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Abstract. Aircraft observations of Asian outflolvomthe TRACE-P aircraft ission over the
NW Pacific (March-April 2001) show large Glénhancemnts relative to background, as well
as strong E4-C;Hs-CO correlations that provide signegs of regional sources. We apply a
global ctemical trasportmodel simulation of the CHC,Hs-CO systenfor the TRACE-P
period to interpret these adywations in terrm of CH, sources, and to expin paticular the
unique constraints frortine CH;-C,Hs-CO corrdations.We use as a priori a global CHsource
inventory constrained witNOAA/CMDL surface observation$\ang et al.2003]. We find that
the obsered CH, concentration enhancemts and CktC;Hs-CO correlations in Asian outflow
in TRACE-P are determinedanly by anthopogenic enssions fromChina and Eurasia
(defined here as Europe + eastern Russia), aalthlittle contribution from tropical sources
(wetlands and bioass burning). The a pridnventory overestirates the observedHz
enhancerants and shows regionally variable biases for thg GHs slope. The CEHCO slopes
are sinulated without significanbias. Matching both the observed C#hhancemnts and the
CH4-C;He-CO slopes in Asian outflowequires increasing the Eastian anthropogenic source
of CH,, and decreasing the Eurasian anthropogenicephby at least 30% for both. The need to
increase tle East Asianaurce is diven by the underestiate of the CH/C,Hg slope in boundary
layer Chinese outflow. Th&treets et al[2003] aithropogenic emgsion inventory for East Asia
fits this constraint by increasing Gldmissions fromthat region byl0% relative to the a priori,
largdy becaise ofthigher livestock ad landill source esmates. Euraansources (rostly
European) then need to be reduce®®60% fromthe a priori value of 68 Tg yr The decrease
of European sources dourestt in part from recent nitigation of enissions fromcoal mning

and landfills.



1. Introduction

Atmospheric nethane (CH) is an important greenhouse geith an atmospheric lifetim
of about 10 years. The atspheric abundance of GHas increased by a factor of 2.5 since pre-
industrial times [Etheridge et al.1998]. The resulting radtive facing is half that bCO,
[Hansen and Sat@000]. Methane also plays a central riol@tmospheric chemstry. It is an
important sink for tropospheric OH and hendea$ the oxidizing power of the atsphere. It
is a ngjor source of tropospheric ozone, withgincations for both thexidizing power of the
atmosphere and air quality=[ore et al.,2002]. Methane affects stospheric ozone both by
scavenging Cl radicals and pyoviding a source of water par. Better understanding of
anthropogenic influences on ¢4 essential for addressing isswof climate change and global
atmospheric cherstry.

Considerale researchds focutsed on quantifying sources of HPCC 2001]. The
major anthropogenic sources inckidce cultivation, livestockandfills, fossil fuel production
and consumption (natural gasnting, leakage and coaimmg), and biorass burning. The
major naturd sources indude wetlads and termes. The ttal emission fom all soures is
known to be in the range 460-600 T§' yrecause of independent constraints ftatocarbon
data on the global ean tropospheri©H concentration, and hence on the,Ghhk [Prinn et al.,
1995, 2001 Spivakovky et al,2000]. However, estiates for most of the individual source term
in the dobal CH, budget have uncertainties of a facdf two or nore according téPCC [2001].
Better understanding of these individual sousres and their contributions to the long-term
trend in CH is needed.

The tradgtional apprach for estimating CH, sources has been by global extrapolation
from limited flux measurerants and socioeconaocndata [e.g.Matthews et al.1987, 1991
Lerner et &, 1988;Cicerone and Oremland,988]. These bottorap amnission inventories suffer
from substantibuncetainty dueto under-samling of the sourceand poor characterization of
source variability. Global chapal transportmodel (CTM) simulations oatmospheric CH

observations fnm the NOAA/CMDL network of sudce sites have been used to test the bettom



up emssion inventories, either by arfeard nodel with nmultiple scerarios [Fung et al., 1991] or
by formal inverse mdeling nethods Hein et al.,1997 Houweling et al. 1999 Wang et al.,
2003;Mikaloff Fletcher et al.2004]. However, spatial overlap of the sourcekans it difficult
to derive a unique set tdp-down constraints for CHsourcesrom the limted surface air
observations. Additional constraints on the,®iddget and specific sources are provided by
measurenents of the carbon isotopes'C and**CH, [Lowe et al.1991, 1994Gupta et al.,
1996;Quay et al..1999; Miller et al., 2002;Mikaloff Fletcher et al.2004], but these data are
even nore limited.

We show hee that inproved top-down constraints on the sources of Gt be obtained
from observations of CIHHC;He-CO correlations interpreteditiy a global CTM. Ground-based
and aircraft rmasurerants fiow strong correlations of Ghivith C;Hg and CO Harriss et al.,
1994;Blake et al.1996;Bartlett et al., 1996;Shipham et alLl998; Matsueda et al1999].
Ethane (GHe) is a tracer of naturgas leakage, coalimng, and biorass burningRudolph,
1995]. CO s a general tracer of combustion. Bot)Hgand CO have atmospheric lifetssof a
few months, sufficiently long to serve as aspheric tracers of their sources. Onig/imb
therefore egect the biomass burning source of Gib have a correlatedH;-C,Hs-CO
signature, the natural gas/oil/coailnmimg sources to have a correlated,&FH; signature, and
the sources frortivestock, rice cliivation, landfills andvetlands to have ndirect correlations
with CO and GHe. In practice, co-location of theslifferent sources cqphicates the
interpretation, and a CTM analysis is needed.

