMonsiandSaeki（1953）．Theatmosphere－biosphereCO2eXChangeiscomposed
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Ofphysiologicalprocesses，SuChasgross primaryproduction（GPP），autOtrOPhicrespiration

64R），andheterotrophicrespiration（〃尺），andthenthissimulatorenablesusto estimatethe

ecosystemcarbonbudgetinamechanisticway．Terrestrialecosystemswereconceptualizedasa

five－COmPartmentSyStem：foliage，Stemandbranch，rOOt，litter，andmineralsoil．Sim－CYCLE

also contains water，heat and radiation subschemes to estimate physical environmentin

terrestrialecosystems．Ito and Oikawa（2000）performed a modelanalysis ofthe effect of

Climaticperturbationsfrom1970to19970nthecarbonbudgetofterrestrialecosystemsona

globalscale，uSingSim－CYCLE．Duringthe28yrexperimentalperiod，global〟EPrangedfrom

－2．06PgCyr．1（SOurCe）in1983to＋2．25（Sink）PgCyr－1in1971，beingsufHcientlylargeto

glVe rise to anomaliesin the atmospheric CO2COnCentrationfrom＋0．97t0－1．06ppmv．

Regression analyses demonstrated that annualAⅣEPs had the highest correlationwith the

temperatureanomalyonaglobalscaleandtheresponsivenesswasprlmarilyattributabletothe

temperature sensitivities ofplantrespiration and soildecomposition，and secondarily tothe

moisturesensitivityofdecomposition．TheyalsoshowedthatanEuVSOeventandavoIcanic

eruption，affectedglobalAⅣEP．Thus，theclimatedependenciesofglobalterrestrialecosystems

may contain slgnificantimplications not only for the present　functionlng Of

atmosphere－biospherecarbonexchange，butalsofbrongoingglobalwarming．

1．1．3．AnalpinemeadowecosystemontheQinghai・TibetanPlateau，China

Onaglobalbasis，graSSlandsareoneofthemostwidespreadvegetationtypes．Natural

grasslands，includingtundra，COVer30％oftheEarth’ssurfaceandcontain452．3Pg（1／40fthe

Earth’stotalamount）oforganiccarboninbothbiomassandsoil（Adamseta1．，1990）．Scurlock

andHall（1998）reportedthattemperateandtropicalgrasslandssequesterO．5Pgofcarbona

year，and suggested that grassland ecosystems might play animportant role as a sink of

atmosphericcarbon．However，mOStStudiesofthecarbonbudgethavebeenconductedonlyon

lowland grassland ecosystems at elevations below1500m；Studies on alpine grassland

ecosystemsatelevationsabove3000marerare．
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Inalpinemeadowecosystemsonthe Qinghai⊥TibetanPlateauinthewestemPartOf

China，abundantlightandprecipitationallowplantstogrowe班ciently（i．e．sequestercarbon）in

Spite oftherestricted growlngSeaSOn．Additionally，lowtemperatureinwinterrestricts the

decompositionoflitter・Therefbre，thisecosystemmightbeanannualnetsinkofatmospheric

CO2・AlpinemeadowecosystemsinChinacoverapproximately63・7×104km2andcontain

ll．3Pgofcarboninbiomassandsoil（Ni，2002）．Thesoilcarbondensityofthisecosystem

（18．2kgm‾2；Ni，2002）ismuchhigherthanthatofsavanna（5．4kgm‾2；Adamseta1．，1990）

andtemperategrassland（13．Okgm－2；Adamseta1．，1990）andsimilartothatoftundra（22．Okg

m．2；Adamseta1．，1990），Wherelowtemperaturealsolimitsthegrowingseason．However，

tundraisreportedtobeatriskofchangingfromasinktoasourceofCO2Withglobalwarming

（Oecheleta1．，1993）．WillthealpineecosystemontheQinghai－TibetanPlateaualsobeanet

CarbonsourceinthewarmlngClimate？

1．2．Purposeofthisstudy

IPCC（2001）reportedthatiftheatmosphericCO2COnCentrationrisesatarateofl・0％

yr－1，annualaveragedtemperaturesin2071－21000ntheQinghai－TibetanPlateauwillbecome

higherof3．3－8．40cinsummer（June，JulyandAugust）and3．2－10．90cinwinter（December，

JanuaryandFebruary）thanthosein1961－1990．Howwilltheplantsandsoilmicrobesreact

againstthosegreatwarmlngandotherclimatechanges？Therearenoseriesoffundamental

Studiesoncarbondioxidefluxanditsdynamicstoanswerthisquestion．

To fi11the reglOnal blanksinknOwledgeidentified by global network of carbon

dynamics studies，in this study，the CO2eXChange between the atmosphere and an alpine

meadowecosystemwasmeasuredandsimulatedattheHaibeistation，ChineseAcademyof

SciencesontheQinghaiJTibetanPlateau，China，forshortandlong－termPeriods．First，afield

measurementby the eddy covariance methodwas conductedtoinvestigatethe diurnaland

SeaSOnalrelationshipsbetweentheCO2fluxandenvironmentalfactorsfromAugust2001to

December2002．Second，amOdelsimulationbytheSimulationModelofCarboncYCleinLand

Ecosystem（Sim－CYCLE），developedbyItoandOikawa（2002），hasbeenmadetoinvestigate
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theinterannualrelationshipbetweentheCO2dynamicsandclimatechangesfrom1981to2000

uslngthe climate data derived at the Haibeimeteorologicalobservation field fbr20years・

Finally，the differencesin the relationships between the CO2dynamics and environmental

factors onthe differenttemporalperiodwere analyzed and theinfluences offuture climate

ChangesontheCO2dynamicswerediscussed．

Theo切ectivesofthisstudyaresummarizedasfollows：

Toclarifythedaily，SeaSOnalandinterannuralpatternsofCO2flux．

ToinvestigatetherelationshipbetweenCO2fluxandtheenvironmentalfactors・

TopredicttheinfluencesofglobalwarmlngOntheCO2fluxanddynamicsinanalpine

meadowecosystem．

1．3．Compositionofthethesis

Chapterlintroducestherelationshipbetweentheglobalclimatechangeandterrestrial

ecosystem，andtheglobalnetworkoffluxmeasurementandmodelstudiestoinvestigatethat

relationship，andsummarizestheobjectivesofthisstudy．Chapter2describesthegeographical

andvegetationcharacteristicsatthestudysite．Chapter3clar漬esthediurnalchangesofthe

CO2fluxmeasuredbytheeddycovariancemethodandtherelationshipontheenvironmental

factorsinthefieldstudy．Chapter4ClarifiestheseasonalchangesoftheCO2fluxmeasuredby

theeddycovariancemethodandtherelationshipontheenvironmentalfactorsinthefieldstudy・

Chapter5clariBestheinterannualchangesoftheCO2dynamicssimulatedbytheSim－CYCLE

andtheirrelationshipsontheclimatechangesfrom1981－2000inthemodelanalysis・Chapter6

Summarizesthedifferencesintheecosystemresponsestotheenvironmentalchangesbetween

thevarioustimescales，andpredictstheinfluencesoffutureclimatechange．Chapter7givesthe

COnClusionofthisstudy．
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Tablel．1．Globalcarbonbudgetsforthe1980sand1990S（PgCyr．1）．

1980s l990S

Fossilfuelemissions

Atmosphericincrease

Oceanicuptake

Netterrestrialflux

bnd－uSeCbange
Residual‘terrestrial’flux

5．4±0．3

3．3±0．1

－1．7±0．6

－0．4±0．7

2．0±0．8

－2．4±1．1

6．3±0．4

3．2±0．2

－2．4±0．7

－0．7±0．8

2．2±0．8

－2．9±1．1

From Houghton，R．A．（2003）．



Chapter2Sitedescription

Measurements and estimations ofcarbon，Water VaPOr and sensible heatfluxes and

environmentalfactors were conducted at the HaibeiAIpine Meadow Ecosystem Research

Station，NorthwestPlateauInstituteofBiology，ChineseAcademyofScience（lat37029－15’N，

longlOlO12－231E；3250ma・S・1・；Figs．2．1and2．2）．Theresearchstationislocatedinalarge

Valleyorientednorthwest－SOutheastinnortheastQinghai－TibetanPlateau，andsurroundedonall

SidesbytheQilianMountains．Theaveragealtitudeofthemountainsandthevalleyare4000

and2900－3500ma・S・1・・TheDatongRiverpassesfromnorthtothesouth・Thelandscapeis

Characterized bylarge mountain ranges with steep valleys and gorgesinterspersed with

relativelylevelandwideinter－mOuntaingrasslandbasins・

The climate at Haibei Stationis characterized bylow temperature andlimited

PreCipitation・Theannualaveragetemperatureandprecipitationfor1981－2000were－1・70C

and561mm・InthegrowlngSeaSOnfromMaytoSeptember，theplentifulsunshineandrainfa11

（80％ofannualtotalrainfall）allowplantstogroweffectively，althoughharmfulUV－Bradiation

ishigh（LiandZhou，1998）．

Thesoilisaclayloam；itsaveragethicknessis65cm．Thesurface5－10cmhorizons，

WhichareclassifiedasMatCry－gelicCambisoIsaccordingtotheChinesenationalsoilsurvey

Classificationsystem（InstituteofSoilScienceandChineseAcademyofSciences，2001），are

Wetandrichinorganicmatter．

TheplantcommunityisdominatedmainlybythreemaJOrPerennialsedges，Kbbresia

humilis，K朋maeaandKtibetica（Cyperaceae），andbyonedwarfshrubspecies，Potentilla

Puticosa（Rosaceae）（LiandZhou，1998）．Theplants startto growin May，Whenthe air

temperaturestartsrising，andreachmaximumabovegroundbiomass（342gd．W．m．2；aVerage

fbr1980－1993）inJulyandAugust，Whentheairtemperatureandprecipitationarethehighest

Oftheyear・TheirabovegroundpartsdieinOctober（LiandZhou，1998）．Duringthegrowing

SeaSOn，theplants accumulatephotosynthatesinbelowground storageorgansfbrnewshoot
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grouthinnextspring．Thischaracteristicisafeatureofalpinegrasslandplants（LiandZhou，

1998）．
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Figure2．1．Locationofthestudyarea
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●　FluxmeasurttmentSite

●　Haibeistation，CAS
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Figure2．2．Mapoftheobservationsite
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Chapter3DiurnalchangesoftheCO2exChanges

3．1．Introduction

TheQinghai－TibetanPlateaucoversvastarea，about2．5×106km2（Zhengeta1．，2000），

and may contribute slgnificantly to the CO2，Water and energy exchange between the

atmosphere andvegetation on areg10nalor even a globalscale．However，lnCOntraStWith

extensiveinformationobtainedinrecentyears aboutwaterand energy exchange（Yasunari，

2001），little evidenceis availablefor understanding CO2eXChange andits relation to

environmentalcontroIsinthisunlqueeCOSyStem．

EddycovariancemethodthatacqulreSthefluctuationsofwindspeed，CO2COnCentration

etc・directly，enableustomeasurethe CO2fluxwithoutanyassumptionandhasbeenused

Widelyinvariousterrestrialecosystems（Aubineteta1．，2000；Baldocchieta1．，2001；Yamamoto

et a1．，2001）．Net ecosystem exchange岬）data measured by this method shows that

knOwledgeofleafandwholeplantphysiologycanbeusedtointerpretwholesystemvariability

（e・g・Hollingeretal・，1994；Amthoreta1．，1994）．Furthermore，Valentinietal．（2000）divided

daytime〃EE datafromaglobalnetworkoftowerobservations offluxintogrossprlmary

PrOduction（GPP）and ecosystem respiration（札）by extrapolating site－SPeCific exponential

relationships between nocturnalsoiltemperature and CO2efnux．This approach allows the

diurnalpatternandamplitudeofGPPandRetobeinvestlgated．

FromAugust2001to December2002，long－term CO2，WaterVaPOr and energyflux

measurementsuslngtheeddycovariancemethodwerecarriedoutinanalpinemeadowonthe

Qinghai－TibetanPlateau．Additionally，meaSurednetecosystemexchangesweredividedinto

GPPandRe・Theaimsofthischapterarel）toshowthediurnalchangesNEE，GPPandRe，2）

toclarifytheenvironmentalcontroIsonthediurnalchangesoftheCO2fluxes．

3．2．MaterialsandMethods
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3．2．1．Micrometeorology

MicrometeorologicalmeasurementswereconductedatthewinterpastureintheHaibei

StationofCASfrom9Augustto31December2002（Fig．2．2）．Thestudysiteisflatwithafetch

Ofatleast250minalldirections．Netradiationandphotosyntheticphotonfluxdensity（朋）

WeremeaSuredatl．5mabovethegroundwithanetradiometer（CNR－1，Kipp＆ZonenInc・，

Saskatoon，Saskatchewan，Canada；Table3．1）andammeter（LI－190SB，Li－Cor，Lincoln，

NE，USA）．Airtemperatureandhumidityweremeasuredatl・1and2・2mabovetheground

Withahumidityandtemperatureprobe（HMP45C，Vaisala，Helsinki，Finland）・Windspeedwas

measuredatl．1and2．2mabovethegroundwithcupanemometers（034A－LandO14A，R・M・

YoungCo．，Traverse，MI，USA）．SoilheatfluxwasmeasuredatO・02mbelowthegroundat

three points with heat plates（HFT－3，Campbell ScientincInc．，I・Ogan，UT，USA）・Soil

temperaturewasmeasuredatO・025，0・05，0・1，0・2，0・3，0・4，0・5，0・6，andO・7mbelowtheground

Withcopper－COnStantanmanufacturedthermocouples．SoilwatercontentwasmeasuredatO・05，

0．2，andO．5cmwithtime－domainreflectometrysensors（CS－615，CampbellScientiBcInc・）・

Soilsurface temperature was measured at three polntSin a1－m2area with thermistor

thermometers（107probe，CampbellScientificInc・）・RainfallwasmeasuredatO・7mabovethe

groundwithatippingbucket（TE525MM，CampbellScientificInc・）・Fifteen－minuteaveragesof

alldatawereloggedbyananalogmultiplexer（AM416）andadigitalmicrologger（CR23X，

CampbellScienti且cInc．）（Fig．3．1－3．5）．

3．2．2．Eddycovariancemethod

3．2．2．1．Fundamentsoftheeddydi抒llSionnuxcalculations

l．Definitionoftheturbulentflow

Figure3．6showsthetimeseriesofx，y，Z－aXiswindvelocities（u，V，W），airtemperature

（TL），SPeCifichumidity（q）andcarbondioxideconcentration（A）attheHaibeigrasslandin

Winter，2003atthefrequencyof20Hzbyasonicanemometerandanopen－PathInfra－redgas

analyzer（thedetailsareinthesection3．2．2．2）．Thosescalarvaluesweredisturbed，andthere
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SeemStObenorelationshipwitheachother．Thisfluctuationiscausedbytheeddygeneration

andpassage，Calledasa‘turbulentflow’．

2．Calculationoftheturbulenttransfer

TheverticalturbulenttransferofsubstanceandenergylSgeneratedbytheturbulent

flOwandtheverticalgradientofsubstanceconcentrationsandtemperatures．Theturbulentflux

OfvoluntarysubstanceorenergylSrePreSentedasfollows：

ec＝耐

＝β珂

whereQcistheturbulentfluxofsubstanceorenergy（kgm．2S‾1），Wistheverticaltransfer

velocityofair（ms‾1），Cisthevoluntarysubstanceconcentration（kgkgai｛1），Pistheair

density（kgm－3）．Theupperbarmeansanaverage．Theairdensityisassumedtobeconstantin

Eq．（3．2）．wandCaredividedintoaverageandfluctuationcomponentsasfbllows；

W＝W＋Wl

C＝C＋C－

（3．3）

（3．4）

Wheretheprimemarkmeansfluctuationvalue．Eqs．（3・3）and（3．4）areinsertedintoEq．（3・2）as

bllows：

ec＝pWC＋卯潅＋β1㌦－＋〆C－

＝βW－C’

Where w，and C，arezero・W，theaverageverticalcomponentofairtransfer，isassumed

tobezero．When sensibleheat（亘），latentheat（Ag）andcarbon dioxidefluxes（ダCO2）are
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Calculated，Cisassignedforairtemperatureた了＋T，（K），aSPeCifichumidityq＝q＋q，（kg

kg‾1）andatmosphericCO2COnCentrationfh＝甚＋Fh，（mgCO2m－3），reSPeCtivelyasfollows：

ガ＝CppWIrI

AE＝ApW’曾－

FCO2＝W’β。’

（3．7）

（3．8）

（3．9）

wherepistheairdensity（kgm，3），qisthespecificheatatconstantpressure（Jkg．lK－1），入is

thelatentheat（Jkg‾1）asshowninthenext：

β＝100×〃（287．1×（㌔＋273．16）×（1＋0．61×ヴ））

Cク＝1004・7

A＝（2．501－0．00237×圭）×106

（3．10）

（3．11）

（3．12）

WherePistheairpressure（hPa），Listheairtemperature（Oc），and了もisthesoilsurface

temperature（Oc）．

3．Powerspectrumofturbulentfluctuation－VeriBcationofturbulentmeasurement－

To confirm the successfulacquisition of turbulentflOw across allfrequency bands

COntributing the fhx calculation，the power spectrums ofeach scalarfluctuation should be

Checked．Ifacquiringsuccessfully，thespectruminhighffequencybandshouldconfbrmthe

COnCePtOfaninertialsub－range，aPartOfequilibriumrangeofturbulentflow（Kaimal，1988）．

AnequilibriumrangeishighfrequencyzonethatcomprlSeSthelocalisotroplCunderwhich

COnditionthelowfrequencyeddy，CauSedbytheobstruction，lStranSferredbyinertialforceand
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PreSSure．Theinertialsub－rangeeXistinthefrequencyrange，inwhichenergydoesnotgenerate

anddisappearandenergylSOnlyhandedofftosmallerscalefiled，betweentheenergyholding

frequencykoandthevisciditydisperslngfrequencykd．Thissub－rangeuSuallygeneratedinthe

atmosphericboundarylayerintheconditionofhighReynoldsnumber．Inthissub－range，the

energyspectrumFr（K），iswithnostatisticallyrelationtoenergyholdingeddyandviscidity

relevant eddy，is determined by energy dissipation rate cexclusively and describedinthe

dimensionanalysisasfbllows：

凡（紆）…α♂3紆‾3／5 （3．13）

whereKiswavenumberandαisdefinedasanabsoluteconstant．

Existenceofinertialsub－rangeintheenergyspectrumshowsthattheeddycovariance

measurementinstruments acqulrethe turbulentflowthroughhighfrequencyzone normally．

Althoughthe spectrumtheorylS uSually fbrmulatedinwave number space，inthe most of

turbulentflowmeasurement，thespectrumisabletobeconvertedintothefrequencyscalein

theirspatialscalesuslngtheformulationofaTaylor’shypothesis．Intheu－SPeCtrum，COnVerSion

isdescribedasfollows：

r＝材／諒

Wherefisthefrequency．ThespectrumoffrequencySuO）isdefinedasfollows：

J擁如＝αズ＝J助府抄
0　　　　　　　　　　　　　　　　　0

（3．14）

（3，15）

Whereqisvarianqesofwindspeedandsubstanceconcentration・Eq．（3．15）isassignedbyEq．

（3．14）anddifferentiatedbyfasfollows：
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箸平戸刷

励（r）＝仲府）

thatis：

（3．16）

（3．17）

Next，thesimilarityfunction¢cofthedissipationrateofturbulentmovementenergyEis

definedasfollows：

¢g＝舷ビル3 （3・18）

Where kisthekarmanconstant（dimensionless），Zisheight（m），u＊isthefrictionvelocity（m

s●1）．

Theu－SPeCtrumOfinertialsub十rangeispresentedinconformitywithsimilaritytheoryof

Surfaceboundarylayerasfollows：

g却3Z卵

Whereα1isuniformvalue．Iftheβ／uisassumedasadimensionlessfrequencyn：

侃（′）　α1

〟＊2軋み3‾（む成）却3
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Thespectrumintheinertialsub－rangeisdescribedbyalinewiththeslopeof－2／3inthe

logarithmicgraph．

Figure3．7shows the power spectrum ofx，y，Z－aXis wind velocities（u，V，W），air

temperature（㌫），SpeCifichumidity（q）andcarbondioxideconcentration（C）measuredatthe

Haibeigrasslandfor12：00－12：15，13，Ang．，2002．Verticalaxesofthe銭guresarenormalized

Withthefrequency．Thespectrumsofeachvariableareproportionaltofrequenciesintheslope

Of－2／3within theinertial sub－range．This confirms that the measurements of turbulent

fluctuationsareacquirednormallyinthisstudy．

4．Cross spectrum of turbulent　fluctuation　－Determination of sampling　frequency and

Calculatingperiod－

Allturbulentfluctuation，Which contributes toflux calculations，Should be acquired

betweensampling（cut－Off）frequencyandaveragetimeperiods，andcalculatedfluxmustretain

COnStanCy．These frequency and time periods should be determined after checking the

