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Abstract. Chloromethane (C¥CI) is the most important natural input of reactisielorine to the stratosphere,
contributing about 16% to stratospheric ozone diple Due to the phase out of anthropogenic emissiof
chlorofluorocarbons, C¥I will largely control future levels of stratospiechlorine.

The tropical rainforest is commonly assumed to teestiongest single GBI source, contributing over half of the
global annual emissiomd about 4000 to 5000 G@ Gg = 18g). This source shows a characteristic carbon [igoto
fingerprint, making isotopic investigations a premg tool for improving its atmospheric budget. Appg carbon
isotopes to better constrain the atmospheric buafg@H:Cl requires sound information on the kinetic is@&@ffects
for the main sink processes e.g. the reaction @tthand Cl in the troposphere. We conducted photoaa CHCI
degradation experiments in a 3500L smog chambeetermine the carbon isotope fractionatiehfr the reaction
of CHsCl with OH and Cl. For the reaction of @&l with OH, we determined @of (-11.2+0.8) %0 (n=3) and for the
reaction with Cl we found a of (-10.2+0.5) %o (n=1) being five to six times dleathan previously reported. Our
smaller isotope effects are strongly supportedbydck of any significant seasonal covariatiopreviously reported
tropospherid**C(CHsCI) values with the OH driven seasonal cycle iptgpheric mixing ratios.

Applying these new fractionation factors to thebglbCHCI budget using a simple two hemispheric box model,
derive a tropical rainforest GBI source of (670+200) Gg*awhich is considerably smaller than previous eatés.
A revision of previous bottom up estimates, usibgve ground biomass instead of rainforest areangly supports

this lower estimate. Finally, our results suggektrge unknown tropical Gi8l source of (1230+200) Gg'a

1 1 Introduction

In the mid-90s, the recognition that the knownzCHsources, mainly biomass burning and marine eamissare

insufficient to balance the known atmospheric sifiustler, 2000) motivated intense research on piateterrestrial

sources. Today, it is common thinking that largéssians from tropical rainforesidlonzka et al., 2010; Xiao et al,

2010; Carpenter et al., 2014) can close this gaper@l model studies revealed a strong tropicalGEource in the

range of 2000 Gg*#Xiao et al. 2010, Yoshida et al., 2004, Lee Tayloalet.998). Particular support for a strong

tropical rainforest source arose from observatioh®levated CHCI concentrations in the vicinity of tropical
1
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rainforests (Yokouchi et al., 2000), greenhouseegrgents (Yokouchi et al., 2002), several field mgaments in
tropical rainforests (Saito et al. 2008; Gebhat@l.€2008; Blei et al., 2010; Saito et al., 2008 &om carbon stable
isotope mass balances (Keppler et al. 2005; Saitmiouchi, 2008). The majority of Gl in tropical rain forests
((2000+600) Gg @) is thought to originate from higher plants (Moazk al., 2010; Xiao et al, 2010; Yokouchi et al.
2000; Saito & Yokouchi, 2008). A minor fraction about 150 Gg ‘& may be emitted from wood rotting fungi
(Monzka et al., 2010; Xiao et al, 2010; Carpentalg 2014). Further emissions from senescentlitarf (Keppler

et al. 2005jnay substantially contribute to this source, big Has not yet been confirmed in field studies (Bteal.
2010). On a global scale, biomass burning ((400L@0) Gg &) and surface ocean net emissions (140 to 640%Bg a
are further important sourc@donzka et al., 2010; Xiao et al, 2010; Carpenteale 2014). Chloromethane from
higher plants has an average stable isotope sign@tC/°C ratio, 3*°C value) of (-83+15) %o (Saito et al., 2008;
Saito & Yokouchi, 2008). Compared to the other kn@surces witls**C values in the range from -36 %o t0 -62 %o
(Keppler et al. 2005; Saito & Yokouchi, 2008), thepical rainforest source is exceptionally deplete!>C making
stable isotope approaches particular useful tebetinstrain CgClI flux estimates.

The isotopic composition of tropospheric &H links the isotopic source signatures to the tinisotope effects
(KIEs) of the sinks. The primary GBI sink is its oxidation in the troposphere by OhtlaCl, accounting for about
80% of total losses (Monzka et al., 2010; Xiaolg2@10; Carpenter et al., 2014). Further sinks mase soil uptake
and loss to the stratosphere (Monzka et al., 2RiE® et al, 2010; Carpenter et al., 2014). An aa®idetermination
of the KIEs of the bulk tropospheric sink (OH + @)crucial for constraining the tropical rainfaresurce from an
isotopic perspective. A previous study (Gola e2805) revealed large KIEs of (-59+8) %o and (-70¢%0 for the
reaction of CHCI with OH and ClI, respectively, which supportee tiypothesis of large emissions from tropical
rainforests (Keppler et al., 2005; Saito & Yokoyd@008). In particular, the KIE for the reactionthwDH is much
larger in comparison to previously reported KIEstfte reaction of OH with methane (Saueressig.e2@D1) and
other hydrocarbons (Rudolph et al., 2000; Andersbal., 2004). We thus performed photochemical aldgion
experiments of CkCl in a 3500 L Teflon smog chamber using establishaeital generation schemgsee method
section for details) to reassess the KIEs for thetien of CHCI with OH and CI. For validation purposes, we Hfiert
determined the known KIEs for the same reactiomsethane.