We focus our analysis here on £E,Hs-CO correlations in an outflow, using
observations fronthe NASA TRACE-P aircrafinission over the western Pacific during March-
April 2001 [Jacob et al.2003]. Asia is of particulainterest as a source 6H, due to its large
population, rapid indusalization, aml exteng/e rice cutivation. There is also coiaerable
seasonal bioass burning in &theast Asia in sprinduncan et al.2003a]. The TRACE-P
mission used two aircraft, based in Hongnlg and Japan, to characterize the dham
conmposition of Asian outflow. The gor outflow pathways involved frontal lifting by warm

conveyor belts (WBs) ahead of southeastmd-moving cold frorgt, and boundary layer



advection behind the cold frontsyelberg et al.2003;Liu et al.,2003a].Bartlett et al. [2003]
reported strong correlations of giith C,Hg, ethyne (GH>), propane (gHs), and carbon
tetrachlaoide (C,Cly) in the Asian outflow. They concludehat urban and cdmstion sources
domnated the regional CGfbudget. However, a botteop inventory of Asian Chisources for
2000 generated Itreets et all2003] in support of TRACHE? identified livesock, landfills,
rice cultivation, coal iming, and biorass burmg as the principal ggonal sources of Cklin
apparent contradictiowith the amlysis ofBartlett et al.[2003]. TheStreets et al[2003]
inventory also includes estates of GHg and CO enissions, allowinga consistent irerpretation
of observed TRACE-P correlatis using a CTM siolation.

We use here the GEOS-CHEM CTHdy et al.2001a] in a consistent sufation of the
CH4-C;He-CO systenfor the TRACE-P period. Thisodel has been used previously for global
simulations of CH and CO aned at understandingends in the past decad®gng et al.2003;
Duncan et al.2003b]; Previous GEBS-CHEM applicationso the analysis of TRACE-P data
included investigation ofAsian outflow pathwayd. ju et al.,2003a] and transpacific transport
[Heald et al. 2003k Jaegle et al.2003], as well as quantificatiaf the Asian sources of CO
[Palmer et al.2003a Heald et al,2003a], CQ [Suntharalingam et al2003], nitriles Li et al.,
2003], halocarbon$falmer et al.2003b], and ozond_[u et al.,2003b] Transport in the wdel
is thus heavily diagnosed for the TRACEp&riod, and there are no systdin biasesKiley et
al., 2003]

2. Model description

2.1. General description

The GEOSCHEM CTM (http://www.as.harvard.edu/chemistry/trop/geos/index.html,
v4.26) is driven by assihated neteorological felds fromthe Goddard Earth Observing System
(GEOS) of he NASA Global Modeling and gsinilation Office (GMAQO). We use GEOS-3
meteorological fields for the TRACE-P tiaperiod with a horizort resolution of 1x 1°, 48

vertical signa levels up to 0.01hPa, and a paral resolution of 6 hoar(3 hours for surface



variables and imed layer depths).f@ horiontal resolution is degraded here ti&itude by
2.5’ longitude for corputational expediency.

The nain sinks of CH, CO and GHg are reactios with OH. Tle rate cogants are from
Demore et al[1997]. For CH, we also include a mor sinkfrom soil absorption (about 30 Tg
yr'Y) [Wang et al.2003]. Global 3-Dmonthly mean troposparic OH concentrations from full
tropospheric oxidant simulatidEOS-CHEM v4.33) are useHipre et al.,2003]. These OH
concentrations yield an annuaéan nethyl chlorofom (CH;CCls) lifetime against loss by
tropospheric OH of 6.3 years, which is viithhe range of 5.3-6.9 years estited byPrinn et al.
[2001] from CH;CCl; measuremants The sam OH fieldshave been used in other GEOS-
CHEM simulations of the TRACE-P dat&.i[et al.,2003;Heald et al. 2003a, bJaegle et al.,
2003 Palmer et al.2003a].

Tagged tracer sigtations for CH, C;Hg and CO in GEO$HEM are conducted to
guantify the contributions to atmepheric concemations from differensource regions and
source typs. These taged tracer isnulations alluse tle sane OH concentrions as the standard
simulation, ® that resultsare addive. Source gions inclueé East Asia, Brope, ea®rn Russia,
North America, and the rest difie world as deifned in Figue 1. We will refer to “Eurasia” as the
conmbination of Europe and eastern Russia. Source types fpimCldde livestock, rice
cultivations, wetlands, bioass burning, biofuels, $sil fuel (gas/oil/coal mming), and landfills.
The simulations of GHg and CO are initialized with a twcegr spin-up. fie initialization of the

CH, simulation is described in section 2.3.
2.2. Emissions

2.2.1 Metlane

We use the global 1998 inventory\WWlang et al[2003]as our a priori estiate of CH,
emissions. The global I8, growth rate was near zero between 1998 and 2001, pabsum
reflecting a leveling off of missions Plugokencky et al1998], although a pdsse trend of

global OH concentrations could have contribui&@ng et al[2003] originally derived their



inventory for 1994 by inverse analysis o€ tNOAA/CMDL surface observations, using GEOS-
CHEM as the forward model, and then appl@@rannal variahility to these erssions ér
1988-1998 on the basis of socioecomoand neteorological data. Thejound that they could
capture in this mnner much of the obserespatial and teporal variability of CH,

concentratiaos over the 1988-1997 decade.