CrOSS－SpeCtrumOfeachfluctuation．

WyngaardandCote（1972）presentthatthecross－SPeCtrumdeclinesintheslopeof－7／3

Withintheinertialsub－rangeOfuwandwTintheirempiricalequation．Inthissub－rangeWhich

Z丑andnareonlynormalizedcross－SPeCtrum，WandTaredescribedinthelogarithmicscaleas

fbllows：

〝wr（J）
〟＊

∝G（Z／坊ザ （3．21）

WhereG¢a）isdeterminedexperimentallyasafunctionofz丑．

Figure3．8shows the cross spectrum between z－aXis wind velocities（W）and air

temperature（L），SPeCifichumidity（q）and carbon dioxide concentration（C）at the Haibei

grasslandfor12：00－12：15，13，Aug．，2002．Verticalaxesofthefigurearenormalizedwiththe

frequency．Thecrossspectrumsofeachvariableareproportionaltofrequenciesintheslopeof
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一l／3within theinertial subrange．The cross spectrum between vertical wind w’and air

temperature，SPeCifichumidityandCO2COnCentrationc’showedthatco－Variancewascloseto

ZerOWhenthenoisewasatfrequencieslowerthanO．002Hz（8．3minpercycle；Fig．3．8）．A

Period of15min was thus enough to avoid the effect ofnoise．The mean，Variance，and

COVariancevalueswerethencalculatedandloggedforevery15min．

3．2．2．2．MeasurementofeddydimlSionfluxes

Windspeedandsonicvirtualtemperatureweremeasuredat2．2mabovetheground

Withasonicanemometer（CSAT－3，CampbellScientificInc．）．Carbondioxideandwatervapor

COnCentrationswerealsomeasuredatthesameheightwithanopen－Pathinfra－redgasanalyzer

（CS－7500，CampbellScientincInc．）．Windspeed，SOnicvirtualtemperature，andCO2andH20

COnCentrationsweresampledbythedigitalmicrologgeratarateoflOHz．

3．2．2．3．ComctiOnofmeasuredturbuIentnuxdata

l．WPLcorrection

In a CO2flux calculation，the air density variation was takeninto accountin the

Calculationprocessingofturbulentflux，aSSuPPOSedbyWebbetal．（1980）．CO2flux岬CO2）

WaSglVeninthenext：

fCO2＝両＋両（〝言／訂＋訂1＋岬炉可司 （3．22）

whereFCO2istheCO2flux（mgCO2m‾2S－1），角andFharedensitiesofwatervaporandair（kg

m，3），FListheratioofdryairmasstowatervapormass（kgkg．1），Oistheratioof角　tO Fh．

2．Coordinaterotation，trendremovlng，andwatervaporcorrelation

Inthisstudy，fluxdatacorrection，e．g．COOrdinaterotation，trendremovlngandwater

VaPOrCOrrelation，arenOtenfbrcedtoallsampledfluctuationdata．However，theinfluencesof

un－COrreCtiononthecalculatedfluxareexaminedfbrlOdaysinJuly，2002，uSlngfluctuation
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data sampled at thefrequency oflO Hz，andimplicit estimation errorin theflux data are

discussed．

CoordinateRotation Although sonic anemometeris usually settled horizontally，

Slightinclination ofinstrumentS Will generateforlong－term eXPeriment．Thelandfbrm，

installationmastandinstrumentbodyalsogeneratethewinddisturbanceandbiasthehorizontal

wind（Fig．3．9）and㌃willnotbecomezero．Inthatsituation，itisnecessarytorotatethe

COOrdinatesofwindvectorsbythedegreesofblowingupanddownangle（d．

First，horizontalwinddirectionsarerotatedasfollows：

β＝tan‾1

U＝UxcosO＋UYSinO

V＝－U∫SinO＋UrcosO

（3．22）

WhereOisthedegreesofanticlockwiserotationanglefromthecenterlineofanemometer，【克

and UYare horizontalandverticalwindvelocitiesin the direction toward the centerline of

anemometer，Uand Varex－andy－aXiswindvelocities aftercoordinaterotation．Afterthis

COOrdinaterotation，U and V becomezero．

Second，Verticalwinddirectionsarerotatedasfbllows：

…n牒
Uc＝Ucosy，＋Wsiny・

町＝－Usin少＋Wcos申
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Wherey，arethedegreesofblowingupanddownangle，U and W areaveragehorizontal

and verticalwind velocities，Ut andI隼are x－and z－aXis wind velocities after coordinate

rotation．A氏erthiscoordinaterotation，UtandI隼becomezero．

Trend removlng Gradualchanges of air temperature and humidityin the mornlng and

evenlng，Orinstrumentalsignaldriftmaybiastheaverageddataduring15minaverageperiod．

Inthosecases，thedifftrencesfromtheaveragewillbebiggerapparently，andthisaffectsthe

turbulentstatisticalvalues，e．g．Standarddeviationandcovariance．Consequently，trendvalues

derivedfromregressionlineagainsttimeseries，areSubtractedfromthefluctuationdata．

Watervaporcorrection Virtualsonictemperaturesderivedfromsonicanemometer，WaS

afftctedfrom thefluctuations of atmospheric water vapor．The water vapor correctionis

necessary to measure temperaturefluctuations and calculate sensible heatflux accurately

（Tsukamotoeta1．，2001）．

r＝㌔（1－0．514q） （3．28）

WhereTiscorrectedairtemperature（Oc），andTbisuncorrectedairtemperature（Oc）．

Figures　3．10，3．11，3．12　make comparisons between corrected　fluxes and

uncorrectedfluxesinsensibleandlatentheatandCO2fluxcalculations．Eachregressionline

Slope shows smalldifferences，Within4％，betweencorrectedfluxes anduncorrectedfluxes．

Thisindicatesthatitisunnecessarytoapplythesethreecorrectionstoturbulentfluctuationdata．

3．2．2．4．Validityofmeasurcdnuxdata

l．Fluxdependentonthewinddirection

Figure3．13showsthedependenceofsensibleandlatentheatandCO2fluxesonthe

Winddirection．Theblacklineinthe銭gureindicatesmovlngaVerageOflOOpoints．Sensible

heatfluxHfluctuatesbetween90and270degrees，andshowtwominimumpeaksin160and
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260degrees．ThisholdsinthecaseoflatentheatAgandalsoholdinthecaseofCO2fluxFCO2

ininverse．Itisconsideredtobeduetobiasedaveragewindflow，aSShowninFigure3．8，

disturbed byinstallation mast and datalogger box settledin the direction of180degrees・

However，mOVlngaVeragelineshowssmallbiasinthemeasuredfluxes，indicatingthatitis

unnecessarytorotatecoordinationofturbulentfluctuationdata．

2．Dimensionlessuniversalfunction

（1）Monin－Obukhovsimi1arity

AccordingtoMoninandObukhov（1954），inidealsurfaceboundarylayer，i．e．keeping

Steadystateandhorizontalhomogeneity，allkindsofstatisticsconcernlngWindvelocityand

temperaturein the turbulentflow，Can be described by momentum dp，Verticalheatflux

H／qpand buoyancy parameterg／Tat ground surface，eXCeptfor heightz・Thisis called

“Monin－Obukhovsimilaritytheory”．

Fromthethreefundamentalquantitiesmentionedabove，dimensionalscalesofvelocity，

temperature andlength，Which describe the statistics ofwindvelocity and temperature，are

drawnasfbllows：

用V2＝（一抑

7こ≡－

上＝

」打　　　　wIrI

Cp伊＊　　〟＊

一肌37も

短W’㌔’

（3．29）

（3．30）

（3．31）

where一丁ismomentum（kgm－1S－2），T＊isfrictiontemperature（K），LisMonin－Obukhovlength

（m），gisaccelerationofgravity（＝9．8ms－2），andnistemperatureneargroundsurface（Oc）

According to Monin－Obukhov similarity theory，the statistics ofwind velocity and

temperaturearedescribedbyz丑exclusivelyasfbllows：
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三一＝g舟 （3．32）

WhereFisthestatisticsofwindvelocityandairtemperatureneargroundsurface，F8isthe

SCalesofvelocity，temPeratureandlength，andgFisuniversalfunctionofF．

（2）Standarddeviationofturbulentfluxesoanddimensionlessuniversalfunction¢

AccordingtoMonin－Obukhovsimilaritytheory，thestandarddeviationsofwindvelocity，

airtemperature，SPeCifichumidityandCO2COnCentrationareexpressedbyz丑exclusivelyas

bllows：

慧＝咄

告＝相

告＝棉

㌃＝¢圭〕

（3．33）

（3．34）

（3．35）

（3．36）

Where（ん，巧，qandokareStandarddeviationsofverticalelementofwindvelocityw，air

temperature7t specific humidity q，CO2COnCentration爪，q・isfriction specinc humidity

（戎／ÅβJ＊＝W’q’／u＊），FL＊isfrictionCO2COnCentration（＝FCO2／u＊＝W’fh’hL＊）and¢isuniversal

functionofallkindsoffluctuations．

（3）Qunderstronglyunstablecondition

23



Strongly unstable condition，under which vertical convection becomes near natural

COnVeCtionstate，makesLextremelysmall；Hbecomesbiggerandu・becomesnearzero．Inthe

CaSe，LisuselessscaleanduniversalfunctionsaredescribedbyL，Whicheliminatesu＊initself，

asfbllows：

αW
軋＝一二一＃

〟．

¢r＝手付

（－‡）喜

ば
増殖扉

少佐豊棉≡

（3．37）

（3．38）

（3．39）

（3・40）

Thus，thedimensionlessuniversalfunctionsareinrelationtocuberootorminuscube

rootofstabilityunderstronglyunstablecondition．Thesearefoundedinthefieldexperiments，

e・g・KaderandYaglom（1990），KaimalandFinnigan（1994）andOhtaki（1985）．

Figure3．14showsthe relationshipbetweenaerodynamicstability and dimensionless

universalfunctionsunderunstableconditionsfrom14Jan．to31Dec．，2002．Datashow15min

averagevalues．Universalfunctionsaredistributedalongthelineswiththeslopesofl／3（qv）or

－1／3（叫，q，qX：）againstthestability－∈underunstablecondition（－E＞＝0．2），andthisconfirms

thereasonabilityofsamplingturbulentfluxesinthisstudy．

（4）¢undernearneutralcondition

Figure3．15showsthe relationshipbetweenaerodynamicstability and dimensionless

universalfunctionsundernearneutralconditionsfrom14Jan．to31Dec．，2002．Datashows15

minaveragevalues・ThegeometricmeansofoJu・forneutralcondition（－0．1＜Z仏＜0．1）was

l・08inthisstudysiteandissimilartoO．93－1．14reportedbyYaglom（1977）andslightlylower
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thenl．2reportedbyOhtaki（1985）fbrthepaddyfield，1．2－1．4compiledbyPasquille（1974）・

TheoW書，q庫，and布／p＝＊areSCatteredfbrneutralcondition（－0・1＜Z丑＜0・1），butandare

alsodistributedaroundthereportedmeanvalues；OdT・，2．4reportedbyPhelpsandPond（1970）

fbroverwater，Cb庫，2・6reportedbyOhtaki（1985）and2・3reportedbyPhelpsandPond（1970）

foroverwater，布／距，3．5reportedbyOhtaki（1985）asageometricmean（－Z／L0－0・14）・

3．Energyimbalance

Historically，energybalance closurehasbeenacceptedas animportanttest ofeddy

COVariancedata，andanumberofindividualsiteswithintheFLUXNETnetworkreportenergy

balanceclosureasastandardprocedure（Wilson，etal，2002）・Inthisstudy，theenergybalance

ratio（Eβ尺）betweenH＋AgandRn－Gisalsoexamined・

Figure3・16showstheenergybalanceduring2001and2002・TheregressioncoefBcients

Showthesurfaceenergyfluxes但＋Ag）areunderestimatedby41％（2001）and30％（2002）

relativetoestimatesof，aVailableenergy（伽－G）．TheseasonalchangesofEBRmaybeconstant

forawholeyear（Fig．3．17），buttheEβRisslightlylargerinsummerthaninwinter・TheEBR

Showsthe apparentdiurnalchangesinFigure3・18・DuringmornlngandevenlngtranSition

Periods，WhenthemeanvalueofRn－Gwasclosetozero，theEBRisnotespeciallymeaningful・

TheEβRdependenceonthewinddirection，ShowninFig・3・19，WaSlowerinnear1600than

otherdirections．Thee任ectoffrictionvelocityontheEBRwasanalyzedseparatelyfordaytime

andnighttimedatausingal115mindatain2002（Fig・3・20）・Indaytime，Whenthefriction

velocityexceededO．3ms－1，theEBRmightbeconvergenttonearO．7．Innighttime，therewasno

Obvioustrendintherelationship．

3．2．3．Omega払ctorcalculation

The Penman－Montieth model，the most popular evapotranspiration model，uSeS an

electricalanalogy to treat verticalwater vapor movementin the Soil－Plant－Air－Continuum

（SPAC）circulation，andistheone－dimensionalmodelofcropevapotranspirationfromasingle

SOurCe・Evapotranspirationfromthecanopytoatmosphereisobtainedasfbllows：
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Ag
△（凡－G）・輿か／㌔

△＋γ（1隼／㌔）
（3．41）

inwhichAistheslopeofthesaturationvaporpressureversustemperaturecurve（hPaK－1），Pis

thedensityofair（kgm－3），qisthespecificheatatconstantpressure（Jkg‾1K‾1），Disthevapor

PreSSuredeficit（hPa），rCisthecanopyresistance（Sm‾1），andr。istheaerodynamicresistance（S

m‾1）．JarvisandMcNaughton（1986）rewrotethePenman－Monteithmodelasfollows：

逓＝畠硯。・（1一画毎

ス阜′叩＝

A＋γ

△＋舟＋㌔／㌔）
（0≦畠≦1）

（3．42）

（3．43）

（3．44）

WhereAgi〝pistheimposedevapotranspirationrateand‘2isthedecouplingfactor・WhenL2is

nearl，the evapotraspiration rateis almost dominated by the available energy・Ageq，the

equilibriumevaporation，isdefinedastheevaporationrateattainedbyafreesurfaceafterit

SaturateStheatmosphere（Penman，1948）．Althoughthisconditionisrarelyfoundinthe銭eld，

COmParlngmeaSuredevaporationwithpredicted equilibriumevaporationhelps diagnosethe

balance between supply capacity and atmospheric demandfor evaporation・Equilibrium

evaporationisdefinedasfollows（Jones，1992）：

広明
A匝〝－G）

△＋γ
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WherelEeqistheequilibriumevaporation（Wm－2），Aistheslopeoftherelationbetween

Saturationvaporpressureandtemperature（hPaOCl），Rnisthenetradiation（Wm－2），Gisthe

soilheatflux（Wm‾2），andγisthepsychrometricconstant（hPaOcl）．

3．2．4．BowenratioCalculation

TheBowenratioβisdefinedasfbllows：

β＝〟／Ag （3．46）

3．2．5．Canopyresistancecalculation

Canopyresistance，Ordiffusionfluxresistance，（i．e．thestomatalresistanceofa“big

leaF’）isdeterminedbythephysiologicalactivityofthecanopyplantsinthePenman－Monteith

evaporationtheory（Monteith，1972）・By transfbrmation ofthe Penman－Monteithequation，

CanOPyreSistanceisderivedfromenvironmentalfactorsasfollows：

Rcd乃卿＝RαerO

△匝〃－G一服）・〆クγ和／月。er。

仰
（3．47）

WhereRc。nq，”isthecanopyresistance（Sm．1）；R。e，。istheaerodynamicresistance（＝1伽

ln（Z－d／Z。）（Sm－1））；kisvonKarman，Sconstant（＝0．4）；u＊isthefrictionvelocity（ms．1）；Zisthe

referenceheight（＝2・2m）；disthezeroplanedisplacement（m）（＝0．63ⅩCanOPyheight（m））；

Zoistheroughnesslengthofthegrassland（m）（＝0．13Xcanopyheight（m）；Montieth，1973）．

3．2．‘．GPPand凡Calculations

EcosystemrespirationRewasmeasureddirectlyduringnighttimeperiodswithstrong

turbulence（asa〃Egatafrictionvelocityu＊＞0．2ms－1），andwasextrapolatedtootherperiods

byuslngeXPOnentialregressionsofmeasuredRewithsoiltemperatureatadepthof5cmWith

anArrheniusequationreportedbyLloydandTaylor（1994）：
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…，司叫吉一朝 （3．48）

whereReisnighttimeecosystemrespirationrateOLmOIC02m‾2S－1），R。呵isecosystem

respirationrateatI14（＝283．16K），andE。istheactivationenergy（Jmo1－1）．Thesetwo

parametersareassignedasthesite－SPeCi丘cparameters．Risagasconstant（8．134JK－1m01－1），

and7kisthesoiltemperatureatadepthof5cm71。il・Re，TidWaSeValuatedforeverymonth・Ei

WaS eValuatedfrom a regression of allRe datain2002against L。ilaS a COnStant Value

throughouttheyear（81519Jmor1）．

ValuesofGPPwascalculatedasthedifferencebetweenNEP，aSanegativevalueof闇，

andReasfollows：

GPP＝〃EP＋Re， （3．49）

whereGPPisecosystemgrossprimaryproductionOLmOlm－2S－1），and〃EPisnetecosystem

productionasCO2uPtakeflux（「ⅣEg）OLmOlm‾2S‾1）．

3．2．7．IAIandbiomasssampling

AbovegroundbiomassandLAIwereinvestigatedwithinaradiusof250maroundthe

measuringstationoncein2001（20Angust）andninetimesfromMaytoSeptemberin2002．

TheabovegroundplantswerecutatgroundlevelsinfiverandomlyplacedO・5－m2quadrates・

LAIwasthenmeasuredwithanLAImeter（LI－3100，Li－Cor）．A銃erovendryingfbr48hat

700C，thedrymatterwasweighedonanelectricbalance．

3．3．Results

3．3．1．Micrometeorologyandvegetationgrowth
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Figure3・21Showsthe seasonalchanges ofmonthly averaged diurnalchangesofair

temperature Thi，．In summer，July2002，7Li，reaChed a minimum of5．50C at O600and a

maximumof16．90cat1500．Inwinter，January2002，ni，reaChedaminimumof－24．80cat

O900andamaximumof－8．1OCat1700．Thus，thisalpinemeadowischaracterizedbyalarge

diurnalamplitudeofairtemperaturevariationandextremelylowtemperatureinwinter．Figure

3．22Showsthediurnalchangesofmonthlyaveragedsoiltemperature圭。iLatthedepthofr5cm

Insummer，July2002，T；。itreaChedaminimumof14．00cato800andamaximumof20．70cat

1700．Inwinter，January2002，L。iLreaChedaminimumof－6．20catO900andamaximumof

－3．40cat1900．Figure3．23Showstheseasonalchangesofmonthlyaverageddiurnalchanges

Of photosynthetic photonflux density（作用）In summer，May2002，PPFD reached a

maximumof1660・9匹mOIphotonm－2S－lat1200・Thus，thisalpinemeadowisalsocharacterized

byalargeamplitudeoflightintensity．

In2001，LAIandabovegroundbiomasswere3・land347gd・W・m－2，reSPeCtively，On20

August（DOY233），Whichweretheannualmaximumvalues．In2002，thevaluesincreasedfrom

lateMay（DOY145）；ん4Ireachedamaximumof3．80n16July（DOY197）andthendecreased

slowly（Fig．3．24）．Theabovegroundbiomassreachedamaximumof283gd．W．m－20n30July

（DOY211），remainedhighduringAugust，andthendecreasedrapidlyinSeptember．

3．3．2．Sensibleandlatentheatnuxes

ToinvestigatethediumalcoursesandamplitudesofsensibleHandlatentheatfluxesAg，

monthlyaverageddiurnalcoursesareshowninFigs．3．25and3．26．TheamplitudesofHwere

largeinAprilwhenplantswerebeginnlngtOgrOWandinOctoberwhentheyweredead，but

SmallinJanuarylnWinterandJulywhenabovegroundbiomasspeaked．Ontheotherhand，the

amplitudesofAgwerelargeinJulyandAngustwhenabovegroundbiomasspeaked，butso

SmallfromOctobertoMarch．

Toinvestigatetherelationshipbetweentheseheatfluxesandenvironmentalfactors，the

diurnalcoursesofthemduringasunnyweek，9－15August2001（DOY221－227），WereShownin

Fig・3・27・Hparalleled the differences between7Li，and7tuゆce，and their relationship was
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apparentlinear（Fig．3．28）．Ag seems to parallel available radiation（伽－G），however the

afternoonAgwasbiggerthantheforenoonAg（Fig．3．29）．ThedecouplingfactorL2，introduced

byJarvis and MacNaughton（1986），kept nearby constant value during9：00－16：00and

decreasedafter17：00．Thispresentsthathigh仰IeadtohighAgintheevenlngWhenRn－G，

drove Agin the afternoon，decreased．The Bowen ratio，the ratio ofH to Ag，decreased

graduallyin the afternoon．Thisindicates thatinthe afternoon Agkept highvalue and，H

decreasedwiththedecreaslngni，－Ludhce・

3．3．3．Carbondioxideflux

The author examined the seasonality of the FC02diurnalcourse（Fig・3・30）．The

minimumFCO2，i・e・maXimumuptake，WaS－10・8FLmOlm－2S－1at1300inAugust2001・The

maximumFCO2，i・e・maXimumrelease，WaS4・4FLmOlm－2S－latolOOinAugust2002・The

amplitudesofFCO2WerelargeinJulyandAugustwhenabovegroundbiomasspeaked．FCO2

WaSSmallinMayandJunewhenplantswerebeginnlngtOgrOW，andinSeptemberwhenthey

Weredead．Inwinter，OctobertoApril，theFCO2WaSPOSitiveeveninthedaytime．Thetime

COurSeSOfFCO2WereSimilarfbrAugust2001andJuly2002，buttheamplitudeofFCO2WaS

largerinAugust2001thaninAugust2002．

FCO2isplottedagalnSt脚かinFig．3．31．FCO2decreasedasPPFDincreasedinany

month．DuringtheperiodfromJulytoAngust，however，theafternoonFCO2WaShigherthan

theforenoonFCO2，andFCO2ValuesinJune，July，andAugustweresmallerthanthoseinMay

andSepteniber．LightintensitywassimilarbetweenAngust2001andAngust2002，butthe

magnitudeofFCO2WaSlargerinAngust2001．

During9－15August2001（DOY221－227），aSunnyWeek，FCO2WaSpOSitive（i・e．efflux）

forseveralhoursafterOOOO（midnight，BeiiingStandardTime），andthenbecamenegative（i．e．

uptakeflux）atO800（Fig．3．32）．FCO2decreasedtoaminimumof－12．4FLmOlm‾2S．1at1300as

PPFDincreased．ThenFCO2Started toincrease，becomlngPOSitive at2000．㌔i，reaChed a

minimumof2．20cato700andamaximumof19．90cat1700．Thus，thisalpinemeadowis

Characterizedbyalargediurnalamplitudeofairtemperaturevariation．L。ilreaChedaminimum
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Of12・40cato800andamaximumof20・60cat1800・SW7CrangedbetweenO・267andO・286

becauseofdaytlmeeVaPOtranSPirationandsmallprecipitationonthemornlngOn12August

2001．AgparalleledgPFD．rPDparalleledLi，andreachedamaximumof15．4hPaat1700．

RcanqpyremainedlowatlO0－140sm－1intheforenoon，butincreasedintheafternoonand

reachedamaximumof168sm－1at1800．

FCO2isplottedagainstLminFig・3・33・Intheafternoon，Whensoiltemperaturewas

high，FCO2WaShigherthanthefbrenoonFCO2．

3．3．4．GPPand凡

Themonthly averageddiurnalcourses ofGPPandRe areshownin Fig．3．34．GPP

showsamaximumvalueof15．1FLmOlm‾2S‾lat1200inAugust（Fig．3．34a）．LargeGPP

OCCurredinJulyandAugust，WhenLAIandbiomassweremaximum，andsmallGPPinMay，

June，andSeptember．Reshowedamaximumvalueof7．OFLmOlmT2S‾lat1600inAugust（Fig．

334b），andincreasedintheafternoonassoiltemperatureincreased．

TherelationshipsbetweenGPPandPPFDandbetweenReand7こ。ilinJuly，Whenplant

growthandphotosynthesisweremaximum，are ShowninFigs・3・35aand3・35b・AsPPFD

increased，GPPincreased but showed no slgniBcant differenceinlight response of GPP

betweenmornlngandaftem00n・As7こ。ilincreased，Reincreasedexponentiallyandalsoshowed

noslgnificantdifferenceinresponsetotemperaturebetweenmornlngandafternoonvalues・

Toassesstheproductione疏ciencyofradiationuse岬UE）andwateruse（WUE），hourly

averagedGPPsareplottedagainsttofPFDandevapotranspirationEinFig．3．36．TheGPP

increasedasirradiancePPFDincreasedduringgrowlngSeaSOn，eXCePtfbrOctober－April・The

GPPwaslargeintheorderAugustくJuly〈June＜September＜May＜October－April（Fig．

3．36a）．TheGPPincreasesasEincreasedinthesameorder．

3．4．Discussion

3．4．1．Measurementaccuracyofeddycovariancemethod
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Inthespectrumanalysesofturbulentfluctuationsinwindvelocityandotherscalars，the