In the next step, we used the seasonal variatiotisei mixing ratios (Prinn et al., 2000) and isatogmposition
(Thompson et al., 2002; Redeker et al., 2007) gfaspheric CHCI to further assess the reliability of the obtdine
KIEs. This was done with a simple two-box modeljdiing the atmosphere into a northern and a soutmemisphere
and using a simplified emission scheme. The sameshweals then used to constrain the tropical rairsfoseurce
from an isotopic perspective. We finally improvedyous bottom up estimates of the tropical raiesbsource using
carbon density maps of the tropical rainforestaadtof coverage area.

2 The kinetic isotope effect ) for the reaction of CHsCl with OH and ClI
2.1 Materials and methods
2.1.1 Smog chamber

The smog chamber set up and the experimental conslifire the same as recently described in Keppér @018).

The samples for the carbon isotope analysis wemntélom the same experiments described thereieflfrithe
2
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isotope fractionation experiments were performedaif3500+100) L Teflon smog-chamber. The chamber was
continuously flushed with purified, hydrocarbonefreero air (zero-air-generator, cmc instrumentsarabl mot* of
O3, <500 pmol mat NOx, <100 nmol mat of CH,) at a rate of 0.6 - 4 L mihto maintain a slight overpressure of
0.5-1 Pa logged with a differential pressure seifatinsky Elektronik DS1). A Teflon fan inside théamber
ensured constant mixing throughout the experimed@.and NQ were monitored on a routine basis with an
EcoPhysics, CLD 88p chemiluminiscence analyzer caluplth an EcoPhysics photolytic converter, PLC 889one
was monitored by a chemiluminescence analyzer (BBXL). Initial CHCI mixing ratios were between 5 pmol mol
1and 14 umol mdl. Perfluorohexane (PFH) was used as an internadatd with initial mixing ratios of (25+3) pumol
mol? to correct the resulting concentrations for ddati The mixing ratios of C¥Cl and perfluorohexane were
monitored by GC-MS (Agilent Technologies, Palo Al@A) with a time resolution of 15 minutes throughthe
experiments. The stability of the instrument wagitarly checked using a gaseous standard (5 nd@fumol mot
CHsCl in Np). Mixing ratios of methane and GQused as internal standard in the methane degoadatperiments,
were measured with a Picarro G221i cavity ring dapactrometer. Prior to the experiments, the instnt was
calibrated with pressurized ambient air from a tabtained from the Max-Planck-Institute for Biogeemistry in
Jena/Germany (CQOmixing ratio of (394.6+0.5) umol mé] methane mixing of (1.752+0.002) umol mol-1). OH
radicals were generated via the photolysis of oZabeut 2 umol maol for CH;Cl and about 10 pmol midlfor CHy)

at 253.7 nm in the presence of water vapor (Ra&dtivmidity = 70%). This is a well-established e#fiti method for
OH radical generation (Cantrell et al. 1990, DeMb®82). In the CECI + OH experiments initially 2000 pmol mol
1 of H, was added for scavenging chlorine radicals ortgigafrom the photolysis or oxidation of formyl chide
(HCOOCI) occurring as an intermediate in the reactiascade (Gola et al., 2005). To obtain an efftd@H formation,
Philips TUV lamps (1x55 W for C4€l, 4x55W for CH) were welded in Teflon film and mounted inside $ineog
chamber. Atomic chlorine (Cl) was generated viatplysis of molecular chlorine (g)lat a relative humidity of less
than 1% by a solar simulator with an actinic fleogarable to the sun in mid-summer in Germany..okendetailed
description of the experimental setup has recdrgign published elsewhere (Wittmer et al., 2015;pkapet al.,
2018).

2.1.2 Sampling and carbon isotope determination

From each experiment 10 to 15 canister samplessfaihless steel, evacuated <1.3%XEa and baked out) and 10 to
15 adsorption tube samples were taken at reguaterititervals for subsequent analysis of carbomsotatios. The
adsorption tube samples and one set of canistgulsaritom the CkCl degradation experiments were analyzed by
2D-GC-IRMS/MS at the University of Hamburg using tmethod of Bahlmann et al. (2011). This methoddezsn
shown to be free of interferences from other compisuThe precision and reproducibility of 81€C measurements
based on standards were + 0.6%o (n = 18) on ¢hieviel. In order to assure compliance with VPDBIsgca single
component standard of GEI (100 pmol mat in nitrogen, Linde Germany) was analyzed via the@D-IRMS. The
results were compared to those after offline comibnsand analysis via a dual inlet (DI) againstestiied CQ
reference standard (Air Liquide, Germany, -26.8%4.2nd a solid standard (Nist NBS 18, RM 8543). méwmilts
from the DI (n=6) were (-37.19 +0.08) %o for @El. The respectivé'*C values from the GC-GC/IRMS, measured
against the machine working gas (Air Liquide, Geryn26.8+ 0.2) %o) were (-36.06+0.21) %o resultimgain offset
(DI — 2D-GC-IRMS) of -1.13%o. for CECI. All results were corrected for this offset.