Table 1 summarizes the global andait Asian G4 sourcesfomWang ¢ al. [2003]and
conpares thento the global EDGARS3.2mission inventonfOlivier, 2001a] and to the East
Asian enission inventory oStreets et al[2003]. The latter twoniventories include only
anthropogenic sources and b&ss burning. Anthropogenic sourcesénaclude rice cultivation,
livestock, fossil fuel (gagoil/cod mining), landfil s, and biofuel. Classifying the bi@®s burning
source asaiural or athropogenic issonewhat sibjective. fer the purpse of this paper we will
regard it & naturd, largely out of convenience since itsggraphical distribution (ainly
tropical) is distinct fronthatof the ngjor anthropogenic sourseAnnual East Asian @ssions
in theWang et al[2003] inventory are domated by wédands, rice cultivation, livestock
(including aninal enteric ferrentation and amal waste ranagenent), coal nining, and
landfills. Natural gas and biofusburces are relatively sth Werefer to the sunof naturdgas
(production and transission), ol (production, transission and handling), and coalmng as
the fossil fuel source.he other fossil fuel sources of GHom industry, power generation,
residential and commercial usad transport are allimor [Olivier, 2001a].

East Asian emssions from rice cultivation in th&treets etla[2003] inventory are 50%
lower than inWang et al[2003] and the coal ming sourcas 40% lower, while livestock
emissions are 30% higher and landfill ssionsare a factoof two higher. The EDGAR3.2
inventory is better aligned witBtreets et al[2003]

Seasonal variation of GHmissions fronrice cultivation, biorass burning, and wetlands
is applied here followingVang et al[2003]. Our focus is on the FebruaApril (TRACE-P)
period. East Asian eissions fronrice cultivation peak in June-October (170% of annuaam
flux) and are low during Februaryphil (40% of annual ran flux).This is consistent with the

Streets etla[2003] inventory in which CH emissions fronrice cultivation peak in fall and are



low in spring. Enssions frormatural wetlands in Februaryphil are about 80% of the annual
average. Biomass burning in Southeast Asia isdpntrast at its seasairhigh (240% of annual
mean flux) during February-April.

Figure 2 shows the geographical distribution ofy@Hissions for February-April 2001
in theWang et al[2003] inventory. There aienportant regional differeses between sources. In
China and India the gor sources are livestikgccoal mining, landfills,and rice cultivation.
Landfills ard gas/oil are the an sources idan. Wetlands, rice cultiation, bomass burning,
and livestock are iportant sources in Southé@sia. Fossil fuel (rastly fromnatural gas),

landfills, ard livesock ae doninant in Euram.

2.2.2. Ethane

Major souces of GHg include natural gas leakage, natural gas venting, coahg,
biofuel use, and bioass burningRRudolph,1995]. We refer to the sunof the first three sources
as the fossil fuel source. Antipogenic enssions (fossil fuelad biofuel) for East Asia are
taken fromStreets etla[2003]. Fossil fuel emsions for the rest of the world are scaled to the
corresponding source of GHor which better a@rior information is availake. Biofuel
emissions for the rest of the world are based orinch and Logaf2003] biofuel inventory
with emission factors fronAndreae and Merl€2001]. Biomass burning eéssions are scaled to
the corresponding ession of CO Duncan et al.2003a], with a gHg/CO emssion &tio
dependent on fuel typ&faudt et al.2003].

Natural gas coposition varieswith geographical regiorRudolph et al.1995] In this
work, CHJ/C,Hg enission factors for the fossil fuel sam@s outside East Aswere derived by
fitting the global GHs simulation to atraspheric concentrain data including surface sites, ship
cruises, aircraft mgsions, andotal columms fromground-based reate sensing. Wthus adopt
molar CH/C;Hs emission ratios from fossil fuel of 8 in eastern Russia, 24 in Europe, and 19 for
the res of the world except East Asiahere the se of Streets et al[2003] inventory for GHg
yields a nolar CH,/C,Hg emission ratio of 40. These valuaee highly variable but roughly in

the range of U.S. energy industry ddtbofes et al., 1999] which indicate erssion ratios of 38



or higher (dry gas), 19-37 (gasndensate), and 11-18 (oljeasurerents in Chinese cities
indicate CH/C,Hg concentration ratios ithe range of 5-35 [Donald Blake, unpublished data].
Our totd global G,Hg source of 13.5 Tg yr(Table 2) is consistemtith previous liteature
estimates of 8-24 Tg yF[Blake and Rowland,986 Kanakidou et al.1991;Rudolph,1995;
Boissard et al.1996;Gupta et al.1998;Wang et al.1998].

2.2.3. Carbon monoxide

Our CO simulation for the TRACH? period is that oPalmer et al[2003a], who
conducted an inverseadel analysis of Asia@O sources on the basis of the TRACE-P CO
observations. They usedpriori inventories frontStreets et a[2003] for East Asian
anthropogenic sourcefsil fuel and biofuel combustionjeald et al[2003a] for bionass
burning in utheast Asia, anbuncan et al[2003a] for other source$ransport vas sinulated
with GEOS-CHEM, whih served as the fornédimodel for the invergon. Fitting the CO
observations in TRACE required a 54% increa anthropogenic eissions fromChina
relaive to tre a priori, constrained by the observationdimundary layer outflow, and a 74%
decrease in eissions fromSoutheast Asia (ostly frombiomass burning), constrained by the
observations in the free tropospbsouth of 30°N. Siilar results for © emissions were
obtained byHeald et al.[2003b] from an analysis of MOPT satellite observations of CO
colums during the TRACE-P period. Thetopized a priori sources of CO froRalmer et al.
[2003a] are given in Tab 2. The radting smulation of CO concentratits, which we use here,
is conpared to TRACEP observations in that par. The rean bias is -4 ppb and the frequency

distribution of differencess peaked around zero.