POWer SpeCtrumS Showed－5／3powerslope（Fig．3．7）andthe cross－SPeCtrumS Showed－1／3

POWerSlopeintheinertialsub－range（Fig．3．8）．Thedimensionlessuniversalfunctionsshowed

－1／3slopeagainsttheatmosphericstabilityunderstronglyunstableconditions（Fig．3．14，15）．

Theseconfirmthereasonabilityofturbulentfluxsamplinginthisstudy．Theestimationerrors

generatedbytheabsenceofcoordinaterotation，trendremovlngandwatervaporcorrection，are

VerySmall（Fig．3．10－12）andthisensuresthatitisunnecessarytoapplythesecorrections・

However，theenergyimbalance，thedisagreementbetweentheenergyfluxes阿山且）

and the available energy（伽－G），eXistedfor whole experimental periods．The regression

COe疏CientsshowtheunderestimationofthesurfaceenergyfluxesせれAg）of41％（2001）and

30％（2002）relativetoactiveenergy（肋－G）（Fig．3．16）．Theseslopesofregressionlinesare

lowerthanthemeanofO．79presentedbyWilsonetal．（2002），WhocompiledtheEβRdataof

22sitesand50site－yearSinFLUXNET，howevertheyarewithintherangeofO．53toO．99

PreSentedbyWilsonetal．（2002）．TheEBRisslightlylargerinsummerthaninwinter（Fig・

3．17）．Thismaybebecausetotalavailableenergy，aSthedenominatorintheEBRcalculations，

WaSmuChgreaterinthepeaksummerperiodrelativetothewinterperiod（Wilsoneta1．，2002）．

Duringday／nighttransitionperiodsinmorningandevening，SincethemeanvalueofRn－Gwas

Closetozero，theLBRisnotespeciallymeaningful（Fig．3．18）．ThispatternofagreaterBBRin

theafternoonrelativetothemorningwasobservedinotherfluxsites（Wilsoneta1．，2002）．The

EBRshowsnosignificantdependenceonthewinddirection（Fig．3．19）．Thisshowsthatthe

EβRwasnotinfluencedbythefootprintlandcover．TheEBRshowstheconvergencetonear

O・7inthedaytlme，WhenthefrictionvelocityexceededO・3ms－1，andthedispersioninthe

nighttimeagainsttothefrictionvelocity（Fig．3．20）．TheseresultsshowthelowEBRvalues

WereWithinarangeofdatafromotherfluxmeasurementsites（Wilsoneta1．，2002），andshow

no obvious trendin the relationship to wind direction andfriction velocity．The energy

imbalance may be causedby sampling error，instrumentalbiases and otherenergy sinks as

POintedoutbyWilsonetal．（2002）．
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3．4．2．EnvironmentalcontroIsonthediurnalchangeofcarbondioxidedynamics

OnemaJOrPrOCeSSmayaffecttheafternoonCO2eXChangebetweenthelandandthe

atmosphere（FCO2；Fig．3．31）：theincreasing air and soil temperatures accelerate plant

respirationandsoilorganicmatterdecomposition，andasaresultsuppressthenetCO2uPtake

flux・IngrasslandecosystemswithlowLAI，becauseofthelowinterceptionofsunlightby

Vegetation，thesoilsurfacetemperaturecouldbeveryhigh，Whichwillfurtheracceleratethe

increaseofsoilCO2efflux．ThisissupposedbythehighervaluesofFCO2tOgetherwithhigher

SOiltemperatureintheafternoonasshowninFig．3．33．Inaddition，thehighrPDmightcause

theclosureofstomataandthussuppressCO2uPtake・Suchastomatalresponsetoincreased

rPDhasbeenobservedinaC3／C4Prairiegrassland（Vermaeta1．，1992），ablackspruceforest

（Jarviseta1．，1997），andajackpineforest（BaldocchiandVogel，1997）・Inthealpinemeadow，

theincreaseofRc。nqPyiscorrelatedwiththedecreaseofAgbutwiththeincreaseofTjPD（Fig・

3．32）．TheamplitudeofthediurnalSTnchangewassmallandmayplayaverylimitedrolein

ecosystemrespiration（Fig．3．32b）．Cuietal．（2003）foundedoutapparentphotoinhibitionata

highPPFD，CauSedbyreducedelectrontransportrate（ETR），foundedoutintwoAsteraceae

SPeCiesattheHaibeialpinemeadow・However，thenetCO2uPtakefluxwasnotsuppressedin

thehighmover800－1000LAmOlm－2S－1．

DaytimeReandGPPwereestimatedfromtheregressionrelationshipbetweenthelow

nighttimerespirationofplantandsoilmicrobiotabiomass andsoiltemperature（Fig・3・34）・

Therefore，itispossiblethatrespirationofabovegroundplantsisenhancedsignificantlybyhigh

SOiltemperature，OrPPFDinthedaytimeincreasesRemorethanexpected・However，these

resultsprovideevidencethatrespirationbyplantsbiomassandsoilmicrobesgreatlydecreases

thediumalchangesofnetCO2eXChangeinalpinemeadowecosystems，aShypothesizedabove・

R。increased significantlyin the afternoon（Fig．3．34and335）・In this grassland，

becauseofthesmallinterceptionofsunshinebyplants，thesoilsurfacetemperatureincreasedin

themid－afternoonwassigniBcantlyhigherthaninthenighttimeandearlymorning，andasa

resulttheCO2effluxwasnoticeablyenhanced・GPPincreasednearlylinearlywithincreaslng
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PPFD（Fig．3．35），andtherewasnosuppressionofGPPfluxintheafternoon，aSfoundinnet

ecosystemfluxofCO2eXChange．

The diurnal course of GPP response to the PPFD（Fig．3．36a），Showed smaller

hysteresisthanfbundinFCO2（Fig．3．31）duringthegrowingseason．Furthermore，thediurnal

COurSeOfGPPresponseagainsttheevapotranspiration（Fig．3．36b），Showednohysteresisin

afternoon，eXCePtfbrJuly（Fig．3．36a）．Thispresents thattheplantphotosynthesiswas not

SuPPreSSedbywaterlossthrough1eafstomata．Cuietal．（2002）alsoshowedthatphotochemiCal

reactioninleavesoftwoAsteraceaespecieswasaggravatedbyhighleaftemperatureatthe

Haibeialpinemeadow．However，thelightresponseofGPPwasnotsuppressedintheafternoon

withhighairandsoiltemperature．

3．4．3．Ecosystemcarbonassimilationability

ThemaximumCO2uPtakenux（minimumfrO2Value）ofstudysiteト10．8FLmOlm‾2

S，1；Fig．3．30）wascomparedwiththoseofothersitesatasimilarlatitude（Table3．2）．The

maximumCO2uptakefluxwastwo－thirdslessthanthoseinanOklahomaC3／C4Prairie（－15・5

FLmOlm－2S．1；SimsandBradford，2001）andaColoradosubalpineconiftrforestofsubalpinefir

andblackspruce（一15．5FLmOlm⊥2S－1；3050m；Monsonetal．，2002）．Butitwas20％－40％less

thanthoseinaKansasC4Prairieト25FLmOlmJs．1；HamandKnapp，1998），anOklahoma

tal1－graSSprairieト31．8FLmOlm－2S－1；SuykerandVerma，2001），andaJapaneseC，／C4graSSland

（－56．7FLmOlm－2S‾1；LiandOikawa，2001）．

ThemaximumCO2releaseflux（maximumFCO2Value）ofstudysite（4．4FLmOlm，2S．1；

Fig．3．30；Table3．2）wascomparedsimilarly・Itwas20％－50％lessthanthoseintheColorado

subalpineconiferforest（8－9FLmOlm．2S‾1；Monsoneta1．，2002），theKansasC4Prairie（10FLmOl

m－2S－1；HamandKnapp，1998），theOklahomatal1－graSSPrairie（11．4FLmOlm‾2S．1；Suykerand

Verma，2001），andtheJapaneseC，／C4graSSland（21．6FLmOlm．2S－1；LiandOikawa，2001）．

Thus，this Tibetan alpine meadow ecosystem shows alower CO2uPtake andlower

releasepotentialthanC4graSSlands，butasimilarnetCO2uptakepotentialtoanalpineconifer

fbrestbecauseofitsequaluptakepotentialanditslowerreleasepotential．
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TheKhumilismeadowhadrelativelyhighLAI（3．1）withrelativelylowaboveground

biomass（ca．300gm．2）．WithasimilarLAItostudysite，theabovegroundbiomassinan

Oklahomagrasslandwasreportedtobeaslargeas800gm－2・Thelowerratioofaboveground

biomasstoLAIintheKhumilisrneadowseemstohavebeenduetothelowcanopyheightin

the alpine meadow，Which resultedfrom the relatively greater abundance ofbroad－leaved

SPeCiesandthelowheightofvegetation．ThehighLAI，Ontheotherhand，SeemStOCOntribute

tothehighbelowgroundbiomassinthealpinemeadow・Thebelowgroundbiomasswas6－7

times higherthantheabovegroundbiomass（e．g．1892gd．W．m‾20nllAugust2001；

unpublisheddata）．Thisparticularallocationpatternofplantbiomassmayfavorhighsoilcarbon

StOrageinthealpineecosystem．

AlthoughtheCO2uPtakewasnothigh，thedailynetecosystemcarbongainreacheda

fairly highvalue during a sunnyweekinAugust2001．0ne reason may be why thelow

nighttimetemperature（e．g．nearfreezingairtemperature2．20C）limitedecosystemrespiration・

AnOtherreasonisperhapsthelowmaintenancerespirationduetothelowabovegroundbiomass

inthealpinemeadow（Table3．2）．
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Table3．1．InstrumentSandinstallationheight

Height（m）

2．2

2．2

1．5

2．2，1．1

2．2，1．1

－0．05，－0．2，－0．5

－0．025，－0．05，－0．1，－0．2，

－0．3，－0．4，－0．5，－0．6，－0．7

0（3points）

一0．02（3points）

0．5

1．5

1．5

1．5

InstrumentS

Sonicanemometer

（CSAT／CSI）

CO2／H20infraredgas

analyzer（CS－7500／CSI）

Radiometer（CNR－1／Kipp＆

Zonen）

Thermo－hygrometer

（HMP45C／Vaisara）

Cupanemometer（034A－Land

O14A／R．M．Young）

TDRsensor（CS615／CSI）

memo00uple

Themistorprobe（107／CSI）

Heatplate（HFr－3／CSI）

Tipplngbucketraingage

（m25MM／CSI）
Quantumsensor

（L1－190SB几i－Cor）
Ultravioletradiometer

（PD204A／Macam）
Ultravioletradiometer

PD204B／Macam

Meteorologicalelements

Windvelocityandairtemperature

CO2，H20concentration

Shortwaveandlongwaveradiations

fromtheskyandtheground

AiHemperatureSandhumidity

Windspeed

Soilmoisture

Soiltemperature

Soilsur cetemperature

Soilheatflux

Precipitation

PPFD

UV－A

UV－B
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Table3．2．Differentcomponentsofcarbonexchangefluxesandenvironmentalconditionsfbr
theKbbresiahumilismeadowandothersitesatsimilarlatitude．

Maximum Minimum Maximum Maximum

Site　こ蒜蒜こう…蒜▲▲▲b霊芝詔）（岬慧ろS－1）（岬慧ミS－1）（謎）
Latitude，　Altitude Maximum

C3alpine

meadowI

C3／C4

prairie2

Subalpine

COni鎚r

brest3

C4Prairie4

C4Prairie5

ta11－graSS

prairie6

C3／C4

37037′N

lOlO18′E

36036′N

99035′W

40002′N

lO5032′W

39012′N

96035′W

39003′N

99032′W

36056′N

96041′W

36006′N

rassland7　140006′E

3250　　　　　　3．8

630　　　　　1．5

3050　　　　　4．2

324　　　　　1．6 414

445　　　　　　3．2　　　　　　　1100

2．8

27　　　　　　5．5

ー10．8　　　　　　　4．4　　　　　3．9

－15．5

－15．5　　　　8．0－9．0　　　　　1．0

ー25．0　　　　　　10．0　　　　　4．9

6．3

－31．8　　　　　11．4　　　　　8．4

－56．7　　　　　　21．6

lQinghai－TibetanPlateau，China（Thisstudy）．20klahoma，USA（SimsandBradford，2001）．3colorado，USA

（Monsoneta1．，2002）．4Kansas，USA（HamandKnapp，1998）．5Kansas，USA（Kimeta1．，1992）．60klahoma，

USA（SuykerandVerma，2001）．7Tsukuba，Japan（LiandOikawa，2001）．
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Figure3・6．Time series of x，y，Z－aXis wind velocities（u，V，W），air

temperature（Ibir），SPeCi丘chumidity由）andcafbondioxideconcentration

（C）attheHaibeimeadow，12：00－12：03，13February，2003．Datashow

SCalarfluctuations measured at the frequency of20Hz by a sonic

anemometer（CSAT－3，CampbellScientincInc．，Legan，UT，USA）andan

OPen－PathIn血a－RedGasAnalyzer（CS－7500，CampbellScientincInc．）．
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Figure3．9．Thewinddirectiondependentdeflectionofthe15minaverage

Windinclinationfrom17Julyto26July2002．Theeffectofthetoweris
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Figure3．11．Comparisonsof15minaveragednuxes ofcorrectedlatent

heat（Akorreci）withuncorrectedlatentheat（スguncorr）measuredfrom17

Julyto26July，2002attheHaibeistation．“Rot”，“Tre”and“Vap”mean

rotation，trendremovlngandwatervaporcorrection，reSPeCtively．
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Figure3．17．SeasonalChangesofdailyenergybalanCeratio（丘β月）between
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and蝕－Gin2001and2002．Datashowsmonthlyaveragevalues．
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Figure3．19．Winddirectiondependentoftheenergybalanceratio（Eβ尺）

ffom14January to31December，2002．Data shows15min averages．
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meadowin2002．
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Figure3．25．Diumalchanges ofhourly－aVeraged H伽X atthe Haibei

Stationforea血monthoftheyears200land2002，reSPeCtively．
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Figure3・27．Diurnalcoursesofhourly－meanSOfガ，AEandenvironmental

COnditionsffom9to15Angust2001．a）availableradiation（肋－G，○）；

SenSibleheatflux（耳◇）；latentheatflux（AE，□）；b）thedifftrence

betweencanopysurfacetemperatureandairtemperature（Itu，Jbce－Ibi，，×）；

VapOrpreSSuredificit（γPD，＋）；C）Omegafactor（q△）；Bowenratio（P，

●）；friction velocity（u＊，■）．The canopy surface temperatures are

estimated　from the upwardlong wave radiation data uslng the

Stefan－Boltzmann，slaw；Rl＝C‘J（nudhce＋273．15）4，WhereRlisthelong

waveradiation（Wm－2），gisradiationemmisivity（adoptedfbrO．98），Ois

theStefan－Boltzmannconstant＝5．67xlO8wm．2K4）．
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Figure3．30．Diumalchangesofhourlyaveraged伽2fluxattheHaibei
Stationin200land2002．Datashowmonthlyaveragedvalue．
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Figure3・35・Relationshipbetween（a）grossprimaryproduction（GPP）

andirradiant PPFD（photosynthetic photon　flux density），and（b）

ecosystemrespiration（Re）and5cmsoiltemperature（71。il）inJuly2002

（0－12h，O withsolidlines，12－24h口，Withbrokenlines）．Datashow

hourlymeanvalueswithstandarddeviationOl＝300r31）．Theequation

forpredictingGPPfromPPFDisy＝0．000292x＋0．18；r＝0．612（0－12h），

0・432（12－24h）；S・e・＝0・0102（0－12h），0．00763（12－24h）．Theequation

forpredictingRefromIt。ilisy＝0．0174exp（0．117x）；r＝0．594（0－12h），

0・726（12－24h）；S・e・＝0・000857（0－12h），0．00149（12－24h）．Thereisno

Slgnificantdifferencebetween0－12hand12－24hinANOVAofGPPand

Redata（P＜0．0001）．
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Chapter4SeasonalchangesoftheCO2exchanges

4．1．Introduction

Net ecosystem production岬＝一NEE）between the atmosphere and terrestrial

ecosystemsisinfluencedbyvariousfactors，e・g・temPerature，lightintenslty，SOilwatercontent

andphenology（Aubinetet al・，2000；Baldocchieta1．，2001；Valentinieta1．，2000）．Gross

Primaryproduction（GPF），CO2uPtakebyplantsviaphotosynthesis，andecosystemrespiration

岬e），CO2efflux byplants and soilmicrobes viarespiration，determine theNEP．Seasonal

Changesin GPP are affected mainly byleafphysiologicalactivity，leafareaindex UAI），

Weather，andgrowingperiod・Reiscomposedofautotrophicrespiration担R）andheterotrophic

respiration（〃尺），Whicharecontrolledbyplantandsoilmicrobeactivitiesdisparately．ARis

COmPOSed ofplant growth and maintenance respiration．1mis strongly regulated by soil

temperatureandmoisture（LloydandTaylor，1994；Davidsonetal・，1998；XuandQi，2001）．

Thus，thephaseandamplitudeofthesecomponentsdeterminetheseasonalpatternofnetCO2

ecosystemexchange岬）（Randersonetal．，1999；Whiteeta1．，1999；Cramereta1．，1999；

Falgeetal・，2002）・ByusingtheFLUXNETdatabase，Falgeetal．（2002）recentlystudiedthe

factorsthatcontroIseasonalchangesinGPPandReinawiderangeofterrestrialecosystems・

TheirresultshowedthattheseasonalityofGPPwasdeterminedbythelife－form（e．g．broadleaf

Orneedleleaf），andthatofRewasaffectedbytheclimatictypesthatarecharacterizedusually

bytemperature・Saigusaetal・（2002）reportedthatthemaximumGPPofacool－temPerate

deciduousforest，derivedfrom aPPFD－GPPregressioncurve Ofarectangularhyperbolic

function，WaS aSSOCiatedwithLAI，butthatlight use e疏ciency as theinitialslope ofthe

regressioncurvedidnotshowclearseasonalchanges．Flanaganetal．（2002）fbundthatGPPin

northerntemperategrasslandswasstronglyrelatedtoん4Iandcanopynitrogencontent・Thus，

GPP and Re seems tobe affectedbyplantphenology and climatic seasonalityinlowland

ecosystems・Ontheotherhand，theserelationshipsinalpineecosystemsareexpectedtoexhibit

differentpatternsfromthoseinlowlandecosystems，eVenatSimilarlatitudes（LiandZhou，

1998）．Littleevidence，however，isavailableforustodeterminetheinfluenceofenvironmental
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factorsontheseasonalchangesincarbondynamicsofalpineecosystems・Specifically，howdo

GPPandReofalpinegrasslandchangeseasonally？

FromAugust2001toDecember2002，long－termCO2，WaterVaPOr and energyflux

measurementsuslngtheeddycovariancemethodwerecarriedoutinanalpinemeadowonthe

Qinghai－TibetanPlateau・Additionally，themeasurednetecosystemexchangeswereattempted

tobedividedintoGPPandRe．Theaimsofthischapterarel）toshowtheseasonalchangesof

those CO2fluxes，〟EP，GPP andRe，and2）to clarifythe environmentalcontroIs on the

SeaSOnalchangesofthoseCO2dynamics．

4．2．MaterialsandMethods

CO2andH20fluxweremeasuredbytheopen－Patheddycovariancemethodfrom9August

to31December2002．Thestudysiteisflatwithafetchofatleast250minalldirections．Wind

SPeedandsonicvirtualtemperatureweremeasuredat2・2mabovethegroundwithasonic

anemometer（CSAI13，CampbellScientiBcInc．，Legan，UT；USA）．Carbondioxideandwater

VaPOrCOnCentrationswerealsomeasuredat2・2mwithanopen－PathInfra－redgasanalyzer

（CS－7500，CampbellScientificInc．）．Detailsaredescribedinsubsection3．2．

Micrometeorologicalmeasurementswereconductedatthesamesite．Netradiationand

PhotosyntheticphotonfluxdensityPPFD）weremeasuredatl．5mabovethegroundwithanet

radiometer（CNR－1，Kipp＆ZonenInc・，Saskatoon，Saskatchewan，Canada）andaEmmeter

（LI－190SB，Li－Cor，Lincoln，NE，USA）．Airtemperatureandhumidityweremeasuredat2．2m

andl・l m above the ground with a humidity and temperature probe（HMP45C，Vaisala，

Helsinki，Finland）・Wndspeedwasmeasuredat2．2mandl．lmabovethegroundwithacup

anemometer（034A－LandO14A，R・M・1bungCo．，naVerSe，MI，USA）．Soilheatfluxwas

measured at O・02m below the ground at three points with heat plates（HFT13，Campbell

ScientificInc．）．SoiltemperaturewasmeasuredatO．025，0．05，0．1，0．2，0．3，0．4，0．5，0．6，andO．7

mbelowthegroundwithcopper－COnStantanmanufacturedthermocouples・Soilwatercontent

WaS meaSured at O・05，0・2，and O・5cm with time－domain reflectometry sensors（CS－615，

CampbellScientificInc．）．Soilsurfacetemperaturewasmeasuredatthreepointsina1－m2area
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withthermistorthermometers（107probe，CampbellScientificInc．）．Rainfallwasmeasuredat

O．7mabovethegroundwithatippingbucket（TE525MM，CampbellScientificInc．）．Details

aredescribedinsubsection3．2．

4．2．1．〃EP，GPPand凡gap・瓜llingmethods

Whennaturaland anthropogenicimpacts onthe globalecosystemcarbonbudgetare

beingcomparedamongbiometypes，Phenology，andstressconditions，thecalculationsusually

useannualsumdataofnetecosystemexchange（Valentinieta1．，2000；Falge eta1．，2002）．

However，Falgeetal．（2001）fbundthattheaveragedatacoverageduringayearwasonly65％，

OWlngtOSyStemfailuresordatar再ection．Theyreviewedseveralmethodsofgap－fillingand

appliedthemtodatasetsavailablefromtheEUROFLUXandAmeriFluxdatabases．Theyused

meandiurnalvariation（MDV），look－uPtables（LeokUp），andnonlinearregression（Regression）

methods，andinvestigatedtheimpactofdifferentgap－fillingmethodsontheannualsumof〃EP．

Inthisstudy，thosethreemethodswerealsousedtofillgapsinordertoobtainannualsumsof

〃EP．DetailsofthemethodsarereportedinFalgeetal．（2001）．

IntheMDVmethod，amissingdatumisreplacedbythemeanforthattimeperiod（15

min）fromadjacentdays．Thedatawindowsof7and14daysandtwodifferentalgorithmsof（a）

an“independent”windowand（b）a“gliding”windowwerechosen．In（a），fbreachsubsequent

Periodofdata，meandiurnalvariationsareestablishedtofi11gapswithinthatperiod．In（b），a

