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Preface  

TheprojectofttStudiesonthebehaviorofmonoterpenSintheatmosphere”  

was carried out as one of the general research projects at the air quality 

measurementsectionofchemistryandphysicsdivision．  

Ithasbeenknownthatsomecompoundsofterpenesareexcretedfromtrees  

andthattheymakethernaincauseofso・Called”bluehaze”offorestsaswellas  

forest’ssmell．Thepurposeoftheproiectistoidentifythematerialsandtotrace  

theirfatesin relationwith other parameters ofthe atmosphere，SO that one can  

estimatetherateofcontributionbythe naturalhydrocarbonsto the background  

levelofatmospherichydrocarbons，  

The results showninthis report have given answers to these points and  

clearlyestablishedabaseforthe furtherstudiesinthefieldofecosystemofthe  

forest．  

Mrs．Y．Yokouchiis the maininvestigator of the project，tOgetherwith the  

sectionchiefDr，Y．Ambe，andthe content consiststhe major part ofthedoctoral  

thesis of Mrs，Y，Yokouchi．  

K．FUWA  

Chief．ChemistryandPhysicsDiv．  

January 1985 
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Abstract  

TerpenesareemittedintotheatmospherebymanyspeciesofplarltSinthe  
world．Th占irbehaviorintheatmosphere，however，hasbeenalmostunknown．The  
presentinvestigationwascarriedouttoestablishthebehaviorofmonoterpeneSin  
avarietyofatmosphericprocesses．  

The mechanism of monoterpene emission was studied using an  
environmentallycontrolledgascabinet．1twasfoundthat monoterpeneemission  
rateincreased exponentia11ywith temperature and was alsoinfluenced bylight．  
These observations were explained reasonably by the model that monoterpene 
emissionratedependsonthemonoterpeneamountintheleafoilanditssaturated  
VapOr preSSure・  

Atechniquetoobserveterpeneemissionrateinaforestwithoutdisturbing  
plantenvironment，WaSdeveloped，andseasonalvariationofmonoterpeneemission  
ratefromabranchinapineforestwasobserved．Inthistemperateconiferforest，  
monoterpene emissionrate was approximately400JLg／（m2・h）（at30Oc）andwas  
lower by a factor of ten than the previous worker’s observation，Which was  
considered to suffer from the error resulting from the unsatisfactory sampling  
technique．  

TraceanalysisofmonoterpenesintheatmospherebyGCLMSwasdeveloped．  
Seasonalanddiurnalvariationsofatrnosphericmonoterpenesinapineforestwere  
measured using this method．The analysis of their variations showed that  
atmospheric concentration of monoterpenes is clearly correlated with ambient 
temperature and ozone concentration in the air，and most of plant－emitted  
monoterpenesdisappearthroughtheirreactionwithozoneinaforest．  

Asfortheirreactionproducts，thechamberexperimentswereconductedfor  
the ozonolysis of the major atmospheric monoterpenes；α・Pinene，β－pinene and  
limonene．Itwasfoundthat a－piene－03reaCtionproducedmainly2’，2’Ldimethyl■  
3’－aCetylcyclobutylethanal（pinon aldehyde）andβ・pinene03reaCtion produced  
main1y6，6Ldimethyl－bicyclo［3．1．1］hept・2－One．Asforlimonene03reaCtion，SeVeral  
unidentifiedproductswereobserved．Thesereactionproductsweresearchedforin  
forestaerosoIs，andpinonaldehydewasdetectedforthefirsttime，COnfirmingthat  
SOmeOfterpene－OriglnprOductsarelikelytoexistasaeroso】s．  

一 3 一   



CHAPTER  

I  

GeneralIntroduction  

1tis we11known that many species of plants emit terpenes and their  
derivativesintotheatmosphere．Theyarepotentiallyirnportantparticipantsinthe  
Chemistryofthebackgroundair．Theinvolvementofbiogenicterpenesinurbanand  
ruraloxidantformationhasreceivedconsiderableattentionrecently，Ithasbeen  
SuSpeCtedthatterpenescontributelargelytothetotalnonmethanehydrocarbons  
（TNMHC）inseveralruralareaヲt  

Theirworldwideemissionratehasbeenestimatedtobel，75×108～8．3×  
108t／y（Went・1960；Rasmussen＆Went，1965；Robins？n and Robbins，1968；  
Zimmerman，1979），eXCeedirlgthe emission rate■ofhydrocarbonsfromman－made  
sources，6．5×107t／y（Duce，1978）．Theirestilhations，however，COuldbeinerror  

resultingfromtheunsatisfactorywaytomeasureinsituterpeneemission，andfrom  

extrapolationofthelocalemissionratestodifferentplacesandtimes．  
Intheatmosphere，isopreneandmonoterpenesincludingα・Pinene，β－pinene，  

myrcene，1imoneneand3・Carene（Fig．1．1）havebeendetectedandidentifiedbygas  
Chromatographyorgaschromatographicmassspectrometry（RasmussenandWent，  

1965；Whitby and Coffey，1977；Holdren eial．，1979）． Their worldwide  
COnCentrations，however，arenOtknownsufficientlyeitherinqualityorinquantity．  

≡垂 
e 

莞な安  
myrcene  3－Carene  limonene   

Fig．1．1   StructuresofatmDSphericterpenes，  
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TerperleSareOletiniccompoundsthathavehighreactjvjtyintheatmosphere，  
and are supposed to polymerizeinto aerosoIs throughchemicalreactionsin a  
mannersimilartothatofman－madeolefinsconvertedintocitysmog．Went（1960）  
SpeCulatedthattheseaerosoIsresultedinattbluehaze”surroundingforest，although  
thishasnotbeencofirmed．LaboratorystudieshaveshownthatmonoterpeneSare  
Capable ofreactingwith oxides ofnitrogen（NO，）inthepresente ofsunlight to  
produceozoneandotheroxidants（Westberg＆Rasmussen，1972）．Sincethen，ithas  
beendiscussedwhetherterpenescan besignLflCantSOurCeSDfDZDne（Rasmussen，  
1972；Gay＆Arnts，1977；Graedel，1979；Holdten et al．，1979；Budiansky，1980；  
Dimitriades，1981）．The possibility of the destruction of ozonein thelower  
atrnospherebyplan卜originterpenesisanotherin［erestingissue，becauseterpenes，aS  
Wellasmostolefins，playthedualroleofozoneproductionandozonedestruction．  
Although1aboratorystudieshaveshownthatterpenescanp（oduce aerosoIswhen  
undergoing ozonolysis or photooxidationin the presence of NOx（Went，1960；  
Stephens and Scott，1962；Wilson elal．，1972），there have been few studies to  
determinetheaerosolmaterials，reSultingfromthereactionandtodetectthemin  
theatmosphere．  

Fig．1．2showsthepossibleatmosphericcycleofterpenes．Itcanbesaidthat  
uncertajntiesindefiningtheatmospherjccyc】e ofterpeneSandinassessingtheir  
importanceinatmosphericprocessesresultfromsparseinforma．tionconcemingthe  
behaviorofterpenesintherealatmosphere▲Tounderstandthebehaviorofterperl芦S  
intheair早ndtoesthnatetheir血pactontheatmospherjcchemi5try，thetol】owjng  
researchesareindispensable：（1）toknow thevariationofterpeneemissionrate  
under Yarious environmentalconditions，（2）toinvestigate the、variation of  
atmospheric concentrationofterpenesandto analyze the factors affectlngtheir  
betlavior，and（3）toidentifytheatmosphericreactionproductsofterpenesandto  
detect theminthe ambient air，  

aldehyde，  

Carboxylic acid，   

17  

、J・、i・・・し上ニー   

l，  

（depo釧0∩）  

Fig，1・2  Apossibleterpenecycleintheatmosphere■  

Fromthesepointsofview，thefollowingstudieswereconducted．  
a）Agaschromatographjc－maSSSpeCtrOmetrjctechniquewasdeve】opedfor  

theanalysisoftraceconcentration（subLpPb）ofmonoterp占nesintheair，Toknow  

－ 6 －   



tppical monoterpene concentration and composition in Japanese forest air, 
atmosphericmonoterpeneswereanalyzedinseveralkindsofforests，（Chapter2）  

b）The relationship of monoterpene emission rate and environmental  

COnditionswasstudiedthroughtheexperimentusingadynamicmassbalancegas  
chamberand・theexaminationofthedifferencebetweenmonoterpenecompositions  
Oftheleafoilandtheemittedgas．lrlthechamberexperiment，thetimelageffects  

onterpeneemissionrateafterchang享ngenvironmentalconditionswerecarefully  
observed．（Chapter3）  

c）The variation of atmospheric concentration of monoterpenes was  
measuredin a pine forest over a period of one year．The relationship between  

Variousenvironmentalfactorsandterpenec 

． 

measuredusinganimprovedmethod．（Chapter4）  
d）■The main productsofmoIlOterpene－OZOnereActionina chamberwere  

determined byGCMS．AerosoIs collectedin a forested area were subjected to  
CapillaryGCMSanalysistodetectterp占neOrigincopIPOunds・（Chapter5）  

The present畠tudy revealed that（i）plantOriginterpenes play an ozone  
destruction role rather than an ozone 

． 

air，（品＝hetrworldwideannualemissibttrateshouldbereestimatedbasedonthe  
Variationoftheirbiosyntheticrateandtemperatureand（iv）terpene」Origin？erOSOIs  
existcornmonlylnforestair．  

l ■◆ －   



CIIAPTER  

2   

GC－MSAnalysisofMonoterpenesintheAtmosphere  

2．1INTRODUCTION  

Thedataofterpeneconcentrationsintheairhavebee恒ncofnPleteboth  
quaJjtatjvelyand quar）tjtatively topermitreliableestimation6fthegeochemicaJ  
cycle of terpeneS、Rasmussen and Went（1965）identifiedα・pineneこ β・pinene，  
myrcene andisoprenein the countryside air using gas chromatography（GC）．  
Whitby and Coffey（1977）obtained the totalterpenF COnCentratioh typica11y  
ObservedduringthesummerintheAdirondackMountalnregion．ButintheseGC  
methods，itis difficult to determine terpene compounds exactly only from  
COmparisonsofretentiontimesbecausethepeaksofmanyterpenesandnon・terpene  
hydrocarbonderivativesmayoverJaporlthechromatogram．Recently，Ho】drenet  
al・（1979）detecteda・pinene（atalevelbetweenlOand730ppt），βrpinene，3LCarene  
andlimoneneintheMoscowMountainregionwithcapillarygaschromatography－  
massspectrometry（GCMS）．  

Inthepresentstudy，aSenSitiveandmoreconvenientGCMSprocedurefor  
theanalysisofmonoterpenesintheatmospherewasdevelopedbasedupontrapping  
Of the compounds on Tenax GC adsorbent and selectedion monitc．ring（SIM）  
detection．Usingthetrappingmethod，mOnOterpeneSin the atmosphere could be  
preconcentratedduringsampling，andtheirsampleswerehandyto carry．SIM  
offeredasensitiveandselectivedetectionofmonoterpenesincombinationwithan  
adequate GC condi亡ion．The technique was used to measure monoterpene  
COnCentrations andcompositionsindifferent kindsof forestsinTsukuba district  
andotherregionsinJapan、  

2．2 ANALYTICAL METHOD  

．・l「ハ〃‘点心  

A microprocessorてOntrOlled HewlettPackard5992A GC－MSinstrument  
equippedwithaSIMfunctionwasusedtoperformanalyses．Thesystem（Fig．2．1）  
contajnsatwo－WayVa】vetoswjtehoverthecarrjergas，andablockheater（FLS・3  
flushsampler：Shimadzu，Kyoto，Japan）fordesorption ofthe sample from the  
sampling tube. 

一 8 一   



Fig■2・1   Exp？rimentalGCMSsystem   

5b椚〆J乃g血∂g  

SamplingtubesfilledwithTenaxGCadsorbentwereemployedforcol］ecting  
SamPles，aS ShowninFig．2．2．A O．3g amount of Tenax GC（80100mesh）was  
packedintoaPyrextube（15cmx4．5mmi．d．）（Atype）orintoastainless－Steeltube  
COatedwithglassinside（Btype）tofromabed ca．10cmlong，andwassecuredat  
bothendswithglass－WOOlplugs，、TheadsorptiontubeofBtypewasusedforthe  
sampling at remote areas to avoid contamination during severaldays’storage  
beforeanalysis．Thetubewasconnectedtotheanalyticalcolumnbyinsertingthe  
need】eendint 
conditionedovernightat280Ocwithpassageofnitrogengasataflow－rateOf30ml／   
min．  

／」り．l‘∴ハ  

Onelitrevolumeofairwasdrawnthroughanadsorptiontubebyaportable  

（A type）  

（B type）   

Fig．2．2  Adsorption tube 
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pump（CharlesAustenPumps）withaneedlervaIveorbyaportableflow controJ  
SyStem uSing thermaImass f10W rneter（Tylan）．The sampling f】ow・rate WaS  
COntrOlledattherateoflOOml／minint）Othcases・Theadsorptiontubes（Atype）  
weresealed withsiliconerubber andGCJMS anaJysiswasperformed assoon as  

possible after sampling， Brtype tubes were s6aledltightly with nuts・  
Chromatographic separationswere accomt）1ished on5％亭iIicone DC－ZOO ＋5％  
Bentone340nChromosorbWAWDMCS，（60－80mesh）packedjnagJasscolumn  
（8ft．×2mmi．d．）．Desorptionofthesamplefromtheadsorbentwascarriedoutat  

2000Cwjththecarrjergas（hjgトpurityheltum）flowingatarateof16ml／minfor  
2min，Themonoterpenestransferredontotheanalyticalcolumnweretemporarily  
trapped．aりhetoppfitfo■r2minrzi［atemperatureofOOCandthecarrierflowwas  
thenswitchedfromthebypasstotheGC，－TheSIMchromatogramsoftheions  
havingrn／z93，136，68，41；78and91wereobtajT7edbytempeTatuTePrOgrammingat  

16．／mintolOOOc・Positiveidentificationsofmonoterpenesweremadeonthebasis  
ofacombinationofre5Fntiont至誓誓ヲandtheratioofpeakheightsatm／z93．136，68  
and41whicharQtheてmainR甲ksinthemassspectraofmanymonoterpenes・The  
concentrationsofmonoterpenesinthesampleswere usually determined fromthe  
peakheightsoftheSIMchromatogramatm／z93usingacal車brationcurveprepared  
trom thestandard so）utions，Theions at m／z41，78and91were monitored to  

determineothera】iphaticandaromatichydrocarboTISforreference．  

2．3 RESUl∬S ANDI）ISCUSSION   

2．3．1 Traceanalysisofmonoterpenesusingasamplingtube  
Breakthroughvolumesforα・binene，β－pineneand．1imoneneweredetermined  

uslngtWOadsorptiontubesconnectedinseries・Standardgasesofeathcompound  
atlOOppbwere．passedthropghthetubesatlOOml／min・Afteraknownvolumeof  
airhadpassedthroughtheadsorptiontubesatambienttemperature，the岳eFOnd  
tubewasanalyzedtodeterminewhetherthecompoundhadeluted fromthefirst  
tube，indjcatjngbreakthrough．ThesamplingtubecontainingO．3gTenaxGc  
adsorbenthadbreakthroughvolumesofmorethan41forthesethreecompou11ds，As  
q－Pinerlejsoneofthemostvoユatil白h10hoterpenes，itisreasonabletoassumethat  
allmonoterpenes are trappedin the sampling tubewithout anyloss when the  
SamplingvolumeisZessthar13：l，  

