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Abstract. The Montreal Protocolrestrictsproductionof ozone-depletindnalocarbons
worldwide. Enforcemenbf the protocolhasrelied mainly on annualgovernmentstatisticsof
productionandconsumptiorof thesecompoundgbottom-upapproach).We shov herethat
aircraftobsenationsof halocarbon:CGnhancemematioson regional to continentalscales
canbeusedto infer halocarboremissionsproviding independenterificationof the bottom-up
approachWe applythis top-donvn approacho aircraftobsenationsof Asianoutflow from the
TRACE-P missionover the westernPacific (March—April 2001)andderive emissiongrom
easterrAsia (China,JapanandKorea).We derive aneasterrsiancarbontetrachloridg CCl,)
sourceof 21.5Gg yr—!, several-fold largerthanprevious estimatesand amountingto ~30%
of the global budgetfor this gas. Our emissionestimatefor CFC-11from easterrAsiais 50%
higherthaninventoriesderivedfrom manufcturingrecords.Our emissionestimategor methyl
chloroform(CH3;CCl;) andCFC-12arein agreementvith existing inventories.For halon1211
we find only a stronglocal sourceoriginatingfrom the Shanghaarea.Our emissionestimates
for theabove gasegesultin a~40%increasean the ozonedepletionpotential( ODP) of Asian

emissiongelative to previous estimatesgorrespondingo a ~10%globalincreasen ODP.



Intr oduction

Therole of halocarbonsn the destructionof stratospheriozoneis well established
[WMO/UNEP, 1999]. The 1987 Montreal Protocolandlateramendmenttay out a schedule
to ultimately ceasehe productionof thesecompounds .Monitoring compliancewith sucha
protocolis difficult. Traditionalapproache$ave relied on bottom-upemissioninventories
derivedfrom annualgovernmentrecordsof productionandconsumptiorf UNEP, 2002]. These
approachesire becomingincreasinglyuncertainasleakagefrom existing stockpiles,and
possiblyunreportedporoduction,progessiely represent larger relative contrikution to the
atmospheridurdenof thesecompoundsWe shav herethataircraftobsenationsof halocarbon
concentrationprovide new top-dovn constraintfor monitoringanthropogenitalocarbon
emissions.

We focuson easterrAsia, aregion wherehalocarboremissionsareparticularlyuncertain,
by usingmeasurementsf halocarbonand CO in Asian outflow from the NASA TRACE-P
two-aircraftmissionin March—April 2001[Jacob et al., 2003]. The aircraft operatedut of

Hong Kong and Japan providing considerableeographicatoverageof the Asian outflow

(Figurel). Boundarylayer flights (0—2 km) sampledfresh continentaloutflov. We use Figurel

obsenredrelationshipsbetweerhalocarbongndCO to determinethe correspondindnalocarbon
emissions.Sourcef CO from fuel consumption(fossil fuel andbiofuel) arerelatively well
known andarein generalcollocatedwith the halocarborsourcesLossof CO is by oxidation
by OH, resultingin an atmospheridifetime of a few months. The TRACE-Pdatahave been

usedpreviously to evaluateandrefineregional CO sourceestimatesn easterrAsia[Carmichael



et al., 2003;Heald et al., 2003;Palmer et al., 2003; Sreets et al., 2003]. Provided thatthere
is a strongcorrelationbetweenCO anda particularhalocarbonpne caninfer the halocarbon
emissionfrom the halocarbon:CQelationship.

Methyl chloroform(CH3;CCly) is a halocarborof particularinteresteventhoughit plays
arelatively minorrole in stratospheriozonedepletion.It is usedextensvely asthe standard
proxy for the hydroxyl radical(OH), the main atmospherioxidantfor mary environmentally
importantgasesLong-termsurfaceair measuremenisf CH;CCl; concentratioave beenused
to infer the globalmeanOH concentratiorandits trend[ Spivakovsky et al., 1990; Spivakovsky
et al., 2000;Krol et al., 1998;Montzka et al., 2000;Prinn et al., 2001]. This requiresaccurate
knowledgeof CH;CCl; emissions.Recentstudieshave attemptedo determineemissionsof
CH3;CCl; from EuropeandNorth Americausingthe CH;CCl;:CO correlationin long-term
surfacedatasets[Barnes et al., 2003] or by usinganad hoc inversemethodto minimize the
disrepang betweeraircraft CH;CCl; concentratiomlataandmodeledvaluegKrol et al., 2003].
Thesestudiesfind a significantsourceof CH3CCl; from EuropeandNorth America,casting
doubton studiesof trendsin the oxidizing capacityof the atmospher¢hatrely on government
reportsof zeroemissionsn theseregions[Prinn et al., 2001].