2.2.4. Emission ratios

Table 2 gives the CHC;Hs-CO amission ratios fom selected sources, globally and for
the two nmain source regions contributing toetistructure of Asian oflbw over the Rcific
during TRACE-P: East Asia ariturasia (Europ + eatern Russia)We exclude India frontast

Asia here since India did not contribute sigrafitly to the structure of Asian outfloguring the



TRACE-P periodPalmer et al.2003a]. There is substantsgdatial overlap between the
different anthropogenic sources of £fFigure 2), hence we alsovgifor each region in Table 2
the lunped anthropogenic ession ratio.

Within East Asia, the B4/C;Hg emission ratio for fossil fuel (40atar) is higher than
that for biotiels (10) and close that for bionass burning (35). The 8¢ emission factor for
biofuels is much higher than for open bass burningBertschi et al.2003], apparently
because ofieferential ethanproduction during flanmg combustionYokelson et al2003].

The CH/CO eamission ratio for fossil fuel (0.30 molaig 2-3 times that for biofuels (0.10) and
biomass burning (0.12). The,Bs/CO amission ratio fronfossil fuel (7.6x18 molar) is lower
than that for biofuels (10x1%), but much higher than i for biomass burning (3.6x1¥). The
CH4/CO and CH/C,Hs emission ratios fronall lumped anthropogenic sources are larger than
those fronthe conbustion sources due to additional JHRjputs from livestock, landtfls, and

rice cultivation.

The CH, and GHg anthropogenic eissions from Eurasiare larger than froriast Asia
while the @ source is much satler, refleding more vigorous pollution control of CO and
greater natural gas production in Eurasiaere are thus laegdifferences in the GHCO and
C,Hg/CO enission ratios for anthropogenic souréesn East Asia vs. Hrasia (0.57 vs. 1.0 for
CH4/CO, 8.8x1C vs. 27x1C molar for GHg/CO), and the CHC,Hs anthropogenic eission

ratio is larger for East Asia (64 vs. 37).

2.3. Initialization ard global aspects of thek; simulation

Proper nodel intialization ofthe CH, tagged tracersrpsens a difficulty because dahe
long lifetime of CH. We wish to us these treers to irterpret the vaiability of CH, in Asian
outflow during March-4sril 2001. Because the timscale for rixing within the nathern
hemsphere is a few aomths, we expect the riability obsaved in TRACE-P to rded fresh
emssions fromthe past 2-3 wnths together witlthe lditudinal and vetical structue of the
background. Accordingly we define a background, @Hicer in theisnulation & the CH,

present in the atasphere on January 1, 2001¢luding contributions from all sources. This
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background tracer has meoissions following Janug 1 and is allowed tdecay by oiation by
OH. The other tagged tracers, representing differentdodrce regions and source types, are
initialized with zero concentration on JanuaryThey build up over the course of the slation
as a result oémssions and are remied by oxidation by OH. The samarchived OH
concentratia fields are used tcalculate the Isses ofall tracers, here the sunof the indivdual
tracers add up to the total Clklconcentration.

We need to define a global field for thackground tracer on January 1, 200% &part
from NOAA/CMDL global surface bservatons for Decerer 2000 [ftp:/ftp.cmdl.noaa.goy

Dlugokencky et al1994, 2001] to define the latitudinal gradient of {&dncentatiors at tre
surface. Frm this initial statewith no vertical gadients in tk troposphere, we conduct a @ay
spin-up simulation with 2000 eteorological fields and thé&/ang et al[2003] amissions to
construct the vertical arldngitudinal gradients of CHThe results fronthis two-year spin-up
are then scaled globally withuniformfactor to optinze agreermant with the NOAACMDL
surface data for Decdyar 2000.

Evaluation of the mdel background for thERACE-P period is shown in figure 3 by
comparison of nedel results for March 2001 wittbservations frofNOAA/CMDL sites. The
model reproduces the latitudirgradient in the backgrounditivout bias over the range of
interest (10-5(N), except at a few continental sites arount\48&.EF, HUN) whee observed
concentrations are high due to local sourceierite. Siralation of vertical gradients is

discussed below usingglrRACE-P observations.

3. Malel simulaion of TRACE-P olservations

We first examine the ability ofthe nodel diven by a prior sources fomtheWang et al.
[2003] inventory (Table 1) to repracte the general features of the Qhbtributions and Cid
C,Hs-CO correlations observed irRRCE-P. The TRACH? CH, measurerants rely on the
sane calibration standards as NOAA/CMDL so that 8téncentrations should be consistent
across the two data seWe will show also reslis from a simulation whre tle Streets et al.

[2003] anthropogenic eissions for CH in East Asia have been superimposed o'Wheag et al.
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[2003] inventory. The ability othe model to simulate s observations using the sources in
Table 2 will also be exaimed. A smilar evaluaion for CO, also usinthe sources of Table 2,
was presented yalmer et al[2003a] and is not reported hefighroughout this paper, the
model values are sahed along thelight tracks and the observations are averaged owateh
grid boxes. Stratospheric datag(®100ppb with CO < 100ppb)aexcluded. The observations
are averaged overadel grid boxes, correspomgj to an averaging tiemspan of 10-30 mutes
for typically aircraft speeds. Emodel results are output everyhdurs. Considering that we are
looking at aged air asses, at least one ddgwnwind of the sources, the &ndiscrepancy
between the model and observation should lgéigible. Linear regressions use th®1R

(reduced rgjor axis) method Hirsch and Gilroy,1984], accounting for errors in thovariabbes.