Astudywasこmade・t青＝determine．thedesorption、efficiericy；of．一the sampling  
tube．Onengeachofa－Pinene，βLpineneandlimonerleir）1y‖】eXar）eWaSinjected  
directly ontotheanalyticalcolumnandanaJyzedusing SIM，These resuJts were  
comparedtothoseobtainedwhenthetestmixturewasinjected血othesampJing  
tubeandthenanalyzedusingthetechniquedescribedabove．Aquantitativeresult  
wasachievedfort品eeJiuns：the∴reCOVeriesdfa・pinene，β・pinen占andlimonene  
were96±3％，94主1％and96．±2％respectively．  

The totalrecovery efficiency wasmeasured usingthestandardgasinthe  
ppbTange．Whjchwaspreparedwjthadynamicgasca】jbrationsystembasedonthe  
diffusioncellmethodandthesecondarydilution．Therecoveryofα－pineneforthree  
runswas91土5ヲ占．  

Thedetectionlimitofthisanalyticalmethodfor a・pinenewasO．1ngata  
signal・tO・nOise（S／N）ratio10f＞3・  

10 －   



2．3．2 MeasurenlentSOfmoI10terpeneSinforcstedareas  
し－．・・‥．・・、、‥・・．・；・ご、・・・、 ご，．∴ J・・・、．こ・、‥・・  

Atmosphericmonoterpene・COnCentrationsweremeasured atseveralforests  
duringthelateautumn，Springandsurnmermonthsof1979L1980．Theforestsare  
SituatedintheTsukubadistrictandpromptanalysisaftersamplingwaspossible．  
Primaryobjectiveofthisfield－Samplingprogramwastoprovidebothqualitative  
andquantitativeinformationconcerningmonoterpenesintheforestsofpinemn  
densif707t7），hinoki「Chamaeq4）arLSObtusq）andsugi田畑tome77ahonial）whichare  
thepredominantspeCiesinjapanesernountainareas．  

Fig．2．3showstheSIMchromatogTamatm／z93ofallsampleco11ectedina  
pineforest，Monoterpenesidentifiedin the atmosphere ofconiferous forests are  
Iistedwiththeirretentiontimesin・Table2．1．  

8  9 10 1112 13 14 15 1（；17 18 19 20（mln）  

Fig．2．3  Selectediohchromatogram（rn／z93）c；（anairsamplecollectedin  
a pine forest．Peaks：A＝α－pinene，B＝Camphene，C＝β・  
pinene，D＝myrCene，E＝β－Phellandrene，theasteriskindicates  
anisotopeofthemo】ecularionoftoluene．   

Table2，1 Retention Times of Monoterpenesldentifiedin the Atrnosphere of  
Conifer Forests  

Compound  ReterLtiontime（min）  

α・Pinene  

Camphene  

β・Pinene  

Myrcene  

3・Carene  

Limonene  

β・Phellandrene   

0
 
4
 
2
 
1
 
5
 
6
 
9
 
 

2
 
9
】
 
3
 
一
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4
 
5
 
5
 
 
 



Terpene concentrationsPmeasuredinthe、SeVeralkinds of forestsin the  
Tsukubadistrictarepreg呂ntedinTable2．2／Allthesampleswerecollectedunder  
theforestcanopyataJevelofl．5mabovetheground．Themostnoticeablefeature  
OfTable2．2′isthat theambientterpeneconcentrationsvarygreatly from day to  
day．1Thi5SuggeStSthattheremaybeac】osereJatjonshjpbetweenthemonoterpene  
COnCentrationinthe air andclirnate、Concerningthemonoterpene compositions，  
Characteristicpatternsforparticularcユassesofforestswerefound，Inthecaseof  
pine forests，α－pinene wasdomina叫andβ－Pinene，P－phellandrene andmyrcene  
Weredetected．In hinokiand sugiforests．α－Pinene andβ・pihene prevailed，and  
limonene and・3－Carene Were also detected，butβ－phellandrene was not observed．  
Thedifferencesinmonoterpenecompositiondependingonforesttypesuggestthat  
thecompositionoftheleafoilisresponsiblefortheatmosphericconcentrations．  

Table2．2 TerpeneConcentrations（ppb）inSeveralKindsofForestsinTsukuba  
District．（n．d．＝Notde亡ected）  

OF 
Date  Location a－PineneCamphene・ppPineneMyrcene3－CareneLimoneneβ－Phe】1andrene事Weatber  

随
抽
抽
抽
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Nov．14．1979   

凡押．】6，ユ979  

＋   0．D3  n．d． n．d． n．d．   

十   D．D5  0．02  r】．d． れ．d．   

＋   0．14 （）．03  0．02‘0．07   

∩．d． 仇07  0．02  0．02 （）．27   

n．d． n．d． n．d． n．d． n．d．   

n．d、Ⅷ．05  n．d． n．d． n．d．   

＋   0．03  n．d． n．d． －0．09   

＋   0．54  0．12  0．04  0．09   

＋   0．08  8．02 （I．01 1）．03   

＋   0．09  0．03  0．02  0．06   

＋   0．03  ■0．01 0．01 n．d．  

＋   0．07  0．01 n．d． n．d．   

十   0．12  0．04  n．d． n．d．   

＋   0．10  n．d． n．d． 0．89   

＋   0．13  n．d． 刀．d′  n．d′   

n．d． 0．04  n．d． n．d． n．d．  

1  Pille O．1〔）   

2  Pjne O．ユ8  

3  Hinoki O．19  

d  5ugj O．10  

Nov22．1979   2  Pil】e O．06  

3  Hinoki 8．06   

5  Sugi O．06  

1  Pine l．30  

4  Sugi p・13  

3  上1inoki O．07   

1  Pi11e O．20  

1 Pine O．加   

1  Pit】e O．35   

4  Sugi O．22  

6  f〉il】e O．38   

7   Hinoki O．05▲  

Nov、29．1979   

hlar，24，19帥  

地y．15，1980   

June．13，1980   

Ju】〉r－19，19即  

Aug．21．1980  

＊Campheneandβ－phe）1a・一drenewerenotquantifiedandonlytheirexiste・lCe  

（十）isnoted．  

l●  ・． ・    、   、・、 、    、、・  
The monoterpene concentrations were measured at Lake Mashu（the  

northernpartofJapan）．YakuTsIand（thesouthernpartofJapan）andKurobe（the  
centralpartofJapan）inthesummerof1981▲ Thisstudywasconductedtogeta  
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roughestimate of atmospheric monoterpenesinJapaneseforests．a－Pinene was  
dominantirla11thesamples anditsconcentrationsatthethreedistrictsareshown  
inTable2．3withclimaticalconditions，FromTables2．2and2，3，itwasfoundthat  
the seasonal or daily variation of atmospheric monoterpene concentration at 
Tsukubadistrict exceededitsvariationin differentlocalitiesin thesummer．  

Table2，3 αrPineneConcentrationsinForestAirinVariousDistrictsoりapan  

Location  Date  Time  Weather  a－Pinene（ppb）  

Jun．27  15：55  Fine  

Jun，28   14：26  Cloudy  

Jun，28  16：50  Rain  

Jul、29  10こ35  Cloudy  

J山．29  14：05  Cloudy  

Jul．30  13：22  Rain  

Aug．18  21：00  Cloudy  

Aug．19   15：04  Fine  

Aug，19   11：30  Cloudy  
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CHAPTER  

3   

FactorsAffecting・theEmissionofMonoterpenes  

from Pine Needles  

3．11NTRODtTCTION  

The estimations of terpene emission rate could be subject to the error  
resultingfromextrapolationoflocalemissionratestodifferentplacesandtimes■It  
wouJdbeneces5aryforreliableestjmatioT）tOeStablishaclearrelati6nshipbetween  
monoterpeneemissionratesandenvironmentalconditions，Onlylimiteddatahave  
beenavailableconcerningthemechanjsmofterpeneeTnissionortheinfluenceof  
environmentalfactors on terpene emission・Kamiyama et al・（1978）measured  
terpeneemissionfromapottedpineduringthreedays，ar］dfounditshighcorrelation  
with air temperature andlightintensity，For the ehvironmentally contro11ed  
chamber experimeElt，Dement elal．（1975）examined the mechanism of terpene  
emissioninSaLuhlmelL節nandconcludedthatemissionwasdependentonthevapor  
pressureoftheteTpeneS，thehumidityottheairsurroundingtheLeafandthesurLface  
areaofessentialoilpresentontheleaf．Tingeyetal．（1980）examinedtheinfluence  
oflight and temperature on morlOterPene emission rates frDm S】ash pinel】nder  
controlledenviromentalconditionsandfoundthatthemonoterpeneemissionrates  
didnotdependonHghtanddependedo，l亡emperatu托jT7alog－）jneazLmanneT・h  
thesechamberstudies，however，theinfluenceoftheseenvironmentalparameterson  
monoterpeneemissionwasobservedforon】ya short－time（30～60min）aftereach  
changeofenvironmentalconditions，andeffectsrequiringalongertimescalefor  
developmentmightnothavebeenfound．  

Inthisstudy，thelong・term effects oflight，temperature andhumidity on  
monoterpeneemissionfrompinetreeswereinvestigatedinordertoestabJishamore  
reliablerelationshipbetweenmonoterpeneemissionratesandthoseenvironmental  
tactors（Section3．2）．Thjs experiment was conducted usining a dYnamic mass  
balancegascabinetundernaturalsolarradiationL   

ItwassuggestedinChapter2，thatthecompositionofterpenesintheleatoiJ  
oftreesinforestsisresponsibleforthemonoterpenecompositionintheatmosphere・  
Relationshjpbetweenthemonoterpenecompositionsoftheleafoilandtheemitted  
gaswasalsostudiedtoexaminethemechanismofterpeneemissionfromplants  
（Section3．3）．  

－ ＝ －   



3．2INFLUENCEOFLfGHT，TEMPERATUREAND  

HUMIDITYONMONOTERPENEE九IISSlONRATESFROM  
Pfnus densげJor∂   

3．2．1Exper加ental  
P由柁′凧由r沼J  

EightseedlingsofJapaneseredpine（乃nusdensmoYqlusedfortheexperiment  
weresuppliedfromtheBiologyDivisionoftheNationallnstituteforEnvironmental  
Studies、Theseedlingswere50～70cmi†lheightandwereplantedi正16cm4，pOtS．  
These plants were culturedin a greenhouse for approxirnately2years at a  
temperatureof250Candatarelativehumidityof70％andwerewateredoncea  
Week．Theplantshadmatureneedlesandtherewerenosignificantbarklacerations  
OrgumeXudations．Thetreesweretransferredaweekbeforethemeasurementfor  
monoterpene emissionsinto a gas cabinet controlled at a simi1ar environmenta）  
COnditiorltO thatinthe greenhouse．No significant growth of the plants was  
Observeddurirlgtheexperiment．   

C邸Cα∂∫邦βJ  

Adynamicmassbalancegascabinet（2，ODOW x2，000D xl，800Hmrn）（Fig．3．  
1）wasusedtodeterrninehlOnOterpemeemission．Thegascabinetwassurrounded  
by window glass and was housedin a controlted environment chamber．The  
temperature and humidity ofthe air cominginto the cabinetWere regulated to  
within±lOcarldwithin±5％respectively．Lightwassupplied．bynaturalsunlight  
at anintensity which was reducedto approximately one－fourth of that of the  
radiationoutsideduetopassagethroughglass．Ambient airwaspumpedintothe  
Cabinetafterpassingthroughcharcoaltoremovepollutantssuchassulfuroxides  
andnitrogenoxides，Airflowwascontrolledat15m3／h，reSultinginreslde11Cetime  

of30mininthecabinet，and wasintroducedintothecabinetuniformlythrough  
Smallholes scattered on the whole surface of the floor．Leaf temperature WaS  
measuredwithathemographyapparatus，Radiationintensityatcanopyheightwas  
measured witha photometer．  

Sa∬plin9 POrt  

Fig．3．1   AdynamicmassbalancegascabinetL  
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Eゆeわ研g〃由J♪rocβd〝柁  

Theinfluence of temperature On mOnOterpene emissions at variouslight  
levelswasexamined at150C，200C and250C．To study theeffect ofhumidity on  
mon（）terpeneemissions，theexperimentswereconductedat70％and90％relative  
humjdityat2OOc．Aftereachchangeofexperjmentalconditions，airsamplesfor  
monoterpenearlalysiswerecollectedafewtimes（usua11yatlO：00，13：00，16：00）inthe  
daytimeforthefollowingseveraldays．Toevaluatetheeffectoflightintensityon  
rnonoterpeneemissions，diurnalvariationofmonoterpeneemissionwasobserved．  

Santplingandanalysisofmonoterpenesinthegascabinetwereconducted  
WiththesamewayasinSection2．2．Foreachanalysis，dualllairsampleswere  
CO11ectedfromthesampleportofthegascabinet（Fig，3．1）．  

Themonoterpeneemissionratewascalculatedfromthemeanconcentration  
OfmonoterI光nesinthegascabinetbythefollowingequation．  

E＝CF／W  

Where，E：mOrlOterpeneemj55；onrate，Pg［gdrywt］‾lh、I  
C：mOnOterpeneCOnCentrationinthecabinet，JJgm3  
F二airvolumeexchangedperunittime，m3h‾1  

W：dry weight of pine needles，gdrywt．  

3．2．2 Results and discussion  

The major monoterpenes emitted from the pine trees were α・pinene，β－  
pinene，myrCene．1imoneneandβ・phellandrene．Theiremissionratesandthesolar  
radiationmeasurementsattherooftopareshowninFig．3．2．Asignificantdiurnal  
Change．ofmonoterpeneemissionrateswithamaximumaroundnoonwasobserved  
w肋theexceptjor）OfcJDudyorrajnydays（degreesofcloudinesscanbefoundfrom  
thedata of solar radiationin Fig．3．2），This conflicts with the previous studies  
（Dementefal．，1975；TingeyetaL．，1980）reportingthatrnonoterpeneemissionswere  
independent oflightintensity，lt was observed that the emission rates of four  
monoterpenesvariedinasimiJarfashion．CorreZationcoefflCLentswereca）cuJated  
toanalirzetheirrelationshipmathematically（Table3．1）．1twasfoundthatβ1）inene  
hasrathersmallcorrelationwiththeotherthreemonoterpenes．Thisdifferenceof  
P・Pineヰisremarkableinthedataimmediatelyafterachangeofenvironmental  
conditions（e．g．Feb．116：00，Feb．516：00，Mar．416：OOin Fig，3．2），Thismight be  
relevant to the observationby Renwick and Potter（1981）that the effect of SO2  
fumigationon p－pinene emissionwassignficantcomparedtotheeffect onother  
monoterper】eemissior】．  
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Fig．3．2  VariationofmonoterpeneemissionratefromPinusdensif70Ya  