3
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The canister samples were analyzed at the Univeo$ityeidelberg using a cryogenic pre-concentrasgstem
coupled to a GC-C-IRMS system, developedsfét measurements of GBI (Greule et al. 2012). Notwithstanding,
a combustion reactor filled with copper (l1) oxiae850°C was used to analy#éC The precision and reproducibility
of these5**C measurements based on a chloromethane workindesthwere + 0.47 %o (n = 47) on the lével. The
513C values measured in both laboratories generatgeagwithin + 1.3 %o on thecllevel. Methane carbon isotope

ratios were only analyzed at the University of Hdgrg.

2.1.3 Calculation of g

The carbon isotope ratios are reported indthetation relative to the VPDB scale (Vienna Pee Belemnite) and
the isotope fractionatiorz) is reported in [%o]. We applied an orthogonal exgion model (Danzer et al. 1995)
to derive the KIE for each experiment from the slopthe Rayleigh plot:

(@ =1 *In(fy) = In (%) )
And
e=(a—-1) .

with & being the enrichment factar,being the isotopic fractionation factorbeing the residual fraction at time t,
§13C, being the initial carbon isotope ratio of the sdite [%o],5'3C, being the carbon isotope ratio of the substrate
[%0] at time t and KIE being the kinetic isotopeesft [%0]. To account for the dilution from the diow through the

chamber, the residual fraction)(has been calculated from the mixing ratios of;ClHand the inert tracer PFH as

follows:
_ [CH3Cl¢]+[PFHy]
fe = [CH3Clo]*[PFH¢] ®)

Here [CHCI] and [PFH] denote the respective concentratiand the indices t and O refer to time t and zero

respectively. The uncertainty farnged from 1.4 to 1.8% on the [evel.

2.2 Results of the CHCI degradation experiments

In total we performed six degradation experimemts &vo control experiments within this study. Tafpem the
degradation experiments within a day, the expertaileonditions were modified as indicated in tabléor the OH
experiments in the presence of methane the lighhgity was increased from 55W to 220W and thedstetate
ozone mixing ratios were increased from about &20Irmot* to about 3570 nmol mdl Under these experimental
conditions typically 70 to 80% of the initial GBIl and methane were degraded within 6 to 10h. Fooe detailed
discussion of the experimental conditions with eesgo the OH yields and degradation rates, theereis referred
to Keppler et al. (2018) reporting on the hydrogetope effects from these experiments.

Prior each degradation experiment, we monitoredrdtie of CHCI and perfluorohexane (PFH) for at least 2h to
assess potential side reactions and unwanted los§#4:Cl. For the experiment with chlorine, this was domeer
dark conditions in the presence of 10 ppm Ebr the OH experiments, this was either donaénatbsence of light or
ozone. None of these tests revealed indicatioa foeasurable loss of GEI and thus for any biasing side effects or
reactions. In the methane degradation experime®tswais used as an internal standard to correct éonmtéthane
mixing ratios for dilution. A blank experiment ov@in carried out with a dilution flow of 4 L mirof zero air revealed

a slope (-0.00118+0.00001) rilor CH, loss and a slope of (0.00117+0.000007) hfior the CQ loss respectively.

4
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This corresponds to a dilution flow of (4.1+0.1) linAl being in good agreement with the pre-set iifuflow (the
major uncertainty in this calculation is the exaatume of the chamber). During this blank experitnéme dilution
corrected mixing ratio of CHchanged by less than 0.2%.
In our study, photolysis of ozone (620 nmol rheteady state mixing ratio) in the absence of waapor (relative

5 humidity <1%) but with 2000 umol nméH, (experiment 3) resulted in a @&l degradation of less than 3% over 10
hours and no measurable change in the isotopic asitign of CHCI. because of the insufficient OH yield.. The
reaction rate constants of D with H, and HO at 298 K are 1.1*1& and 2.2*10° cn?® molecule! s* respectively
(Burkholder et al.,2015). At a relative humidity ©% (corresponding to 25000 ppm), the reactioh WO is by
far the main pathway to form OH (with the plathway contributing less than 4% to the OH yieldjis is consistent

10 with the previous study, where ozone levels of Bt were required for a sufficient OH productioonfr H, (Gola
et al., 2005; Sellevag et al., 2006). For this expent the OH lifetime of CkCl can be estimated to about 330 h. In
experiment four, where both GEIl and CH were present, the ratio of the measured rate aotsstor the reaction of
CHsCl and CH with OH was 5.8. This ratio agrees well with tbhthe recommended rate constants of 5.6 at 298 K
(6.3x10% cm3 s' for CH, and, 3.5x16* cms3 s! for CHsCl at 298K; Burkholder et al., 2015).