3.1. Methane

Figure 4a (top panel) compari® sinulated and observed Gldoncentrations for the
enserble of TRACE-P observatiorsver the NV Pacific (west of 16{E). The simulation stvs
strong correlation with observationé<®.71). The 6% positive bias (slope of the RMA
regression line) is driven by boundary layer Astatflow rather than by the background. This
structure in the bias is moapparent in Figure 4b, which shewhe sinalated vs. observed ean
vertical gradients of ClHconcentrations in TRACE-P west of T80 Model results using the
Streets etla[2003] EastAsian inventory are also showWe distinguish between data north of
300N where anthropogenic outflow watrongest, and south of(BOwhere nost of the
Southeast &ian biomass burning infience was observeBdlmer et al.2003a]. The model
results witha priori souces show positi bigs in the simulation ofthe Asian outbw
enhancerant at 0-6 kndtitude, particularly north of 3. The bias is larger whendl$treets et
al. [2003] inventory is usd due to higher livestk and landil emissions in that inventory. Rice
emissions are lower in &Streets et al[2003] inventory than ifWang et al[2003], resulting in
total annual East Asian GHemssions that areisilar betweerthe two inventories (Table 1).
However, the rice erssions are at low latitudgFigure 2) ad are also at their seasdn

minimum in February-Avril, thus naking little contribution to the Asiaoutflow observed in
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TRACE-P. Although it would seefnom Figure 4b that th&reets et & [2003] inventory
degrades the suation, we will shev in section 4hat usng that inventoy in conbination with
a decrease in Eurasian issionsprovides in fact a good fit to GHtoncentrations for the
TRACE-P period.

Figure 4c (left panel) compas sinulated and observed Gloncentrations west of
16Q(E as adinction oflatitude and at diferent altitudes. Also shown (dazhlines) is the
contribution of the Ckibackground (ertted before January 1, 2001) to thedsl fields. The
model reproduces the geakincreasing trend of CHwith latitude, reflecting both the
background and the Asian outflow enhaneets.The nodel underestirtes observations south
of 160N, but these are mainly fromsingle flightover the South Chinae& (figure 1) which
makes intepretaion dfficult. CH, enhancemnts above the background in thedal fields
(difference between solid and dashed linespo¢fenissions over the January-April 2001 period.
As shown in Figure 4c (right panels), we findttast Asian sources contributesnof this
enhancerant south of 38N, while Eurasian sources (Europed eastern Russia, tharher is
about 80%) dommate north of 38N. The principal East Asiasources contributing to the
enhancerants below 4 km are livestock, lant#fj and coal ming. Theprincipal Euirasian
sources catmibuting to the Asian outtbw arenatural gas, ladfills, and livestock. Bimass
burning in utheast Asia is a laively large source south of 830, mostly above 8 km
(convective outflow), and at 2-4 k(VCB frontal outflow), consistentith TRACE-P
observations for the HCN and @EN biomass burning tracer&iet al.,2003 Singh et al.,
2003]. The wetlands source of gHbes not contribute signitantly to tke Asian outfow
sanpled in TRACE-P because it is loedttoo far south (sdeigure 2).

3.2.  Ethane

Conparisons of siralated and observed,Bs concentrations are shown in Figure 5a
(scatterplot), Figure 5b (verticalgdiles) and Figure 5c (latitudal gradients). There is strong
correlation in the ensebte of data (f = 0.73). e regression slope of 1.04 in the scatterplot

(Figure 5a) is rainly driven by the underastate of the background. Theagnitude of the
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enhancerant in Asian outflow is well describex$ shown in Figure 5b hé latitudinal gradients
are sinilar to those of Clyl and there is no distinct biastime nodel for any of the @jor
features. Th Eurasian fossil fuel soce nakes thdargest catribution to the model fields at all
altitudes north of 3IN. East Asian sourcesake only a nmnor contribution north of 3MN, but

are elatively more importart to the ©uth, whee the Eurasian influence is less.

3.3. CH - GHg - CO correldions

We saw in section 3.1 that theodel witha priori sources produces the general
latitudinal and verticatlistributions of CHin TRACE-P buis too high in the lower
tropospheric Asian outflow. ¥will now exanine whatadditional ingghts can be diained from
the obsered CH;-C,Hg-CO correlations. Observed pollutipiumes with CO concentrations
greater than 325 ppb on a 5ruate average basisyglof the data in all) are reswed fromthe
correlation analysisdrause thewould otherwise overlinfluence the last-sqare datigics. We
enploy the bootstrap metho¢nables and Ripley,999] to calculatéhe standard deviations of
the slopes of the regression lines.