●：a－pinene．△：P－pinene，○：myrCene，▲：β－phellandrene  

A：SOlarradiationatnoon（cal／cm呈・min）  
B：integratedradiationoverthedaytime（Cal／cm2）  
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Fig．3，2 Continued  

Table3．1 Correlation coefficients among the emission rates of four  
monoterpenesfromPmus  

α・pinene  β－pinene myrcene  β－phellandrene  

1  0．73  0．92  

1  0．66  

1  

0
0
 
6
 
 
9
 
 

0
 
 
〔
U
 
O
 
l
 
 

α・plnene  

β・pinene  

myrCene  

β－phellandrene  

Todeterminetheinfluenceoftemperature，allthedataonα－pinene emission  
ratesinterpolatedtonoon（Fig．3，2）weregroupedaccordingtotheintensitiesofthe  
solarradiationatnoon（0．8～1．0，1．0～1．2．＞1．2cal／cm3min）andtheywereplotted  
agajr）Sttemperature（Fig．3．3a・）・Theemissionrateofα－pinene waslog－1inearly  
relatedtotemperatureateaChrangeofsolarradiation・Asingleregressionline（一）  
forthelogarithmofa－pinene emissionrateversustemperaturewasfittedtothe  
mostabundantdatawithasolarradiationO．8～1．Ocal／cm2min．Thebrokenline  
ト）connectingthedatafromthetwoT）jghtswjthdifferer）ttemperaturehasthe  
same slope as this regressionlineL Thislog－1inear relationshipindicates that  
emissionsincreasedexponentiallywithtemperature．Comparingthisrelationship  
betweenα－pinene emissionrate and temperature with the resultsforslash pine  
studiedbyTingeyelal．（1980）（Fig・33b），itisfoundthat亡hesJopejshigherjnthe  

－18 －   



former．ThesignificanteffectoftemperatureorlmOnOterPeneemissionobservedin  
thepresentstudywasconsideredtobetheresultofmeasuringtheeffectofchanging  
conditionsoveralongerperiodoftime  

Asforhumidity，therewasnodifferencebetweenthemonoterpeneemission  
ratesat70％ー．h．andat90％r．h．（Fig，3．3a）．Thissuggeststhathumidity ofthis  
rangedoesnotsignificantlyinfluenceterpeneemissionrate・  

Theinfluenceoflightintensityonmonoterpeneemissionrateisapparentin  
diurnalvariati（）ninFig．3，2，lnFig．3．3a，itisalsofoundthat，atthesameambient  
tempereture，α－pinene emission rate tends to be higher underintensive solar  
radiatiorl，Apartoftheeffectoflightonterpeneemissioncouldbeexplainedby  
thevariationofleaftemperaturezLSareSultofexposuretoradiation．Atmidday，  
theleaftemperatureofsomeleavesexposedtothesunwasoftenasmuchas5～6  
degreeshigherthantheairtemperature，Whilethat ofshadedleaveswasnearly  
equaltothe airtemperature．In Fig・3■3a，a fivedegreeincrease oftemperature  
correspondstoa70％increaseof‘rLpineneemissionrate．However，theincreaseof  
rnonoterpeneemissiorlduetotheaverageincreaseo‖eaftemperatureisconsidered  
to be much tess than that，because someleaves are shaded by otherleaves．  
Therefore，thelargedifferenceofrnonoterpeneemissionrateduetoradiation，tWice  
higherirlthedaytimethanatnight（Fig■3，2），CannOtbeexplainedcompletelybythe  
increase ofleaf temperature，This means thatltlight”doesinfluence terpene  
emissionrate，althoughDement et al．（1975）arldTingey etalL（1980）reportedits  
independenceoflight．  
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Fig，3．3（a）Temperaturecurvefora－pineneemissionratebyredpine  
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Fig．3，3（b）Temperaturecurveforα・pineneemissionratebyslashpine  
（Tingeyβ′αJ．，1978）．  

○
－
コ
膚
鵬
ふ
こ
d
 
】
O
a
q
＞
 
 

30（’c）  20  

Temperature   

Fig．3，3（c）Temperature CurVe forα・pinene vapor pressure（Jordan，  
1954）  

Therelationshipofα－Pinene emission rate and temperature observed by  
Tingey eZ al・（1980）（Fjg・3L3c），js sjmjlar to that of jts vapor pressure and  
temperature（Fig．3▲3c），SuggeStingthatthemonoterpeneemissionfromleavesis  
contro】】ed prjmarjJy by vapor pressurein a short term．The more significant  
dependenceofmonoterpeneemissionontemperatureanditsdependenceonlight  
foundinthepresentstudyareconsideredtobecorrelatedwiththevariationofthe  
monoterpene amountin theleaves．Thatis，mOnOterpene amOuntinleavesis  
influencedbytemperatureandlight，andaffectsitsemissionratetogetherwithits  
vaporpressure．Thisisareasonableinterpretation，COnSiderir喝thatmonoterpenes  
areproductsofsyntheticprocessitlpJantor主giT）atedfromphotosynthesis，andthat  
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photosynthesisisdependentonlightandtemperature（Kramer＆Kozolowski，1979），  
Theseinfluences on morlOterpene emission rate through the variation of  
monoterpeneamountareratherindirectandmayrequiresometimelagbeforethey  
are evident－  

Frorn the above considerations，it can be concluded that the variation of  
monoterpeneemissionratedependsonthernDnOterpeneamOunt，affectedbothby  
light and by temperature，and onits vapor pressure．controlled only t）y  
temperature．Thismeansthatforthereliableestimationoftheseasonalvariation  
ofrnonoterpenesemissionrates，knowledgeoftheirbiosyntheticratesisessentialin  
additiontothatoftemperature．  

3．3 THE RELATlONSIlIP BETWEEN THE MONOTERPENE  
COMPOSITIONS OF THE FOLIAR EMISS）ON GAS AND  

T11El．EAf’OIL Of’Pfハレs den∫沼0伯  

3．3．1Experimemtal  
Themonoterpenecompositionsintheleafoilandthefoliaremiss．iongasof  

PtntLS densifbytlWereanalyzedandcompared for thestudy ofthe mechanism of  
monotefPeneemission．Samplesofpineneedleswerecollectedinapineforestat  
Tsukuba district and the analyticalexperiments were started withinlhr．after  
Sampling．  

jWedle ot［samPle二The freshly gathered pine needles（200g）were steam  
distillatedforl，5hrs．inanall・glassapparatus．Thesteamdistillatewasextracted  
withhexane and wasconcentratedin vacuo at35OC．  

FbliaremissionBaSSamPle：Thefreshlygatheredpinelleedles（100g）withtheir  
endswrappedwith polyethylene film were placedin agasexchange flask where  
highpurityairwasflowingattherateoflOOml／minatroorntemperature．After  
lOminequilibrationtime，thevolatileconstituentsintheairflowingoutoftheflask  
WereSamPledbyadsorptionontoaTenaxGCadsorbentpackedinatube．  

AnaIytica】runs were performed on a HewletトPackard 5992A GC－MS  
equipped with a selectedion monitoring（SIM）functiDn，′rhe chromatographic  
conditionswere：GCanalyticalcolumn，5％SiliconeDC－200十5％Bentone340n  
ChromosorbWAWDMCS（60－80mesh）；temperatureprOgram，OOC（2min）→1000C  
（at16d／min）；Carriergas，heliumat20ml／min．Thernonoterpenescontainedinthe  
needle oilsample and the foliar ernission gas sarnple wereidentified by their  
retentiontirnesandmassspectra．TheSIMchromatogramsofm／z93ionwerealso  
Obtained forquantitativecomparison．  

3．3．2 Results anddiscussio  
The components of the needle oilwere α－Pinene．camphene，β－Pinene，  

myrcene．1irnonene，PLPhellandrene andterpinolene．Fig．34showsthem／z93ion  
Chromatograms of a）the needle oiland b）the foliat－ emissiorL gaS、 The  

－－ 
、い 

VOlatilizationfromtheleaves，lnFig，3．4，itwasfolユndthatmonoterpeneswithhigh  
VOlatilitysuchas a・Pinene aremoredominantintheemissiongasthanintheleaf  
Oil．This suggests that the difference of those monoterpene compositionsis  
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correlatedwiththevaporpressureofeachmonoterpene．1fmonoterpeneemission  
rateswerecontrolledbyvaporpressure，theemissionrateofeachmor10terPeneis  
supposedtobeproportionaltotheproductofitsamountintheleafoilandits vapor  
pressure．Inthatcase，thechromatographicpatternfortheemissiongascanbe  
predicted fromthe peak heightinthe chromatogram oftheleafoil（Fig■3・4a）  
multipliedbythe vaporpressure ofthe correspondingmonoterpene・Table3・2  
showsthevaporpressuresofthemajormonoterpenesandthedataoftheirpeak  
heights．Thepredictedpeakheightsnormalizedtoα・pineneareplottedinFig・3－4b  
asthe★marks，andfairlycoincidewiththoseoftheobservedones．  
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Fig．3A  M／z93ionchromatogramsofa）thepineneed】eoi】ar）db）the  
fo】iaremjssionga5．  

A：α－pinene，B：camphene，CニP－pinene，D：myrcene，E：  
β－phellandrene，F：terpinolene  
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Table3．2 MajormonoterpenesintheNeedleOilandtheFoliarEmissionGasof  
丹醐い血矧殉職  

Peakheightbin Predictedpeakheightb  
theemission intheemissiongas  

宮aS （Hgl  （VPxHo）  

VaporPre岳surea Peakheightbin  
（mmHg）at300C theneedleoil  

tVP）  tH。）  

Compound  
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a：VaporpressurewerebasedonthedataofJordan（1954）．Becauseofthesimi1arities   

inboili喝POintandmolecularstruCtureS，thevaporpressureofβ－phel】andresewas  

assumedtobeequaltothatofa－phellandrehe．  

b：Peakheightswerenormalizedtothatofα・pinene（100）．  

Jtisconc】udedHlatthedifferencebetweenthemonoterpenecompositionof  
theleafoilandthatoftheemissiongasfrompineleavesdependsmainlyonthe  
vaporpressureofmorlOterpeneCOmpOnent，thatis，VapOrpreSSureisanimportant  
factorinvoIvedintheemissionofmonoterpene．  

3．4 THE MECHANISMS OF MONOTERPENE EMISSION  
FROM Pl－ANTS  

The modelof monQterpene emission from plants which accounts for the  
aboveexperimentalresultswasinvestigated．  

AZthoughnormaJgasexchangeoccursviastomataJopeniT）g，theemjssjonof  
terpeneslog・linearly related to temperatureis considered to beindependent of  
stomatalopening．Dementetal．（1975），WhostudiedmorlOterpeneVOlatilizationin  
Saluk7me／l詭77I，also reported that volatilization of camphorisindependent of  
stomatalopening．There董ore，thepathwaythroughstomaonleaveswasomittedin  
themodel．Fig．3．5showsthepossiblepathwayformonoterpeneemissionthrough  
cuticles．Monoterpenes containedin oilcells exude as vaporinto surrounding  
ep仙e】iaJceJ】sor frlterCeJ］uJazJSPaCe，and emanateintc・the atmosphere through  
mesophyllce11s，ePidermalcellsandcuticles．Therelationshipofvaporpressure（Pl）  
ofeachmonoterpenewhichexudesfromoilcellsanditsmolarfraction（x．）inanoil  
cellisgivenbythefollowingequation；  

（1）   Pt＝Kt x】  

where，Kl＝COnStant＝P．s／x  

P．s＝Saturatedvaporpressureofmonoterpene（i）  

XIs＝Saturatedmo】e fractic・nOfmonoterpene（j）  
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epうthellalcells   

Fig．3．5  Possiblemechanismofmonoterpeneemissionfromleaves．  

When monoterper）e arOund oij ceJIs emanatesinto the a亡mosphere 亡hrough  
mesophyllcells，epidermalcellsandcuticles，itsflux（F）isgivenbyeq．（2）．  

Fi＝（（PiPa）／（rl∃＋r21＋r3．））・A  

Where，P8＝VapOrpreSSureofmonoterpeneinairnearleaf  
Surface，＜くPt  

r，．＝meSOphyllcellresistance  
r21＝ePidermalcellresistance  
r，．＝Cuticularresistance  
A＝Surface area of oilbodies  

（2）  

AsPaisnegligible■comparedwithP．，eq．（2）becomes，  
F，＝（（Pl／（r‖＋r21＋r3．））・A  

＝附㌔x，／x．s（r‖＋r2－＋ra、））・A  （3）  

lnSection3，3theemissionrateofeachmonoterpenewasfoundtobeproportional  
totheproductofitsconcentrationintheleafoilanditssaturatedvaporpressure．  
This canbe explained by eq．（3）’under the assumption that the saturated molar  
fractionandresistancesaresimilarfor allmonoterpenes，Ineq．（3），P．sisgreatly  
influencedbytemperatureandresultsinlogrlinearrelationshipoftemperatureand  
monoterpenef】uxwhichwasexperimer）tal】yobservedinSection3，乙 Thesurface  
areaofoiZ bodies，Aineq，（3），isconsidered todependon temperatureand】ight  
throughthevariationofoilamount，theproductsofsecondarymetabolismfo1lowing  
photosynthesis，Thiseffect onmonoterpene emission rate was also observedin  
Section3．2．  

Althoughthismodelisonlyhypotheticalone，itaccountsfortheexperimental  
resultsroughly．Forvalidationof［hismode】，furtherinvestigatjonsarenecessary・  
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CHAPTER  

4   

VariationofMonoterpeneConcentrationand  

Emission Ratein a Pine Forset  

4．1INTRODUCTION  

AsねT紀aSOnalvaYiatioりinambientteTp帥eCO－－Centration・tl－erehast〉een  
OnlyonepaperbyRasmussenandWent（1965）．Theseauthorsanalyzedairsamples  
forafewrnonthsfromseveralvegetatedareaswithGCLFID（theidentificationof  
terpeneswasbasedonlyonacomparisonofgaschromatogramretentiontimes），飢1d  
reportedlOppb（v／v）organicvolatil．esduringsummerand2ppbduringwinter．They  
alsorepoTtedthathighconcentTationsweてeObseTVedatthetimeoithedyingof  
leavesandthemowingofmeadows・Intheirstudy，enVirpnmentalfactorssuchas  
temperature and wind veIocity were not sufficiently takeninto consideration，  
besidesthetimesandtheperiodsforthemeasurementswerenotenough．  