15 The change in stable carbon isotope values ofGCK5*3C(CHsCI)) with extent of reaction and the corresponding
Rayleigh plots of the C4€I| degradation experiments are shown in figure % fispective KIEs, derived from the
slope of the Rayleigh plot, are summarized in t&blEor the reaction of GJ&I with OH, we determined a KIE of —
(11.2+0.8) %0 (n=3) and for the reaction with ClI ¥eeind a KIE of (-10.2+0.5) %0 (n=1). The results frdmth
laboratories generally agreed within 1.5 %) &nd showed no systematic difference. Variatiartee initial mixing

20 ratios (5 to 13 ppm) and isotopic composition ((84D.5) %. and (-40.3+0.5) %o0) of GBI in the OH experiments
had no significant effect on the determinationhef KIEs. Further, the increase in the light intgnaitd ozone mixing
ratios in experiment four had no effect on the KIE.

The KIEs for the reaction of methane with OH anddetermined for validation purposes, agreed readervasl|
with the previously published KIEs (Saueressigletl®95; 2001; Tyler et al., 2000; Feilberg et 2005). For the

25 reaction of methane with OH we found a KIE of -4.7i9&ing at the upper end of previous reported foaetiion
factors and for the reaction with Cl we found a KfE59%. being more at the lower end of previouslgarted KIEs
(table 3).

2.3 Discussion of the CHCI degradation experiments

Our newly determined KIEs for the reaction of {Hwith OH and Cl are five to six times smalleriitthe previous
30 reported KIEs of (-59 +10) %o for the reaction witkl@nd of (-70 £10) %o for the reaction with Cl (Gaal. 2005).
In this section we first discuss potential souimiesrror in our study with particular respect te tlifferences between
our study and the Gola study and then provide @momprehensive comparison of our data with previata. Gola
et al. (2005) used a 250 | electro polished stainigeel chamber for their degradation experimehtreas used a
3500 smog chamber made from FEP foil, for thesClHlegradation experiments. The large volume ofssnog
35 chamber may result in incomplete mixing and thuarirunderestimation of the KIE due to transporttition. The
lifetime of CH:CI under the experimental conditions was in thesoad 6 to 8h, whereas the turnover of air inshue t
chamber occurred on time scales of a few minutesking incomplete mixing an unlikely source of ertacomplete
mixing would also have affected the determinatibthe respective KIEs for methane. With those valagreeing

5
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well with previously reported KIEs we can excludedmplete mixing as a potential source of error ur o
experiments. In the Gola et al. study the mixirtgpeaand isotope ratios with long path FTIR. In study the mixing
ratios were determined by GC-MS and the isotopgegatere measured by GC-IRMS in two different |attories.
Both labs used different analytical set ups, déférsampling methods and different standards. Hewyékie results
from both labs generally agree within +1.5%. on thdevel and show no systematic difference. As oatibefore
different initial 5!3C(CHsCl) as well as different initial C#€I mixing ratios had no significant effect on the
determination of the KIEs. This makes analyticabfaitts in ourd**C determination unlikely. The Cl radical
generation scheme was quite similar among bothestu@ola et al. (2005) used narrow band photolg§i€l,
employing a Philips TLD-08 flourescent lamipr(ax ~370) nm whereas we used broadband photoB8&t6 700
nm) making this an unlikely source for the discrepein between the KIEs for the reaction of LHwith CI.

In our study OH was generated via UV photolysi®nine (steady state mixing ratios of 0.62 and i@)pn the
presence of water vapor (RH of 70%) and 2000 ppnwHereas in the Gola study OH was generated ialtkence
of water vapor from the reaction of @) with H, (2000 ppm) after UV-photolysis of ozone (300 ppBwe to the
much lower ozone mixing ratios employed in our gttite OH generation in the absence of water vaps mot
sufficient in our study. Both OH generation schermeswell established. However, Cantrell et al9@9who used
UV-photolysis in the presence of water as an OHagestimated that the reaction of Gtith O(D) may contribute
about 3% to the overall degradation. The higheneZevels and the less efficient conversion dDP¢o OH in the
Gola et al. (2005) study suggest an overall higretsient O{D) concentration as compared to our experiments.
Anyhow, for CHCI interferences from the reaction with'DJ are less likely than for CiH The reaction rate for
methane with GD) ( 1.7 x 10 cm3 s'; Burkholder et al., 2015) is 2.7x1mes larger than the respective reaction
rate for OH (6.3 x 1€° cm3 s%). In the case of C¥€l the ratio is only 7.4 x $32.6 x 10*° cm? st and 3.5 x 16 cm?
s, Burkholder et al., 2015).

None of our tests prior each degradation experime@aled indication for a measurable loss o§CIHN the CHCI
control experiment all experimental parametersdeetie relative humidity and hence the OH yieldensamparable
to CHsCl degradation experiments with OH. The {CHloss of less than 3% over 10h and can be ataibto reaction
with OH. Hence this experiment further confirms #iesence of any biasing side reactions and weafaly £xclude
any measurable effect from potential side react@mnthe determination of the KIEs in our study.