In the next sectionwe useobsenationsof CH;CCl; to illustratethe generaimethodused
to determineemissionof halocarbongrom measurementsf atmosphericoncentrationThen
in thefollowing sectionswve apply this methodologyto carbontetrachloridehalon1211,and
CFCslland12. We concludethe paperby discussingheimplicationsof our resultsfor the

ozonedepletionpotential(ODP) of Asianemissions.



Methyl Chloroform (CH3CClj)

The Montreal Protocolcalledfor a total banon the productionand salesof CH;CCl;
in developedcountriesby 1996. Beginningin 2003, the first in a seriesof restrictionson
consumptionn developingcountriestakeseffect. Prior to the Montreal Protocol,accurate
emissionestimate®f CH;CCl; werecalculatedrom manugcturers’recordsof productionand
salegMidgley and McCulloch, 1995;McCulloch and Midgley, 2001]. Now, however, emissions
from developedcountriesaregenerallythoughtto represenslow releasdrom legal stockpiles
accumulategbrior to the ban[Krol et al., 2003].

We useboundarylayer (0—2 km) aircraft obsenationstaken directly downwind of the
Asiancontinentduring the TRACE-Pmission. Outflow of CO below 2 km during TRACE-P
wasmainly anthropogenicywith minimal contribution from biomassburning[Liu et al., 2003].
Analysisof five-daykinematicback-trajectorie$Fuelberg et al., 2003] for the highest5%

(>45.9pptv) of CH3CCl; concentrationshaws thatthey originatefrom SouthKoreaandfrom

theareaaroundShangha{Figure?2). Figure2

CH3;CCl; andCO both have backgroundatitudinal gradientsyeflectingtheir sourcesat
northernmid-latitudesandthe higherOH concentrationg thetropics.We removetheinfluence
of thesegradientson the CH3; CCl;:CO relationshipby subtractingoackgroundralues(defined
asthe 20th percentile)for each5° incrementof latitude. Measurementwith this background
removedaredenotedby A. Backgroundconcentrationef CH3;CClz andCO over thelatitude
rangel2—43°N vary from 39.2to 41.6 pptv andfrom 102.8to 280.3pphv, respectrely. We

furtherremove statisticaloutliers (>95th percentileof CH;CCl; andCO) sothatour derved



emissionsarenotinfluencedby specificplumesbut aremorerepresentate of theregion. There
is a statisticallysignificantrelationshipbetweenACH; CClkand ACO for the ensemblef the

data(Figure3). Table1 givesa summaryof correlationstatistics.

Figure3

We usea bottom-upemissioninventoryfor anthropogeni€O in eastermAsia customized Tablel

for the TRACE-Pperiod[Sreets et al., 2003]andrefinedwith aformal inversemodelanalysis
constrainedy the TRACE-PCO obsenations[Palmer et al., 2003]. Theresultinga posteriori
anthropogeni@missionsfrom China(168 Tg CO yr—1) areapproximately50% greaterthan
thea priori valuesfrom [Streets et al., 2003]. A posteriori emissiondor KoreaandJapan
combinedarenot significantlyhigherthanthea priori sothatthea priori estimatesreretained
here(8.5Tg COyr—! for Koreaand9.3Tg COyr—! for Japan).Combininginformationabout
ACH3;CCl;:ACO (0.016pptv/pply) calculatedor the ensemblef thedata(Figure3) with the
anthropogeni€O emissionestimateor easterrAsialeadsto a CH; CCl; emissionestimatefor
eastermsiaof 14.2Ggyr—".