Moresystematicmeasurementsofterpeneconcentrationandemissionrates  
（variationwithtimeofday，SeaSOnandlocation）arenecessarYtOeStablishtheirrole  
andEateintheatmosphere．ThepurposesofthisChapterare（1）topresentindetai】  
thevariationinatmosphericmonoterpeneconcentrationmeasuredwithGC－MSin  
aforestoveraperiodofoneyearandtodiscusstherelationshipbetweenvarious  
environmentalfactors arld terpene concentration，a！1d（2）to present seasonal  
variationofmonoterpeneemissionratefromabranchintheforestandtoevaluate  
the worldwide emission estimate using these emission data and the information 
ObtainedinChapter3．  

4．2 SEASONAL ANDI）1URNALVARIAT10NSOF  
MONOTERl｝ENESIN TfIE ATMOSPIIERE  

IN A PINE FOREST   

4．2．1！王Ⅹperimental  

The、analyticaltechnique for measuring sub－ppb monoterpenesin the  
atmospherehasbeendescribedinChapter 2．  

Aforest at Tsukubawasselected forthisstudy，Intheforest．pine（Pinus  
denstflo7V）trees are plantedwith a spacing of2～3min an area of20．000m2  
extendingfromeasttowest．Thetreesweretwenty－fiveyearsold，eaChaveraging  
approximately8minheight．Jnordertostudyseasonalvariati叫theatmospheric  
monoterpeneconcentration加asmeasuredatll：00a．hl．almosteverydayduringone  
yearperiod（May14．1980～May20，1981：248datapoints）．Thediurnalvariationwas  
measuredonJune5－June6，19BO．Dualsampleswerecollectedatthesarnetime、  
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Allsampleswerecollectedl．5mabovethegroundatthecenteroftheforest，The  
horizontalandverticaldistributionsofmonoterpenesintheforestwerealsostudied、  

Environmentalfactors（atmospheric temperature，humidity，Wind direction  
windvelocity，UVradiationandatmosphericconcentrationofnitrogenoxidesand  
ozone）weremorlitoredattheedgeoftheforest，20mapartfromthesamplingpoint．  
The concentra【jon of njtrogen－0Ⅹides（NO and NOz）waS determj”ed by the  
Saltzman method（GRH－74，Denkikagaku－keikiCo，）and that of ozone was  
measuredbythechemiluminescencemethod（Ozonemeter806，KimotoElectronic  
Co，）．   

4．2．2 f己esults and discu5Sioll  

（1）SeasonaIvariation  
The detected monoterpenesin the pine foreもt were a・pinene camphene，P－  

pinene，myrCene，1imoneneandβ－phellandrene・α－Pinene wasalwaysdominant  
amongthemthroughoutthe12－mbnthstudyperiod．  

TheconcentraionofmonoterpeneSVariedgreatlyfromdaytoday，andfrom  
seasontoseason．Fig．4．1（a）showsthevariationinα・pineneconcentrationeachday  
atll：00a，m．duringtheoneyearperiod（fromMayinlg80toMayin1981）．The  
valuesrangedfromn．d，（lessthanO．02ppb）t‘00．65ppbandtheiraveragewasO．13ppb．  
TheconcentrationduringJanuarytoMarchwasrelativelylowwithlittlevariation．  
In contrast to the winter data，thosein summer and autumn showed highand  
irregu】arva】ues、  

■【■■■■．■▲■■■■■OH－－■■■■1－－■l■  

Fig．4．1（a）SeasonaJvariationintheconcentrationofα・pineneinthe  

pineforestatTsukubaatll＝00a．m．（14May1980～19May  

1981）  

Thesevariationsareconsideredtoreflectthechangeinemissionrateofα・  
plnene anditsrateofdisappearanCe・Theemissionrateofmonoterpenesisknown  
todependontemperatureandtheamountofessentialoilpresentonleafsurfaces  
asdiscussedinChapter3・Asfortherateofdisappearance，photochemicalreactions  
andozonolysISareCOnSideredtoplaylmpOrtantrOles・Physicaldilutionduetowind  
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isanotherimportantfactor・Fig■4・1（b）and（C）showvariationsintemperatureand  
。Z。neC。nCentrationduringthesameperiodasinFig・4・1（a）・InTable4Ll，the  
correlationcoefficientsbetweenα－pineneconceptrationandvariousenvironmental  
factorsaresummarized．Anyofthesecorrelationcoefficientsisnotdefinitive・but  
α－pineneconcentrationseemstobesomewhatcorrelatedpositivelytotemperature  
andrelativehumidity，andnegativelytoozoneconcentration・   

ヽ■′′  
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Fig，4．1（b）Seasonalvariationinambienttemperatureinthepineforest  
atTsukubaatll：00a．m．（14May1980～19May1981）  

Fig．4．1（c）Seasonalvariationinozoneconcentrationintheairinthe  
pineforestatTsukubaatll＝00aLm・（14May1980～19May  
1981）  
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1Table4．1 CorrelationMatrix（226data）  

relative UV Wind Wind 
humhjity radiatioTIVelocity．．direction’  

叩1nene 
ra  

03  NOズ  

1．00   

生墾 1・00  

0．51 0．38  1．00  

0．13  0．39 0．41  ユ．OtI  

－0．21－0．05 0．13  0．06 1．00  

0．08 －0．28 0．16 →0，110．06  1．00  

－0，28  0．36 －0．36  0．66  0，07 －0．27 1．00  

0．16 －0，21  0，14 －0．29 －0．19 －D．07 0．34 1．00  

α－plnene  

temperature暮   

relative  

humidity－  

UV  

radiation◆   

wind  

velocity‘  

wind  

direction．I”   

0。●  

N11．－  

暮 Thesefactc＞rSWeremeaSuredattheedgeoftheforest，20mapartfromthe  
組mpllngpOmt・  

‥ Sincetheforestextendedfrome呵towest，thewinddirectionwasdesignated  
by■tl”foreastandwestwindsandby‖0”fornorthandsouthwinds．  

Inordertofindthefactorsrelatedtoα・Plnene COnCentrationandevaluate  
themintheorderofimportance，amultipleregressionanalysiswascarriedoutwith  
the t’MAP”program（Okuno elaL，1976）・Two hundred and twenty－Six daysT  
COmpletesetsofdatawereemployedforthisregr9SSionanalysis．Table4．2shows  
theresultscalculatedbyastepwisebackwardregressionmethod．Judgirlgfromthe  
Standard partiaIregression coeffieient values，it ean be sajd that a hjgh  
concentrationofα－plneneispresentunderconditionsofhightemperature，andlow  
OZ（）neCOnCentrations，NOxandwirlddonotseemtohaveanydjstjncteffects，From  
Fig，4．1（a），（b）and（c），itcanbeseenthat（1）theroughseasonalvariationofα－Pinene  
maypossiblybeexplainedonthebasisoftemperaturedifference，and（2）changes  
fromdaytodayrnaybecorrelatedwithozoneconcentration．Thelattercorrelation  
isparticularlyapparentinthedatashownbyencirclednumbersinFig．4．1（a）and（c）．  
Thisisconsistent with the fact that temperatureinfJuences theemjssjon rate of  
monoterpeneandozonecontributestothebreakdownofthesecompoundsintheair．  
Thepositivecorrelationbetweenα・pinene concentrationandrelativehumidityln  
Table4．2js presumed to stem from their correlation with other environmental  
factors・Forinstance，botharepositivelycorrelatedtotemperatureandnegatively  
correlatedtoozone concentration，  
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Table4．2 MultipleRegressionOutput   

SampleSize  226  

Selected independent variable 

l／TEMP  ：reciprocalofabsolutetemperature  

HUM  ：relativehumidity  

LOGO3  ：logarithm ofozoneconcentration’  

LOGNOX   ：logarithmofNOx cocentration■  

UV  ：UV radiation  

WINDV  ：windvelocity  

WIND D  ：wind direction r   

SelecteddependentLV？riable・   

LOGP  】：logarithmof a・plnene COnCentration事  

Multiplecorrelation R芋＝0．81  

standard partial 
regression coefficient 

variable  

1／TEMP  

ⅥU血  

LOGO3  

LOGNOX  

WIND V  

WTND D  

一0．66   

0．1B   

－0．30  

0，14   

－0．13  

■0．11  

◆ToobtaiTlanearlynorma】distribution．ashlal】fixedvalue（2ppbfor〔03〕： 1  
〔NOJ，0．1ppbfor〔q－Pinene〕）wasaddedtoeachdataset．i  

（2）Therelationshipof［α・pinene］，［0，］arLdtemperature  
Here，theeffectofenvironmentalfactorsonα・Pineneconcentrationwi11be  

discussedinmoredetail．Supposingthat thereactionwithozoneisthe onlyone  
mechanism for the removalof emitted terpenes（the effect on the removalof  
terpenesbyhydroxylradicalswillbediscussedlater），thefollowingequationholds  
fortheemissionrateandtheconcentrationofα・pineneintheairinasteadystate．  

EL，＿，n．C。。＝k。，×［α－pinene］×［03］  （1）  

Where・E叫ene  
［α・plnene］  

［0。］  
k．．  

α・plneneemissionrate fromleaves  
α－plneneCOnCentrationintheatmosphere  
OZOneCOnCentratioIlintheatmosphere  
second－Orderozonerq－Pinenerateconstant  

Theproductof［q－pinene］and［03］wascalculatedforeachsetofthedataandits  
Variationis shownin Fig．4．2．Althoughthe graph exhibits a highdegree of  
Variability，the roughseasonalvariationis closer to ther、temperature pattern，  
COmParedwiththeα－Pineneconcentrationpattern，Thecorrelationcoefficientof  
log（［a－pinene］×［0。］）andtemperaturewasO，78（cf．thecorrelationcoefficient  
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Oflog［a－Pinene］andtemperaturewasO・60）・Since［q・Piene］×［03］・Whichis  
COnSidered here to be proportionaJto theαLphene emissJOn rate，WaS nOt Of a  
Significant amount around November，the highα・Pinene concentrationsin that  
SeaSOn are COnSjdered to have resulted from thelower ozonelevels，Thisisin  
COntraStwith Rasmussen’s concept that highconcentration of terpenesinlate  
autumnmaybeattributabletotheincreaseinterpeneemissionatthetimeofthe  
dyingofleaves．MultipleregressionshowedthatwinddoesnotgreatlyiTlfluenceα・  
Pineneconcentrationintheair（Table4．2），Forthe170datawithawindvelocity  
Ofl，20r3m・S、1，thedataof［α一Pjnene］×［03］weregroupedbywindvelocity  
andtemperature（atintervalsoftwodegrees）andtheaverageofeachgroupwas  
Calculated．TheresultsareshowninFig．4．3、1fwindplaysanimportantroleinthe  
dispersionofa・pinene，ko，×〔α－pinene］×［0，］shouldbelessthanEL．＿P．n。n。，Since  
［α・pinene］×［03］becomes smaller athigherwindvelocity．1ndeed，thedatawith  
highwindveJocity（79ms1）irldjcatedmuchsma】】erva】ues．Zntherangeofwjnd  
Velocityト3msl，however，nOremarkabledifferenceamongthedatawasobserved  
asshowninFig．4，3．Thismeansthatawindvelocitylessthan3ms、1doesnot  
greatlyaffectthedisappearanceofα・Plneneintheforest．  

Thisrelationshipof［α－pinene］×［0，］andtemperaturewascomparedwith  
thatofa・pineneemissionratefrompineseedlingsinachamberandterpemature  
（Fig．3．3a）．Theyaresimi1artoeachotherwhenthetemperatureisLntherangeof  
lO－25Oc，aSShowrlWithadottedlir）e．Thisjsexpectedtobe，Wheneq．（1）holdsfor  
E叩i。ene，［α・pinene］and［0，］．InFig．4．3，thedatabelowaboutlOOCandabove250C  
aresmallerthantheextrapolatedvalues（brokenline）fromthoseintherangeoflO  
250C．Possibleexplanationsforthisareasfollows，（1）Asmonoterpeneemission  
rateisinfluencedbytemperatureandlight（Section3．2），inwinter，theratewould  
besmallerthanthepredictedvaluebasedoT7）yoLlthevarjationoftemperature．（2）  
Inmid・Summer，theconcentrationofhydroxylradicalsintheatmosphereishighest，  
resultjoginthejncrease oftheremovalofα－pineneduetoitsreactionwithOH  
radicals．Inthiscase，theproductk。，×［α・pinene］×［0，］issmallerthantheemission  
rate．  

J■■■．ルー山叩叫tO｛一触h●血∩■也l■・■－－■l  

Seasonalvariationintheproductoftheα－pineneconcentration   

and ozone concentration  

Fig．4．2  
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Fig・4・3 Theproductoftheconcentrationofa－pineneandozonevs．  

temperature  

Thesizeofthemarkisproportionaltothenumberofdata  

ineachdivision．  

（3）ConsiderationonthereactionwithOH radicals  
TakingthereacionwithOHandothereffectsintoconsideration，ed，（1）may  

berewrittenasfollows，  
Eα一。h，。nC＝ko，×［α－Pinene］×［0，］＋k。HX［α・pinene］  

×［OH］＋kx X［α－pinene］  （2）  

Where，EL，＿PInen。  

［α－Pinene］  

［0。〕  

ko3  
ko■】  

k、   

α－Pineneemissionratefromleaves  
α・PlneneCOrlCerltrationihtheatmosphere  
OZOneCOnCentrationintheatmosphere  
SeCOnd・Orderozoneq－pZrlenerateCOnStant  
second-order ON-o-pinene rate constant 
totalrate constant of diffusion，adsorptionetc．  

lftheOH concentrationintheforestwereavailable，aneaSierandmoreprecise  
interpretationwouldbepDSSible．But，theinformationontheatmosphericOHis  
quite scarce．Only a few direct measurements of OH concentrationin the  
atmospherehavebeenmade（Wangetal．，1975；Davisetal，，1976：Perneretal，，1976：  
Campbe11e［al．．1979）．Consideringthattheemissionrムteofα・Pinenedependson  
temperatureasshowninSection3．2，theemissionrateatTOC（E吉＿。”en。）isexpressed  
withtheemissionrateat30OC（E誉＿P”。ne），uSingtherelationshipoftheemissionrate  
andtemperatureinFig．3，3aこ   

E吉＿。h．c。e＝E慧．p．ncne x exp（0．11TL3．3）  
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Transformingeq．（2）withtheaboverelationship，WeObtain  

k。H・［OH］＋kx  む＿ ko3  exp（0．11T3  

い∴j  
13l  

【針pineneト［0。】 E禁。i】－ビn。   E㌍。i。。。。  

Ifthereisnostrongcorrelationbetween［0，］and［OH］，theinterceptofthegraph  

exp（0．11T3．3） 1  ko。  Oftheregressionequationof  
VS・耐COrreSPOndsto盲碧㌫ニ  〔㌃Pineneト［03J  