A comparison of our data with previously measuned ealculated KIEs for the reaction of g8 methane and other
VOCs with OH and Cl is provided in table 3. In #dw up study to Gola et al. (2005), Sellevag e{2006) attributed
these exceptionally large fractionation factorkitgher internal barriers of rotation of the OH @licompared to the
CH,4 + OH reaction. Using variational transition stéteory, the authors calculated KIEs of -47 %0 and%a7or the
reaction of CHCI with OH and Cl, respectively. However, a simo#aus theoretical study provided a KIE of only -
3.6 %o for the reaction of CGJ&I with OH (Jalili, & Akhavan, 2006). For C-H borteakage, Streitwieser's semi-
classical limit for isotope effects is -21 flsner et al., 2005) and for reactions involvingltogen radical transfer,
a KIE of -15%o., has been report@derrigan et al., 1990). Both values support a lofvactionation factor. For the
reaction of ethane with OH that can be approxirgatefjarded as a substituted methane a KIE of (-755£& has
been reporte(Piansavan et al., 2017). One can estimate an lipgiefor the reactive site by multiplying*3C with
the number of carbon atoms in the molecule (Andeet@l., 2004). This leads to an upper limit a5(0+0.7) %o for
the KIE at the reactive center. In line with thisd®nson et al. (2004) reported a group kinetic jgeteffect of —

6
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(18.745.2) %o for the reaction of primary carbonrasoof alkanes with OH. The same group (Andersai.e2007)
found a group kinetic isotope effect of (-18.6+0@)for the respective reaction with Cl. Our smaKleEs for the
reaction of CHCI with OH and ClI are much closer to these growgesie KIEs than the previously reported ones of
Gola et al. (2005).

To this end, the large discrepancy between ouratadahose of Gola et al. (2005) remains unresawetcannot be
explained from experimental details. However, thergest support for our lower KIE arises from theence of any

significant seasonal variation in the troposph&HC€(CH;Cl), as outlined in section 3.2.

3 Carbon isotope modelling
3.1 Model set up

The model used in this study is similar to previbus box modelg§Tans, 1997; Sapart et al., 2012; Saltzman et al.,
2004; Trudinger et al., 2004). The atmosphere igldi/in two well-mixed semi hemispheric boxes, esgnting the
northern, and the southern hemisphere and thénartéspheric exchange time is 360 days. The modellates the
major sources and sinks for both, the light&€K;Cl) and the heavier isotopologud€GHsCl), as described by Sapart
et al. (2012) for methane. The source and sinkgdram the Xiao et al. model study (20%@)ve as a starting point
for our model. We use a simplified mass balanch feitir source categories having distinct isotopieree signatures:
higher plants / unknown, oceans, biomass burningjother known sources (table 4). Total net emissioere fixed

at 4010 Gg & with 2210 Gg & in the northern hemisphere and 1800 Gdrathe southern hemisphere. Losses are
specified by pseudo first order rate coefficiefiise sinks implemented in the model are losses altleet reaction
with OH, losses to the surface ocean, losses Is, swid losses to the stratosphere (table 4). Téasoeal source and
sink terms are specified for each hemisphere usiaogthly means (Fig. 2). For each source categheycarbon
isotope source signature was randomly varied witiingiven uncertainties. Seasonal variations werdeled with

a time step of 1 day, using monthly averaged soantk sink terms. Variations in the source compmsitvere

modeled with a time step of 90 days, using yeargraged source and sink terms.

3.1.1 Sources

The ocean is treated as a net source foyGCith annual net emission of 335 G¢ @ange: 80 to 610 Gg'¢Hu et
al., 2013). To account for the bidirectional namirthe gas exchange across the air/sea interfat8ures are broken
down into unidirectional gross uptake and emis$iioxes, with the uptake carrying the isotopic comsifion of the
atmosphere and the emission carrying the isotofiacration of the concurrent formation and degratgprocesses
in the ocean. The gross uptake is calculated usingvarage transfer velocity of 17 cm for CO2 (Wanninkhof
2014) and a mean tropospheric mixing ratio of S#®lmot*. Gross emissions are then calculated as the eliffer
between net emissions and gross uptake fluxesrédder should note that this approach differs ftioat of Hu et
al. (2013) and results in larger gross fluxes bseagross fluxes are calculated for the entire oseface. In line
with previous studies (Keppler et al. 2005), weneste the average isotopic composition of dissol@é#Cl to (-
36+6) %o.



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-855 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 11 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

30

35

Discussions

We applied a source strength of 910 Gda biomass burning (range from 660 to 1230 Gpveith 68% originating
from the northern hemisphere and the emissionsipgakiring hemispheric sprir{iao et al., 2010). CECl from
biomass burning showss&C of (-47+7) %/Czapiewski et al., 2002; Thompson et al., 2002).

The category “other known sources” comprises fungtlamds and anthropogenic emissions with a totafcgo
strength of 365 Gg'yrange: 79 to 1016 Gg'pand an averaged isotopic source signature off#%555) %o calculated
from the source signatures given by Keppler €248I05). The emissions from the other known sourcae wonstant
over time with 16 Gg monthin the northern hemisphere and 5.3 Gg mémththe southern hemisphere.