We further refinethis emissionestimatefor eastermsia by disaggrgatingcontributions
from China(CH), Japan(JP),andKorea(KR), usingfive-daykinematicback-trajectorie$o
classifythe origin of the sampledair massesWe consideronly obsenationswhoseback-
trajectoriespassover countriesat altitudesbelov 850 hPa. Most air masse$44%) originate
from mainlandChina. Thereareinstancesvhenair passe®ver morethanonecountry which
we take into accounty includingthe additionalclassification®f CHKR, CHJR andKRJR and
instancesvhenair originatesfrom the marineboundarylayer (10%of all back-trajectoriesyvith
valuestypical of the globalbackground.

Combiningthe ACH3; CCl;: ACO slopefor China(0.013pptv/pply; Figure 3) with the CO




emissionestimatefor Chinaleadsto a CH;CCl; emissionof 10.4Ggyr—! for thatcountry The
ACH;CCl;: ACO slopesfor air masse®riginatingfrom Japan(0.023pptv/pply) andKorea
(0.044pptv/pplv) aremuchhigherthanfor China. Fromtheseslopeswe estimateCH; CCly
emissionof 1.0 Ggyr ! for Japarnand1.8 Ggyr—! for Korea. The ACH3;CCl;: ACO slopes
for air masseshat passover morethanonecountry(Figure 3) areintermediateandconsistent
with thevaluesdervedabore. Therelatvely weak ACH3;CCl;: ACO correlationfor air masses
originatingfrom Japan(Table 1) meansthat our correspondingmissionestimateis highly
uncertain.

Estimateduncertaintieson our halocarboremissionestimatesare givenin Table 2.
Quantifyingtheseuncertaintiess difficult. Streets et al. [2003] estimateuncertaintief 78%
for their anthropogeni€€O emissiondrom China,42% for Korea,and17% for Japan.The
inversemodelof Palmer et al. [2003] reducedheseuncertaintiesin particularfor China,but
the a posteriori error statisticsfrom this analysis(typically <5%) likely underestimat¢he
actualuncertainty We assumeherean uncertaintyof 20% for the regionalandnationalCO
emissionsn easterrsia. Uncertaintieon the halocarbon:CGlopes(Table 1) arecalculated
in the standardvay by assuminghelinearmodel. Thereareadditionalerrorsassociatedvith
this assumptiorthatwe do not take into account.As aresult,the uncertaintiegivenin Table2
arelikely too low.

Our CH3;CCl; emissionestimatefor easternAsiain 2001is in good agreementvith
emissionestimatedor the ‘Far East’ (11 Ggyr—!) [McCulloch and Midgley, 2001]constructed
by extrapolatinggovernmentdatafrom the United Nationsfor the late 1990s(12.5Gg yr—1)

[UNEP, 2002]. However, our CH;CCl; emissionestimatedor individual countriesare



substantiallydifferent. Paststudieshave assumeaeroemissiondrom Japann recentyears,
with emissiondrom eastermAsia due mainly to ChinaandKorea[McCulloch and Midgley,
2001]. Thevaluewe reportfor Chinaduring2001is 40%largerthanthe valuegivenby UNEP

[2002]. The UN estimatg UNEP, 2002]for Koreanemissionsf CH;CCl; is 6 Ggyr .

Carbon Tetrachloride (CCly)

Emissionsof CCl, originate primarily from its useas a chemicalfeedstockfor the
productionof CFC-11. The Montreal Protocolcalledfor a total banof this gasin developed
countriesby 1996,while restrictionsn developingcountriesarescheduledo startin 2005.The
total Asian sourceof CCl, in 1999accordingto the UN is 17 Ggyr—! [UNEP, 2002], with
India contributing morethan80%to this value.Our ACCl,: ACO relationshipdor easterrsia
andfor individual countriesareall highly significant(Table1). As for CH;CCl;, A represents
the enhancemeraborve a latitudinally dependenbackground.Backgroundvaluesof CCl,
vary from 98.7to 100.6pptv over the latituderangel2—43°N. Using the samemethodasfor
CH;CCls, we estimateCCl, emissiondrom eastermsiaof 21.5Ggyr!. Five-daykinematic
back-trajectorie$or the TRACE-Pperioddo notpassover India, implying thatindianemissions
of CCl,; donotinfluenceour calculateceastermsiansignal.