Windowofprescribedsize aroundeachgapISuSedtoconstructmeandiurnalvariationsfor

gap－mlingwithinthatwindow．

IntheLookUpmethod，look－uPtableswerecreatedfbrsixbimonthlyperiodsorfour

SeaSOnalperiodsranglngfromlAprilto30May，1Juneto30September，10ctoberto30

November，andlDecemberto31March．Forthelook－uPtable，aVerage〟Egswerecompiled

fbr27PPFDclassesx35ni，（airtemperature）Classes．mclassesconsistedoflOO〃mOl

nr2S－1intervalsfromOto2600FLmOIHr2S－1WithaseparateclassfbrPPFDclass＝0・Similarly，

㌔i，Classesweredefinedthrough20cintervalsranglngfrom－35to＋340C．

IntheRegressionmethod，regreSSionrelationshipswereestablishedbetweenthe〟EP
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COmpOnent，i・e・ReandGPP，andassociatedcontrollingfactors（temperatureandlight）fbrevery

month・MissingRewas extrapolatedbyusingexponentialregression equations（Eq・（3．48））

betweenmeasurednighttimeRewithstrongturbulence（u．＞0．2ms．1）andsoiltemperatureata

depth of5cm．Nighttime eddy covarianceflux data under the condition ofbelow the u＊

threshold（Aubineteta1．，2000）（0．2ms．linthisstudy）Werealsocorrectedwiththeregression

equations（Eq・（3・48））；Calledas“u・－COrreCtion”．GPPwasextrapolatedbyusingrectangular

hyperbolicregressionsofdaytlmeGPPagainstPPFDwithMichaelis⊥Mententypeequation

（Falgeeta1．，2001）foreverymonth：

GPP＝
αG門もr脚か

職4r＋αPPFD
（4．1）

wherecListheinitialslopeofthelight－GPPcurveOLmOICO2レJmOIphoton］－1）andis

equivalenttothequantumyield．GmTisGPPatlightsaturationOLmOlm．2S－1）．Thosetwo

ParameterSareaSSlgnedasthemonthly－SPeCificparameters．

4．3．Results

4．3．1．Micrometeorology

ThePPFDreachedthemaximumof63．9molm－2d‾1inlateJuneandthendecreased

gradually（Fig．4．1a）．Thedailyaverageairtemperatureandsoiltemperaturerangedfrom2to

15・50cand6・3to19・20C，reaChingmaximumof15・5and19・20CinthemiddleofJuly，

respectively（Fig・4・lb，C）・RainfellmainlyfromMaytoSeptemberinbothyears（Table4．1）．

During7－14consecutivedrydaysfo1lowingtherainydaysin2002（Fig．4．1d），thesoilwater

content（STn）decreasedgraduallyfromO．54cm3cm－3（saturation）toO．2cm3C血‾3（Fig．4．1e），

andthevaporpressuredeficit（yPD）oftenincreasedto5－6hPa（Fig．4．lq．

HhadtwopeaksinAprilandOctoberandAgreachedthemaximumstatusinJuly（Fig・

4・2a，b；Table4・2）・TheBowenratio（のShowedveryhighvalueinwinterseasonandkeptlow

Value belowl．O during the growing season（Fig．4．2C；Table4．2）．The ratio of actual

evaporation（Ag）measuredbyeddycovariancemeasurementtoequilibriumevaporation（Ageq）

rangedfromO・8tol・Oduringthegrowingseason（Fig．4．2d）．Thisindecatesthatthisecosystem
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hasthecapacitytoproduceenoughevaporationtomeetatmosphericdemand，yetremainwet．

Omegafactor（β）rangedfromO．2toO．8duringthegrowingseason，andtheseasonalpattern

WaSquitesimilartothatofAg（Fig・4・2e）・Rc。nqtV，derivedfromEq．（3・47）remainedlowat

aroundlOOsm．1from23May（DOY143）to17September（DOY260）in2002（Fig．4．2り．This

resultsupposesthatthesoilmoisturewashighenoughtokeepthestomataofcanopyplants

open・Afterthisperiod，CanOPyreSistancerosegraduallyto300sm－1・AlbedokeptaroundO・20

duringthegrowlngSeaSOn，fromMaytoSeptember，andaroundO．23duringotherperiodofthe

year，eXCePtOCCaSionalsnow（Fig．4．2g；Table4．2）．

4．3．2．Carbondioxidenux

TheseasonalchangesofNEEb，ime，嘲ighHime，andmL。l，arethedailyintegrated

ValuesofCO2uPtakefluxトFCO2）asnetecosystemproductionfordaytime，nighttime，andthe

Whole day，reSPeCtively（Fig・4・3）・In2002，NFLbtime Started toincreasefrom23May

（DOY143），andreacheditsmaximumstatuson30June（DOY181）andlocalmaximumof5．4g

cm‾2d．10n7July（DOY188）．〟五島qydmeStartedtodecreasefrom19Angust（DOY231）and

reachedtheearlysummervalueon30September（DOY273）・〃E島igh”imeShowedtheopposite

change，reaChingtheminimumof－2．5gcm．2d‾10n19August（DOY231）．間。，。LShowed

similarchangestothoseofNELbtime，andpeakedat3．9gcm－2d‾10n7July（DOY188）．

間。t。Lrarelybecamenegative，butreachedtheminimumof－1．3gcm．2d－10n29September

（DOY272）．Thecumulative〟以㌔，。lforthegrowingseasonfrom23Mayto30September2002

was153・lgCm－2・

Theauthorperformedalinearregression（Fig・4・4）ofNEPdqy，ime（Fig・4・3）onintegrated

m．TheslopesoftheregressionlineshowedsimilarseasonalchangepatterntoLAI（Fig．

3．24；Table4．3），PeakinginJulyandthendecreasinginSeptember2002．

Toinvestlgate the relationship between ecosystem respiration and temperature，the

nighttimeaverageFCO2WaSPlottedagainstthenighttimeaveragesoiltemperatureatadepthof

5cm（Fig．4．5）．The nighttime average FCO2increased exponentially as soiltemperature

increased．However，thenighttimeaveragefluxwasscatteredwidelywithinanarrowrangeof
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SOiltemperaturesineachmonth．Next，tOaSSeSStheeffbctofSW℃onecosystemrespiration，the

nighttime averageFCO2WaSPlottedagainstS仲℃fbrfiveperiodsoflowS仲℃afterheavy

rainfallinsummertime（Fig．4．6）．TheCO2effluxincreasedasSWCdecreased．CO20fatleast

O・94FLmOlm－2S－lwasreleasedeveninsaturatedconditions・Inthe2002periods23May－lJune，

11－19August，and24－31August（seeFig．4．1d，2nd，4th，and5thdatasequences），thenighttime

averagesoiltemperatureincreasedfrom2．8to4．20CasSI灯decreased．

4．3．3．GPPand凡

GPPequalstothesumofReand〟EP．TheestimationaccuracyforGPPisthusaffected

bytheestimationerrorofRe．Consequently，theestimatedRewascomparedtotheRederivedas

anoffsetoftherectangularhyperbolicregressioninthelightresponsecurvesoftheFCO2（as

Shownin Suyker and Verma，2001；eq．（1）；Fig．4．7）．The regressionline showed a good

agreementbetweentwoRes；theslopewasl・08ando蝕etwasO・06gcm－2d－1・

SeasonalchangesinthemonthlyparametersofReandGPPregressioncurves；RlO，α，

andGPZhT，inEqs．（3．48）and（4．1），aregiveninTable4．4．RlOreaChedamaximumstatusof

2・27，1・88FLmOlm－2S－1inAngustandSeptember・RlOShowednegativevaluesinJanuaryand

February，andthatwasassumedtobeffomuslngtheconstantparameterinE。．However，eVenif

daytimeRecalculationhastheinternalerrors，theverysmallmagnitudeofR。inwinterdon’t

havesosignificantinfluenceinannualReestimation．αShowedabrupthighvalueinMayand

reachedmaximumstatusinJunetoAugust，andkeptnearzerovaluesin OctobertoApril．

以リ㌔4TincreasedfromMayandreachedmaximumstatusinJulyandAugust，andkeptnear

ZerOValuesinOctobertoApril．

Seasonalchangesinthe15－dmovingaveragevaluesofPPFDand7こ。Ll，Whichstrongly

affectGPPandRe，areglVeninFig．4．8a．PPFDshowsthreemaximalandthreeminimalvalues

duringthegrowlngSeaSOnfromMaytoSeptember，Whichcorrespondedtothreerainfallevents：

maximumsondaysoftheyear（DOY）181，207，and232；minimumonDOY166，190，and217．

L。ualsoshowsthreemaximumandthreeminimumvaluesduringthegrowlngSeaSOn，butthose

dateslagby1－13dincomparisonwiththoseoffPFD：maXimumonDOY189，213，and237；
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minimumonDOY167，203，and230．圭。Lldecreasedgraduallyafterthefirstdayofmaximum

（DOY189）・

Seasonalchangesinthe15－dmovlngaVerageValuesofGPPtoReareglVeninFig．4．8b．

GPPstartedtoincreaseonlMay（DOY121），reaChingafirstmaximumvalueof5．90FLmOl血，2

S‾10n7July（DOY188），aSeCOndmaximumof6．46FLmOlm．2S．10n2August（DOY214）anda

thirdmaximumof5．7lFLmOlm－2S－10n19August（DOY231）．A触rthatday，GPPdecreased

graduallytol．OFLmOlm‾2S‾10n28September（DOY271）．Re startedtoincrease at the

beginningofMarch，reaChinga丘rstmaximumvalueof3．48FLmOlm－2S－10n12July（DOY193），

asecondmaximumof5．40FLmOlm‾2S－10n8August（DOY220），andathirdmaximumof4．45

FLmOlm－2S‾10n24Angust（DOY236）．Thus，theseasonalchangesofGPPshowthattheplant

growlngSeaSOnrangeSfromMaytoSeptemberinthisalpinemeadowecosystem，butdonot

COrreSPOndperfectlywiththoseofm，althoughtheseasonalchangesofReshowagood

agreementwiththoseof7こ。H．

Figure4．8b also shows the seasonalchangesinthe ratio ofGPPandRe．The ratio

remainedmostlylargerthanlformMaytoSeptember．Thisindicatesthatthisecosystemwasa

SinkofcarbonduringthegrowlngSeaSOnin2002．Themaximumvalueoftheratiowas2．070n

24July（DOY205）．

Figure4．8cshowstheseasonalchangesinthe15－dmovlngaVerageValuesofGPPmax

andRemax，themaximumvaluesofdiurnalGPPandRechange，Whicharepotentialvaluesof

assimilationandrespirationofCO2．GPPmaxstartedtoincreaserapidlyonlMay（DOY121），

exceeded20FLmOlm－2S－1forthetwomonthsfrom2July（DOY183），andreachedamaximum

of23．6FLmOlm‾2S‾10n31July（DOY212）．After20August（DOY232），WhenGPPwas20．4

FLmOlm－2S．1，GEPdecreasedrapidlytol．OFLmOlm‾2S－10nlOOctober（DOY283）．Restartedto

increaseonlMay（DOY121），reaChinga血stmaximumvalueof8．10FLmOlm－2S‾10nlJuly

（DOY182）andanannualmaximumof12．OFLmOlm－2S．10n25Angust（DOY237），andthen

decreasedrapidlytol．Opmolm‾2S－10n250ctober（DOY298）．Thus，theseasonalchangesof

GPPmaxcorrespondedwellwiththoseofGPP，althoughtheannualmaximumofRemaxlagged

twoweeksbehindthatofRe．
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Theradiationusee班ciency岬UEGPP），theratiobetweenGPPandPPFDrangedfrom

lOto20mmoICO2mOIphoton‾1fromJunetoAugust，Rと盾。PPChangewithplantgrowth（Fig．

4・9）・Thewaterusee班ciency（椚∬GPP），theratiobetweenGPPandevapotranspiration（g）

rangedfrom2・Oto4・OmmoICO2mOlH20－1fromJunetoAugust，andalsochangesalongwith

Plantgrowth（Fig．4．9）．

ToclarifytheeffectofLAIonCO2aSSimilationpotentialandresourceuseefBciency，

the relationships betweenLAI and GPPmax，RUEGPP and WWGPP are Shownin Fig．4．10．

GPPmax，RtEGPP，and椚∬GPPtendedtoincreasewiththeincreaseofLAIincreased．

4．3．4．Annualsumsofnetecosystemcarbondynamics

Table4．51istsannualsumsofGPP，Re，and〃EP，anddailyGPPanddaily〟EPasthe

quotientfromthedivisionofannualGPPand〟EPbythenumberofdayswhenNEP＞0．

MissingdataarefilledbytheRegressionmethodforallparameters，andbytheMDVand

LookUpmethodsfbr〃EP．Gap－fillingmethodsreducedtheproportionofmisslngdatafrom

33・3％to4％（Table4．2）．Theremainingmissingdataarealmostallinthecoldestpartofwinter，

fromlto13January，WhenthereisnobiologicalactlVltyatall，anddoesnotaffectannualsums

offluxes．Theresidueofpeakabovegroundbiomass（134．7gcm－2：multiplyingapeak

abovegrounddryweightbiomass283gd．W．m－2byaconversioncoefGcienttocarbonO．476

（unpublisheddata））takenfromannual〟EP（78．5gcm．2y－1），aSannualcarbonstoragebelow

ground，is－56・2gcm－2y－1・hthedatagap－filledbytheRegr・methodswithoutu・－COrreCtion，

annualbalancesofGPPandRearelessthanthosewithu＊－COrreCtion．

4．4．Discussion

4．4．1．Environmental controIs on the seasonal changes of net cad）On dioxide

exchanges

Thelinearregressionslopesof〃EPdaytimeagainstPPFDwerehigherforAngust2001

thanAngust2002（Fig．4．4）．Therearetwom可OrprocessesdirectlyinvoIvedinthisdifference

Ofslope，thatis，ahigherCO2uptakerateandalowerecosystemrespirationcouldresultina
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higherslope・TheLAIseemsthem再OrfactorcauslngtheincreaseofecosystemCO2uPtake．As

theLAIincreases，alargerphotosyntheticleafareaandthusahigherecosystemCO2uPtake

WOuldbeexpected・ItisindeedtruefbrlowLAIvalues（Larcher1995）．TheLAImeasuredon20

Angust2001was3・1，Whichwasabout20％higherthantheLAIof2．60btainedon25August

2002（Table4・3）・AdetailedassessmentoftheeffectsofsoilrespirationonFCO2WaSbeyond

the scope ofthe currentwork，butit should befurtherclar漬edin order to understand the

underlyingmechanismsfbrthecarboncycleinthealpinemeadow．

The nighttime CO2efnux（ecosystem respiration）Shows a positive exponential

relationshipwithsoiltemperature（Fig．4・5）andanapparentlinearrelationshipwithSIyC（Fig．

4・6）．Similar response ofnighttime CO2flux to SWC has been observedin tundra under

near－Saturation（Oecheleta1．，1998）．Atthissite，aneXCeSSOfSWCbeyondtheoptimumlevel

（e・g．，0．3）seemedtohavegreatlyaffectedCO2emission．TheeffectofSWConCO2effluxin

thealpineecosystemseemsdifferentfromthatreportedfbrrelativelydrygrassland（Hunteta1．，

2002），likelybecauseofthedifferentrangeofSWCencountered．However，thedecreaseof

FCO2WithS仲rinFig・4・6couldbeanartifactofchanglngSOiltemperatureswhoseeffectwas

notseparatedinthisanalysis，andthereforedeserveSfurtherinvestigation・

4．4．2．EnvironmentalcontroIsontheseasonalchangesofGPPandR。

ThetimingsofthemaximumandminimumdailymeanGPPsynchronizedwiththoseof

GPP．nax，anindexofpotentialecosystemphotosynthesis（Figs．4．8a－C）．GPPmaxispositively

relatedtoLAI（Fig・4・10a）asshowninSaigusaetal．（2002）andFlanaganetal．（2002）．R【盾GLP

andWUEG曹alsotendedtoincreaseasLAIincreased（Figs．4．10b，C）．Theseresultssuggestthat

LAIdeterminestheecosystemcapacityforassimilationandresourcerequlrementS・

ThetimingsofthemaximumandminimumofthedailymeanReandRemaxsynchronized

With those of L。iL，an enVironmental factor，When these parameters were maximum

（DOY180－230）（Figs・4・8a－C）．Remax，however，increasedeventhoughIも。fJdecreasedduringthe

SamePeriod，aSSeeninRlO（Table4．4）．hgeneral，SeaSOnalchangesinrespiratoryprocessesare

COntrOlledbyclimatemorestronglythanbybiologicalfactors（Falgeeta1．，2002）．However，at
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thisstudysite，Remax，Whichreachedthemaximuminautumn，maybeassociatedwithabove－

andbelow－grOundbiomass，Whichreachedthemaximumatthesametime（Katoetal・，inpress，

2004b；LiandZhou，1998）．

Seasonalchanges ofmean GPPandRewere synchronizedinthephases，aSSeenin

temperateandMediterraneanecosystems（Falgeeta1．，2002）（Fig．4．8b）・Incontrast，thoseof

GPPmaxandRem。XWereOutOfphase，aSPreSentedinGmTandRlO（Table4．4）andseenin

borealconiferousfbrests（Falge et a1．，2002）．That timelagofGPPmax andRcmaxphasesis

expectedtobecausedbythedifferencesintheseasonalpatternsofbiologicalfunctions，1・e．LAI，

Plantandsoilbiomass，affectingthepotentialofasslmilationandrespiration，reSPeCtively．

When the GPP／Re ratio was assumed to be conservativein an alpine meadow as

SuggeStedinforests（0．47±0・04S．d．；Waringetal・，1998），therelativelyhighratioofGL　”　e

indicates a highcontribution of photosynthe亘S and autotrophic respiration to the carbon

dynamicsofthisecosystem（Fig．4．8b）．ValuesofGP叩enear2inlateJulycorrespondtoNEP

＝Re，indicating alow overallcontribution ofLtR．This suggests that mainly autotrophic

PrOCeSSeSgOVerneCOSyStemCarbonfluxes，aSWaSObservedin銭eldcropsandattemperatesites

（Falgeeta1．，2002）．WhenGPPconsiderablyexceedsRelikethis，theaccumulationoflittercan

reducefreenutrientsintheecosystem．Consideringthecloselinkbetweensoilorganicmatter

decompositionandnutrientcycling，thissystemmayshownegativefeedbackingrowthand

CO2aSSimilationorbesusceptibletodisturbance（Shulzeeta1．，1999；Amiro，2001）．

4．4．3．Ecosystemcarbonassimilationability

Theauthorcomparedthemaximum間。t。LOfstudysite（3．9gcm，2d，1）Withthoseof

Other sites at similarlatitudes（Table3．2）．The maximum〟EP，。t。Iinthe present studywas

slightlylessthanthatoftheKansasC4Prairie（6．3gcm．2d‾1，Kimeta1．，1992；4．9gCrh‾2d‾1，

HamandKnaPP，1998），but50％lessthanthatoftheOklahomata11－graSSPrairie（8．4gcm－2

d‾1，SuykerandVerma，2001）．Itseemsthatthealpinemeadowecosystemhasasmallerdaily

CO2uPtakepotentialthanothergrasslandecosystems．Thedailyuptakepotentialofthissite

WaS4timesthatintheColoradosubalpineconiferforestatapproximatelythesameelevation
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（1．OgCm－2d‾1；3050m；Monsoneta1．，2002）．Thelowtemperaturemaysuppressplant

respirationanddecompositionofsoilorganicmatter．Thesmallbiomassmayalsoanimportant

factordecreaslngPlantrespirationslgni員cantly．Ontheotherhand，theshortgrowlngSeaSOn

WaSCOmPenSatedbythehighdailyCO2uPtakepotential．Consequently，thealpineecosystem

sequesteredalargeamountofCO2（153gcm－2）duringthegrowingseasonin2002．Although

itisstillunderdebatewhetherornot CO2fluxes shouldbecorrectedbythemagnitude of

energybudget closure，the simple correction that compensate thelackproportion ofenergy

balanceaspresentedbySaigusaetal．（2002），WaSaPPlied：226gcm．2inthegrowingseason

C02budget．

TheauthorcomparedtheGPPofthealpinemeadowwiththoseofotherecosystems．

TheannualGPPof575gcm－2waslowerthanthoseofborealconiferousfbrests（723－959gc

m．2y－1）and Coloradosubalpine comiferousforest（831gcm－2y－1；3050m）at similar

elevations，andmuchlowerthanthatoftropicalforest（3249gcm－2y－1），butwithintherange

fbrtemperateecosystems，includingforestsandgrasslands（542－1924gcm‾2y．1；aVerage，

1262gcm－2y－1；Falgeeta1．，2002）．ThedailyGPPofthestudysite（3．59gcm‾2d‾1，Table

4．5）wassimilartothoseofborealevergreenfbrestandColoradosubalpineconiferousforest

（4．6and4．4g c m－2d－1，reSPeCtively），although slightlylowerthan those oftemperate

coniferousforestandC，CrOPSandgrassland（5．7－6．9gcm－2d－1）．Thus，althoughthealpine

meadowecosystemhasadailyCO2aSSimilationequaltothatofaColoradosubalpinefbrest

ecosystem，ithasalowerannualGPPbecauseoftherestrictionofthegrowlngPeriod．

TheannualMinourstudysite（78．5gcm‾2y－1，Table4．5），Whichwasgap－filledby

theRegr．methodusingtheu・－COrreCtionreportedbyFalgeetal．（2002），WaSClosetothatofthe

Coloradosubalpineconiferousforest（71gcm．2y．1），althoughsubstantiallylowerthanthatof

lowlandgrassland（231．3gcm－2y．1）andborealecosystems（121．4gcm－2y－1）．Thedaily

〃EPofthissite（0．49gcm‾2d－1，Table4．5）wassimilartothatoftheColoradosubalpine

forest（0．38gcm‾2d‾1）．AlthoughthisalpinemeadowecosystemhasalowerannualGPPthan

thatofthesubalpineforestecosystem，ithasacomparableannualNEP．Itisassumedthatnot
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Onlylowtemperaturebutalsosmallbiomasssuppressestheecosystemrespiration；aSareSult，

thisecosystemmaysequestersubstantialC．

4．4．4．Gap・瓜11ingmethodsandannualcarbondynamics

AnnualMsdifferedlargelywithsomegap－fillingmethods（78．5－149．5gcm‾2；Table

4．5）．FortheRegressionmethod，WhichcalculhtesGPPandReseparately，Rewithu・－COrreCtion

washigherby83．1gcm‾2y－1thanwithoutu．－COrreCtion．Thisfact，basedontheprinciplethat

u・－COrreCtionreplacesnighttimeeddycovariancefluxesundermorestableconditionwithfLuxes

underhigherturbulence，Shouldbereasonable．TheconsequentdeclineinannualNWdueto

u・－COrreCtion（－35．4gcm－2y－1）waslowerthanthatobservedinotherecosystems（－77．OgC

m－2y．1；Falgeeta1．，2001）．Amongthethreegap－mlingmethods，MDVgavethehighestannual

〟EP．This fact suggests that environmentalfactors duringgap－periods have potentialtobe

biasedbytheextremeclimate．Thedifferencesamongthegap－fillingmethodsweresmallerthan

thoseamongvariousecosystemtypes（Falgeeta1．，2001）．Itisnotabletoanswerconclusively

Whichmethodisbest．However，Whentheannual〃EPestimatedfromgap－filleddataisusedto

evaluateanecosystem’scapacityforCO2aSSimilationorforcomparisonwithotherecosystems，

thereductionoferrorsshouldbeconsidered．
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Table4．3．Abovegroundbiomass

andleafareaindexqAl）in2002
inHaibei，Qinghai，China．

Date Aboveground LAI

Biomass

D．W．m‾2　　m2m‾2

25－May　　　　　49．7

31－May　　　　　48．5

13－Jun　　　　　　　　79．2

30－Jun lO7．5

16－Ju1　　　　　　205．0

30－Ju1　　　　　　283．4

13－Aug　　　　　260．6

25－Aug　　　　　280．0

194．5
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TheregressionfollowsanArrenius－tyPeeXPOnentialrelationshipforRe（nighttimeFCO2（u＊＞0・2m

s－1））：Re＝Rl。eXP吼周（1／283．15－1／（L。iL＋273．15））），WhereRl。istherespirationrateatthesoil

temperatureoflOOc（pmoICO2m，2S．1），E。istheactiveenergy（isadoptedforonlyonevaluefor

wholeyear；81519Jmol，1），Risthegasconstant（＝8．134JKlmol．1），andarectangularhyperbolic

relationshipforGPP：GPP＝α×GmTXRm／（肌㌔4T＋α×PLVD），Whereαisquantumyield

（dimensionless），andG門㌔。TisthesaturatedGPP（匹mOICO2m，2S’1）．
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Table4・5・Ecosystemcarbondynamicsin2002inHaibei，Qinghai，China．