The source category “Higher plants / missing” (398@95 Gg 3) represents mainly emissions from the tropica rai
forest (900 to 2650 Gg¥with minor contributions from saltmarshes (8QL&D Gg &), rice paddies (5 Gg*and
mangroves (~50 Gg* These emissions are almost equally distributstdiéen both hemispheres and show a slight
seasonal peak during hemispheric summer. In ocleraluate the emissions from higher plants, tleesissions
were divided into two fractions by introducing ditsfactor. The first fraction represents “true” essions from higher
plants, having an exceptionally depleted isotopigree signature of (-83+15) %o (Saito & Yokouchi080 Saito et
al., 2008). The second fraction represents an unkrmwnissing source. TH&3C of this source is scaled to match
the §*3C of tropospheric CECIl. A more depleted*C for this source would point towards additionahicibutions
from a lighter source, such as senescent leaf, litthereas a more enrichéfC for this source points towards
additional contributions from a more enriched seurc

Saito et al. (2013) recently reported on the bidiomal exchange of GJ€I across the leaves of tropical plants with
gross uptake rates being roughly"(f gross emission rates. The authors hypothesiedtte gross uptake may be
related to endosymbiotic bacteria. Because thebiation methods used in this study were the sartteapreviously
used to determine the isotopic composition okClHemitted from tropical plants (Saito & YokoucBD08; Saito et
al., 2008) we can reasonably assume that any isattfpct of this bidirectional exchange is incldde the previously

reported carbon isotope ratios.

3.1.2 Sinks

The reaction with OH constitutes the single largast for CHCIl, accounting for approximately 80% of its removal
from the troposphere. For this study, we used tHecOncentration fields from Spivakovsky et al. (@p@long with
reaction rate constants of Burkholder et al. (2Gb5)erive monthly resolved lifetimes for both heptieres. The
lifetimes were then forced to reproduce seasonehtians of the mixing ratios at Mace Hemdthe northern
hemisphere and at Cape Gfiaminn et al., 2000), Tasmania, in the southern hamei®. This resulted in a total
tropospheric sink (OH + Cl) of 3614 Gg,aeing comparable to previous modeling studieadXt al., 2010).

In most global budgets, soils are treated as a sinélfor chloromethane of about ~250 Gy though a larger uptake
exceeding 1000 Gg'ehas been suggested (Keppler et al., 2005; Canpetnak, 2014). Based on Xiao et al. (2010),
we a priori assumed a soil sink of 250 Gigwith northern and southern hemispheric fractidhs8® and 70 Gg§
respectively, reflecting the interhemispheric dittion of the land masses.

The microbial degradation of GBI in soils is assigned with a large carbon isotfvpetionation of -47 %¢Miller et
al., 2001; 2004). The only study, we are awaréRédeker et al., 2012) that investigates the isotopmposition of
soil derived CHCI reports &'3C of (-34+14) %.. This suggests a substantially &nalpparent KIE for the soil uptake
of CHsCl. The soil uptake of C¥I can be regarded as a coupled diffusion reagtiosess, where Gl is first

8
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transported into the soil and then undergoes mialalegradation. The apparent KIE of such coupletgsses will
depend on the KIEs of both steps and can be estifrate diffusion reaction mode{farquhar et al., 1981):

(em—ea)*(Md—m,)
Eapp = £q + T @

with g4 and en being the kinetic isotope effects assigned to ohia degradation (47%.) and diffusion (4%o)
respectively. mis the total mass of G&l that enters the soil via diffusion ang,mepresents the net soil sink.

The gross uptake flux @@nhwas estimated using a simple transfer resistangdel along with the biomes and
respective active seasons as previously used (Slairal., 1995). We used an overall atmosphaitster resistance
governing the transport to the soils surface (agrathic transport resistance, quasi-laminar subleg@stance and
in canopy transfer resistance) of 4 s/cm regardiéshe biome that was derived from reported typtcansfer
resistances for different biomes (Zhang et al. 320The soil uptake is governed by molecular difinghrough the
air filled spore space. The soil side transferstasice can be estimated from the effective diffusiche soil column.
For a first rough estimate of the soil transferistesice, we assume an air filled pore space of(\0/8) and a
microbially inactive soil layer of 0.5 cm at thelsurface. Using the Penman model (Penman, 194@paliffusion
coefficient of 0.144 cmZin air, we obtain a soil transfer resistance ofsicm. With a globally averaged transfer
resistance of 21 s chand a CHCI background concentration of 540 ppt and the laselcategories from Shorter et
al. (1995) we obtain an upper limit of 1300 Ghfar my.

As depicted in figure 3, the apparent KIE of theé sptake is bracketed by the kinetic isotope eféédioth steps and
decreases when increasing the net soil uptake Tl degradation is rate limiting at low netak® rates, and
the apparent KIE of the soil uptake is close td toamicrobial degradation. For instance, a simkof 250 Gg &
reveals an apparent KIE of -38%.. When the entir@ramethane diffusing into soils is microbially daded,
diffusion becomes the rate limiting step, and thpasient KIE matches that of diffusion.

In turn the imprint on the troposphed&®C shows a parabolic distribution with a maximunmat= 0.5 m. The
isolated effect of the soil sink would result imaximum enrichment of 3.8%. in the troposph&fiC that reduces
to 2.1%. when accounting for the concurrent reducitiothe OH sink. In this case, increasing the siok could even
lead to a depletion in the tropospheitéC once the apparent KIE of the soil sink becomesallsmthan the KIE of
the OH sink.