Ifkxisnegligibleincomparisontok。。×［OH］，itsslopeshouldbetreatedasthe  

k。H X rOHj  
mean of  Forregression，156setsofdatawereselectedwiththe  

E㌘pi。ene   

foJlowingconditions＝（1）awindveIocitylessthan4ms‾1soastomakenegligible  
thewinddisI光rSioneffect，and（2）useofdataobtainedduringAprilrNovember，  
Omittingthedataduringwinterwhenphotosynthesisisdecreased．Fromtheresults  
Oftheregression，the followingvalueswereobtained（1）theemissionrateofα－  
pinene at300C（E讐。1n。ne）：1．92JLgm3h‾1．and（2）themeanofOHconcentration：  
1・5×10‾Sppbor4×10Smoleculescmr3usingthe】aboratorydataofk。。（8．9×10－3  

ppm‾1s▼1，Ja由relal．（1974））andk。．．（1．6×103ppmLIs－1，WinereIal．（1976））．The  

COnCentrationofOH．4×105moleculescm▲3，agreeSWiththeaverage［OH］，0．3－  

2×106molecules cm‾3，in the northernhemisphere（Levy，1974；Wofsy，1976；  

Crutzen＆Fishman，1977）・However，thereis often some positiv占correlation  
betwe即［0き］aIld［OH］intheactu∂】atmospbere，andjnsucbca5e5，thelraユuesof  
E慧L州en。and［OH］mightbesomewhatlargerthanthosecalculatedabove（Cf．eq．  
（3））・Judging from the reaction rates and the average concentrations described  
above，itmaybeconsideredthatthereactionofα－pinenewithOHcontributesto  
thebreakdownofα・pinenetoasomewhatlesserextentthanthereactionwithO。．   

（4）Diurnalvariation  

Thediurnalvariationshouldbecommentedupon．Fig．4Ashowsthediurnal  
Variationinq－pinene onJune5「6in1980plottedwithvariationintemperature，  
［03］and［a－pinene］×［03］■Duringthesamplingtime・theweatherwa苧gOOd  

Withlittlewind，andwashoutandwindeffectsdidnotrequireconsideration．The  
COnCentrationofα・Pineneinthedaytimewaslow，butquitehighatni叫When  
photochemicalreactionsandozonolysis 

． 

dataatnightwhentherewasaninversionlayerataheightof150m．Theincrease  
intheproductattheappearanceofthisinversionlayersuggeststhatthemixing  
height had a considerabIeinfluence on the estimation ofemission rate values of  

monoterpenebasedonatmosphericconcentration．  

Becauseoflittlevariationinα・PlneneCOnCentrationduringthedaytime，Our  
particularsamplingtime（1l：00a・m・），however，didnotseemtocauseanyserious  
probleminstudyingseasonalvariationinatmosphericmonoterpenesinthedaytime．  
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Fig．4．4  Diurnalvariationintheconcentrationofα－pineneintheairof  

apineforest（5－6June1980）  

●：α一plnene COnCentration，△：temperature，0：ozone  

COnCentration，q：the product of the concentration of a－pinene  

and ozone．  

（5）Horizontalandverticaldistributionsofα－pinene  
Theverticaldistributionofα－plneneWaSmeaSuredinthecenteroftheforest  

onMay28，1981．Itwascloudyandwindless，TheresultsareshowninTable4．3．  
Itwasfoundthatα・pineneconcentrationsareuniformundertheforestcanopyand  
decreaseslowlywithheightabovethecanopy，Onwindless days．  

Fig．4．5showsthehorizontaldistributionof theα－pinene concentrationat  
SeVeralpoir）tSinandarol］ndtheforestonMay29in1981．Therewasasmallwind  
from the south－WeSt．Here，We Can See that the α－pinene concentrationlWaS  
uniformwithintheforestanddecreasedsharplyoutsidetheforest．  

Table4．3 VerticalDistributionofα－PineneConcentrationintheForest  

（May2乳1981）  

height（m）   d－pinene concentration（ppb）  

1．5  0．12±0．02  

5  0．12  
10  Jo．13  

15  ∴0▲11  

20  ’0．10  
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Fig．4．5  Horizonta】distributior）Ofα・pinene concentration（ppb）  

⑳：SamPling point for the study ofthe seasonalvariationin  

monoterpenesL  

4．3 SEASONAL VARIATION OF MONOTERPENE EMISSION  
RATEIN A PINE FOREST AND EVALUATION OF  
PRE：ⅤIO一丁SWORL工IWID】∃EMISSIOⅣESTIMATE   

4．3，1 MeasurelnentSOfmonoterpeneemissionrateillapineforest  
To assessthecontributionsofplanトemittedterpenestotheoveraIlhydro－  

Carbon budgets，a Valid estimate ofterpeneemissionis essen亡ial．Zimmerman  
deveIopedasimpZe，praCticalmethodforco）1ectjngsamplestocompletethefield  
Samp】ingprogram．ⅢssysteminvoIves（1）enclosingaportionofvegetationina  
Teflonbag，（2）co11ectingabackgroundsampleoftheenclosedairinthebag，（3）  
fillingthebagwithhydrocarbon－free air，（4）1eavingit over thevegetation for  
abouttenminutesand（5）collectingasampZeotthebagajrforGCaT）a】ysis．The  
emissionratcisequaltothetota】numberofmicrogramofhydrocarbonsreleased  
per訂am Ofvegetation sampledper unit time■ Thisbag－enClosure 
howevermaynotbea satisfactorywaytomeasureemissionfortwoteasons■  
Firstly，theleavesmaybedamagedbytouchingtheenc10Shgbag，Whentheairinthe  
bagisbeingcollected．Znourpreliminary experimer）t，itwas observedthat the  
terpezleemissionfromtheleavesdamagedbyrubbizlgWaSSig71jficantJyhigherthan  
fromthenormalleaves．Secondly，theuseofthezerogasinthistechniquebrings  
about anabrupt Changein the environment around thevegetation；namely the  
suddenchangesintheconcentrationsofcarbondioxideandwatervapormayaffect  
the亡erpeneemissionratesfromtheplants．Thesecouldcausesomechangesinthe  
terpeneemissionratesfromplants．  

lmprovingZimmerman’smethod，arnOrereliablemethodformeasurlngthe  
monoterpeneemissionratesfromabranchwasdeveZoped、Thesy5temdeve】oped  
isshowninFig．4．6．BasicaユJytheLTiethodinvo）ves（1）collectingallbackground  
airsamp】einaboxforGCrMSanalysis，（2）enclosingabranchbytheboxmadeof  
teflon－COatedmethacrylicresinswithonesideopen，（3）puttingthecc・Verleavinga  
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smallhole forthebranch，（4）enclosingacreviceleftbetweenthebranchandthe  
edgeoftheholewithteflonsheet，（5）1eavingit overthevegetationforaboutten  
minutesand（6）co11ectingonlyllsampleoftheairintheboxforGCrMSanaJysis．  
Theemissionrate但）canbecalculatedbythefollowingequation；  

E＝（C、C。）×Ⅴ／t  

Where，Co： backgroundconcentrationofmonoterpene  
C： SampJeconcentratjonofmonoterpeneinthebox  
V： VOlume ofthebox＝2971  
t： theelapsedtimeafterenclosingthevegetationuntilsampling  

（intermediateofcollectionstartandend）  
This methodis free from any touching of theleaves and a drastic change of  
environmentsurroundingthevegetation．  

Fig．4．6  Anapparatusforthemeasurementofmonoterpeneemissionrate  

from a branch  

A：abranchofa pinetree，B：boxmadeofmethacryJicresins  

（inside teflonCOated），C：fan，D：teflon sheet．E：Stand．F：  

Samplingporし  

Fig．4．7shows theincrease of α－pinerle COnCen亡ration jn亡he box after  
enclosingabranchofpine．TheliTlerincreaseoftheconcentrationsuggeststhatthe  
α・Pineneemissionrateisalmostconstantatleastforhalfanhourafterenclosure・  

Theseasonalvariation（MayJuly，Sept．，Nov．in1982，Jan．，Mar，in1983）of  
a・pinene emission rate from a branch was measuredin the pine forest，Where  
seasonalvariationofatmosphericmonoterpeneSWerealsoinvestigated．Through  
theexperimentalperiod，thenumberofneedleswerealmostthesame（26240nAugL  
24and24920nDec．6）．TheresultsarelistedinTable4．4．Therelationshipbetween  
theα・Pjnene emjssjon rate and the temperatureis shownin Fig．4L8・This  
relationshipwasverysimilartothatobtainedfortheemissionratepredictedfrom  
the product of［a・pinene］and［0ユ］in the previous section（Fig．4・3）・The  
approximateemissionratepergramofvegetationperunittimewascaleulated  
fromtheemissionratefromthebranch，andanaverageweightofneedles（31mg  
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［wetwt］orlOmg［［drywt］）multiplidbythenumberofneedles（2500）．Theemission  
ratefrompineneedles on summerdays（atll：00a．rnりeXtrapOlatedto300C）was  
foundtobeapproximatelyO・05JJg／g［wetwt］horO．15JJg／g［drywt］h．  

3q  （mthI  

Fig．4，7 hcreaseofα－pineneconcentrationintheboxaf亡erel－Closing  
abranchofpine（Ju】y9，1982）  

Table4，4 SeasonalVariationofα・PineneEmissionRatefroma BranchofPine  

（atll：00a．m．）  

temperature αrplneneemissionrate   

（OC）   レg（gdrywり‾11】－1）  

May 7  

Jul．9  

Sept．17  

Nov．2  

Jan．12  

Mar．12  

5
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．
 

8
 
7
 
2
 
5
 
∩
入
U
 
9
 
 

1
 
2
 
2
 
1
 
 

0．048  

0．110  

0，076  

0．024  

0．007  

0．009  

4．3．2 Evaluationofthepreviou5eStimateforworldwideterpelleemi5Sion  

HouJyq・plneneemissionrateforthepjr）eforestcouJdbeca】culz．tedtobe  
150FLgm‾2h，JfromtheemissionrateofO・15JJg［gdrywt］rZh－L andapproximate  
leafbiomassdensityfactorsforconifersintemperatezone，990g／cm2（Zimmerman，  
1979）．hSection4．2．2（3），u－pjneneemjssjonratejntheforestwasestimatedtobe  
2JLgm－3h－1basedonthevariationofatmosphericconcentrationofα－pinene and  
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岬（9血y止】－1h－1  

0  10  20  30（OC）  

Figt4t8 TherelationshipofαLpineneemissionratefromabranchofpine  
andambienttemperature  

ozone．Assumingthemixingheightintheforesttobeabout50m，theemissionrate  
inthepineforestwascalculatedtobelOOFLgmL2hJl・Whichdoesnotconflictwith  
estimationfromthemeasurementoftheemissionratefromabranch．Thissupports  
that most of atmospheric monoterpenes emitted from plants disapper by their  
reactionswithozoneandhydroxylradicalsinforests・  

Asq－pinenerepresented30－50％（av，40％）ofmonoterpenesemittedfromthe  
plnetreeS，themonoterpeneemissionratewascalculatedtobeabout40OJLg汀「2h‾1  
intheforest．ThisisoneOrderlessthantheestimated rate4975FLgm．2h▼1for  
coniferousforestat300c）byZimmerman（1979），Thisdifferenceisconsideredto  
resultfromtheoverestimationofthelatterusingbag－enClosuremethodwithsome  
measurementerrorsassuggestedintheprevioussectionL  

Asforseasonalvariationofmonoterpeneemissionrate，itwasfoundthat  
Tingey，salgorithm（Fig．3．3b）forterpeneemissionrateusedbyZimmermanto  
correcttheemissionfactorsfrom300Ctoaveragemonthlytemperaturecouldnot  
accountiorthevariationinthefield（Fig．4，8），andtheemissiotlrateWaSmuCh  
lower at winter when photosynthetic rate was greatly reduced・Zimmerman’s  
estimationwouldalsosufferfromsomeerrorsresultingfromtheneglectoflight  
irlfluenceonmonoterpeneemissionrate  

Asmentionedabove，Zimmerman，sestimation，themostextensiveworkfor  
theestimationofterpeneemissionrate，WaSfoundtobeprobablyiI－errOrbothin  
measurementandextrapolation．Annualglobalterpeneemissionrateisprnbably  
necessarytobedecreasedbyone－Order．1nthiscase，however，nealylxlO8t／yof  
terpenesarestillemittedintotheatmosphere，andtheirroleasozoneconsumeror  
aerosolproducerintheatrnosphereremainsimportant・  
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CHAPTI∃R  

5   

Aerosol Partieles Formed from the Products of 

Clle汀IicalReactioI10fTerpeれeSWithOzolle  

5．11NTIiOI）UCTION  

InChapter4，ithasbeenshownthatmonoterpenesemittedfromplantsinto  
theatmospherereactwithozonerapidlyandmostofthemseemtodisappearbefore  
theydiffuseoutofforests．AJargefractionoftheterpeneproduc亡Sisexpectedto  
beintheaerosolphase，SincetheoxygenatedproductsthroughreactionswithO。  
and OH should have alower vapor pressure than the parent compound（the  
monoterpeneshaveboilingpointshigherthan150Oc），Aerosolorparticulatematter  
in the atmosphereis a major source of contamination，having animpact upon  
visibility，health，andevenweatherandclimateasaresultoflightscatterlng．Went  
（1960）firstobservedabluehazebYplacingO3andpmeneedJesinabeJljar，and  
furtherlaboratorystudiesdemonstratedthat atmospheric monoterpeneS areVery  
reactiveandtheirproductsresultinaerosoIs．  

HazeformationwasstudiedbyWiJsonela／．（1972），Theysynthesizedaeroso）  
productsinanenvironmentalsmogchamber，andco11ectedtheaerosoIsproduced  
fromthephotooxidationofα・pinenebyextractionandderivationtechnique．Gas  
Chrornatogramarldmassspectraoftheextractedcompoundsjndicatedthepresence  
of pinonic acid and norrpinonic acid．In aJater study on haze formation also  
invoIvingphotooxidationofαrpineneinasmogcharnber，Schwarz（1974）wasable  
toidentify an additionaJproduct．p血ononic a】dehyde，in the neutraトfractjDn，  
Anotherwork ontheaerosoJproduc亡Sformed from】imorleneaTld terpinoJenehas  
alsobeencarriedout（Schuetzle＆Rasmussen，1978）．However，theiridentification  
oftheproducts，basedonlyonthehjghresoJutionmassspectrometryofthemixture，  
isLlOtC（〕TISideredtobecontirmatjve．Asforfje】dstudy，theaerosoJscDJlectedatthe  
BlueRidgeMountainscontainedpinonicacid（Wilsonetal．，1972）．However，there  
have been tewotherobservatjonsoE terper）e－Origjn aerosoIs ever］in and around  
forests．Thismightbeduetothefactthat】jttledataareavailableforcompounds  
whichwouldbepresentintheterpeneOrlginaerosoIs．Intheabovechamberstudies  
byWjlsonela川972）andSchwarz（1974）・OnJyphotochemicalproductsofuLPinene  
werestudjedandozonolysisproductsofmonoterpeneswerenotinvestigated，While  
theolefin－OZOnereaCtionisconsideredtobethemostimportantoftheatmospheric  
reactionsofo】efjnsjncJudjr］gterper）eS（0’NealeL aLり1973）．  