Method Specification Re NEP Days daily daily

仰EP＞0）GPP　　〟EP
（gCm，2）＿＿（gCm‾2）（days）＿＿＿＿＿＿　（gCm‾2）（gCm‾2）

496．6　　　78．5　　　　160　　　3．59　　　0．49

413．5　　113．9　　　　164　　　3．22　　　0．69

Average GPP

period

（gCm‾2）

1monm　　575．1

1month　　527．4

Regr．　withu＊－COrreCtion

Without

u＊－COrreCtion

MDV independent－window　7days

14days

gliding－Window

bokUp　も。JJ

㌔fr

7days

14days

2months

Seasona1

2months

Seasonal

147．2

145．2

149．5

141．8

122．3

96．9

142．3

113．8

“Day岬＞0）”meansthenumberofdayswhendaily〟EP＞0（1engthofgrowingseason）．GPP，Re，and
〃EP meanthe periodic sums of gross prlmary PrOduction，eCOSyStem reSPiration，and net ecosystem

PrOduction，reSPeCtively．DailyGPPanddaily〟EPwerecalculatedbydividingGPP，Re，andNEPbythe

lengthof仙egrowlngSeaSOn．
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Figure4．4．Linear regression ofdaytime accumulated CO2uPtakeflux

印甜㌔町time）onincidentphotosyntheticphotonfluxdensityP摺り）・The

regressionfollowsalinearrelationship：〃吼y，ime＝a XヱPFD・Monthly

valuesarepresentedasfbllows：Month（symbol，a，r2）．August2001（□；

0．0793，0．418＊＊），September2001（△；0．0556，0．324＊＊），May2002（◆；

0．00671，0．0653ns），June2002（●；0．0398，0．170＊），July2002（×；0．0773，

0．0441ns），Angust2002（Jl；0．0641，0．222＊），andSeptember2002（▲；

0・0322，0．0344ns）．Thelinearrelationshipsweresignificantatp＜0．05＊，

P＜0．01＊＊levelsofcorrelationcoefncients．nsshowsnonslgnificantlinear

relationships．
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Figure4．10．LAI controIs on（a）maximum gross primary production

（G門㌔。X），（b）radiation use efficiency（RUEGPP），and（C）water use

efficiency（椚∬GPP）ofGPP．Verticalaxisdatashowdailymeanvalueof

lessthan4dbackwardandforwardLAIsamplingday．GPPmaxdatawhen

the脚Dwasbelow1500FLmOlm－2S－1wereeliminatedfromtheaverage・
Errorbarsmeanstandarddeviation（horizontalaxis：n＝5，Verticalaxis：n＝

7）．IntheequationforpredictingGm。X，RUEGPP，andWUEG押fromLAI，

Standarderrorsarel．560，0．913，0．177，reSPeCtively；P＜0．0001，0．0001，
andO．05．
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Chapter5Modelanalysisontherelationshipbetween

Climateperturbationsandcarbondynamics：1981－2000

5．1．Introduction

Sim－CYCLEisamechanisticmodel，Onthebasisofthedry－matterPrOductiontheory

establishedbyMonsiandSaeki（1953）．Theatmosphere－biosphereCO2eXChangeiscomposed

Ofphysiologicalprocesses，SuChasphotosynthesis（GPP），reSPiration64R），anddecomposition

（〃叫，andthenthissimulatorenablesustoestimatetheecosystemCbudgetinamechanistic

Way．Plant growth process was retrieved by the Monsi（1960）scheme，and C dynamiCs

includingsoilorganicmatterwascapturedbytheOikawa’S（1985）compartmentmodel．Then，

terrestrialecosystemswere conceptualized as a丘ve－COmPartment SyStem：fbliage，Stem and

branch，rOOt，litter，andmineralsoil．ⅠnadditiontoGPP，AR，andm，Carbonflowssuch as

litterfall，Photosynthateallocation，andhumusfbrmationwereproperlyformulated・GPPwas

regulated by a couple of physiological processes at a single－leaf scale（e．g．Stomatal

COnductanceandquantumyield），andscaleduptoacanopyscale．ARconsistsoftwofunctional

COmPOnentS，i．e．maintenancerespirationandgrowthrespiration，eaChofwhichisregulatedby

environmental factorsindependently．The difference between GPP andARis termed net

Primaryproduction岬P），andthedifferencebetween〃PPand月Ristermednetecosystem

PrOduction岬）．Sim－CYCLEcontainswaterandradiationsubschemestoestimatephysical

environmentinterrestrialecosystems．

ItoandOikawa（2000）performedamodelanalysisoftheeffectofclimaticperturbations

from1970to19970nthecarbonbudgetofterrestrialecosystemsattheglobalscale，uSing

Sim－CYCLE．Duringthe28yrexperimentalperiod，globalMrangedfrom－2．06PgCyr－1

（SOurCe）in1983to＋2．25（Sink）PgCyr．lin1971，beingsufBcientlylargetogiveriseto

anomaliesintheatmosphericCO2COnCentrationfrom＋0・97t0－1・06ppmv・Regressionanalyses

demonstratedthefollowing：（1）annualAⅣEPshadthehighestcorrelation（r2＝0．38）withthe

temperature anomaly at the global scale；（2）the anomaliesin precipitation resultedin a

COnSiderableAⅥEPinnorthernhighandmiddleregions；（3）ananomalousglobalwarmingby
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＋10CbroughtaboutanegativeAⅣEPof－2．7PgCyr．1；（4）theresponsivenesswasprimarily

attributable to the temperature sensitivities ofplantrespiration and soildecomposition，and

SeCOndarilytothemoisturesensitivityofdecomposition；and（5）thetemperaturedependenceof

AⅣEP had a clear seasonality，i．e．most sensitivefromJuly to September（Summerin the

northernhemisphere）relativetootherseasons．In1983，WhenanE〃∫Oeventhappenedandthe

tropicalzonewas anomalouslyhot（0．40cabovethelong－termmean），thelargestnegative

AⅣEP（－2．06Pg C yr－1）was estimated．On the other hand，in1971when globalmean

temperaturewasrelativelylow（0．20cbelowthelong－termmean），thelargestpositiveAⅣEP

（＋2．25PgCyr－1）wasestimated．Furthermore，in1992whenananomalouscoolingduringthe

growingperiod（0．30cbelowthelong－termmean）wascausedbytheMt．PinatuboeruPtion

（June1991），aCOnSiderablepositiveANEP（＋1．14PgCyr‾1）wasestimated．Theclimate

dependencies of　glObal terrestrial ecosystems analyzed here may contain sigmificant

implicationsnotonlyfbrthepresentfunctionlngOfatmosphere－biospherecarbonexchange，but

alsoforongolngglobalwarmlng．

Frozensoilhasalargeapparentheatcapacityduetothelatentenergyoffreezlngand

thawlng，and actas animpermeablelayerbecauseofthelargehydraulicconductivitywhen

frozen．Frozen ground，COVerlng mid－tO high－latitude reglOnS Widely，affects not only the

reg10nalscaleenergyandhydrologicalconditioninthosearea，butalsothecontinentalscale

energyandwatercirculitionintheworld．AGeneralcirculationmodel（GCM）simulation

Showedthatsoilfreezlngelevatesthegroundsurfacetemperatureinthemid－andhigh－latitude

regiOninsummer（rmkataandKimoto，2000）．Thehighertemperatureoverlandresultsfrom

lowerevaporationcausedbylowersurfacesoilmoisture，andthelowersurfacesoilmoistureis

CauSedbyadditionalrunoffofsnowmeltinsprlngduetotheimpermeabilityoffrozensoiland

lowsoilliquidwaterduetothelowerevaporation．Thus，SOilfreezlngglVeSthethermaland

hydrologicalimpacts on the climate system，and consequently the carbon dynamics on the

ecosystem．In this study，the estimation schemes of soilfreezlngWere a句Oinedinto basic

SChemesintheSim－CYCLEnewly．
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Water budget，e．g．eVaPOration，tranSplration，runOff，infiltration and precipitation，

determinesthesoilwatercontentandplaysanimportantroleonthewateravailabilityforplants．

When ground surfaces are sparsely coveredwithvegetation，eStimation ofevaporation and

transplrationuslngtheenergytransfermodelisdi班cult，becausethatevaporationfromthesoil

Surfacebeneaththecropcanopycannotbenegligibleinquantity，anditisnecessarytotreatthe

VaPOrfluxfromthecropfieldsasthetotalofsoilandplantfluxes，tranSPifationfromleaf

StOmata，andevaporationfromthesoilsurfhce．However，theprecedentSim－CYCLEdidnot

take sparse vegetation coverinto account．Shuttleworth and Wallace（1985）designed a

COmPartmentmOdel（S－Wmodel）toestimatetheevaporationfromsoilandtranspirationfrom

CrOPSSeparately．ThismodelaccuracyalsowasexaminedbyKatoetal・（inpress，2004a）inthe

SOrghumfields，Tottori，Japan，anditsavailabilityforsparselyvegetatedgroundsurfacewas

COn且rmed．Thisstudyadoptedthiscompartmentmodelandaqoinedintothebasicschemesin

theSim－CYCLEasnewsubschemes．InprecedentSim－CYCLE，therunoffisparameterizedby

usingtheBucketmodel（Manabe，1969）．Thismodelhasthesimplecalculationschemesthatthe

StOrageWaterOVerabucket capacity outflows as the runoff，andusedwidelyin the GCM

Simulation．Ontheotherhand，theTankmodel（SugawaraandMaruyama，1952；Sugawara，

1961），uSedwidelyin thefl00dforecast，has the complex calculation schemes and many

parameterstocontroltherunOfffrommulti－POlesinstalledatthetanksidewall，however，also

hasahighestimationaccuracy．Kondo（1993）developed“anewbucketmodel”，gatheringboth

thesimplicityoftheBucketmodelandthehigheraccuracyoftheTankmodel，tOCalculatethe

infiltrationintothedeepersoillayerinthe soilsurfacehavingtheheterogeneityinitssoil

properties and thickness．This model expresses the runoffin the hyperbolic approximate

equationparameterizedbyprecipitation，andapplicableforvarioustimescaleestimation，from

Onehourtoonemonth．Thisstudyadjoinedthisnewbucketmodelintothebasicschemesinthe

precedentSim－CYCLE．

For twenty years，1981－2000，the monthly carbonfluxes and carbon storages were

SimulateduslngtheSim－CYCLEattheHaibeistationontheQinghai－TibetanPlateau，China・

Theaimsofthischapterarel）toshowtheinterannualpatternsofCO2flux，2）toclarifythe
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ClimatecontroIsontheecosystemcarbondynamicsinthealpinemeadowecosystem，and3）to

Predicttheecosystemresponseofthecarbonsequestrationagainsttheglobalwarmlng．

5．2．Modeldescription

5．2．1．Sim．CYCLE＿Basicmodel．

5．2．1．1．0verviewofSim・CYCLE

Sim－CYCLEwas developedbased ontheecosystem－SCale modelofOikawa（1985），

Whichhasbeenusedtosimulateandanalyzeatropicalrainfbrestecosystem（Oikawa，1986），a

temperate broad－1eaved evergreen fbrest（Oikawa，1998），and grassland（Oikawa，1993；

AlexandrovandOikawa，1995）．InSim－CYCLE，terreStrialcarbondynamicsisconceptualized

asa丘ve－COmPartmentSyStem（Fig・5．1）．Awaterandradiationsubschemeisrequired，because

Carbondynamicsiscloselycoupledwithwaterandradiationbudget（Fig．5．1）．Carbonina

givenecosystem（I陀■）iscomposedofplantbiomass（晰りandsoilorganiccarbon（m）・Wis

distributedinthreecompartments：fbliage（SubscriptF），Stemandbranch（SubscriptC），androot

（subscriptR）；I搭is distributedin two compartments：litter（subscriptL）and mineralsoil

（subscriptH）：

I膵＝仲ア★仲等

Iケア＝研㌔＋I作も＋職

I作＝I搭上＋I作ガ

Atmosphere」）iosphere CO2exChange occurs through three maJOr PrOCeSSeS：grOSS

primaryproductionGPP，autOtrOphicplantrespiration担R），andheterotrophicsoilrespiration

（月R）．Netprimaryproduction（〃PP），deBnedas：

〃PP＝GPP－dR
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ecology but also fbr agronomy and fbrestry．Net ecosystem production（〃EP），defined as

fbllows：

〃EP＝〃PP一月尺 （5．3）

indicatesthecarbonbalanceoftheecosystemduringaglVenPeriod：anetSinkorasource・

Withinaterrestrialecosystem，Carbonistransferredinthefbrmofvariousorganiccompounds

（1argely carbohydrates）throughseveral processes（Fig．5．1），including translocation of

Photosynthate（P乃，litterfallofdeadbiomass¢F），andsynthesisofhumicmineralsoil（〃F）．

Atthis stage，animalprocesses andlateraltransportationofcarbonfromone ecosystemto

anotherareneglected・Thenetchangeineachcompartment（A）duringagivenperiodisgiven

bythefollowlngequations：

AW㌔＝P㌔－A糾㌔－エq

A呵＝P左－dRGc一上左

AW㌔＝ア㌔－A糾㌔一上㌔

AI和上＝エF一月犬エー即

△仲写〟＝月F一月尺〃

（5．4a）

（5．4b）

（5．4C）

（5．4d）

（5．4e）

Wherephotosynthatetranslocation（P乃isthedifferencebetweenGPPandAM．Itisapparent

that A仲Eis equalto〃EP・Sincein Sim－CYCLEthesefluxes are calculated monthly，the

SeaSOnal，interannual，and successional behaviors of terrestrial carbon dynamics can be

Simulated・BycarrylngOutOfthesesimulations，SuChimportantquantitiesasplantbiomass，SOil

Carbonstorage，leafareaindexUAI），〟PP，and〃EPcanbeestimated．Themodelcalculation

WaSlaunchedatthejuvenilestage，WheninitialcarboncontentwasO．1MgCha．1fbreach

COmPartment，andrepeatedforaperiodsufficientlylongtoattaintheequilibriumstateunder

Stationary environmental conditions．The annual〃EP was used to determine whether the
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ecosystemcarbondynamicshadsufBcientlyequilibrated（i．e．climaxstage）：NWく0．0001Mg

Cha－1year－1・

5．2．1．2．Singlc・leafprocesses

Single－leafgasexchangeisthemostfundamentalprocessinplantecophysiology，Which

investigates the controIs of various environmental factors on stomata，theleaf vents fbr

Photosynthesis and transpiration．The controIs are described at a physiological scale and

extendedtoacanopyscale（Fig．5．2）．Thesingle－leafphotosyntheticrate（PC）isformulatedasa

Michaelis－tyPefunctionoftheincidentPPFD（PPFDIN）：

PC＝
PC朗r・（狩・ヱPFDが

PC朋r＋∈狩・脚Dが
（5．5）

WherePGdTisthesingle－leafphotosyntheticrateunderlight－Saturation，andQEislight－uSe

efBciency，Orquantumyieldofphotosynthesis．PCk4Tandと好are complicatedfunctions of

temperature，CO21evel，airhumidity，andsoilwater，andtheyaredifferentamongbiometypes

andbetweenC3andC4SPeCies．TheyareformulatedbyuslngCOefficientfunctionsofimportant

environmentalfactors，1namultiplicativeway：

卯＝卯。・ち五両）・㌔E（cp肌） （5．6）

PC朋r＝PC朋r。・ち。（m）・ち。（CDふ）・ち。（∫町）　（5．7）

WhereegoandPCk4TDarePOtentialmaximumvaluesunderoptimalconditions，andFbEand千把

denote the coe班cientfunctionsfor temperature，CO2，and water conditions，reSpeCtively・

Befbre describing these coe抗cientfunctions，the author first explains the regulation of

Single－leaf gas exchange through stomatal conductance（GS）・Sim－CYCLE adopts the
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Semi－emPiricalmodelofstomatalconductancedescribedbyBalletal．（1987）andmodifiedby

Leuning（1990）：

G∫＝ズ1＋
ズ2・PC

（Cか。Ⅳ－CD。肝Xl＋搾D／ズ3）
（5．8）

WhereCnⅣistheatmosphericCO2COnCentration，rPDisthevaporpressuredeficit，CDc肝is

theCO2COmPenSationpointofphotosynthesis，andxl，X2andx3arebiome－SPeCificparameters．

Eq．（5．8）suggeststhatGSdecreaseswithincreasingatmosphericCO2COnCentration，Whichis

thecaseaccordingtomanyobservations（MorisonandGiffbrd，1983；Fieldeta1．，1995）．Since

gas exchange throughtheleafcuticleis negligible，theleafintercellular CO2COnCentration

（CDICL）isde銭nedasfollows：

CD瓜＝CDAm

PC

G∫／1．56
（5．9）

Wherel．56isafactortoconvertGSintoCO2COnductance．CDICL，ratherthanCLhm，isdirectly

relatedtophotosyntheticcapacity，althoughCDICLtendstochangeinparallelwiththeCLhTM．

AswiththephotosyntheticquantumyieldQE，Ehleringerand均6rknan（1977）showedthatC3

andC4SPeCiesrespondtotemperatureandCO2COnditionsinadisparatemanner．Typically，the

QEofC4SpeCiesisvirtuallyinsensitivetosurroundingcondition（i．e．FQE（7℃）＝FQE（CDKL）

＝1），becausetheirCO2COndensationmechanismeliminatesphotorespiration．Incontrast，the（狩

OfC3SPeCiesdependsstronglyontemperature（rG）andCO2level（CDICL）：

‰（Ⅳ）＝
52－7G

3．5＋0．75（52－7可

桜（CDⅢ）＝
CDJα

90＋0・6CDⅢ
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Ehleringeretal．（1997）suggestedthatthedifferenceinQEbetweenC3andC4SPeCies

maybesoimportantthatitdeterminesthegeographicaldistributionofthesetwophotosynthetic

types・Moreover，itisfu11yrecognizedthatPCk4TOfC4SPeCiesismuchhigherthanthatofC3

SPeCies，andthatC4Photosynthesisisvulnerabletolowtemperatures（PearcyandEhleringer，

1984）．Sim－CYCLEincorporates such銭ndingsintothecorrespondingcoefhcientfunctions．

ThetemperaturedependencefunctionofPCk4Tisabell－Shapedcurve，fbrmulatedasfbllows

（Raicheta1．，1991）：

巧。（7可＝
（rG－‰X76－㌦）

（76－‰XrG－‰）－（rG一㌔Ⅳ）2
（5．11）

Where Tk仇　二㍍脚，and　㍍Ⅳare，reSPeCtively，the maximum，minimum，and optimum

temperatures fbr photosynthesis．For C3Plants，7bfTis a　function ofintercellular CO2

concentration：

㌔Ⅳ＝石打。＋0・01CDⅢ （5．12）

Where㍍mistheminimumvalueof㍍ⅣatVerylowCDJα．Eqs．（5．9）and（5．12）indicatethat

increasesofatmosphericCO2andtemperaturemaybeinteractive，makingapredictiondi班cult

evenatthephysiologicalscale，aShasbeendemonstratedbyabiochemicalmodelstudy（Long，

1991）．TheCO2dependenceofPCsATisexpressedbyaMichaelis－tyPefunction：

‰匝瓜）＝
CDⅢ－CDc肝

甜α＋CDⅢ
（5．13）

WhereRMcDis a parameter ofCO2SenSitivity．The relationship between CDICLandPCilTIS

StrOnglyaffectedbytemperature，WhichaltersQEandtheCO2COmPenSationpoint（CDcMt｝）．At
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lowertemperatures，anelevatedCO2COnCentrationwouldhaveasmallfertilizationeffect，aS

Observedintundraspecies（TissueandOechel，1987）．CDcMPdiffersgreatlybetweenC3andC4

SPeCies：C4SPeCieshaveaverylowandconstantCDcMP（e．g．5ppmv），WhileC3SPeCieshave

higher and morevariable CDcMP．Brooks and Farquhar（1985）formulatedthe CDcMPOfC3

SPeCiesasafunctionoftemperature：

の甜＝の冊。ト∂1両－20）＋∂2画一20）2」 （5．14）

Where CDcMPOis the controIvalue at200C，and∂1and62are ParameterS Oftemperature

SenSitivity．Apparently，みC（CDICL）represents the stomatallimitation of water stress on

Photosynthesis，becauseCDICLISStrOnglyregulatedbystomatalconductance，Whichrespondsto

airhumidity．Ontheotherhand，Fbc（〟SLW）indicatesthenon－StOmatallimitationofwaterstress，

thatis，thedirecteffectofsoil－WateraVailabilityonphotosyntheticcapacity：

巧。（〟∫上肝）＝
〟∫上Ⅳ

見好∫Ⅳ＋〟∫上Ⅳ
（5．15）

WhereRMiwisaparameterforsoil－WateraVailability．Sincethecomponentsofsingle－leafgas

exchange，i．e．GS，CDIa，PC，andeg，Changeinteractively，aStationarystateisnumerically

foundbyiterativecalculationsofEqs．（5．5H5．9），（5．10a），（5．10b），（5．11H5．15）．

5．2．1．2．Ecosystem・SCaleprocesses

l．Photosynthesis

GPPistheultimate orlglnOfallorganiccar－bon，throughwhichatmosphericCO2is

fixedintodrymatter．Indeed，thescalingprocedureintermsofGPPisoneofthecharacteristics