3.2 Modelled seasonal variations in thé'3C of tropospheric CHsCl

Tropospheric CECI shows a pronounced seasonal cycle with an amgliof 85 parts per trillion by volume (pptv)
in northern hemispheric mid-latitud@rinn et al., 2000; Yoshida et al., 2006), reflegtthe seasonality in the OH
sink. This implies an inverse co-variation in #éC of tropospheric CkCl to an extent that is closely linked to the
KIE of the OH sink. Our model nicely resembles maapospheric mixing ratios of about 539 pflonzka et al.,
2010; Carpenter et al, 2014) and the seasonal<pflEHCI in both hemispheres within +4% (Fig. 4 upperegdan
In our simulations, a KIE of -59%o. of the OH sinkpduces an inverse co-variation of 81€C(CHsCI) with CHsClI
mixing ratios with a seasonal amplitude of 9.2%.evetas our new smaller KIE of -11.2 %o results inreassnal
amplitude of only 1.7%. (Fig 4 lower panel). In bathses, random variations of +10 %o in the isotcmarce

signatures, seasonal variations of the emissioctifums and variations in the soil sink resulteciscatter of +2 %o
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for the3**C of tropospheric CkCl but did not significantly affect the differendeshe seasonal amplitude of #€C
signal.

Most of the seasonal variation in the combinedbisiat source signal (x4 %o) is attenuated by theddrgpospheric
background, resulting in seasonal variations ofritiehern hemispherigt*C of less than +1.1 %o attributable to the
isotopic source signal. In a year round study edrout in Alert, Canada Thompson et al. (2002) fonactclear
correlation between the GBI mixing and isotope ratios. From their data théhars estimated the KIE for the OH
sink being less than 5 %.. As shown in figure 2 @owanel) the seasonal variation in the tropospléétC(CHsCl)
modelled with our KIE of -11.2%o fit quite well toé¢hmeasured variation given by Thompson et al. (R00% lack
of a significant co-variation between the mixingjoa and carbon isotope ratios was confirmed ilmsdgear round
study (Rhew et al 2007). In sum the lacking covanmbetween the mixing ratios and carbon isot@i®s strongly
supports our new KIE of -11.2%. and make the preslipreported larger KIEs highly unlikely.

3.3 Implications for the tropical rainforest source

A KIE of -59%o for the OH sink requires a mean massghted isotopic source composition of -84.5 %o atahce
the tropospherié**C(CHsCl) of (-36.4+2.1) %o (Thompson et al., 2002), asvghan previous studies. Apart from
large emissions from higher plants (Keppler et2005; Saito & Yokouchi, 2008 tropical rainforests, this KIE
suggests additional substantial emissions fromvan enore depleted source, such as senescentiea(Hieppler et
al., 2005; Saito & Yokouchi, 2008). In contrasg ttevised smaller KIE of -11.2 %o requires a meaiojgic source
signature of -48.5 %o, being close to the mass weaft°C of all other known sources excluding higher aAtong
with higher plant emissions of 2200 Gg, ¢he new KIE of -11.2 %o yields a mean troposph&H€(CHsCI) of -56
%o, being depleted by almost 20 %o in comparisornérhean reported tropospheitéC(CHsCI).

We performed more than 10,000 steady state rutsrauitdom variations in the isotopic compositiottropospheric
CH3Cl (-36.4+2.1%o0), the isotopic source signaturemédiated above and the KIE of the soil sink to asskhe range
of CHszCl-emissions from higher plants. The source catedbligher plants” was divided in two fractions, one
representing “true” emissions from higher plants e other representing missing emissions .5 of the missing
emissions was always scaled to match the tropoigp$té€(CHsCI).

As shown in Figure 5, the strength of the tropi@ahforest source is directly linked to the strénghd isotopic
composition of missing emissions. A tropical ranef&t source of 600200 Gg' auggests missing emissions of
(1400+200) Gg 3, requiring a*3C of (-45+6) %o to balance the tropospheiiéC(CHsCl). This§'3C is close to the
mean isotopic composition of all other known soar¢ecreasing the tropical rainforest source resolan equivalent
reduction in missing emissions but requires a nearicheds*3C for the missing emissions. For instance, balancin
a tropical rainforest source of 1100+200 Gigrequires missing emissions of the same magnitasiimg a5**C of -
31+6%o0. This is at the upper end of reported sosigaatures and may thus serve as a boundary tdraonthe

rainforest source from an isotopic perspective.

4  Carbon density based revision of the tropical rainfrest source

Interestingly, support for our lower estimate asifem previous studies on the tropical rainfof@dtCl source when
using above ground carbon density instead of cgesaaea for upscaling the @€l emission factors.