Therefore，OZOne reaCtion products of α・pinene，β－Pinene arldlirnonene，  
whicharecommonmonoterpeneSin forest air，Wereinvestigatedusingchamber  
experJmerltin order fo obtajninformation usefulforidentifying terpene－OZOne  
reactiorlprOductsin the ambient atmosphere（Section5・2）L The products were  
analyzedbycapillaryGC－MS，SincethepackedcolumnwhichwasusedforGC  
ana】yses by precedhg workersis unsatisfactory for resoIvlng COmplicated and  
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unknownmiⅩtureS，Field studiestocharacterizethe aerosoIsina forested area  
WereCOnductedinacedarforestatKiyosumiinChibaPrefectureandinapine  
forestatTsukubainthesummerof1982，anditwasfoundthatpinonaldehyde，  
WhichhasnotbeenreportedasterpenereaCtionproduct，iscommoninforestair  
（Section5．3）．  

5．2 ANALIYSISOFPRODUCTSFROAITHEOZONOLYSISOF  
q・PINENE，β・PINENEANDLIMONENEBYGCLMS   

5．2．1ExperimeIltal  
弧鼎虚申胱－OZO邦β柁α√Jわ邦  

Monoterpene－OZOnereaCtionwasconductedwiththeapparatusshowninFig．  
5．1atroomtemperature．Ozonizedairandmonoterpetle－COntainingairweremixed  
flowingthrougha31glassbulb（，）（50cmlong）whichservedasa flowreactor，  
Individualflow rate was controlled atl，Olmin1with flow meters．The  
COnCentrationofozonewascalibratediodornetrically．Themonoterpenesused（α－  
pinene，β－pineneandd－1imonene）wereofthehighestgradeavailableandtheirgas  
ChromatogTamSareShowninFig，5．2．Theconcentrationofmonoterpene，Which  
WaS diffusing constantlyinto the flowing air from theliquid samplewith a  
COnStantlymaintainedlevel（tl），WaSdeterminedfromits19SSinquantitythrough  
the reaction experiment．Experimentalconditions for the ozonolysis of three  
monoterpenesarelistedintheleftcolumnofTable5．1．Foreachmonoterpene，tWO  
experimentswereconductedwithozoneconcentrationinexcessof（No，1，3，5）and  
nearlyequal（No・2，4，6）tomonoterpene．Undertheseconditions，formationofsmog－  
1ike aerosoIswasobservedinthereactor．Theproductswerecollectedinacold  
trap（K）cooledto70Oc．FortheanalysisoflowmOleculecarbonyls，1mlofthe  
gascomingoutofthereactorwassampledwithagastightsyringejustbeforethe  
trap，andimmediatelysubmittedtoGCLMSanalyses．Afterthereactionforseveral  
hours，the gas supplies were turned off，and the trap was allowed to warm to  
ambierlt temperature・The remaininglighトyellow，Odorous，Viscousliquid was  
dissoIvedinacetoneandanalyzedwithGCandGC－MS，   

Aγ乙α如よc（ZJ♪和Ce血γe  

（1）Low－mOleculecarbonylproducts  
One mlof the product gas was analyzedwith GCTMS（Hewlett－Packard  

5992A）・ChromatographicseparationswereaccomplishedonPorapak N（80／100）  
packedinaglasscolumn（6ft・×2mmID）．Theoventemperaturewasmaintained  

at1200Candthecarriergas（He）wasletflowatarateof20ml／min．Theselected  
ionmonitoring（SIM）detectionwithhighsensitivitywasused fordeterminaLion．  
Theionshavingm／z29，30，43，44and58weremonitoredfortheidentificationand  
quantificationofformaldehyde，aCetaldehydeandacetone．   

（2）Viscousliquidproducts  
ThesolutionoftheviscousliquidproductswassubmittedtoGCandGC－MS  

analyses・Fractionationinto acid and neutralcomponents was also performed．  
Priortofractionation，thesoIventⅥ7aSeVapOratedandtheresiduewasredissoIved  
with methylene chloride・The acid fraction wasisolated by extraction of the  
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Fig．5．1   Apparatusforthereactionofmonoterl光neSWlthozone  

α－p⊥nerle  β－Plnene  d－1iInOnene  

Fig，5．2 Gaschromatogramsofthemonoterpenesusedforthereaction  
experiment  

methylenechloridesolutionwith2NNaOH・Thebasicaquaticextractwasthen  
reacidified t。pH～1With HClandextractedwithmethylene血oride■ Each  
methylenechloridesolutionc9ntainingneutralandacidcomponentswasdriedover  
anhydrousNa2SO4，andwasconcentratedintoseveralml・Theacidfractionwas  
treatedwithdiazomethanetoformmethylesters・Eachfractionwassubmittedto  
GCandGC－MSanalyses．  

AnalyticalgasゆromatQgraphywasperformedonaHew）ett－Packard5840A  
gaschromatographequippedwithaflalnei享Pnizationdetector（FID）・andfittedwith  
ag】asscapillarycoluIrLn（0・2mmlDx25m）coatedwithmethylsilicone（1ikeOVr  
l）．Thecarriergaswas＝eat二It・2ml／minandtheovenwasprogramnedfrom30DC  
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Table5．1 ConcentrationofReactantsand Low－MoleculeCarbonylProductsof  
MonoterpeneOzone Raction 

No，  reactants（ppm）   low－mOleculecarbonylproducts（ppm）  

α－pinene  O。   HCHO  CH。CHO  CH。COCH，   

380  650   39  3．0  39   

2   380  340   19 1．2 15  

β－pineneO3  

3  217650   107 ‘」6．2  20  

4   215 340 100 1．9  20  

d－1imoneneO3  

5   115  650   25 1．0 1．4  

6   105   65   12  1．0  1．4   

（2min）to2600cat4凸／min．SampleswereinjectedintotheGCatasplitratioof  
l／20．ComputerizedGC，MS analyseswerecarriedout on aJMSDX－300with a  
Hewlett－Packard5710A gas chromatograph，The GC conditions wereidentical  
withthoseintheaboveGCanalyticalruns．Mostoftheanalyseswereperformed  
intheelectronimpactionization（EI）mode．Insomecases，aChemicalionization（CI）  
modeusingisobutaneasreagentgaswasadoptedtoobtaininformationconceming  
molecularions．ThemassspectraldatawereprocessedusingaJMA－3000／3500MS  
Data Analysis System， The components of the reaction products were  
CharacterizedbytheirEIandCImassspectra，andchemicalclass．   

5．2．2 Results and disct蛸Sion  

⊥0乙い肌βねczJJe c〟γ∂0乃〆♪川血c由  

Formaldehyde，aCetaldahyde and acetone were observed in allthe  
experimentsofthemonoterpene－OZOnereaCtion．Theirconcentrationscontainedin  
each reaction product gas arelistedin Table5．1，Althoughthere were some  
differencesintheconcentrationsofreactantmonoterpenes，itseemedthatβ－Pinene  
O, reaction yieldeded more formaldehyde than the reactions of the other two 
monoterpenes，and that d－1imonene producedless acetone thanα・Pinene andβ－  
pinene．Comparingthestructure ofP－Pinenewiththat ofαLpinene（Fig，1．1），the  
formerhasonemethylenegroup（CH2＝）outsidethering．ThisstruCturalfeature  
accountsfortheobservationthatβ－Pineneproducedmoreformaldehydewhenits  
doulblebondwasattackedandsplitbyozone．   

し’・，瑞．十日∴－／〃雄∴吏∴ノ．♪・．・‘一／ノー1イ．ヾ   

；Asnotedpreviously，COllectionsweremadeusingcoldtrapwhichwaslater  
War叩ed to ambient temperature．The yields ranged 70一一110 wt．％ of the  
monoterpene as precursor．The collectedlight－yellowviscousliquid was not  
COmpletelydissoIvedwitheithermethylenechlorideorethylether，andwasdissolved  
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COmp】ete】yon】y wjth acetone・jndjcatingthat亡kproduc亡COntajns最ghly po王ar  
Organics．   

GCα習αかざe∫〆肋g乃0和一び∂血地♪ro血ごね  

Figs■5・3，5L4and55showthegaschromatogramsofthecrudesamplesofthe  
non－VOlatileproductsfromtheexperimentsNo，1，3and5inTable5．1．Thegas  
ChromatographicpatternsofthesamplesfromtheexperimentsNo．2，4and6（lower  
OZOneCOnCentration）werenotsodifferentfromtheaboveonesexceptthatpeaks  
resultingfromunreactedmonoterpeneswerefoundontheformerchromatograms・  
Thechemicalclassofeachcomponentonthechroratogramswasidentifiedonthe  
basjsofGCana】ysesofthefractionatedsamples；（n）forneutraland（a）foracjdjn  
Fig．5．3，5，4and5，5．  

（i）αrpinene－03reaCtionproducts  
The gas chromatogram（Fig．5．3）of a－pinene、03 prOducts showed a  

prominentpeak at27・6minwhich amountedto50％oftotalpeak areainthe  
Chromatogram・Besides・abouttenrelativelyprominentpeakswerefound・  

（ii）β－pinene－03reaCtionproducts  
Thegaschromatogram（Fig・5■4）ofβLpinene03prOductswasverysimple．  

Thecomponentappearingat22・8minonthechromatogramamountedtomorethan  
70％ofallthenon－VOlatileproducts．  

（jjj）d・1imonene－03reaCtjonproducts  
AsshowninFig・5・5，SixmajorpeakswerefoundonthegaschromatogTam  

Ofd－1imonene03PrOducts・Alltheirretentiontimeswereintherangeof2832min，  
SuggeStingthatthecorrenpondingcompoundshavesimilarmolecularweightsand  
Chemicalstructures．Besides，these peaks had no remakable differencein  
magnitude，incontrasttothosefromozonolysisofα－pineneandP・Pinene，eaChof  
Whichproducedoneprominentcompound・Thiscanbeaccountedforbyconsidering  
thatthetwodoubJebond軍Oflimonene（Fig，1．1）participateinitsozonolysis，and  
rnakethereactionproductsdiversify．   

■・・！∴・・‥ ・、い ・・＼∴、・■・  
The crude samples of the non－VOlatile products and their neutraland  

esterifiedacidfractionswereanalyzedbyGCMS（Elmodeforallsamples，andCI  
modeonlyforthecrudesamples）．  

（i）αLpinene03reaCtionproducts  

TheElmassspectraofthecomponentscorrespondingtothenumberedgas  
Chromatographicpeaks（Fig・5，3）areノshowninFig．5．6（a卜O）．Themolecularions  
SuggeSted from CImass spectra are shown as M十inthe figures．The most  
prominentcomponent，ChomatographicpeakNo．9，hasbeententativelyidentifiedas  
Pinonaldehyde（2’，2’－dimethy13’－aCetyl－CyClobutyl－ethanal）onthebasisofthemass  

SPeCtrum．ChromatographjcpeakNo．12，mainacjdcomponent，hasbeenjdentiEjedas  
pinonicacid（2’，2’・dimethyl・3’・aCetyl－CyClobutylaceticacid）inasimilarway，The  

massspeCtralfragmentationpatternsfortheseCOmpOundswererationalizedinFigs．  
5．7and5．8．ThemassspeCtralfragmentationsfortheothercomponentswerealso  

Studied，andsomeofthemweretentativelyidentified（Fig．5．6），Peak No．1was  
assigned to formic acid and peak No．2was assigned to aceticlacid from the  
COmparisonwiththeirstandardmassspectra．  
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Fig・5・3 Gaschromatogramofq－pinene－03reaCtionproducts  

回  

Fig・5・4 Gaschromatogramofβ－pinene0，reaCtionproducts  

Fig・5・5GaschromatogTamOfd－1imonene－03reaCtionproducts  

一 43 －   



50 100 150 200 25（）m／z  

ト（a）Massspectrumandproposedstructuteofchromatographic  
peak30faLpinene－03reaCtionproducts  

Fig．5．6  

5（】 －80 －SO 2DO 250m／z   

Fig．5■6 （b）Massspectrumandproposedstructureofchromatographic  
peak40f a－pinenerO3reaCtionproducts  
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50 1∞ 110 200 250nl／Z   

（c）Massspectrumandproposedstructureofchromatographic  

peak50fa－Plnene－03reaCtionproducts  

Fig．5．6  

5D 】00 150 ZOO之50m／Z   

（d）Massspectrumandproposedstructureofchromatographic  

peak60fcr－plnene－0，reaCtionproducts  

Fig．5．6  

－ 45・、－   



50 柑8 ヲ50 2¢0 25ロm／ヱ  

Fig，5．6 （e）MassspeCtrum andproposed structure of chrmatographic  
peak70fa－pinene0。reaCtionproducts  

50 100 150 200 i58mJz   

Fig．5．6  （f）Massspectrumandpropo畠edstructureofchromatographic  
peak80fα－pinene－03reaCtionproducts  
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Fig・5・6 （g）Massspectrumandproposedstructureofchromatographic  
Peak90fa・pinene03reaCtionproducts  

50 柑0 150 ZO（〉 250m／ヱ  

Fig・5・6 （h）MassspectrumandproposedstruCtureOfchrornatographic  
PeaklOofa－pinene－03reaCtionproducts  
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馳 100 ISO 200 Zち0∩／ヱ  

（i）■Massspectrumandproposedstructureofchromatographic   
peakllofa・PinenerO3reaCtionpro亘ucts  

Fig．5．6  

50 10∂ Ⅰ50 2DD 2∽m／王  

0）MassspeCtrumandProposedstructureofchrornatographic   
peak120fa・plnene－03reaCtionproducts  

Fig．5．6  
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Fig・5・7  Rationalizedfragmentationofpinonaldehyde  
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Fig．5．8  Rationalizedfragmentationofpinonicacid  

（ii）β－pineneLO，prOducts  
Fig・5・9showsthemassspectrum ofthemaincomponent ofβ・pinene－0，  

product・Themolecularionwa？Lsuggestedtobem／z138fromitsClmassspectrum．  
Thechemicalstructurewasid！ntifiedas6，6－dimethyl－bicyclo［3．1．1］hept－2・One  
andthemassspectralfragmentationpatternwasrationalizedasshowninFig，5．10．  
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（iii）d・limonene－03prOducts  
TheEImassspectraofthemaincomponentsofd－1imonene－0，prOductsare  

ShowninFig．5．11（a）～（f）．AllthesemassspeCtrahavebaseI光aksofm／z43，and  
few other fragmentions usefulfor the study of fragmentation patterns were  
Observed．Limonene has two double－bonds（Fig．1．1），and each of them can  