OfSim－CYCLE，SuChthatGPPisestimatedbythedry－matterPrOductiontheoryestablishedby

MonsiandSaeki（1953）．Inourparameterization，itwasassumedthatenvironmentalfactors，

SuChastemperature，CO2，andwater，WereSimilaramongallleaves．MonsiandSaeki（1953）
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丘rstformulatedthedownwardattenuationofPdRirradianceduetomutualshadingofleavesin

acanopywithaccumulatingleafarea，aSfbllows：

PPFDが＝PPFDWeXp（一朗・以J伽） （5．16）

WherePP和TOPdenotesthephotosyntheticphotonfluxdensityatacanopytop・Itisapparent

thatPdRirradianceattenuatesexponentiallywiththebiome－SPeCiBccoe班cient朋，SuChthata

leafunderlyingthecumulativeleafareaindexUAltw）receiveslightequivalenttoPPFDLW・Ifa

SPhericaldistributionofleafinclinationisassumed，thenBAisafunctionofsolarheight‥

朗＝ 朋0 （5．17）

Where朋oisthevalueforverticalincidentradiation（biome－SPeCificvalue），andSFMDisthe

SOlarelevationatmidday．InSim－CYCLE，thesingle－Sidedleafareaindexん4Iisaprognostic

Variable，glVenbythefbllowlng：

上AJ＝0．5上江dI隼 （5．18）

WhereSLAis the specificleafarea・Based on the above assumptionwith respect tolight

attenuation，PPFDLVinEq．（5．5）canbesubstitutedwithEq・（5・16），andintegratefbrthetotal

leafareaindex（L叫，inordertoobtaintheinstantaneousGLm rate・

GP‰＝rPC此dJ

一驚hn（針鼠・開脚ト1m（針朋・mW）×eXp（一朗・叫］

（5．19）
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AccordingtoKuroiwa（1966），thediurnalchangein脚Dmpisapproximatedwellbya

Sine－SquareCurVeWiththepeakatmidday，aSfollows：

開脚＝開脚Sin2 （5．20）

Wheretistimesincesunrise，此isdaylength，andgPFDMDistheirradianceofPPFDTOPat

midday．AftersubstitutingmTnPWithEq．（5．20），Eq．（5．19）isintegratedfbrDLtoobtainthe

daily以粘4Y rate：

G吼－…：－＝r了f与川」仙

2gPC朋rα

属力

（5．21）

TheunitsisconvertedfromLAmOICO2m－2perdaytoMgCha－1perdaybymultiplyinga

unitconversionfactorc（＝4．32xlO，4）andthenumberofdaysinamonth．

2．Respiration

AlthoughautotrophicplantrespirationいR）isam可OrCO2fluxcomparabletoGPPand

NPPinmagnitude，OurabilitytomodelARisinsu班cient，eSPeCiallyatanecosystemscale・

However，Physiologicalstudies（e．g．Amthor，1989）suggest thatARis composed of two

COmPOnentSthathavedistinctfunctionalmeanings（i．e．fbrmaintenanceandfbrgrowth），and

thatdifferentplantorgansresplreatdifferentrates・ARiscalculatedasasumofsixrespiration

rates，thus：
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dR＝智此方）・智dRGg）
∬＝Org17〝　　　　　　　∫＝Org〟乃

（5・22）

WhereAR材denotesthemaintenancerespirationofthewholeplant，fbliage，Stem，androot，and

SimilarlyARGdenotesgrowthrespiration．AMisa伽nctionoftheamountofexistingcarbon

（肝）andtemperature（7℃）：

珊瑚榊昭匹－1中　（5・23）

WhereSAR材isthespecificrespirationrate，andrGisthetemperature（COntrOltemperature，

15Oc）．QTrepresentsthesensitivitytotemperaturechange．AtypicalvalueforQTis2．0，andit

rangesfroml．Oto3．0（Ryan，1991）fbrvariousbiomesandplantorgans．However，aSimplied

byPaembonanetal．（1992），YokotaandHagihara（1996），QTmayvaryseasonallyintemperate

andborealecosystemsthatexperiencealargetemperaturechangebetweensummerandwinter．

Basedontheir丘ndings，QTisformulatedasafunctionoftemperature：

er＝2．OexpL0．009（和一15）］ （5．24）

ThismodiBcationresultsinareducedsensitivityofAMathighertemperatures，but

Verylimited data are available to characterize biome speciBcity．Inforest ecosystems，the

maintenance respiration rate per unit biomass（SARM）for stem WPc and root W7hwould

decrease as passive woody tissues，Or heartwood，aCCumulate（Yokota et a1．，1994）．The

Size－dependenceofSARMcanbeapproximatedbyafunctionofstandingbiomass，glVenaS：

以㍍＝久寸鴎＋e棚4画一¢5）
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Where¢1tO¢5areParameterSforsize－dependence．Ontheotherhand，ARGisnotanexplicit

functionofenvironmentalfactorsbutofplantgrowthrate，becauseARGrepresentsthecostto

PrOducenewbiomass（Amthor，1989）．Thus，ARGiscalculatedonlywhenbiomasshasanet

gain（i．e．AW＞0），aSfbllows：

d月Gg＝朗RGgAW㌔≡朗RGg
P㌔

1＋朗RGg
（5．26）

WhereSARGisthespecificgrowthrespirationrate（foliagehasahighervaluethanstemorroot）

andPTisthephotosynthatetranslocationtoeachorgan（cf・Eq．（5．33））・Consequently，ARGis

indirectlyregulatedbyenvironmentalfactors，viatheGPPandAMrates．

3．Decomposition

Soilorganiccarbonwasdividedintotwocompartments，becausethedecompositionrate

differsgreatlybetweenthem．Thelabilepartoflitter（InL）circulatesonceeveryfewmonthsor

years，While the passive partin mineral soil（TWSH）lingersfor decades or centuries・

Heterotrophicsoilrespiration（〃尺）iscomposedoftwoconstituentsfromeachcompartment：

月尺＝〃尺上＋月尺〃

Both吼andLtFHareaffectedbytemperatureandsoilmoistureconditions：

（5．27）

腰上＝湖上・階上・鞍上桓1。い気（〟∫肝）　（5・28a）

閻〃＝以北〟・耶〃・鞍上恒200）・転（〟∫上Ⅳ）（5・28b）
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WhereSだ尺乙andSHRHarethespecificrespirationratesandn批andFhtuarethecoe抗cient

functions fbr temperature and soi1－mOisture conditions，reSPeCtively．For temperature

dependence，aneXpOnentialfunctionsimilartoEq．（5．23）hasbeenfrequentlyused，butLloyd

andTaylor（1994）showedthatitis notthebestmodel，andthey altemativelyproposed an

Arrhenius－tyPemOdel：

㌔（吋＝eXp［308・56（嘉一 乃＋46．02）］　（5・29）

Where7苫issoiltemperature（7苫10forTWyLand7苫200fbr略）．Eq．（5．29）resultedinalower

responsivenessathighertemperaturesthandoestheexponentialequation（I．loydandTaylor，

1994）．Althoughthisprocessdoesnotexplicitlyincludetheeffectofsoilfreezing，itwouldhave

anegligible effectonHR estimation．Thecoe疏cientfunctionwithrespectto soilmoisture

FtmP4S）istheminimumoftwocontrastingcomponents：

転（〟∫）＝min巨億（勒巾‰（以》 （5．30）

Ftm（fm）representsthe effect ofsoilmoisture onmicrobialactivity，WhileFtm担E）

representstheefEectofsoilairspace（i．e．aerobicoranaerobicconditions）：

石川（附）＝附。＋

塩，（d可＝dE。＋

購仲野C

麒材阻＋〟∫／冊C

〟∫仲野C

甜舶＋〟∫／冊C

（5．31a）

（5．31b）

Where昭oand AEoare minimum values of，RMvmand R％are parameters related to

responsiveness，and仲野Ciswater－holdingcapacity．Insum，alargerMSincreasesImunder

dryconditions，WhereasalargerMSreducesHRnearthewater－Saturationpoint．
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4．Litterfall

Intheequilibriumstate，theamountofannualLFmustbeidenticaltoannualNPP，SO

Plantbiomassbecomes stable・However，the sheddingofdeadbiomassis one ofthe most

di疏cultprocessesfbrmechanisticmodelstosimulate・Consequently，aCOnStantmOrtalityor

turnoverrateirrespectiveofenvironmentalconditionsisassumedfbrevergreenbiomes：

上ダニ葱晒）
（5．32）

WhereSLFisthespecinclitter－fallrate，OrmOrtality・Ingrasslands，Plantsshedmostoftheir

Shoots（吼and呪）duringthewinter（C3，7G＞50C；C4，TG＞80C）orthedryseason（〟S

＞0．1ⅩfyHC），Whiletherootshaveaconstantmortality．

5．Photosynthatetranslocation

Althoughamechanisticmodelofphotosynthateallocation（P乃isfarfromsu疏cient，

thedry－matterPrOductiontheoryprovideskeysfbraddressingtheproblem．First，Monsi（1960）

Createdaschematicdiagramofplantgrowth，fromCO2aSSimilationtobiomassincrementation・

Thisschemesuggeststhatassimilatedcarbonshouldbepartitionedamongplantorgans，after

Subtractingthemaintenancecostoftheorgans64RM）：

EP＝GPP－A凡財＝葱㌔）　（5・33）

WhereEPiseffectivephotosynthatefbrgrowth．IfEPisnegative，tranSlocationandvegetative

growthcannotbeexpected．Accordingly，aPOSitiveEPispartitionedamong椚㌔，Wc，and

WPR，SuChthatthe銭Ⅹedcarbonisutilizedbytheplantsmostprofitablytosurvive・Second，
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Kuroiwa（1966）derived the optimalleafareaindex UAIbpT）to maximize daily net carbon

uptakefromthedailyGPPestimateusingEq．（5．21），aSfbllows：

朋・（好・朗月腫

・α／（PC朋r－pCSr）－1

WhereDCSTisthedailycostofmaintalnlngaunitamountoffoliage：

pC∫r＝
匝R材∫＋嵐㌫（1＋朗月Gr）］

2ぶZd

（5．34）

（5．35）

WhenthecommunityLAIisidenticaltotheん41m，almostallleaves，eVenthoseatthe

bottomofthecanopy，mayPerformasacarbonsource・Inotherwords，thismodelprohibitsthe

existenceofheterotrophicleaves．Manyempiricalstudiessupportshootindependenceinterms

Ofcarboneconomy；therefore，thetheoreticalpredictionofLAIoET Willbeavalidindicatorof

CarbonallocationtoWPF．Thus，ifEPispositive，Photosynthateisallocatedfirstto肝FSOthat

ん4IbecomesclosetoLAIopT．Notethattoavoidovershooting，aneXCeSSiveamountofcarbon

Should not be allocated to帆，and that the LAloHCan be enlarged by stimulating the

Photosyntheticproperties，i．e．（狩andPCklT．Residualcarbonisallocatedto肝cand吼With

aconstantratio，lnOrdertorealizethebiome－SPeCificgrowthfbrm；WOOdybiomesinvesta

COnSiderablefractiontostemWc，Whileinherbaceousbiomesmostlyisallocatedtoroot晰粘．

5．2．2．Soilthermalpro茄le

Whenthesoilwaterwasffeezlng，thedeclineoftherateofthermalchangeinduced

bythelatentheat（334．7Jg．1），andthechangesofthespecificheatandthermalconductivity

inducedbythephasechangeofsoilwatervarytheheattransferinthesoillayer・Especiallyat

thetemperatureofnearOOc，theformeraffectsstrongly・Theverticalthermalprofileoffrozen
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SoiliscalculatedbychangingthespeciBcheatatthetemperatureofnearOOc（Fukudaetal・，

1980；Fig．5．4）．

Theheatconductionequationsinthefrozenandunfrozensoillayeraredescribedas

follows：

△乃／AJ＝足′／C′β・△27苫／疋2

△乃／Af＝足〟／C〟β・△2m／疋2

Where7苫isthesoiltemperature（Oc），Zisthedepth（m），qp，andCuparethespecificheatof

frozenandunffozensoil（Jm．3K．1），均andRLarethethermalconductivitiesoffrozenand

unfrozensoil（Wm－lK－1）．Thelatentheatgenerationinducedbysoilwaterfreezingreflectson

increaslng the specific heat near thefreezlngpOint，and the heat conductivity equationis

rewrittenasfollows；

△乃／血＝吼／匝・エ寸V2（C〟β＋C〟β汁△27苫／疋2　（5．37）

whereMSisthevolumetricsoilwatercontent（m3m．3），Listhelatentheatoffreezingand

thawing（344．7Jg．1）．

ThethreeheatconductionequationsdescribedabovearesoIvedbytheboundarycondition，

initialconditionandthe“PureImplicit”－tyPedifferenceequationasfollows（Fig・5・4）：

r（p＋1，〃）＝β（r（p＋1，…1）＋r（ク＋1，〝－1ト2壷＋1，乃））＋r（p，〃）（5．38）

β＝d・Aイ（血）2
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whereAis：

（5．39）

（T＜＝－1）　　　（5・40a）



軋／匝・hV2tc〟β・C′β））（一1く＝T＜0）（5・40b）

足〟／C′β　　　　　　　　（0＜＝T）　　（5・40C）

Where7伽，n）isthetemperatureatthetimeofAt（SeC）xpandthelocationof血xn（m）・The

boundaryconditionisglVenforthetopandbottomsoillayertemperature，andthecalculationis

repeatedtobeatasteadystate．

5．2．2．1．Themalparameter

l．Specificheat

ThevolumetricspecificheatCofsoilisdefinedasasumofthespecificheatofallsoil

COmPOnentS・

C＝C別れ＋Cwβ＋C。¢〟＋C。少。 （5．41）

whereCisthevolumetricspeciBcheat（Jm■3K－1），Oisthevolumetricsoilwatercontent

（cm3cm．3），¢isvolumetricfractionofeachphase，Subscriptsm，W，a，andoindicatemineralsoil，

Water，air，andorganicmatter，reSPeCtively．C。isverysmall，andC。issimilartoCn．SotheC

COuldbesimplifiedasfollows：

C＝C椚恒¢′トcwβ （5．42）

Where命istheporosity，cmisadoptedfor2・01，andCwisadoptedfbr4・18（Water）andl・88（ice）

（deVries，1963）．

2．Thermalconductivity

ThethermalconductivityofsoilKdependsonthesoliddenslty，WaterCOntent，quartZ

density and organic matter content．Their qualitative relationship was examinedin many
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experimentalstudies．However，thereisnouniversalequationtoapplyforvarioussoiltextures．

ThisstudyadoptedtheexperimentalequationderivedbyKersten（1963）：

－fbrunfrozensandysoil：

麒〟＝0．1442（0．7・log桓）＋0．4）・100・6243・仇

－forfrozensandysoil：

（5・43a）

麒／＝0・01096・100・8116・β∫＋0・00461・か100・9115・β∫　　（5・43b）

whereAisthebulkdensityofsoil（Mgm－3）．

5．2．3．Ⅵbterbudget

Thewatercycleinterrestrialecosystemsissimulatedbyasubscheme（Fig．5・1）simply．

Thewaterstorageis dividedintothreecompartments，uPperlayer仰up，fromOto30cm

depth），lowerlayern4SL叫from30cmtorootingdepth），andsnowaccumulation仰朗）．For

eachwatercompartment，netbalanceofwatercontent（A）duringagivenperiodisrepresented

asfbllows：

△購岬＝且軋〃・rW－匝r・rR岬上郡

此れ三戸Ⅳ－rRw一月0

血弘は＝用∫仰W－rW

WhereMSisthesoilwatercontent（mm），SMistheamountofsnowcover（mm），PRrainhnow

aretherainfallandsnowfall（mm），TWisthawingsnow（mm），EVandmareevaporationand

transpiration（mm），PⅣisthepenetrationfromupperstoragetolowerstorage（mm），ROisthe

runoff（mm），Subscript呼andlwindicate the upper andlower storage，reSPeCtively．The

CalculationsofeachwaterbudgetcomponentareexplainedinthefbllowlngSubsections．
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5．2．3．1．RainJh）1，SnOWandthawing

TheamountsoftherainfallandsnowfallinthetotalprecIPltationareestimatedinthe

followlngequation：

ア尺r。加＝乃トP尺ぶ〃。W

珊瑚＝用／（1＋eXp（0．75・m－2．0））

wheremisthetotalprecipitation（mm），uisairtemperatureataheightof2・Om（Oc）・The

SnOWthawlnglSeStimatedasafunctionofthesoiltemperatureasfbllows：

r肝＝ぶ旭／（1＋eXp（－0．375・Ⅳ））

where7Gisthesoilsurfacetemperature（Oc）．

（5．49）

5．2．3．2．Evaporationandtranspiration

TheS－Wmodelalsousesanelectricalanalogytotreatverticalwatervapormovementin

the SPAC circulation（Fig．5．5），Similar to the P－M model・The S－W modelcombines a

One－dimensionalmodelofcroptranspirationandaone－dimensionalmodelofsoilevaporation・

Surface resistances regulate the heat and mass transfer at the plant and soilsurfaces，and

aerodynamicresistancesregulatethosebetweenthe surfaces andthe atmosphericboundary

layer．

んEr＝＝Ar＋ス且＝AC。㌔＋AC∫且。 （5．50）

where人ETisthesumofthelatentheatfluxfromthecrop（A7）andsoil（AE）（Wm．2），A㍍and

A駄aretermssimilartothoseinthePenman－Monteithmodel（Montieth，1965）thatwouldapply

totranspirationfromthecanopyandevaporationfromthesoil，reSPeCtively・ccandCsarethe
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CanOPy reSistance coefEicient and soilsurface resistance coe班cient，reSPeCtively・They are

obtainedasfbllows：

Å㌔

Ag。

A尺＋（〆クか一△㌔。月∫ノ耽。＋㌔。ノ

A＋γ（1＋㌦〃㌦十㌔。力

A尺＋（〆クか－△㌔∫四一月∫JJ／仇。＋㌔∫ノ

A＋γ（1＋㌦〝㌦＋㌔∫力

C。＝

1＋β。β。底値。＋β。ノ

C∫＝

1＋βJ㌔／和底＋β。ノ

β。＝仏＋沖㌦

β。＝仏＋再㌔。＋γ㌔。

β∫＝仏＋再㌔∫＋m∫

（5．51）

（5．52）

（5．53）

（5．54）

Where rscis the canopy resistance，and r。Cis the aerodynamic resistance ofthe canopy to

in－CanOPyflow，andrssisthesoilsurfaceresistance．r。andr。Sareeddydiffusionresistances

fromthereferenceheighttoin－CanOPyheatexchangeplaneheightandfromtheretothesoil

Surface，reSPeCtively・RandRsaretheactiveradiationatthetopofthecanopyandthesoil

Surface，reSPeCtively，andaredefinedasfollows：

月＝月〝－G

R∫三月〝∫－G

whereRnandRnsarenetradiationfluxesintothecompletecanopyandthesubstrate（Wm．2），

respectively，andGissoilheatflux（Wm－2）．

122



TheradiationreachingthesoilsurfacecanbecalculatedusingBeer’slawasfbllows（e・g・

Ross，1981）．

月那＝凡expLCuJ） （5．60）

WhereCistheextinctioncoefficientoflightattenuation，forwhichO．7wasadopted（Monteith，

1973）．

1．Stomatalandleafboundaryresistances

The canopy resistance rsc，and the aerodynamic resistance r。C are defined as values

dividing the bulkstomatalresistancersちand the mean boundarylayer resistance rb，Ofthe

CanOPy，reSPeCtively，bythesumoftheabaxialandadaxialleafareas．

㌔。＝㌔ノ2ん〟

㌔。＝㌔／2ん47

Wherers，WaStakenasaninversenumberofstomatalconductanceGS．rbWaStakenasatypical

valueof25sm．1（Denmead，1976；Uc叫ima，1976）．

2．SoilSurfaceResistance

The soilsurface resistance，rSS，is the resistance to water vapor movement from the

interiortothesurfaceofthesoil，andwascalculatedusingKondo’smodel（KondoetaL，1990）・

′・、、＝F（頼軋

可β）＝旦（βぶ。f一昨

whereOisthevolumetricsoilwatercontent（cm3cm－3），nisthesoilsurfacetemperature（K）．

F（e）is the watervapor diffusion distance（m）as afunction of Ointroducedby Kondo et

123



al・（1990）that developed the simple model of evaporationfrom the bare soil surfacein

laboratoryexperiments．Inloamysoil，Flis2．16×102（m）andF2islO．0．色。tisthesaturated

volumetricsoilwatercontent，andwastakenasO・54m3m－30ftheMatCry－gelicsoilvalueat

theexperimentalsite（Caoetal・，1998）．Themolecularvapordiffusivityformovementfromthe

interiortothesurfaceofthesoil，D。tmhasbeengivenbyCamilloetal．（1983）

q加＝β。（圭／273．16）1・75 （5．65）

whereD。＝0．229×10‾4（m2S－1）isthediffusivityofwatervaporinsoilairatthestandardstate；

（Camilloetal・，1983）．

3．EddyDiffusionResistance

The aerodynamic resistance of the mean canopyflow，r。。，and the aerodynamiC

resistanceofthesoilsurfacetoin－CanOPyflow，r。S，Were Calculatedfromtheverticalwind

PrO丘leatthefieldandtheeddydiffusioncoe疏cient．Inthispaper，theschemeisreferredtoas

ShuttleworthandGurney（1990）．This empirically andsimply simulatesthemoreimportant

resultsofasecond－Orderclosuretheoryofin－CanOPyturbulenceand，fbrthisreason，isarguably

SuPeriortotheearliersubmodelinShuttleworthandWallace（1985），inbothdiagnosticand

Predictiveapplicationsofitstheory．Abovethecanopyheight，theeddydiffusioncoefGcient，Rl

isglVenby

g三枚（Z－d）

Whereu＊，fbrneutralatmosphericstability，isglVenaSfollows：

〟＊＝血／1m［（Z一細Z。］
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Whereuisthewindspeedatthereferenceheightz．d，Zoisthezeroplanedisplacementandthe

roughnesslength（m），andaregivenbytherelationalexpressionasafixedfractionofcrop

heighthaspresentedbyMonteith（1973）：

d＝0．63ゐ

Zo＝0・13ゐ

Beneath the canopy height，the exponentialdecrease ofthe eddy diffusion coe班cient，Rl

throughthecanopy，isgivenasfollows：

g＝gヵeXpト舟－Z／相 （5．70）

Where RLis the eddy diffusion coefBcient at the top of canopy，and nis the extinction

COefncientoftheeddydiffusion，Chosenasatypicalvalueforcrops（Wheat，rice，Cloverand

COrn），2．5（Monteith，1973）．RLisdeterminedasfollows：

吼＝加減－d） （5．71）

r。Sandr。。areaSSumedasintegrationsofEqs．（5．66）and（5．70），reSpeCtively，OVerthe

heightrangesOto¢0＋d）and¢0＋d）toz；thus

㌔∫＝
如Ⅹp（〃）

乃ぷん

［exp（－乃Z。ソゐトexp［■（Z。＋d）／相 （5．72）

㌔亮［ln（瑚・急転伸一（zo＋d）／胴（5・73）

Wherezo’＝0．01m（vanBavelandHillel，1976）istheroughnesslengthofthesubstrate．
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5．2．3．3．RunoⅣamdIm航Itration