Our emissionesimatefor individual countries,basedon the statisticsin Table1, are
17.6Ggyr~! for China,2.3 Ggyr~! for Korea,and1.3 Gg yr~! for Japan.The UN report
emission®of 0.1Ggyr~! for China,1.3Ggyr~! for Korea,and0.1Ggyr— for Japanlit appears
from our work thatthe CCl, sourcefrom Chinais considerablyhigherthanprevious estimates,

highlighting seriousshortcomingsn our knowledgeof the sourcesf this gas.



Bromofluorocarbons

Bromofluorocarbonghalons)are amongstthe most effective gasesin destrging
stratospheriozone.Emissionsof halonsfrom developedcountrieswverebannedn 1994,while
emissiondrom developingcountriesarecurrentlyfrozenat their valuesfor 1995-1997. Three
halonsweremeasurediuring TRACE-P:halon1211,halon1301,andhalon2402. Only halon
1211 (CR,BrCl) wascorrelatedwith CO. Halon1211is usedasa fire retardantand China
is oneof the few countriesin the world thatstill produceghis compound.Back-trajectories
correspondingo the highest5% (>6.1 pptv) of halon1211concentrationshow they originate
from the areaaroundShanghaiFigure 2). Backgroundvaluesof halon1211vary from
4.310 4.6 pptv over the latituderange12—43°N. We find that by remaoving the highest5%
of concentratiordata,in orderto obtaina Ahalon1211ACO slopemorerepresentatie of
the regional signal, we effectively remove ary usefulsignalthatis significantly different
from background0.003pptv/pply). The Ahalon1211ACO slopefor the highest5% of
concentratiordata(n=88, r=0.62)is 0.023pptv/pply, but we cannotadequatelyonstrainthe

regionalsourceof COthatwould beappropriatdor scalingto thehalon121lemissionestimate.

Chloroflurocarbons

Traditionalusesfor CFCsinclude air-conditioning, refrigeration,andfoam blowing.
The Montreal Protocolimposeda total banon productionand consumptiorof thesegases
in developedcountriesin 1996; developingcountriesare subjectto a seriesof restrictions,

beginningin 2003with a 20% reductionin productionandconsumptiorrelative to 1998-2000
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values.Four CFCsweremeasurediuring TRACE-P. We find statisticallysignificantcorrelations
with ACO for ACFC-11(CFCk) and ACFC-12(CF,Cl,) (Tablel). Backgroundvaluesfor
CFC-11landCFC-12vary from 259.1to 264.0pptv andfrom 535.0to 541.0ppty, respectiely
overthelatituderangel2—43°N.

EasternAsian emissionof CFC-11andCFC-12,asderivedfrom ACFCACO slopesin
Tablel andtheregional CO sourceare30.1Ggyr ! and39.4Ggyr !, respectiely. Chinese,
KoreanandJapanessourcesare22.3,2.9,and2.3Ggyr !, respectiely for CFC-11;and28.3,
3.6,and3.4Ggyr!, respectiely for CFC-12.EasternAsian emissionsof CFC-11calculated
from marketingrecordsfor 2000are17.9Ggyr—! [McCulloch et al., 2001],representin@4%of
the estimatedylobal sourceof this gas;contributing emissionsrom China,Korea,andJaparare
7.2,2.6,and8.1 Ggyr !, respectiely. Thesevaluesarein goodagreementvith our estimates
for Koreabut arelessthanhalf of our estimategor Chinaandaremorethandoublefor Japan.
EasternAsian emissionsof CFC-12derived from salesandproductionrecordsfor 2000are
37.3Ggyr—! [McCulloch et al., 2003],representin@8% of the estimatedylobal sourcefor this
gas;emissionsrom China,Korea,andJapanare20.3,5.6,and11.4Gg yr—!. Theseresults

agreeremarkablywell with our estimates.