貿） t00 150 200 おOmJ王  

MasssI光Ctrumandproposedstructureofthemainpeakat22■6  

minonthechromatogramofβ・pinene－03reaCtionproducts  
Fig．5．9  
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Fig．5．10  Rationalizedfragmentationof6．6・dimethyl－bicyclo［3．1．1〕hept－  
2・One  
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Participateinozonolysis・Besides，Whenonedouble▼bondisattackedbyozone，the  
Otherdouble－bondremainsinthemolecule■Thismeansthatrearrangementofthe  
remainingdoublebondinthemoleculemight occurduringmass fragmentation．  
Thesefeaturesoflimonenemakeitquitedifficulttoidentifytheproducts ofits  
reactionwithO，OnlyfromthemassspeCtra．   

Tl’J．  

1Z  

l0  

8  

6  

▲  

2  

-O 

50 100 15o 200 コ50m／ヱ   

Fig．5、11（a）MassspectrumOfchromatogTaphicpeak30fd・1imoneneLO，  

reactionproducts  

50  100  150  200  250 m／王   

Fig．5．11（b）MasssI治CtrumOfchromatographicpeak40fd・1imonene－03  
reaction products 
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50 IOD 150 200 250rnノz  

Fig．5．11（c）Massspectrumofchromatographicpeak50fd・limonene03  

reactionproducts  

l  

50 100 】50 200 250   

Fig．5．11（d）MassspeCtrumOfchromatographicpeak60fd－1imonene－03  

reaction products 
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50 100 ISO 200 Z50m／z  

Fig．5．11（e）Massspectrumofchromatographicpeak70fd－1imonene－03  
reaction products 

50 100 150 つ00 250mJ′  

Fig．5．11（f）MassspeCtrumOfchromatographicpeak80fd・1imonene－03  

reactionproducts  

Althoughthechemicalstructuresofnon－VOlatileproductsoflimonene－03  
reactioncouldnotbeidentifiedasdescribed，thesedata ofmassspeCtraandGC  
retentiontimes are usefulinidentifying thelimonenerorigincomponentsinthe  
atmosphericaerosoIs．  
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Toconfirm tentativeidentificationofmajor products of a－pinene and P－  
pinene ozonolysisbased onthe massspeCtra，13CLNMR studies were conducted．  
Samples were the neutralfractions of α－pinene－0，andβ・pinene－0。reaCtion  
products，andtheacidfractionofα・pinene－0，prOducts，eaChdissoIvedinCDCl，．  
Table5．2showsthechemicalshiftsofmajorsignalsontheNMRcharts，andtheir  
SpinSPincouplingmultiplicityfound fromoffreSOnanCedecoupling．Theywere  
reasonablyassignedtothemajorcomponentsofeachfraction．  

Table5．2 AssignmentofmajorsignalsofZ3crNMRofmonoterpene03reaCtion  
products  

No・   Chemicalshift（ppm）   multiplicity  

7
 
 

5
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凡肌滋川〃柏血∽料醗  
Thereactionmechanismsoftheozonolysisofα－Pineneandβ－pinene were  

considered，basedonthechemicalstructuresoftheproductsidentifiedabove．  
Fortheolefinrozonereactionsinsolution，Criegeemechanism（Criegee，1957），  

shownin Fig．5，12，hasbeerlCOnfirmedby numerousstudies．The mechanismis  
accounted forbytheinitialreactions（Ⅰ，II），Criegeesplits（IJI）and subsequent  
zwitterion reactions（Ⅴ）irlCluding various rearrangements，additions and  
dimerizations，However，thegasphasereactionsaremorecomplexandproducea  
varietyofproducts（0’Nealetal．，1973；Walteretal，，1977）．Thereactionpathway  
for simple olefin－OZOne reaCtionsinthe atmosphere has been explained by ring  
opening to a biradicalof the first adduct（molozonid）and subsequent various  
reactions inciuding Criegee split and different types of intramolecular H- 
abstraction．Forthecaseofcomplicatedolefinslikemonoterpenes，thereactions  
WOuldbemorecomplex．  
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Fig．5．12  Criegeereactionmechanismforsolution  

The reaction pathway for the two mairlprOducts ofα－pinene－0。reaCtion  
ShowninFig，5．13wereproposedbasedonthechemicalstructuresofthereaction  
productsandthemechanisticcon畠ideration．Theotherproductsmightbeproduced  
bydifferntpathwaysincludingHabstractionorsubsequentoxidativedegradation  
Oftheabovetwocompounds，  
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Fig．5，13 Reactionpathwaysina－pinene03gaSphasereaction  

Themainproductofβ－pinene－0，reaCtion，6，6－dimethylLbicycIo［3・1・1］hept－  
2rone mightbeproducedbythe pathway（A and／or B）asshownin Fig・5・14・  
ProcessBisconsistentwiththeobservationthatrelativelysignificantamountof  
forma】dehydewa5prOducedbythjsreactjon・  
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Fig．5．14 Reactionpathwaysinβ－pinene．03gaSphasereaction  
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5．2．3 Concll拶ioll  

hthis section，reSearChhas been concentrated ontheidentification of the  
monoterpene－03reaCtionproducts．Inadditiontopinonaldehydea11dpinonicacid，  
eight main compoundsin the non－VOlatile products of a－pinene－03reaCtion were  
tentativelyidentifiedonthebasisofmassspeCtra．Itwasprovedthatβ・pinene－0，  
reactionyielded6，6－dimethyl－bicyclo［3．1．1］hept－2・OneaSitsnon・VOlatileproduct  
almostexclusively．Asfor】imonene－0，reaCtion，itseemedimpossibletoidentify  
theproductsonlyonthebasisofmassspectra．  

5．3 GC－MS ANALYSIS OF AEROSOL PARTICLES SA鳳IPLED  

IN A RURAL FOREST  

5．3．1Experimental  
ふ7椚〆ダ乃g   

さ SamplingsweremadeinforestsatKiyosumiandTsukubainthesummerof  
1982，Kiyosumiis50kmsouthofChibaCityandrepresentsaruralenvironment．  
Samplingsat Kiyosumiweremadeinacedar forestinthecenter ofan area of  
mountainsandforestscovering2200ha．Automobilesareusual1yprOIlibitedfrom  
enteringthisarea．ThesamplingsiteatTsukubawasthesameforestasthatwhere  
thestudiesofChapter4wereconducted．LI  

J AerosoIsampleswerecollectedbyfilteringairthroughaPallflex8”×10”  

quartz fiberfilterusingaKimoto；Model120Ahigh－VOlumesamplerpumpwitha  
capacityoflm3／min．Thefiltershad・beeninadvanceheatedat2500cinvacuum，  
Table5，3presents a summary of aeT．OSOIsampling conditions performed，At  
Kiyosumi，tO Obtaindaytlme and nighttime aerosoIs，filters were：rePlacedin the  
morningandintheeveniTlg．AllsampleswerestoredJatambienttemperatureuntil  
analyseswerestarted．  

Table5．3 SummaryニOfaerOSOIsamplingconditions  

Samplingvolume sampleweight  

（m3）・  （mg）  

locatiop  date，time  

8／415ニ15－8／417：26  

8ノ5 6ニ00－8／517：37  

8／6 6：02－8／615：51  

Kiyosumi（D）  997．4  30．91  

8／4て17：26－8／5  

8／517：42－8／6  
Kiyosumi（N）   

Tsukuba  

1，373．8  ミ 50．15  

7／5 9：00－7／6 8：55  1，408．1  72：94  
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且め徹滋脚＝ゾ〟ねメ馳∽  

Preparationofanaれa】ytica】sampユeiれVO】vd50Xh】etextractiorlof班ef批er  
inanall－glassapparatuswithlOOmlofhighpuritymethylenechloridefor4hand  
Subsequently withlOO mlofhighpurity methanolfor4h．These extractswere  
COnCentratedtoatracequantityundervacuumonarot争ryeVapOratOr．Theywere  
fractionizedintoneutraland acidfractionsinthesameway asinthepreceding  
section．   

GC（Z乃d GC一〟Sα乃α如怨  

AJIseparations wereperformed by a gJass capnary gas chromatograph，  
COatedwithmethylsilicone（0．2mmID x25m）．Temperaturewasprogrammed  
from300Cto2500Cat8－／minandthenremainedisothermal．Cyclicscansofthe  
massspectrometerfrommass15uptomass500wererepeatedevery2sec．The  
data obtained werestored on adisc・Identificationsweremadebasedonthemass  
SpeCtra．Asforterpene－Origincompounds，maSSSpeCtraOfthereactjonproductsof  
monoterpenesandozonementionedintheprevioussectionwereusedasalibrary  
foridentification．  

5．3．2 Res山tsanddis（：WSion  
．・l－hげ仁一ム九肋小山㌧／〟／－＼－∫J′川／  

Gaschromatogramswereobtainedforthemethylenechorideextractandthe  
methanolextractofthe aerosoIssampled at Kiyosumiinthedaytime andinthe  
nighttime．ThetotaIarearesponseofthechromatogramwascalcuJatedexcluding  
thesoIventpeak．Thisresponsewasconvertedtotheweight oforganicsuslnga  
response factor calculated from therespopse ofnralkanes（C．。－C2。）．Table5．4  
Showstheweightoforganicsappearingonthechromatogram，itsconcentrationin  
theaerosoIsampleanditsconcentrationintheatmosphere．1twasfoundthat（1）the  
COrICentrationsofpar亡icuZateorganicsintheatmospherewhichcouldbeanalyzed  
WithGCwerehigherinthedaytimethanatnightalthoughtheweightconcentration  
OfaerosoIswashigheratnight，and（2）thechromatographicpatternsoftheaerosoIs  
Sampledinthedaytimeandatnightweresimi1arformostofthemainpeaks．  

Table5．4 ConcentrationsofsoIventextractsappearingonthegaschromatogram  

concentration  
aerosoIsample   solvent  Weight（〟g）  

（mg／gaerosol）  レg／m3air）   

Kiyosumi（D）  
CIi2Cl2   201   6．5   

（sampledinthe  
0．20  

CH30H   250   8．1   0．25   
daytime）  

Kiyosumi（N）   Cii2C12   129   2．6   0．09   

（sampledinthenight）  CH。OH   113   2．3   0．08   
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Fig・5．15showsthetotalionmonitoring（TIM）chromatogramoftheCtl2Clユ  
extract ofthe sample from Kiyosumi（D）．Alistofthecornpot］ndsidentifiedis  
presentedinTable5．5；the numbers correspond to the numbers on the chro－  
matogram・PeaksmarkedwithoneasteriskinTable5・5were onlytentatively  
identified．AdoubleasteriskindicatesthattheMSpatternwasclearlycorrelated  
WiththeproposedstruCtureaCCOrdingtoMStheory・Atripleasteriskindicatesthat  
themassspeCtraCOrreSpOnded fullywith publishedreferencespectra．The mass  
SpeCtrumOfPeakNo．30fFig．5．15isshowninFig．5．16ahditwasforthefirsttime  
identifiedaspinonaldehydebycomparisonwiththemassspectraofthea・pinene－  
03prOductsintheprevioussection．Quantificationwasconductedusingthearea  
responeseofthecorrespondingpeakonthegaschromatogTam．Theconcentration  
Of pinon aldehyde was2．O ng／m3（w／v）in the air，65ppm（W／w）in the aerosoI  
Sampledandca・0．5％ofparticulateorganics．ThespectrumCOrr声SpOndingtoPeak  
No、1（Fig、5．17）wassimi1豆rtothatoftheβ－pinene－0。reActionproductobservedin  
thechamberexperiment（Fig．5，9）exceptforthelackofanm／z’83basepeak，and  
wasconsideredtobethatofthereactionproductfromamonoterpene，havingthe  
ChemicalformulaofCgH140・ThegaschroTnatOgraphicpeakscorrespondingto  
these two compounds（pinon aldehyde and C9H．．0）have more discrepancyin  
magnitudebetweenthesamplestakenduringdaytimeandatnightthantheother  
majorpeaks．Thisisinaccordancewiththefactthatmoreterpenesareemitted  
fromplantsinthedaytimeandthereforemoreterpeneOriginproductsareexpected  
toexistintheatmosphere．PeakNo．6wasconsideredtohavethechemicalformula  
C15H2．02，Whichmaybeasesquiterpeneoriginatingfromplants．Itmighthavebeen  
introducedintotheatmosphericaerosoIsbytheblowing・upOfhumussoilcontaining  
SeSquiterpenes．  

Fig．5．15  TIM chromatogram of the CH2C12eXtraCt Of the aerosoIs  
SampledatKiyosumiinthedaytime  
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Table5．5 CompoundsFoundihtheCH2C12ExtractoftheAerosoICollectedina  
R山・1alForestat Kiyosumi  

Peak No，  Compound  

C9Hl。0 （138）  1t  

－ …   

J＝   

4－●●   

5－事事  

Ii●   

丁●●●   

8－事■   

9■■■  

10＝■  

11＝■  

12暮＝  

lこミ■■■   

14暮一一  

4
 
兵
U
 
8
 
0
0
 
6
 
4
 
亡
U
 
4
 
5
 
3
 
 

1
 
 

C8H1602 （  2ethylhexanoicacid  

pinon aldehyde 

phthalic anhydride 

nonanoic acid十？  

dibutylphthalate  

heneicosane  

docosane  

tricosane  

tetracosane  

hexacosane  

heptacosane  

OCtaCOSane  

C．。H．602  

C8H40。  

C9Hl自02  

C15H2402  

l
 
l
 
 
1
 
 
2
 
 C．6H220ヰ（278）  

C21H。4 （296）  

C22H46 （310）  

C2。H。8 （324）  

C24H5。（338）  

C26H5ヰ （366）  

C27H56 （380）  

C28H5烏 （394）  

50  100  150・  200  2501¶／Z  

MassspectrumofpeakNo・30ntheTIMchromatogramofthe  
CH2Cl2eXtraCtOftheaerosoIscollectedatKiyosumi  

Fig，5．16  

－ 60 一   



50 100 150 200 250nl／王   

Fig・5二17  MassspectrumofpeakNo．lontheTIMchromatogramofthe  
CH2C12eXtraCtOftheaerosoIscollectedatKiyosumi  

Methanolextractscorltainedmethylestersresultingfromcarboxylicacid．  

1tsTIMchromatogramisshowninFig・5・18andalistofthecompoundsidentified  

ispresentedinTable5・6 Thethreemostsignificantpeaks（9，11，12）corresponded  

topalmiticacid，01eaicacidandstearicacidwhich・aretypicalcarboxylic acids  

producedbybiota．Thepresenceofllttlecarboxylicacidsotherthanthethreeacids  

SuggeStS that thissamplingpointisrather free fromanthropogenic pollution as  

urbanaerosoIsusuallycontainmorekirldsofcarboxylicacids．  

Fig，5．18  TIM chromatogram of the CH，OH extract of the aerosoIs  
SampledatKiyosumiinthedaytime  
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Table5．6 CompoundsFoundintheCH，OHExtractoftheAerosoICollectedin  
aRuralForest atKiyosumi  