Twobucketsaresettledforrunoffandinmtrationcalculations（Fig．5・6）．Theoverflow

fromtheupperbucketcomesintothelowerbucketasaninfiltration．Theoverflowfromthe

lowerbucketoutflowsfromtheecosystemasarunoff．Inanewbucketmodel（Kondo，1993），

thesoilwatercontentMS，theinflowwaterintothegroundRI，andtherunoffROareexpressed

inthefbllowlngequations．

（a）intheupperbucket

A郁岬王座岬m一肌訂ta血区岬） （5．74）

WhereMS岬桝。Xis the maximumwater storage（mm），andMSpis the water storagein the

Previoustimestep（mm）・X；andtanh‰）aredescribedasfollows：

ズ岬三郎／匝叩一肌呼）

〃＝用r。加・rⅣ一匝γ・m岬）

tan巾岬）＝恒exp（－2X岬肋・eXP（－2X岬））（5・77）

Fromtheseequationsabove，thepenetrationfromtheupperbuckettothelowerbucket

misdefinedasfbllows：

PⅣ＝〃－A肱S岬　　　（PⅣ＞0）

AMSIw＝04SIwmax－MSEw）・tanh（XLw）
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（b）inthelowerbucket

（5．78）

（5．79）



WhereMSIwn。Xisthemaximumwaterstorage（mm），MSzwisthewaterstorageintheprevious

timestep（mm）．考wisdescribedasfollows：

ズ′W＝PⅣ／（服㌦。aX一服㌦）

follows：

（5．80）

From these equations above，the runofffrom thelower bucketROis defined as

月0＝PⅣ－A碓㌦ 岬0＞0）　　　（5．81）

Inthefrozensoil，themoisturemovementinducedbyunfrOzensoilwatershouldbetakeninto

account．However，itshydraulicconductivityisasverysmallasintheorderoflO」主（ms－1）at

thetemperatureofOOc，intheorderoflO．13（ms．1）atthetemperatureof－lOcandextremely

Smalleratthelowertemperature．Consequently，themoisturemovementinthefrozensoilis

assumedtobenegligibleinthisstudy．

5．3．Modelexperimentdesigns

Threemodelexperimentsweremadeinthisstudy：aSteadystatesimulation，atranSient

Simulationandasensitivityanalysis．Allexperimentsusedthemonthlyclimatedatameasured

at the meteorologicalobservation filed ofthe Haibeistation，the Chinese Academy ofthe

Sciences fbr twenty yearsfrom1981to2000as theinput climate data，and adopted the

ecophysiologicalparameters（Fig．5．3，Table5．1）equippedasaTibetanmeadowecosystem（No．

20biome）intheSim－CYCLE．

Inasteadystatesimulation，Calculationislaunchedfromthejuvenilestage，Whereinitial

carboncontentisO・1MgCha－1foreachcompartment，andrepeatedforasu班Cientlylong

Periodtoattaintheequilibriumstateunderastationaryenvironmentalconditionuslng20years

averagedmonthlyclimateconditionfor1981－2000（Fig．5．7）．Annual〃EPisusedasthecriteria

todeterminewhethertheecosystemcarbondynamicsissufBcientlyequilibrated（i．e．climax
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stage）：肥P＜0．0001MgCha，1yr．1．Theresultingequilibratedcarbondynamicswascompared

toobservedvaluesforexaminationofthemodelestimationaccuracy．

Inatransientsimulation，Calculationisstartedfromanequilibriumstate，Whereannual

肥PislessthanO・0001MgCha－1yr－1afterthesteadystatesimulation・Thecarbondynamics

WaSSimulatedfbr1981－2000uslngthe20yearstransientmonthlyclimatedata，andcompared

Withtheclimateperturbationsandglobalclimaticevents，e．g．VOIcaniceruptionsandENSO．

In a sensitivity analysis，Calculationisalso startedfromthe equilibrium statewhere

annual〃EPislessthanO・0001MgCha－1yr－1afterthesteadystatesimulation・Thecarbon

dynamicswassimulatedfortheequilibriumstateuslngthe20yearsaveragedmonthlyclimate

dataincluding the prescribed climate shifts，e・g・±100cin air temperature，±50％in

precIPltationand200－1000ppminCO2concentration．

5．4．Results

5．4．1．Steadystateexperiment

Inthesteadystateexperimentuslng20years，1981－2000，aVeragedmonthlyclimatedata，

1003years are necessary to equilibrate the annual〃EP・Figure5・8shows the growth of

ecosystemcarbonfluxesandstoragesforthefirst200years．GPP，ARandlWincreasedinthe

beginnlngOfcalculationsrapidly，andwerere－equilibratedinthe50years．Ontheotherhand，

the月Rincreased slowly，and〟EP（耳〃PPm）decreased slowly toward zero・The plant

biomassI埠L。ntandLAI，gaSeXChangeareainthephotosynthesis，increasedinthebeginnlngOf

Calculations rapidly，andwere re－equilibratedin the50years．The soilmicrobes andlitter

biomassWl。il，determinedbytheinputofplantlitterfall，increasedslowly．

The annual carbonfluxes，equilibrated by Sim－CYCLE，Were COmPared with the

ObservedandestimatedvaluesaroundtheHaibeistationderivedfromtheliteratures（Fig．5．9；

Table．5．2）．AlthoughtheGPPsarel．5timeslargerthantheobservedvalues（Sim－CYCLE，

847．8；Observation，575．1－527．4），theotherfluxesareasmuchastheobservedvalues岬；

Sim－CYCLE，427．8；Observation，124．2－823．0；SR；Sim－CYCLE，602．3；Observation，

578．0－2721．0）．
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Intheseasonalchangesofthecarbonfluxes，theGPP，ARand〟PParepositivefrom

MaytoSeptember，andzeroduringothermonths（Fig．5．10）．TheImispositivefromMayto

November，andzeroduringothermonths（Fig．5．10）．The〟EPreachedmaximumstateinJuly

andAugust，anddecreasedtobenegativeinOctober．Intheseasonalchangesofthecarbon

StOrageS，theleaf，andstembiomassandLAIarepositivefromMaytoSeptember（Fig．5．11）．

TherootbiomassincreasesfromMaytoOctobergradually，andthelitterbiomassincreases

rapidlyinOctoberinducedbytheplantlitterfall．Themineralsoilbiomassdoesnotchange

duringwholeyear．

ThesoilthermalprofilesshowagoodagreementwiththemeasureddataexceptforJune

andJuly（Fig・5・12）．Thesoilfreezingdepthsarealsoestimatedsuccessfully．Theheatbudgets

areshowninFig．5．13．TheRnreacheditsmaximuminJuneandtheGreacheditsmaximumin

Apri1andminimuminNovember．TheHreacheditsmaximuminMayandtheAEreached

maximuminJuly．ThewaterbudgetsareshowninFig．5．14．Themreacheditsmaximum

StatuSinsummer（JulyandAugust），WhentheLAIreachedthemaxiTumStatuS（Fig・5・11）・The

EVwaslargeinspring（AprilandMay）andtheendofautumn（October），WhentheLAIwaslow

（Fig．5．11）．TheROexistedduringthegrowingseason．TheTWreacheditsmaximuminthe

SPring（April）・TheSWC岬StartedtoincreasefromMayandreacheditsmaximuminSeptember，

andtheSW7CIwdidnotchangeslgnificantly．

5．4．2．Transientexperiment

Inthetransientstateexperimentuslngthe20years，tranSientclimatedata，theaveraged

annual carbonfluxes were similar to the observed and estimated values around the Haibei

Stationderivedfromtheliteratures（Table5．2）．AbovegroundNPPswereslightlylargerthanthe

Observedvaluesfor1981－1993（Fig．5．16）．

In theinterannualchanges ofthe carbonfluxes and storages（Fig．5．16），the GPPs

rangedfrom7．66to9．11，theARsfrom3．95to4．64，the〃PPsfrom3．71to4．47，theImsfrom

3・61to4・41andthe肥PsfromJ．65to＋0．65（MgCha‾2yr－1）．TheI埠Z。n，rangedfrom6．63to
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6．75．The耽。ilreaChedamaximumof207．25（MgCha－2）in1984anddecreasedto205．82（Mg

Cha－2）in2000（Table5．3）．

Inthecomparisonsoftheclimateandcarbonfluxanomalies，thevariationfromtheir20

years averaged values（Fig．5．17；Table5．4），the GPP，AR，〃PP，〃EP anomalies are

SynChronizedwitheachother．TheGPPandNEPanomaliesrangedin±0．76and±0．68MgC

ha－2，reSPeCtively・TheImanomalychangedalongwiththesurfacetemperaturevariations・

Carbonfluxanomaliesplottedagainsttheclimate（annualaveragetemperature，annual

PreCipitationandannualaveragedsolarradiation）anomaliesareshowninFigs・5・18，19，and20・

TheincrementofannualaveragedtemperatureincreasedAGPP，A4RandAⅣPPslightly，but

increased Amlargelywith relatively higher determinant coefficient，and decreased the

resultingAⅣEP（Fig．5・18）．Theincrementofannualprecipitationandannualaveragedsolar

radiationincreasedordecreasedthecarbonfluxessoslightlywithrelativelylowerdeterminant

COefGcient（Figs．5．19and5．20）．

Figure5．22Shows the seasonal changesin the slope of regressionlines between

temperature，PreCipitation，SOlar radiation and carbonflux anomalies．Theincrement of

temperatureinJunetoAugustincreasedtheHRanddecreasedthe〟EP，andtheincrementof

temperatureinSeptemberincreasedtheGPP，ARand〃PP．Thefluctuationsofprecipitation

Seemednottoaffectthecarbonfluxes．TheincrementofsolarradiationfromJunetoAugust

increasedtheGPP，ARand〟PP．

5．4．3．ModelsensitivityanaIysis

Inthemodelsensitivityanalysis，thetimecoursesofcarbonfluxesandstoragevariation，

Calculateduslng20yearsaveragedclimatedatawiththeincrementoftemperatureof50C，SOlar

radiationoflO％andprecipitationof30％andtheCO2concentrationof700ppm，WereShown

inFigs．5．23and5．24．Theseresultsshowthepotentialresponsesofthecarbondynamicsto

Climatechanges．TheGPP，ARandNPPincreasedrapidlyinthebeginnlngOftheexperiment，

andwereequilibratedafter20yearselapsed．Incontrast，TheImincreasedslowly，andthe〃EP

decreased slowly toward zero・The plant biomassI略L。ntincreasedin the beginnlng Of
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Calculations rapidly，andwere re－equilibratedin the20years．The soilmicrobes andlitter

biomass昭。ilincreasedslowly．

Next，theequilibratedcarbon，Waterandheatfluxesandstoragescalculateduslng20

yearsaveragedclimatedatawiththetemperaturedataof±100C，thesolarradiationdataof±

30％andtheprecipitationdataof±50％andtheCO2concentrationdataof200－1000ppm

respectively，WerePlottedagainsttheprescribedclimatefluctuationsinFig．5．25and5．26．The

incrementoftemperaturebythe50cincreasedthecarbonfluxesandstorageslargerthanthe

PreSentValues，andtheincrementover7・50cdecreasedthemreversely・Themagnitudeof

Photosynthesis（GPP）links to the magnitude of the transpiration（m）．Theincrement of

temperaturebythe30cincreasedthelatentheatfluxlargerthanthepresentvalues，andthe

increment over50c did notincrease them moreover．Theincrement of solar radiation and

PreCipitationdidnotafftctthecarbondynamiCslargely．Theincrementofsolarradiationleads

toincrease the m and decrease the soil water content significantly．The decrescent of

PreCipitationleads to decrease the soilwater content significantly．Theincrement of CO2

COnCentration by the700ppmincreased the carbonfluxes and storages，but that at the

COnCentrationoflOOOppmdidnotchangethecarbondynamicsslgnificantly．

5．5．Discussion

5．5．1．Modelaccuracy

Inthevalidationofthe simulatedannualcarbondynamics（Fig．5．9；Table5．2），the

modelestimatedvaluescoincidedwiththeobservedvalues，andthisconfirmsthe successful

modelsimulation．

Intheseasonalchanges，theGPPandRe64R＋月だ）coincidedwiththemeasureddataby

theeddycovariancemethodin2002（Fig．5．10；Table4．2）．But，theNEPdidnotsynchromized

inthemaximumandminimumtimingswiththemeasureddata．However，itisnotenoughto

judge whether this results are reasonable or not from the currentlimited measurement．

Furthermoremulti－yeardataacqulSltlOnSOftheCO2eXChangesarethereforerequired．
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In the transient state experiment（Fig．5．16），the simulated aboveground〃PPswere

slightlylargerthantheobservedvaluesfor1981－1993（RMSE＝0．089MgCha．2；Fig．5．15）．

Becausetheobservedvaluesmaycontainthesamplingerror，theserelativelyhighagreements

COn蝕mthehighmodelaccuracy．

5．5．2．The Relationship between climate perturbations and ecosystem CO2

exchanges

Theincrementoftemperatureincreasedthe月尺，anddecreasedthe〃EPreverselyinthe

transientstateexperiment．Thiswascausedbythemicrobialdecompositionrateincreaslngln

themineralsoilandlitterbiomass．Ontheotherhand，therewasnoclearrelationshipbetween

theprecipitationfluctuationsandcarbonfluxes．Thisindicatedthatthewaterisnotalimiting

factorinthisecosysteminthecontrasttootherrelativelydrygrassland，e．g．StePPeS，SaVannaS．

Therewasalsonoclearrelationshipbetweenthesolarradiationfluctuationsandcarbonfluxes．

This may be caused by the seasonality ofplant response to solar radiationincrement；the

incrementofsolarradiationonlyfromJunetoAngustincreasedtheGPP，ARand〃PP（Fig．

5・22）．

TheglObalclimate events affectedthe ecosystemcarbon dynamics．Mt．EIChichon

eruptionin19821eadtolowertemperatureandthedecrementsofGPPandRe64R＋闇）inthe

nextyear1983．TheE〃ざ0（封一mnOandSouthernOscillation）eventin1997winterto1998

SummerleadtohighertemperatureandtheincrementsofGPPandRe64R＋Im）in1998・Thus，

theincrementsoftemperatureincreasedtheecosystemcarbonfluxes．Incontrast，Mt．mnatsubo

eruptionin19911eadtolowertemperatureandtheincrementsofGPPandReいR＋Im）inthe

nextyear1992．Thisincrementmay be causedby theincrements ofsolarradiationinthe

SummerOf1998（Figs．5．21and5．22）．Theanomaliesinthe〃EPsdidnotsynchronizewith

thoseinaglobalscaleaspresentedbyItoandOikawa（2000a）．Resultingly，thelWstendedto

be negative and the昭。ildecreased gradually fbr20years period．Howeverit cannot be

COnCludedthatstudysitewasasourceofatmosphericCO2，becausethetransientcalculationin

thecarbondynamicsstartedfromtheneutralcondition（i．e．〟EP－0）andhavethepossibilityto
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balance out thelong－term effects on ecosystemcarbon uptake by globalwarmlng and CO2

fertilization．

5．5．3．The potentialI℃SPOnSe Of the ecosystem CO2exchanges against global

Warmlng

ThemodelsensitivityanalysisshowedthattheGPP，AR，〟PPand W；l。n，reSPOnded

quicklyandtheHRand昭。ilreSPOndedveryslowlyagainsttheclimatechange．Consequently，

the〟EPwaspositiveinthebeginnlngOfthemodelsimulation．Thesemayindicatethatthe

long－term globalwarmlng Willincrease the ecosystem carbon uptake，and now the alpine

meadowecosystemsmaybeinthissituation．

Theincrementsoftemperatureby50cincreasedtheGPPandthatover7・50cdecreased

theGPP（Fig．5．25）．ZhangandWelker（1996）showedthatwhilethepeakcommunitybiomass

Showed no slgniBcant change，the duration ofpeakbiomass was extendedin the warmlng

experimentby50cofairtemperatureattheHaibeialpinemeadow・Thus，thewarmlngby50C

advancestheecosystemphotosyntheticactivityandincreasesthedurationofgrowlngSeaSOn，

andthus，theGPP・But，thewarmlngOVer7・50cmaygobeyondtheoptlmumtemPeratureOf

PhotosynthesisanddecreasetheGPP．Inthisextremewarmlng，thisecosystemmayshiftto

anotherbiometypethatcansurvivethenewclimate．

TheincrementsofCO2COnCentrationby700ppmincreasedtheGPP，butthatatthe

COnCentrationoflOOOppmcarbondynamicsshowednosignificantchange（Fig．5・25）・One

POSSibilityisthatsuchhighCO2concentrationaslOOOppminducedthestomatalconductance．
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Table5・1・Site－SPeCificparametersusedinSim－CYCI．ErunnlngattheHaibeistudysite．

Parameter Value Unit Ex lanation Remarks

albcv O．2

alloc－aSSV O．22

alloc＿abgv O．05

Slav　　　　　240．O

eKOv O．7

1uev O．06

pmaxv　　　20

toptOv　　18

tminv　　　　－l

tmaxv　　　　40

gs＿bOv lO

gs＿blv　　170000

gs＿b2v　　4．8

km＿nStlv O．32

kmciv　　　　40

CmPCdv

rgか

rgCV

rgrV
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Table5．4．ClimateandcarbonfluxesannualanomaliesintheHaibeialpinemeadow．

Year　∠4㌔〟r APR AgI用　　　dGPP A4月　　　　AⅣPP Aだ尺　　　AⅣEP

Oc mm

1981　　　－0．43　　　－61．32

1982　　　　－0．41　－105．62

1983　　　　－0．98　　　－31．52

1984　　　　－0．72　　　－75．02

1985　　　　－0．23　　263．18

1986　　　　－0．18　　112．88

1987　　　　0．47　　　57．98

1988　　　　0．43　　211．78

1989　　　　0．38　　289．08

1990　　　　0．44　　－39．62

1991　　　－0．47　　－136．02

1992　　　　－0．82　　　1．38

1993　　　　0．04　　　－53．72

1994　　　　0．85　　　－39．02

1995　　　　－0．16　　　－8．42

1996　　　　－0．60　　　－55．92

1997　　　　0．12　　　－97．32

1998　　　　0．92　　　－19．92

1999　　　　0．83　　－153．62

2000　　　　0．51　　－59．22

Wm－2　　MgC
ba‾1

0．36　　　－0．30

1．75　　　　0．35

1．73　　　－0．29

0．97　　　－0．28

0．36　　　－0．69

0．39　　　　0．02

－1．15　　　－0．16

－2．27　　　－0．18

－1．27　　　－0．23

4．75　　　　0．36

23．34　　　－0．41

44．96　　　　0．12

49．65　　　－0．07

39．02　　　－0．55

39．02　　　　0．76

－16．86　　　　0．50

－47．27　　　－0．72

－37．51　　　0．46

－35．36　　　　0．69

－37．07　　　　0．59

MgC MgC MgC MgC
ha‾l ha‾l ha‾l ha－1

－0．14　　　－0．17　　　　0．09　　　－0．25

0．16　　　　0．19　　　－0．49　　　　0．68

－0．16　　　－0．12　　　－0．30　　　　0．17

－0．16　　　－0．11　　　－0．13　　　　0．01

－0．34　　　－0．35　　　　0．12　　　－0．47

－0．01　　　0．03　　　－0．17　　　　0．20

－0．07　　　－0．08　　　　0．02　　　－0．10

－0．08　　　－0．10　　　－0．09　　　－0．01

－0．10　　　－0．12　　　　0．03　　　－0．15

0．17　　　　0．19　　　　0．02　　　　0．17

－0．19　　　－0．21　　　0．02　　　－0．23

0．03　　　　0．09　　　－0．13　　　　0．21

－0．04　　　－0．03　　　　0．11　　　－0．14

－0．25　　　－0．31　　　0．31　　　－0．62

0．35　　　　0．41　　　－0．17　　　　0．58

0．22　　　　0．28　　　　0．03　　　　0．25

－0．34　　　－0．37　　　　0．01　　　－0．38

0．26　　　　0．21　　　0．28　　　－0．08

0．38　　　　0．32　　　　0．12　　　　0．20

0．32　　　　0．27　　　　0．32　　　－0．04

S．d．　　　　0．58　　125．65　　　26．43　　　　0．46　　　　0．23　　　　0．23　　　　0．20　　　　0．32
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先山＝r右一山＋（1－2r）n汁r右項

71，i，temPeratureatthehori2X）nyln

thetimestepi（y＝1～32）

r，COe伍cient

Figure　5．4．Schematic diagram of soil thermal profile processesin

Sim－CYCLE．
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Figure5．5．Schematicdiagramofaone－dimensionaldescriptionofenergy

partitionlngfor a canopy．Illustration shows the S－W modeldescription

（ShuttleworthandWallace，1985）．AETistheevapotranspirationfromthe

CrOp（AI）andsoil（Ag）・rC，andrscarethecanopyresistances，andrssisthe

SOilsurfaceresistance．r。istheaerodynamicresistanceofthecanopy，r。Cis

thatofthecanopytoin－CanOPyflow，r。。andr。Sarethoseofthereference

heighttoin－CanOPyheatexchangeplaneheightandtheretothesoilsurface，

respectively．ex，eL，e。andesarethevaporpressuresatthereferenceheight，

theleafsurface，themeanflowheight，andthesoilsurface，reSPeCtively．ew

（Ts）isthesaturatedvaporpressureattemperature7；．
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＝　0　　　（尺ム加如＝＜0）

属0＝脚加Jw畔上加Jw＞0）

＝0　　　　匹加Jw＝＜0）

Figure5．6．Schematic diagram ofrunOffandinfiltration processesin

Sim－CYCLE．NistheinflowderivedfromprecipitationPR，thawlngSnOW

TWandevapotranspirationET．PⅣandROarethepenetrationandrunOff，

respectively．MSis the soilmoisturein the tank・MSm。Xis the storage

CapaCityinthetank．AMSistheincrementofwaterstorageintheunittime・

lPandlwindicatetheupperandlowertank，reSpeCtively．
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Figure5．7．Seasonalchanges ofinput climate datain the steady state

experimentin（a）groundsurfacetemp・（nu，Pce），2mairtemp・（ILi，）andlO，

and200cmsoiltemperature（It。iLlO，L。i1200）；（b）Solarradiationatthe

top of atmosphere（尺s top of atmosphere）and the ground surface恥

groundsurface），Cloudiness（C）；（C）precipitationandspeciBchumidity（q）；

and（d）soilwatercontentatthedepthof10cm（It。i110）and200cm（L。iL

200），Windspeed．
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Figure5．8．Growthofecosystemcarbonfluxesandstorages，eStimatedby

Sim－CYCLEequilibriumrun．Resultsforthefirst200years．1003yrsare

necessaryforequilibrium．

146



鋤
d逓疋ク1ノαブ

（gCm－20rgCm－2yrl）

Figure5．9．SchematicdiagramofcarbondynamicsintheHaibeialpine

meadowecosystem，eStimatedbySim－CYCLEequilibriumrun．
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Figure5．10．Seasonalpatternsofcarbonfluxes，eStimatedbySim－CYCLE

equilibriumrun
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Chapter6GeneraIDiscussion