Figure 6 compares the sifated and observed GHC,Hs-CO correlatios for regioal
subsets of the TRACE-P dafthe slopes of the regressionds and associated standard
deviations ee given inTable 3. & will use the CH-C,Hg and CH-CO corrdationsas
constraints on Clisources, and the;,Bs-CO correlation to test the relative influence of East
Asian and Eurasian sources. The region north @f 3d below 2 kn“Chinese outbw”)
sanpled anthropogenic outflow but was latg devoid of biorass burning influence.ju et al.,
2003a;Palner et al.,2003a;Russo et al2003;Singh et al.2003]. The region south of 39
and below 2 knf“tropical Asian outflow”) has mor@fluence of sources froitme tropical Asian
region. In order to obtain independent infation on Japanese/Korean sources, we use data
from DC-8 flight 17 (31 March) which sgrted a nmix of Japanese andokean influences but
with relatively little Chinese infuene [Blake et &, 2003;Suntharalingam et al2003] Finally,

we also exame the correlations background air (east of 1@&and 28 km altitude).
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For Chinese outflow (Figure @and Table 3), the siralated CH/CO and GH¢/CO slopes
are consistent with observations while the4CHHs slope is significantlyoo low (39+1.1 vs.
43+1.2 x10G molar). The CH and GHs concentrations in Chineseitflow reflect contributions
from anthropogenic sources in both East Asid Eurasia (section 3.h&3.2). Correction of the
CH4/C;He bias will ke discussed inextion 4.

For tropical Asian outflow (i§ure 6b), the observed GO and GHg/CO slopes are
higher than for Chinese outflow (0.46 vs. 0.38 fors@HD, 11 vs. 8.5 xI®molar for GHg/CO)
while the GH4/C;Hg slopes are siitar (42 vs. 43). As shown by the tagged {tnulation,
tropical CH, sourcesrom wetlands and bioass burning &r oflittle importane and
anthropogenic sources of GHom East Asia and Eurasia remain doamnt in this region. The
model capttes the regnal differences in th CH/CO and GH¢/CO slopes. However, it
overestinates the CHC;Hg and CH/CO slopes significantly.

Conpared to the Chinesand trocal Asan outflow, the Japanese/Korean pasn
(Figure 6c¢) feature gnificantly higher CH/C,Hg slopes (45 vs. 42-43),Hz/CO (0.65 vs. 0.38-
0.46), and GHg/CO (14 vs. 9-11 xIBmolar). These regional flerences are due to CO
emission controls and to low biofuehissions (characterized by a low @8,Hs emission
ratio). Again, the radel captures this ggonal variation. It overestiates the CH/C,He slope,
and underestiates the gHg/CO slope, with no significant bias in the €EO slope (Table 3).

Figure 6d shows the GHC;Hs-CO correlations in background ailesses east of 16B.
The observed slopes are much higher (58 foy/Citts, 0.75 for CH/CO, and 13 x18& mdar
for CoHg/CO) than in Aian outflow These correlations reflecteltommon largeesle
latitudinal gradients of the three gases. uelel reproduces all these correlations without

significart bias.

4, Opitmization of CH, saurces

We have shown that both East Asian andaBian anthropogenic sources weigan
contributors to the ClHenhancemnt in Asian outflow observed in TRACE-P, and that the

correlations of Clwith C;Hg and CO have distinct charaastics related to both regional
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sources and background.e&keek now taise the constraints frothe observed CH
enhancerants and ClHC;Hs-CO correlations to optiiee the representation of Gkburces in

the nodel in a forward fashion. Considering that th&l§£and CO snulations natch the
observations closelfsee section 3.2 arlthlmer et al[2003]), we focus here on adjusting £H
emssions only. Since the East Asian and E@masinthropogenic sources are two duamt
conponents affecting the structure of CAlsian outflow during TRACE-P, we choose to fit the
model to the observatiofy adjustig these two Cklemission variables. We do not try to
resolve the individual antbpogenic source cgmenents of Chwithin each region because of
strong spatial source overlap (fig.2) which precludes detectiofhindividual signatures in the
outflow.

We focus on the data for Chinese bmitf (Figure 6a), which provide the strongest
regional constraints on sources aadvihich nodel transport errors arenallest because no
vertical notions are involvedKiley et al.,2003]. The mdel with a prioi sources overestiates
the CH, enhancermant in this data sdty 7 ppb (Figure 4b). The observed fEHs and CH/CO
slopes are 43+1.2ahmol™ and 0.38+0.02 ot mol™, respectively, while the corresponding
model slopes are 39+1.1ohmol™ and 0.38+0.02 pi mol™ (Table 3. We seek to atisfy the
observed €, enhancermnts, and the observed @8;Hs and CH/CO corrdations,by adjustig
CH, anthropogenic sources frofast Asia ad Eurasia in the odel. Figure 7 shows the
simulated CH/C,Hg and CH/CO slopes, and the differencetween sinulated and observed
mean CH concentration enhancemts in the Chiese boundary layer outflow, as a function of
percentage changes in these Bmassion varabes relative tahe a piori. We aimto fit the
observed raan CH enhancemnts to within 5 ppb and ttsopes to within the 95% cofidence
interval from the bootstrapethod (+1.96)), i.e., 40-46 for C//C,Hg and 0.34-0.42 for
CH4/CO. These ranges are shown as greerbeuk lines in Figure/. The domin of model
space satisfpg the three constraints is shadedrigure 7. It defines our nge of optinized East
Asian and Eurasian #giropogenic enssions.

The nodel smulation with a priori sourceis represented by point A in Figure 7. The

positive nodel bias in smulating the CH, concentration enhancemt in Asian outflow could be
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caused by an overestimate of either East Asidfuoasian sources. &éee fromFigure 7 that
simply decreasing either of éise (or both) would cause the £EbH;s slope to be too low. Fitting
the CH/C,He constraint requires andrease in East Asianmissions, and thus our solution
involves increasing the East Asiand decreasing the Eurasanthropogenic erssions both by
at least 30% (point C).