Implications for the OzoneDepletion Potential of Asian Emissions

The ozonedepletingpotential(ODP) describeghe relative strengthof a halocarborgas
to destry stratospheriozone,definedastheratio of the netchemicaldestructionof ozoneby
a specifiedmassemittedof thatgasto the netozonedestryed by a similar massemittedof

CFC-11.Fromthetop-dovn emissionestimatesn Table2 we calculatea total ODP-weighted
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sourcefor CH;CCl; (ODP=0.1),CCl, (ODP=1.1),CFC-11(ODP=1.0)andCFC-12(ODP=1.0)
from easternAsia of 94.6 ODP Ggyr—! for 2001,ascomparedo 60.00DP Ggyr—! using
the previous bottom-upestimate§McCulloch and Midgley, 2001; McCulloch et al., 2001;
McCulloch et al., 2003; UNEP, 2002]. Our ODP-weightedemissionestimatefor the sumof
thesefour gasess 40% higherthanprevious estimatescorrespondingo a ~10%increasen
their global ODP-weightedcemissionsusing publishedglobal emissionestimatesn Table2
[McCulloch and Midgley, 2001; McCulloch et al., 2001; McCulloch et al., 2003; Smmonds
et al., 1998]. This globalrelative increasan ODPis likely a conserative estimatepwing to our
useof 1995datafor the global CCl, emissiondSmmonds et al., 1998]in the absencef more
recentdata(long-termtrendof concentratiormeasurementsuggestshat present-daylobal
emissionsarelower than1995emissiongMontzka et al., 1999]). Thesefour halocarbonsvere
estimatedo accountfor ~70% of thetotal global ODPin 1995[WMO/UNEP, 1999].
Themethodwe have usedto constructegional-scaleemissionnventoriesof anthropogenic
halocarbongrom aircraftconcentratiordatain continentabutflow doesnotrely on government
records,andthereforecanbe usedasanindependentestof reportedvaluesfor productionor
consumptionlt hasgeneralapplicationto monitor the magnitudeandtrendsof emissionof a

wide rangeof ervironmentallyimportantgases.
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Table 1

Tablie 2.
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Figure 1.
Figure 2.
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Figure Captions

Figure 1. Geographicadistributions of A CH;CCl;, B CCl,, C halon1211,D CFC-11,
E CFC-12,andF CO concentrationgneasuredn the boundarylayer (0—2 km) during the
TRACE-P aircraft campaign(March-April 2001). Furtherdetailsaboutthe measuremenof

halocarbonsindCO canbefoundin Blake et al. [1996] andSachse et al. [1987], respecitiely.

Figure 2. Five-daykinematicback-trajectoriegdicatethe origin of thehighestfive percenif
A CH;CCl; andB halon1211concentrationsneasuredh theboundaryiayer(0—2 km) during
theTRACE-PaircraftcampaignMarch-April 2001). Opensquaresepresenthe measurement

locationsandopencirclesalongthe back-trajectorieslenotel2-hourincrements.

Figure 3. ReducedViajor Axis Regression(RMAR) [Hirsch and Gilroy, 1984] of CH3CCly
andCO enhancementver their backgroundralues(ACH;CCl; andACO) for aircraftobser
vationsat0—2 km altitudeoff the AsianPacificrim duringMarch—April 2001.A All available
data. Greencirclesdenotethe >95th percentilesof CH;CCl; and CO concentrationswhich
areremovedfrom the RMAR calculations.B, C, D Air masse®riginatingfrom China(CH),
Korea(KR), and Japan(JP),andof mixed China-Korea(CHKR), Korea-JapaifKRJP),and

China-Japai(CHJP)origins.
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Table 1. Halocarbon:CQrelationshipg10~—2 pptv/pply] measuredn Asian outflow during

TRACE-P
Eastem Asia China Korea Japan
HalocarborX | n® ¢ AX:ACO!| n r AXACO| n r AXACO| n r  AX:ACO
CH3CCl; 618 0.55 16+0.48 | 247 0.66 13+0.65 | 32 0.63 44+6.2 | 100 0.34 23+2.1
CCly 620 0.60 21+0.63 | 239 0.64 19+0.95 | 36 0.59 50+6.5 | 101 0.47 25+2.3
CFC-11 611 0.46 33t1.7 | 238 0.46 27+1.62 | 34 056 69+9.7 98 0.56 50+4.0
CFC-12 613 0.38 49+25 | 246 043 39+2.34 | 33 056 99+16.8 | 97 0.44 83+7.5

aStatisticsarefor the ensemblef datacollectedin boundarylayeroutflow (belov 2 km) afterremoval

of the latitudinalbackgrounddefinedasthe 20th percentileof the obserationsanddenotedby A) and

exclusionof thetop 5th percentile asdescribedn thetext for CH3CCl3. Kinematicback-trajectorieare

usedto identify the sourceregion. “EasternAsia” refersto the continentaldomainof Figure1, including

China,Korea,andJapan.

b, is thenumberof 1-minuteaveragemeasurementssedin theregressioranalysis.