6．1．Carbon dioxideassimilation capacity ofalpine meadow

ecosystemontheQinghai－TibetanPlateau

ThedailychangesofCO2exChangesshowedtheCO2uptakeinthedaytimeandCO2

releaseinthenighttimeinsummerandsmallCO2releaseduringallthedaysinwinterinan

alpineecosystem（Fig・3・30）・The seasonalchangesofCO2eXChanges showedthegrowing

SeaSOnthattheecosystemabsorbedCO2fromMaytoSeptember（Fig．4．3）．In2002，theCO2

uptakeduringthoseBvemonthswasamountedto138・4gcm－2・TheCO2releaseduringthe

othersevenmonthswasamountedto59・9gcm－2・ThemeasurementprovidedverylmPOrtant

infbrmationtoestimatetheannualcarbondynamics．

ThemaximumdailyCO2uPtake（3．9gcm－2day．1）wassmallerthanothergrassland

ecosystematasimilarlatitude，althoughthemaximumLAIwaslargerthanthosereportedfbr

theseecosystems（Sec・4・4・3）・Thelowtemperatureseemedlimitthephotosyntheticactivityand

thusthenetCO2uptakeofthealpineecosystem．TheannualCO2uPtake（78．5gcm．2yr－1）in

2002waslowerthanthosereportedfromotherwarmerecosystems，e．g．temPerateandtropical

ecosystems，butwassimilartothoseforothercoolecosystem，e．g．alpine andborealfbrest

ecosystems（Sec・4・4・3）．Thelowtemperature shortenedthe growing season and thus may

decreasethenetCO2uptakeofthealpinemeadowecosystem．

The eddy covariance measurementindicated that this ecosystem was a C02sink，

amountedto78・5gcm－2yr－1in2002・Ontheotherhand，thetransitionexperimentfor

1981－2000uslngSim－CYCLEshowedthattheannualMrangedfrom－70to＋70gcm－2yr－1

inthe20yearswidely（Fig．5．16）．ThemeasuredannualCO2uptakeisclosetothefluctuating

rangederivedfrommodelanalysis，althoughthismaycontaintheestimationerrorscausedby

theenergyimbalanceandthegap－Ⅲlingmethods．Howeveritisnotenoughtojudgewhether

thisecosystemisaCO2sinkorsourceinaveragefromthecurrentmeasurementandmodel

analysis・Thisis mainly due to thelimited observation data．Furthermore multi－year data

acquisitionsoftheCO2eXChangesaretherefbrerequired．
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6．2．The response ofthe CO2eXChangesin alpine meadow

ecosystem to the characteristic environments on the

Qinghai・TibetanPlateau

The Qinghai－Tibetan Plateauis characterized by extremelyintensive sunlight，low

temperature，littleprecipitationandlimitedplantgrowth・Howdotheyaffectthecarbondioxide

uptakeinthisecosystem？Whichdotheyhaveagoodinfluenceorbadinfluenceonit？Inthis

Chapter，the site－SPeCific responses of CO2eXChange to fbur environmentalfactors，light，

temperature，Waterandbiology，WereSummarizedanddiscussedinthefbllowlngS・

Light：Inthediurnalchanges，thelightresponsesoftheaftern00nCO2uPtakearelowerthan

thoseofthebefbrenoon（Fig．3．31and3．33）．InthegrasslandecosystemswithlowLAI，because

Ofthelowinterceptionofintensivesunlightbyvegetation，thesoilsurfacetemperaturecouldbe

Veryhigh，WhichwillfurtherresultintheincreaseofsoilCO2effluxasestimatedinFig・335・

haddition，thehighIやDmightcausetheclosureofstomataandthussuppressCO2uPtake・

SuchstomatalresponsetoincreasedI御hasbeenobservedingrassland（Vermaetal・，1992）

andforestecosystems（Jarvisetal・，1997；BaldocchiandVogel，1997）・Iやthealpinemeadow，

theincreaseofRc。nqPyiscorrelatedwiththedecreaseofAgbutwiththeincreaseofI珊（Fig・

3．32）．TheamplitudeofthediurnalSW℃Changewassmallandmayplayaverylimitedrolein

ecosystemrespiration（Fig．3．32b）．Thephotosynthesis（i．e．GPP）inresponsetohighPPFDdid

notdifferbetweenthebeforenoonandtheafternooninthisstudy（Fig．3．35）．Itwasconcluded

thattheincreaslngairandsoiltemperaturesaccelerateplantrespirationandsoilorganicmatter

decomposition，andasaresultsuppressthenetCO2uPtakefluxinthisstudy・

Extremelyintensivesunlightmayinducedown－regulationofphotosynthesisinplants

livingin this alpine ecosystem．The depression ofphotosynthesis（i・e・GPP）incrementin

responsetoPPFDincreaslngWaSfoundedbothinthebefbrenoonandtheafternooninthis

Study（Fig．3．35）．Cuietal．（2003）investigatedtheleafgasexchangeandfluorescenceemission

inresponsetothechangesinEmandleafsurfacetemperaturefbrtwoAsteraceaeherbaceous
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SpeCies at same alpine meadow．They showed thatunder naturalenvironmentalconditions，

apparentphotoinhibition，indicatedbyreducedelectrontransport（gT尺），WaSeVidentathigh

作用fbrbothspecies・Theyalsoshowedthatthethermaldissipation，indicatedbyenhanced

non－Photochemical quenching（〃PQ），Whichis associated with the xanthophylls cycle

（Deming－Adams et al・，1996），Played an essential rolein photoprotection atlowleaf

temperatureinthemorning・Athigherleaftemperatures，photorespirationwasreportedtoplaya

moreprominentrole（Parketal・，1996；Strebetal・，1998；Manueleta1．，1999）．Cuietal．（2003）

Showed the significant reduction ofEminS katochaetein the afternoon with highleaf

temperatureandexpectedthatmorethantwo－thirdsofthephotochemicalenergywasfl0wn

throughthephotorespirationpathwayataPPFDabove1800匹mOlm‾2S．1iftherewerenoother

Slgnincantelectronacceptors・Thus，thephotoinhibitionandphotoprotectionwasevidentatthe

highPPFDfortwoAsteraceaeherbaceousspecies，Whichisnon－dominantspecies・Further

research about thephotoinhibition andphotoprotectionin dominant speciesisnecessary to

Clarifytherepresentativeresponsetointensivesunlight．

Intheseasonalchanges，thedaily〟EPwascorrelatedtodailyPPFDpositivelyinthe

growingseason（Fig・4・4），however，thoselinearrelationshipswereslightweak．Guetal．（in

PreSS，2003）ShowedthatforthesamePPFD，the〃EPwassignificantlyhigheroncloudydays

thanoncleardaysatthesamesite・Lawetal．（2002）alsofoundedthatthe〟EPismorepositive

forcloudyconditionthanforclearskyconditioninborealaspenandScotsplnefbrests・Guetal・

（2002）suggestedthatdiffuseradiationresultinhigherlightuseefBciencyinplantcanopiesand

hasmuchlesstendencytocausecanopyphotosynthesis．Itispossiblethatthelightquality

CauSedtheweaknessofthelinearrelationshipbetweendaily〃EPandPPFD・Thesefindings

Callfbrdifferenttreatmentsofdiffuseanddirectradiationinmodelsofecosystemcarboncycle・

Temperature：

Respirationbyautotrophsandheterotrophswascorrelatedpositivelywithtemperaturein

theseasonalchanges（Fig・4・5）andinterannualchanges（Fig．5．18）．Theexponentialcoe抗cient
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fbrtherelationcorrespondsto aQlOOf3．21（Fig．4．5），higherthanthevalueof2．0thatis

typicallyusedasadefaultinmodelingrespiration（Laweta1．，2002）．

TheannualGPPof575gcm－2（Table4．5）waslowerthanthoseofborealconiferous

forest（723－959gcm－2y－1）andColoradosubalpineconiferousfbrest（831gcm．2y－1；3050

m）atsimilarelevations，andmuchlowerthanthatoftropicalforest（3249gcm－2y‾1），but

withintherangefortemperateecosystems，includingforestsandgrasslands（542－1924gcm－2

y‾1；aVerage，1262gC血‾2y‾1；Falgeeta1．，2002）．ThedailyGPPofthestudysite（3．59gcm－2

d‾1，Table4．5）was similar to those ofborealevergreenforest and Colorado subalpine

coniferousfbrest（4．6，4．4gcm．2d．1，reSPeCtively），althoughslightlylowerthanthoseof

temperateconiftrousforestandC，CrOPSandgrassland（5．7－6．9gcm．2d－1）．Thus，although

Our alpine meadow ecosystem has a daily CO2aSSimilation equal to that of a Colorado

Subalpineforestecosystem，ithasalowerannualGPPbecauseoftherestrictedgrowlngPeriod，

Whichwascausedbylowtemperature．

TheannualsumofNEP（78．5gcm－2y‾1，Table4．5）wasclosetothatoftheColorado

subalpineconiferousforest（71gcm－2y－1），althoughsubstantiallylowerthanthatofgrassland

（231．3gcm－2y，1）andborealecosystems（121．4gcm，2y－1）．Thedaily〟EPofthestudysite

（0．49gcm．2d－1，Table4．5）wassimilartothatoftheColoradosubalpineforest（038gcm－2

d－1）．AlthoughOuralpinemeadowecosystemhasalowerannualGPPthanthatofthesubalpine

forestecosystem，ithasacomparableannual〃EP．Itisassumedthatnotonlylowtemperature

butalsosmallbiomasssuppressestheecosystemrespiration；aSareSult，thisecosystemmay

SequeSter Substantial amount of C．Thus，muCh of the dynamic response of processes to

temperatureislostinannualestimates，becauseoffactorssuchasphonologicalinfluences．

Moisture：

Intheseasonalchanges，theCO2effluxincreasedasSIyCdecreased，andaCO2release

ofO・94FLmOlm－2S－lwasmaintainedeveninsaturatedconditions・ThisresponsetoS一灯has

beenobservedintundraundernear－Saturation（Oecheleta1．，1998）．Figure4．6mightpartly

Show the effect ofincreaslng temPerature．However，itis considered that the temperature
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incrementisnotenoughtoincreaseresplration，andthedepressionofSI椚ごfromsaturationto

adequate contributes slgnificantly to C02efflux．Thisis an opposite response to thatin

relatively dry grassland（Hunt et a1．，2002）．Itis assumed that the transitionfrom aerobic

COndition（adequatemoisture）toanaerobiccondition（saturation）contributestotheriseinplant

rootandmicrobialactivity・Itsuggeststhatecosystemrespirationinthismeadowhasanoptimal

SW℃ofapproximatelyO・3・Manyrespirationmodelsmostlyneglectthedeclinein．microbial

activityathighsoilwatercontent（Paul，2001）．Sothisresultsuggeststhatrespirationdepends

On∫I灯．

In the diurnalchangeS andinterannualchanges，the apparent relationships between

moisturefactorandcarbondynamicswerenotfounded．Thissuggestedthatalpinemeadow

ecosystemwasadvantagedinavailablewater，althoughannualprecipitationisnotplentifu1，

becauseoflowtemperature．

Biolo訂：

ThelinearregressionslopesofNELbtimeagainstPPFDchangedwiththechangesinthe

LAI（Fig・4．4）・GPPmaxispositivelyrelatedtoLAI（Fig．4．10a）．R【肪GPPand椚∬GPPalsotended

toincreaseasLAZincreased（Figs．4．10b，C）．TheseresultssuggestthatLAIdeterminesthe

ecosystemcapacityforassimilationandresourcerequlrementSintheseasonalchanges．TheLAI

also seems the mqor factor causlng theincrease of ecosystem CO2uPtakeininterannual

Changes・Thelinearregressionslopesof〟EnqytLmeagainstPPFDwerehigherforAugust2001

thanAngust2002（Fig．4．4），prObably due to higher CO2uPtake rate and／Orlower rate of

ecosystemresplration．TheLAIwas3．1inAugust2001and2．6inAngust2002．

Ⅰngeneral，SeaSOnalchangesinrespiratoryprocesses are controlledby climatemore

StrOnglythanbybiologicalfactors（Falgeeta1．，2002）．However，atthisstudysite，Remax，Which

reachedthemaximuminautumn（Fig・4・8），maybeassociatedwithabove－andbelow－grOund

biomass，Whichreachedthemaximumatthesametime（Fig．3．24）．

ThemaximumCO2uPtake（－10．8FLmOlm．2S－1）atoursitehaslowerpotentialofCO2

uptakeandreleasethanC4graSSlands，butsimilarpotentialofnetCO2uPtaketoalpineconifer
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forestbecause ofits equivalentuptake potentialwithlowerrelease potential．TheKbbresia

humilismeadowhadrelativelyhighLAI（～3．1）withlowabovegroundbiomass（Ca．300gm‾2）．

WthasimilarLAItoourstudysite，theabovegroundbiomassinagrasslandinOklahomawas

reportedtobeashighas800gm－2・ThelowerratioofabovegroundbiomasstoLAIintheK

humilismeadowmighthavebeenduetothelowshootsysteminthealpinemeadow，Which

resultedfromthe relatively greater abundance ofbroad－leaved species and thelowcanopy

height．ThehighLAI，Ontheotherhand，SuggeStSalikelycontributiontothehighbelowground

biomassin the alpine meadow．The belowground biomass was6－7times higher than the

abovegroundbiomass（e．g．1892gd．w m‾20nllAugust2001；unPublished data）．This

particularallocationpattemofplantsmayfavorhighsoilcarbonstorageinthealpineecosystem・

AlthoughtheCO2uPtakewasnothigh，thedailynetecosystemcarbongainreachedafairly

highvalueunderclearweatherconditionsinAugust2001．0neofthereasonscouldbethelow

nighttime temperature（e．g．nearfreezing air temperature2．2　C）thatlimited ecosystem

respiration．Italsocouldbethelowmaintenancerespirationduetolowabovegroundbiomassin

thealpinemeadow（Thble3．2）．

ThemaximumⅧ㌔，。LOfoursite（3．9gcm．2d‾1；Table3．2）was20－55％lessthan

thoseoftallgrassprairiesinKansasandOklahoma，USA（4．9－8．4gcm－2d．1，Kimeta1．，1992；

HamandKnapp，1998；SuykerandVerma，2001）．However，SeaSOnalmaximumwasalmost

fourtimeslargerthanthatofasubalpineconiferforestinColorado（1．OgCm●2d‾1；Monsonet

a1．，2002）atsimilaraltitude（～3050m）．Aspointedoutearlier，nOtOnlylowtemperaturebut

alsosmallbiomassslgnificantlysuppressedplantrespirationatoursite．

6．3．The global warmlng e批cts on the ecosystem carbon

SequeStration

ThemodelsensitivityanalysisshowedthattheGPP，AR，〃PPand W；l。ntreSPOnded

quickly，WhiletheHRandI幣。LlreSPOndedveryslowlyagalnSttheclimatechange．Thesemay

indicatethatthelong－termglObalwarmingwillincreasetheecosystemcarbonuptake．Caoand

Woodward（1998）usedaterrestrialbiogeochemicalmodel，fbrcedbysimulationsoftransient
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Climate changewith a general circulation model to quamifythe dynamics variationsin

ecosystemcarbonfluxesinducedbytransientchangesinatmosphericCO2andclimatefrom

1861to2070．Theypredictedthatthesechangesincreasedglobalnetecosystemproduction

SlgniBcantly，but thatwilldecline as the CO2fertilization effect becomes saturated andis

diminishedby changesin climate factors．Cox et al．（2000）presented resultsfrom afully

COuPled，three－dimensionalcarbon－CyClemodel，indicatingthatcarbon－CyClefeedbackscould

Slgnincantly accelerate climate change over twenty－first century．Theyfound that under a

businessasusualscenario，theterrestrialbiosphereactedasanoverallcarbonsinkuntilabout

2050，buttumintoasourcethereafter．Thus，bothinalpinemeadowandinglobalscales，the

long－termglObalwarmingseemstomaketheterrestrialecosystemsasacarbonsinkatleastin

itsinitialperiod（i．e．－2050），butthatseemsdeclineastheCO2fertilizationeffectissaturated・

Theincrementsoftemperatureby50CincreasedtheGPPbuttheincreaseover7・50c

decreasedtheGPP．ZhangandWelker（1996）showedthatwhilethepeakcommunitybiomass

Showedno slgniBcant change，the duration ofpeakbiomass was extendedin the warmlng

experimentby50cofairtemperatureattheHaibeialpinemeadow・Thus，thewarmlngby50C

advancestheecosystemphotosyntheticactivityandincreasesthedurationofgrowlngSeaSOn，

andthus，theGPP・However，thetemperatureincreaseover7・50cmaygobeyondtheoptimum

temperatureofphotosynthesisfortheo切ectiveecosystemanddecreasestheGPP．Thissuggests

thattheecosystemmayshifttoanotherbiometypethatwouldsurvivethehightemperature

environment．Inthisanalysis，theoptlmumtemperatureOfphotosynthesisplaysanimportant

roletodeterminethethresholdtemperaturetochangethewarmlngefftctsontheecosystem

CanOPygrOWthfrompositivetonegative．

Toobtaintheecosystemresponsetotheclimatechangequalitativelyandquantitatively，

Shorter－andlonger－termmeaSurementabouttheecosystemcarbondynamicsarenecessary．

6．4．Recommendationsbrfutureresearch

l）ThevalidationofhypothesisintheseveralenvironmentalcontroIsontheCO2exchanges．
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ToclarifythemechanisminvoIvedintheenvironmentalcontroIsonCO2dynamicsin

thealpineecosystem，fbrexamples，theCO2uPtakedepressionintheafternoonatthesamelight

intensity，thesmallerscalemeasurementsonsingleleafarenecessary・

2）Thelong－termeddycovariancemeasurementoftheCO2exchanges

ToassesstheaverageandfluctuationoftheCO2exchangeinthisecosystem，theCO2

fluxmeasurementuslngtheeddycovariancemethodisnecessarytocontinueforseveralyears・

3）Themodelconstructionusingthemeasuredecophysiologicalparameters

ToconstruCttherepresentativemodeltosimulatetheecosystemcarbondynamics，the

ecophysiologicalparameters arenecessarytobemeasured atthe experimentalsites・Inthis

Study，Sim－CYCLEusedtheecophysiologicalparameterprovidedforglobalscalesimulation・

4）Thelonger－termmOdelsimulationtoinvestigatethee蝕ctofglobalwarming

In general，there are three experimentalstylesin the modelsimulation studies；the

SPln－uPeXPeriment，thehistoricalexperimentandthefutureexperiment・

The spln－up eXPerimentis conducted to equilibrate the carbon dynamics uslng the

Climatedatabefore1850S，inwhichtheecosystemreachedtheclimaticclimax．Thehistorical

experimentisconductedtoinvestigatethepastclimateperturbationeffect，COntainingtheglobal

Warmlng，andtheecosystemcarbondynamicsuslngthere－analyzedclimatedata・Thefuture

experimentisconductedtopredicttheclimatechangeefftctontheecosystemcarbondynamics

usingthefuturemodeledclimatedatainducedbytheglobalwarmingscenarios・

h this ecosystem，thesethree experiments are necessaryto represent the more real

ecosystemresponsetoclimatechangesinthelong－termSCale・
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Chapter7Conclusions

Consideringthevastareaofabout2．5xlO6km20ftheQinghai－TibetanPlateauwiththe

largevariationintopography，itseemsdifBculttodeterminea‘representative，sitefbrC02flux

Observation・Thealpinemeadowislocatedateitherthehorizontalextremeoftheplateau，Orata

lowaltitudewithintheplateauwithaveragedelevationofabove4000m・However，thealpine

Kbbresia meadow ecosyste血is one of the mostwidely distributed vegetation on the

Qinghai－TibetanPlateau（Zhou，2001）．Thealpinemeadowoccursintheareaswithalarge

elevationranglngfrom3200to5200mwithvariableclimaticconditions・Ifitcanbeassumed

that carbonbudget depend on more onvegetationtypes thanon anyparticulargeological

COnditions，itisthusconclusivethattheknowledgeobtainedfromthecurrentecosystemshould

PrOVideanimportantinsightintoourunderstandingonthecarbondynamicsforthegrassland

ecosystemsontheQinghai－TibetanPlateau．Itshouldbenoticedherethatvariousgrassland

ecosystemsoccupymorethan60％oftheplateau（Wangetal・，2002）・

TheCO2fluxmeasurementwasconductedfbrtwoyearsbytheeddycovariancemethod

inanalpineKbbresiameadowontheQinghai－TibetanPlateau・Suchthemeasurementprovided

thefirstexampleofCO2eXChangeintheblankareaofglobalfluxnetworkinanextreme

environmentfrom China．The evidencefrom the observationled to the conclusion that the

alpinemeadowwasaCO2Sinkatleastin2002・ThecurrentCO2Sinkstrengthseemsnottoo

high（78．5gcm－2yr－1），butiscomparablewithmanysub－alpineecosystemsreportedsofar・

Moreover，itisalsoconcludedthattemperaturewasthemaJOrenvironmentalcontrolonC02

exchange and thelow temperaturelimited evidently the ecosystem respiration・Soilwater

availabilitywashighinthealpinemeadow．Thehighsoilwatermightreducetheecosystem

respiration．Thisconclusionseemssu切ectedtotheargumentthatitisdi疏culttoseparatethe

effectsofthetemperatureandsoilwatercontentsontheecosystemcarbonbudget・However，it

is evidentthatthesoilwatercontentshowedverysharptemporalvariationsduringashort

periodsuchasone壷eekorso，Whiletemperatureexhibitedmuchgentleandsmallvariationat

thesimilartemporalscale．Therefbre，itisconcludedthatahighsoilwatercontentiscorrelated
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Withalowecosystemrespirationatnighttimefbrthealpineecosystem・

TheCO2fluxwasmodeledbytheecosystemcarbondynamicsmodel，Sim－CYCLE，for

20yearsatthesamesite・ThemodelingprovidedthereasonableinterannualchangesofCO2

exchange・Theresultsofmodelingledtoconcludethatannualcarbonbudgetswerefluctuated

ranglngfrom＋70t0－70gcm－2yr－1anditwasunclearwhetherthisecosystemwasacarbon

Sinkorsourceforlong－termPeriodsqualitatively・Itisalsoconcludedthattemperaturewasthe

maJOrenVironmentalcontrolonannualCO2eXChangesimilarlytothemeasurementresults・The

modelsensitivity analysis suggested thatthelong－termglobalwarmingby50cin annual

averagetemperaturewouldincreasetheecosystemcarbonuptakeduetotheextensionofthe

ecosystemphotosyntheticactivityandthedurationofgrowlngSeaSOn・However，thelong－term

globalwarmlngOVer7・50cmaygobeyondtheoptimumtemperatureofphotosynthesisforthe

O叫ectiveecosystem．Thissuggeststhattheecosystemmayshifttoanotherbiometypethat

WOuldsurvivethehightemperatureenvironment．

ThealpinemeadowexhibitedarelativelylowecosystemCO2uPtakewhentakeninto

accountofthefairlyhigh1eafareaindexofabout3．Fromthisstudy，itisfurtherconcludedthat

thealpinemeadowhasthepotentialtosequestercarbon，butthepotentialappearstobesmall

possiblybecauseofthelimitationoflowtemperature．Furtherstudiesareneededtoclarifythe

environmentalcontroIs on the carbon dynamics ofthe alpine meadow ecosystemfromin

Short－termtOinlong－termPeriods．
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