A 40% increase in springtimEast Asian antbpogenic enssions reltive to the a pori
Wang et al[2003] inventory can be achieved simpgby using instead the agsion inventory of
Streets etla[2003] (Table 1). Although thatnventory is comparable MVang et al[2003] on an
annual basis, it is 40% higher in March-Apvihen the rice paddy sae is at its seasonal
minimum, as discussed in section 2. Such a 4ibrease of East Asian sources requires from
Figure 7 a corresponding decreas&urasian sources of 30-50%.

Table 3 gives the sialated CH/C,;Hg and CH/CO slopes in thdifferent TRACE-P
regional data subsets for (1) the a preanulation; (2) the a priori but witlstreets et al[2003]
East Asian anthropogenic sources; (3) the aigrigt with Eurasiaranthropogenic sources
decreased by 30-50%; (4) the dmnation of (2) and (3). Using tHgtreets et al[2003] anission
inventay increags the CH/C,Hg and CH/CO slopes in Cihese otflow, while deceasing the
Eurasian sorces decreases the slopes. Resuitts our optimized (4) emsions indicate a
general inprovenent in the sinulation of the obsered correlations for thedpical Asian as well
as the Chinese boundary layer outflow, while ¢hetlittle effect on th Japanese/Korean and
background data subsets. Theseté on the siolations of the Ch vertical profiles and the CH
C,Hs-CO correlations are shown in Figures 4 &1 The ability othe model toif the
observations is clearly improved; only the fBED slopes in the Chinese outflow and
Japanese/Korean outfloave slighty worse. Wth the optinized CH, sources, the simulated GH
concentratias in March 2001 at CMDL surfasgtes noth of 30°N are 7 ppb lower on average
than with tle a prigi simulation (Fgure 3), while there is little difference south of 30°N.

Our a priori total of 68 Tg yrfor the Eurasian anthropogenic source fitang et al.
[2003], is comparable to that in th®EAR3.2 Olivier, 2001a] bottorrup inventory (64 Tg yr

1. These inventories were constructed farylears 1998 and 1995 respectively. Aside ftoen
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intrinsic un@rtanties in enssion estirates, itis also likely that Etasian enssions have
decreased irecen yearsdue to increaseditigation efforts. Such iitigation efforts involve, for
exanple, capture and utilization of GHrom landfills and cal mining, and a shift from
undergroundo surface rnming of coal Dlivier, 2002; EPA, 2001]. Our results suggest that large

decreases in Eurasian emissions of, Célld have taken pte over the past decade.

5. Conclusions

Large CH enhancermants above background weykserved in Asian outflow over the
NW Pacific during the TRACE-P airdtanission (March-April, 2001). The GHenhancemnts
showed strong correlations withis and CO that varied with the outflow region. We used a
global ctemical trasport nodel (GEOS-CHEM) simiation of the CH-C;He-CO system for the
TRACE-P period to intgret these doservatons with the goal obetter quantifying €, regional
sources.

Our a priori model simation uses th&/ang et al[2003] global CH emission inventory
previously derived fronmverse nodelingof NOAA/CMDL observationslt reproduces the
general latitudinal and vécal distributions of Cl observed during TRACE-P, but
overestinates by about 7 ppb the ¢Enhancemnt in Asian outflow. This enhancemt is
driven by anthropogenic sourceshioth East Asia and Eurasia (defined here as Europe + eastern
Russia). The a priori agel also undrestinates the CH/C;Hg slopes in Chinese outflow, and
overestinates themn tropical Asian outflow ad in Japanese/Korean plam It reproduces the
observed E4/CO slopes without significant bias excémt an overestimate in tropical Asian
outflow. We find that the Cl3-C,Hs-CO correlations in the glan outflowobserved in TRACE-P
are defined ranly by anthropogenic sources of ¢tandills, livestak and bssil fuel) from
East Asia and Eurasia, rather than bgntass burning or wetland sources frtnopical
Southeast 8ia. Enissions fronrice cultivationdid not make a significant contribution to the
CH, outflow in TRACEP, in part because they atlow latitudes and in pabecause they were
at their seasonalimmum during the TRACE-P p®d. Observations in late sunemor early

fall would be expected to see a stgar influene from rice ailtivation CH4 emissions.
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We anploy the constraints offered by the observed, Erhancemnts and the CH
C,Hs-CO correlations to optiine our estimates of the Cklanthropogenic eissions in East Asia
and Eurasia. To correctdlpositive model bias of GHoncentrations in the boundary layer
Chinese outbw while ircreagng the CH/C;H; slope and m@intaining the CH/CO slope, we
find that we need to increase the East Asiah@ecrease the Eurasianthropogenic sources of
CH, by at least 30% for both. Theciease in East Asian é&mgions is imposed by the constraint
on the CH/C;Hs slope. Wthout this increase, theadd slope would be too low.

A 40% increase in East Asian anthropogesmissions for the TRACE-P period relative
to theWang et al[2003] inventory can be iplemented sinply by substituting th&treets et al.
[2003] regional inventory for East Asia peepd in support ahe TRACE-P rission. The
Streets etla[2003] inventory has gher livestak and landil emissions. The Eurasian
anthropogenic source (80% European) theeds to be reduced by 30-50% frimaWang et al.
[2003] inventory. Decrease of European g£éhissions cold have taken place owvéhe past
decade due tmitigation efforts.Intrinsic uncetainties in the griori emission invemory must
also be considered.