Peak No．  Compound  

C6H。02   （112）  

C8H602   （134）  

C．。H．4N2  （162）  

CllH2203  （202）  

C．2H2。03  （216）  

Cl。H260ユ  （230）  

C．5H。。03  （258）  

C16H3203  （272）  

C17H3403  （286）  

C19Hき40。 （310）  

C】9H360ユ  （312）  

C．9Ha。0。 （314）  

3，4dimethyl－2butenoic  

acid gamma lactone 

phthalide  

nicotine  

methyl decanoate 

methyl undecanoate 

methyl dodecanoate 

methyl myristate 

methylpentadecanoate  

rnethylpalmitate  

methyllinoleate  

methylo】eate  

methylstearate  

．▲l．・・．－さし心1‘け”〃．‘J．J／7＼；血l∧ノ  

TheaerosoIsampleco11ectedinapineforestatTsukubawasanalyzedinthe  
samewayasthatforthesamplefromKiyosumi．Compoundsidentifiedbasedonthe  
massspectraincJudedmorekindsofcarboxyJicacids，hydrocarbozIS，Phtha】jcesters  
andalcohoIs，WhichhavebeenusuallyfoundinurbanaerosoIs．Thereweremore  
carboxylic acids other than palmitic acid，Oleaic acid and stearic acid・This  
samplingpoint，therefore，WaSCOnSideredtobe ratherpollutedL Asforterpener  
origincompotlnds，pinonaldehYdewasaJsodetected，amOuntingto2・6ng／m3（w／v）  
intheatmosphereand51ppm（w／w）intheaerosoIsample，   

Jl－ハ、′ニ．．り1高∴∴・．・＼∴■ヾ  

Terpene－OrigiTlaerOSOl，Which hasanimportant meanjngfor thestudy of  
terpenecyclesinthe atmosphere asdescribedintheIntroductionofthischapter，  
was foundin the field．Pinon aldehyde，the main product of theα・pinene－0，  
reaction，WaSdetectedbothinthepineforestatTsukubaandinthecedarforestat  
Kiyosumj．Theconcentrationwasca】cu】atedtobe2～3ng／m3（w／v）．Analysisofthe  
forestairbyGC－MSshowedthatα－pinenewasthemostabundantmonoterpenein  
theatmospherejnbothcases．AJthoughtherewasasmuchJimoneneasα－pineneat  
Kiyosumiandits reaction with ozone was more rapid，nOlimonene0。reaCtion  
productwasfoundintheaerosoIsampJes・Onepossibleexp】anatjonforthjsjsthat  
limonene03reaCtionproductsaredividedintoseveralcompourlds（cf．Section5．2），  
andindividualproducteompoundswhichmightbepresent atlow concentrations  
werenotdetectedbythepresentmethod・Itisnoteworthythat．pinonicacid（the  
on】ycompouLldprevjous］yreportedasa terper）ereaCtionproductdetectedinthe  
atmosphere）wasnotfoundintheaerosoIsintheseforestsandthatpinonaldehyde  
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WaSdetectedinthefieldforthefirsttime．，Pinonicacidwasnotdetectedevenby  
high・SenSitive mass・Chromatography，While pinon aldehyde was presentin a  
SufficientquantitytobedetectedbyTIMmode．Fromtheseresults，itwouldbe  
reasonabletoconsiderthat a－pinenein the atmosphere produces pinon aldehyde  
throughitsatmosphericreaction．Asfortheconcentrationofpinonaldehyde，the  
observedvalueshouldbeconsideredtheminimumoftherealconcentrationbecause  

Ofsamplingloss．Thiscompoundhasaratherhighvaporpressure，judgingfromits  
relatively short retentic・ntime（Fig，5，15），and some pinon aldehydemight have  
escapedfromthefilterbyevaporationwhileit wassampledbythehigh－VOlume  
Sampler・Although pinon aldehyde amounted to only O．5％of the particulate  
Organics・and65ppm ofthe aerosoIsampled atKiyosumi，itis not necessarily  
COnClusivethatterpene－OriginaerosoIshavelittleimpactonairquality．Aerosol  
particlesrelatedtovisibilityorrneteorologyhavediametersoftheorder ofless  
thanamicron，Whilea11particleslarger thanonemicronwerecollectedwith the  
PreSentSamplingmethodusingfilters．lnordertodrawaconclusionabouttherole  
Ofterpene－OriginaerosoIsintheatmosphere，furtherworkincludingtheanalysisof  
Sub・micron aerosoIswi11be necessary．However，the discovery of the common  
presence of pinon aldehydein aerosoIsin forestsis considered to advance an  
importantstepinthestudyofthefateofterpenes．  
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Cdnclusion  

SomeofthecruCialprocessesintheatmosphericterpenecycle（Fig，6．1）were  
established．  

aldehyde．  

Carboxylic acid，  

Fig．6．1 Apossibleterpenecycleintheatmosphere  

Emission：Itwasrevealedbythestudyusingadynamicmassbalancegas  
Cabinetthatmonoterpeneemissionratefromplantdependsontemperatureinalog－  
1inearrnannerandisalsoinfluencedbylight．Theseobservationswereexplained  
reasonably by the modeJ亡hat moT7Oterpene emission rate depends oT）the  
monoterpeneamountintheleafoilanditssaturatedvapor pressure，andit was  
suggested that the seasonal variation of monoterpene emission rate should be 
estimatedfromthoseofphotosyntheticrateandtemperature．Themeasurements  
Ofmonoterpeneemissionratefromapinebranchinthefieldshowedasignificant  
SeaSOr】aJvariatic．r）Whjd】WaS COnSistent with the above consideration．From the  

monoterpeneernissiondatameasuredbyarevisedmethod，itwassuggestedthat  
Zimmprman’sestimatefortheglobalemissionrateofterpenes（8×10bt／y）must  

bereviseddownwardbyafactoroflO，  
Atmosphertc concentYation：The concentration of monoterpenes in the  

atmosphere was found to be～1ppb at mostinJapan．The concentration of  
monoterpenesvariedgreatlyfromdaytoday，andfromseasontoseason．Itwas  
highinsummerandautumn，and relativelylow duringJanuary to March．The  
COnCentratioTlatnjghtwasmuchhjgherthanthatinthedaytime．Usingmultiple  
regression analysis，the variation of rnonoterpene concentration was found to  
dependonthoseofambienttemperatureandozoneconcentrationintheair．  

AtmosPhent reactlbnsニOzonoJysiswasprovedtobethemainpathwayfor  
disappearance of monoterpenesin the atmosphere，by the observation of  
monoterpeneconcentrationand severalenvironmentalfactors．Thismeansthat  
plantroriginterpenesplayanozone－destructionroleratherthananozoneLPrOducing  
role．Throughthechamberexperimets，itwasfoundthattheozonolysisofα・plnene  
producesmain】ypinonaJdehydeandthatofβ・pheneproducesmainJy6，6－djmethyJ  
bicyclo［3、1．1］hept－2－OneaStheirnon－VOlatilereactionproducts．  
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Agro50J舟「椚α～ね穐こThepossぬilityo（te叩eneSaStheoTiginoi（0てe舐aeTOSOIs  
was supported by detection of pinon aldehyde（a－pinenerO3reaCtion product）in  
forest aerosoIs，Thiscompound was for the firsttime confirmed to existinthe  
atmosphere．  

Thepresentstudyrevealedthat（i）plant－Originterpenesplayanozpne－  
destruction role rather than an ozone－prOducingrole・（ii）their atm？Spheric  
concentrationisdependentmainlyontemperatureand ozoneconcentrationinthe  
air．（iii）theiremissionrateisdependentontheiramountinleavesandtheirvapor  
pressure，and（iv）terpene－OriginaerosoIsexistcommonlyinforestairL  
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Future Problems   

（1） Towhatext占ntterpenereactionproductscontributetoforestaerosoIs？  
Pinon aldehyde（main product of a－pinene－03reaCtiDn）was detectedin  

forestsattheconcentrationof2ng／m3intheatmosphereand65ppmofthesampled  
aerQSOIs．AsdescribedinSection5■3，theseconcentrationsshouldbeconsideredthe  
miIlimum：oftheactualonestakingsamplinglossintoaccount．Furtherquantitative  
jm7eitjgatjorlSareJleCe5SarytOeVa】uate班ejrimpac亡Orlajrqualjty．  

Supposingthatmostofmonoterpenesemittedfromplantsdisappearthrough  
atmosphpricreactionsinaforestasdiscussedinSection4・2・theirreactionproducts  
（M．W，150～180？）would be produced at the rate of500JLg／rn3・hr fr■om  
monoterpenes（M．W．136）emitted at400JLg／m3・hrin summer．Itis another  
importantsubjecttoestimatetheirambientconcentrationbasedonthisproduction  
rateandtoconfirmthepossibilityoftheircondensationinto aerosoIsunder the  
estjmated collCel止ratiorl．   

（2） Thefateofterpene－OriginaerosoIs  
There hasbeen noinvestigation about the fate of terpene－OriginaerosoIs  

exceptthereportbyWent（1960），Whosuggestedapossiblerelationtopetroleum  
formationofterpeneLOrlglnaerOSOIsreturnedtoearth．  

Althoughthelifetimeofmostofterpenesintheatmosphereisseveralhours  
atmostduetotheirTapjdTeaCtionwfthO3andOH，thej｛reaCtionproductsexis血g  
asaerosoIsareexpectedtohavelongerlifetime．AverageresidencetimeofaerosoIs  
hasbeenconsideredtobeaweekorso，Therefore，theymightbecarriedawayto  
remoteareasuntiltheyareremovedbywashoutordryout，Ormightparticipatein  
Cloudformationascondensationnuclei．rIowever，Sinceterpene－OriginaerosoIsare  
producedina forest，their adsorption orltO denseleavesis probably a prominent  
removalprocess．Inthiscase，theirlifetimemightbemuchshorterthanaweekand  
thejrjmpactjsljmjted亡Oaユocalpher10menOn．  

ItisalsoimportantforthestudyofgeochemicalcycleofterpeneStOCOnfirrn  
whether their reaction products（～108tons／y）arelikely to be decomposed or  
accumulatedinthesoil．   

（3） Terpeneemissionfromtropicalrainforest  
Therehasbeennodataavailableontheterpeneemissionratefromtropical  

rajnEorestswherep】antsgrowmostactiveJy．ConsiderjngtheirJargescalearldtheir  
highplantactivity，regionalorglobalimpactsofterpenesemittedfromtheseareas  
andtheirresultantaerosoIsareofgreatinterest．Itisalsoindispensable forthe  
reliableestimationofworldwideterpeneemissionratetoinvestigatetheiremission  
ratefromtropICalplants，  
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大気中モノテルペンの挙動に関する研究  

横内陽子1，安部書也－   

地球上の多くの植物が大気中に揮発性のテルペン類を放出している。その量は，地球  

全体で年間数億トンにのぽるといわれている。これらは，二重結合をもつオレフィン化  

合物であるため，人為発生のオレフィンが光化学スモッグを引き起こすのと同様な現象  

を起こすことが考えられている。実際，多くのチェンパー実験により，窒素酸化物との  

光化学反応性，及びオゾンとの反応性がともに高いことが証明されている。このよう  

に畳も多く，反応性も高いため，テルペンの挙動については，次に挙げるいくつかの問  

題が論じられている。それらは，a）テルペンが非都市地域で時折観測される高濃度オゾ  

ン発生の原因物質である可能性，b）成層圏からもたらされるオゾンの消費物質としての  

役割，C）森林地帯を夏期におおう青味がかったもやがテルペン起源のエーロゾルである  

可能性，ひいては，d）凝結核としての気象への影響などである。以上の諸点は，いずれ  

も大気化学の面で重要な課題であると考えられるが，実際の測定データが著しく少ない  

ため，未解決ヒなっている。   

そこで，本研究ではテルペンの環境大気中における挙動と役割を明らかにすることを  

目的として，大気中テルペン濃度の変動要因を知ることと，テルペン起源のエーロゾル  

成分を検出することを主眼に，以下の研究を行った。  

i）sub－Ppbレベルの大気中モノテルペンのGC－MS SIM法による分析法を確立。  

ii）テルペン放出速度と環境因子との関連を環境コントロール大型チェンバーを用いた  

実験，及び放出ガスと精油中のテルペン組成の比較から解明。  

特に前者の実験では環境条件を変化させた長時間後の影響も観測するよう留意し  

た。  

iii）大気中モノテルペン濃度の変動の把握と要因の解析。  

これまで知られていない大気中テルペン濃度の変動を松林内で1年間にわたって測  

定し，種々の気象・環境因子との関連を調べた。  

iv）森林内エーロゾル中のテルペン起源物質の検索。  

テルペンの気相反応のメカニズム及び生成物が明らかでないので，まず，室内実  

験により，その主要生成物を同定した。森林内でハイポリュームサンプラ一によっ  

て集めたエーロゾルをキャビラリーGC－MS法によって分析し，前記のテルペン反  

応生成物の検出を試みた。  

1．国立公害研究所計測技術部 〒305茨城県筑波郡谷田部町小野川16番2  
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以上の測定におしゝて，森林内テルペン濃度とオゾン濃度との間に明らかな負の相関が  

見いだされ，テルペンは，オゾンとの反応により主に消滅してし）ることが分かった。し  

たがって，都市あるいは郊外において，テルペンは，オゾンの発生源としてよりむしろ  

消費物質として働いていることが明らかとなった。このことは，成層圏から下りてくる  

オゾンの消滅に，植物起源のテルペンが何らかの寄与をしていることを示すものである。   

また，テルペン起源のエーロゾルに関しては，チェンパー実験などにおいても生成物  

の同定の研究は少なく，環境大気中の検出では，わずかに一例，α一ピネンの反応生成物  

としてpinonicacidがEPAのレポートに報告されているにすぎなかった。本研究では，αr  

ピネンとオゾンとの反応実験によってpinonaldehydeが主に生成することを明らかに  

するとともに，これが夏期の針葉樹林内には，比較的ありふれていて，pptオーダー（以  

上）で存在することを初めて確認した。このことは，樹木から放出されたテルペンが林内  

で気相反応を受け，さらにエーロゾルへと変わっていくことを示すものであり，森林地  

帯のもやの原因になりうることを明らかにした点で重要な結果である。ただし，現段階  

では，定量的にすべてを説明できるには至っていない。   

こうした環境へのインパクトを考える場合，その量が大きな問題となる。従来のテル  

ペン放出速度は，木の枝に袋をかぶせ，一定時間後にその中の空気を全部吸引して測定  

されていた。この方法は，菓を物理的に傷つけやすいなど，大きな測定誤差を伴ってい  

た。そこで，植物への影響を少なくし，精度よくテルペン放出速度を求めるため，大き  

な箱で枝全体をおおい，一定時間後にその一部を採取してテルペン濃度を測定し，箱の  

内容積を乗じて放出速度を求める方法を考案した。その結果，これまでの推定値を数分  

の1に下方修正する必要のあることが分かった。しかしなお，新たに見直した結果でも  

年間1億トン近いテルペンが放出されていろこ．ととなり，オゾン消費物質及びエーロゾ  

ルの原因物質としての役割は重要であると考える。  
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