°r is the Pearsorcorrelationcoeficient of AX: ACO.

dReduceMajor Axis Regressiorslopeg10~3 pptv/pply].

¢Slopeuncertaintiemarecalculatedoy assuminghelinearmodel.
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Table 2. Bottom-upandtop-dowvn halocarboremissionestimate§Gg yr—!) for eastermsia?

CH;CCly
(ODP=0.1)

Bottom-up Top-dowvn

cCly
(ODP=1.1)

Bottom-up Top-dowvn

CFC-11
(ODP=1.0)

Bottom-ug Top-down

CFC-12
(ODP=1.0)

Bottom-ug  Top-down

China
Japan
Korea
Eastermsia

Global

6.5 10.4+2.6
0.0° 1.0+£0.3
6.0 1.8+0.6
112125 14.243.3
19.F 19.6-26.%

0.1 17.6+4.4
0.1° 1.3£0.4
1.2 2.3+£0.8
1.5 21.5+5.0
47.0¢ 62.0-72.¢

7.2 22.3+5.8
2.6 2.3+£0.6
8.1 2.9+1.0
17.9 30.14+7.2
74.6 79.6-94.¢

20.3 28.3+7.4
5.6 3.4+£1.0
11.4 3.6£1.4
37.3 39.4+9.5
132.9 125.5-144.%

aBottom-upestimategely on governmentreportsof productionand consumption. Top-dowvn

estimatesarecomputechereusing AhalocarborACO relationshipgneasuredn Asianoutflonv during

March—April 2001 (Table1) anda top-davn emissionestimateof CO derved for the sameperiod

[Palmer et al., 2003]. Anthropogenicemissionsof halocarbonsre aseasonato we canusethis

methodologyto quantifyannualmeanemissiongrom easterrAsia.

bValuebasedn estimatecconsumptiorduring 1999[UNEP, 2002].

®Valuebasedon estimatedcemissiongrom 2001[McCulloch and Midgley, 2001].

dvaluebasedn estimatedemissiongrom 1995[Simmonds et al., 1998].

¢Valuebasedon estimatedcemissiongrom 2000[McCulloch et al., 2001].

fvaluebasedn estimatedemissiongrom 2000[McCulloch et al., 2003].

&Top-davn globalemissionsareestimatedy takingthe differencebetweerbottom-upandtop-davn

regionalemissionestimatedor easterrAsia andaddingit to the bottom-upglobalemissionestimate.
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Figure 1. GeographicaHistributions of A CH;CCl;, B CCl,, C halon1211,D CFC-11,
E CFC-12,andF CO concentrationgneasuredn the boundarylayer (0—2 km) during the
TRACE-P aircraft campaign(March-April 2001). Furtherdetailsaboutthe measuremenof

halocarbonsandCO canbefoundin Blake et al. [1996] andSachse et al. [1987], respectiely.
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Figure 2. Five-daykinematicback-trajectoriegdicatethe origin of thehighestfive percenif
A CH;CCl; andB halon1211concentrationsneasuredh theboundaryiayer(0—2 km) during
theTRACE-PaircraftcampaignMarch-April 2001). Opensquaresepresenthe measurement

locationsandopencirclesalongthe back-trajectorieslenotel2-hourincrements.
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Figure 3. ReducedMajor Axis Regression(RMAR) [Hirsch and Gilroy, 1984] of CH;CCl;

andCO enhancementvertheir backgroundralues(ACH;CCl; andACO) for aircraftobser

vationsat0—2 km altitudeoff the AsianPacificrim duringMarch—April 2001.A All available

data. Greencirclesdenotethe >95th percentilesof CH3;CCl; and CO concentrationswhich

areremovedfrom the RMAR calculations.B, C, D Air masse®riginatingfrom China(CH),

Korea(KR), and Japan(JP),andof mixed China-Korea(CHKR), Korea-JapaifKRJP),and

China-JapatCHJP)origins.