We have shown in this work that observed;&He-CO correlations in continéal
outflow place valuable constraints on the ddget. In our application, these constraints
allowed us to distinguish betweendE Asian ad Eurasian source signatures in Asian outflow
over the Pacific, and to conle that the overestate of CH in our sinulation with a priori
sources had to be corrected by both decreasenguhasian@urce and (rearkably) increasg
the East Asian source. iore formal inverse noedeling approach for the GFC,He-CO system
should be applied in a next statp better exploit # constraints fronthe correlations. lproved
understanding of §Hs sources (adjusted here in a top-dofashion to ratch observations) will

be needed in order to better relatd,&,Hg correlations to the fossil fuel source of £H
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Table 1. East Asiaft and Global CH, emissions (Tg yi')

Wang et al. Streets et al. Olivier [20014a]
[2003F [2003F (EDGAR3.2§
Year 1998 2000 1995
EastAsia® Globe East Asia East Asia Globe
Total anthropogenic 113 286 106 117 284
Rice cultivation 52(40%) 59 24 36 39
Livestock 27 83 36 28 89
Fossil fuel
Coal mining 14 31 8 14 33
Gasl/oll 4.8 52 5.8 6.6 53
Landfills 9.7 50 23 21 56
Biofuel 5.8 9.2 8.6 8.3 14
Total natural 45 231 - - -
Biomass burning 4.3(240%) 21 3.1 1.8 13
Wetlands 36(80%) 185 - - -
Termites 4.6 25 - - -

®ncluding India (see figure 1).

PUsed as a priori in this work.

“These inventories include only anthropogenic sources and biomass burning.
dpercentages in parentheses are the seasonal scaling factors for February-April 2001
(TRACE-P period) relative tthe annual mean. For example, the value of 40% for rice
cultivation means that the emissions in February-April are only di0¥te annual mean
value.



Table 2. CH;- C;Hg -CO emissions and emission ratios for Feb.-Apr. 2001

Global East Asid Eurasia

Fossil Biofuel Biomasg Fossil Biofuel Biomass |All anthropogenic | Fossil |All anthropogenic

fuel 0TUels burning| fuel 0TUEIS burning source$ fuel source$
CH, (Tg) 21 2.3 6.8 3.6 0.93 0.95 12 7.7 15
CoHs (Tq) 2.1 0.51 0.62 0.17 0.18 0.051 0.35 0.72 0.79
CO (Tg) 80 42 110 21 16 13.4 37 22 27
CH4/C,Hg (molar) 19 8.5 20 40 10 35 64 20 37
CH4/CO (molar) 0.46 | 0.10 0.11 0.30 0.10 0.12 0.57 0.62 1.0
CoHg/CO(10°molar) 25 11 5.3 7.6 10 3.6 8.8 31 27

*Total emissions for the 3-month period. £#issions are from Wang et f2003] (section 2.2.1) and areeashere as our a priori.
C,Hs sources are as described intgmn 2.2.2. CO emissions are frédtalmer et al. [2003] (section 2.2.3). Emission ratios are
calculated from the emission totals in the table.

PExcluding India.

“Including Europe and easteRussia (see figure 1).

YIncluding contributions from rice cultivation, livestodossil fuel, landfill, and biofuel emissions.



Table 3. Slopes of Ci#-C,H6-CO relationships in Asian outflow over the NW Pacific (March-April 2001}

Chinese outflow Tropical Asian Japanese/Korean Background
(>300N, 0-2km) outflow outflow (2-8km, east of
’ (20-300N, 0-2km) 1600E)
CH,/C,Hg 43+ 1.2 42 + 1.7 45+ 1.6 58+ 2.2
TRACE-P Observations CH4CO 0.38 + 0.02 0.46 + 0.02 0.65 + 0.03 0.75+£0.04
C.Hs/CO 85+0.5 10.9+ 0.5 14.4+ 0.6 12.8 + 0.7
GEOS-CHEM
CH,4/C,Hg 39+1.1 51+0.9 54+1.9 62+ 1.3
(1) A priori [Wang et al., 2003] CH,/CO 0.38 £ 0.02 0.60 +£ 0.02 0.61 +0.04 0.84 + 0.05
C.Hs/CO 10.0+0.4 11.5+04 11.3+0.6 149+0.9
(2) A priori with Streets et al. [2003] | CH/CzHe 47 +1.7 52+1.2 59 £2.8 64 £1.2
anthropogenic East Asian emissions | cp,/co 0.45 +0.02 0.61 +0.03 0.67 +0.06 0.95 +0.05
(3) A priori with Eurasian sources CHJ/CoHe 33-35 44-47 45-49 55-57
reduced by 30-50% CH,/CO 0.32-0.34 0.50-0.54 0.51-0.55 0.82-0.86
o _ CH,4/C,Hg 41-43 43-46 50-54 57-59
(4) Optimized:; (2) and (3) combin&d
CH4CO 0.40-0.41 0.50-0.54 0.57-0.61 0.85-0.88

Slopes of the reduced-major-agiRMA) regressions for the regional subsets @¢addown in Figure 6, ith standard deviationsomputed
by the bootstrap method (see text). Units are mol/mol fay GHg and CH/CO, 10° mol/mol for GHe/CO.

PResults shown for simuians with different CH sources. For all scenarios the CO simulation is feaimer et al[2003], in which Asian
CO sources have been optimized through inversion analysis ®RACE-P data; and,8s sources are as described in section 2.2.2.
‘Superseding the correspondMtang et al[2003] sources in East Asia (Table 1).

ISlopes are given as ranges, with the lowt high ends corresponding to Eurasian apthgenic emission reductions of 50% af&3
respectively.
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