10
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Large uncertainties in upscaling of local deriveahplemissions to global scales can arise frommipteal variations
in the emissions, ii) spatial variability in envirmental drivers, species composition and vegetatorr. Within the
widely used FAO land cover classes, forests armelgéfas land with a tree cover exceeding 10%, anpial tree
height of 5m and an area of at least 0.5R#0, 2012). Tropical rainforests encompass suehsgly covered areas
with a carbon density of only a few Mg-héAsner et al., 2010; Pereira Junior et al., 2G$SWwell as very dense
mature rainforests with a canopy height of more #h@ m and above ground carbon densities somegxeseding
300 Mg ha (Kato et al, 1978). This suggests a large varigfhitibiomass that cannot be assessed with thequrglyi
used area based upscaling approaches. Area basadtes may be improved by leaf area index or algyeend
carbon density based approaches. There is sonmafiwdi that CHCI is mainly emitted by mature trees (Saito &
Yokouchi, 2008; Saito et al., 2008; 2013). Thissre readily reflected by carbon density than laf &ea. Further
the available carbon density data products allatirect discrimination between tropical forests artider tropical
vegetation. We thus propose a carbon density hgssrhling approach of experimentally derived erais§actors to
reduce uncertainties arising from the spatial \mlitgt in above ground biomass. We first convefagded area based
emission factors to carbon density based emissictorfs and then multiply them with the carbon stofdke tropical
rainforest:

F(CHsCl) = % (5)

HereF (CH;Cl) is the source strength [Gd]aE; is the experimentally derived emission factor &g a?], Cy, is
the above ground carbon density assigned to thelsasite [Gg hd] andCy is the estimated total above ground
biomass [Gg] of the respective biome, in this dhsetropical rainforest.

The first direct evidence for strong @& emissions from tropical plants came from bramzubations of tropical
plants in a greenhouse (Yokouchi et al., 2000). $hidy revealed particularly high emission fronteipcarp species
being dominant in tropical lowland rainforests oiuh and Southeast Asia, and suggested mea@I@&rhissions of
74 ug m2h. Several follow up studies carried out in tropichforests reported ten- to fivefold lower flux&aito
et al, 2008; 2013; Gebbhard et al., 2008; Blel.e2810). We exclude the high emission factor fiiia greenhouse
study from our reanalysis of the tropical rainforesurce and focus on the studies, providing erpamtally derived
emission factors for C4#€1 emissions from tropical forests and allowing dosufficient estimate of carbon densities
assignable to them. Details on these studiesraréded in table 5. Three studies have been caaigdn lowland
tropical rainforests of South East Asia, and orelieen carried out over Surinam in South Americaavé not aware
of any CHCI flux measurements from African tropical rainfst® Two studies relied on branch or leaf inculvatio
measure CkCl fluxes (Saito et al, 2013; Blei et al., 2010)third study used a micrometeorological approachian
addition performed leaf and branch incubation (Setital, 2008). The remaining stu@ebbhardt et al., 2008) derived
CHsCl emissions factors from concentration gradiehtsva the rainforest. The concentration gradientewbtained
from canister samples taken at different heightsvalihe rainforest from an airplane. The resultsnfbranch and
leaf incubations were first normalized to leaf dvgight and then converted to area based emiss@iargausing
reported allometric data for Southeast Asian tralpiowland rainforests along with assumptions aadfstribution
and abundance of the investigated species. The areamormalized fluxes (8.0 g m2+:45%) from these studies
show a notably larger variability than the origitedf biomass normalized fluxes (0.028 pting +10%), although
all three studies referred to the same allometata dYamakura et al., 1986) in their conversionteMrthy, the

study reporting the lowest emissions factors freembh enclosures reported almost three times highers using a
11
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micrometeorological approach. In sum, the areacfs#ors agree within a factor of 3 and rangecthffo0 to 14 pg
m2ht (9.1 pg m2h £37%).

The three south East Asian studies refer to a dembmature dipterocarp forest with an above growatan density
of (265+44) Mg C ha(Yamakura et al., 198@at we apply here. For the study carried out atibeeainforest of
Surinam, we derived a carbon density of (160+15)Hd§from carbon density magSaatchi et al., 2011; Baccini et
al., 2012) .This range agrees with the FAO estiffeat€rench Guyan@AO, 2015) and is supported by several field
surveys carried out in this regi@have et al., 2001; 2008). With this, we obtamesn carbon density based emission
factor of (4.0+1.2) g Mg, referring to a mean carlatensity of 202 Mg h& This is well above the average tropical
rainforest carbon density, ranging from 96 to 11F h& (Bachini et al, 2012; Saatchi et al., 2011; K6hlet2015;
FAO, 2015).

In consequence, our carbon density based estimétdee tropical CHCI source are 30 to 70% lower than the
respective area based estimates (table 6). Thergiite is in the range of 30% for dense old grovenggeen forests
such as the Tierra Firme forests of French Guyaetwden 40% and 50% for the moist tropical rainfgraad
increases to almost 70% for the entire pantropicedsts including dry tropical forests, degradede$ts and
plantations. This trend reflects the decreasingdtirrcarbon density in the tropical rainforest bemas well as the
effect of forest degradation. Regardless of thecfor the carbon density estimates, our appreaghests a tropical
rainforest CHCI source of (670+250) Gg'abeing 53% to 65% lower than the respective assad estimates n the
range 1200 to 2000 Gg' Saito et al, 2008; 2013; Gebbhard et al., 2008i & al., 2010).

The uncertainty in the area based emission factoestimated to 24% from the standard deviatiorhefreported
means. Additional uncertainties for our carbon dgnsased upscaling (as compared to the previoea based
upscaling) arise from the uncertainties in theltabmve ground carbon stocks (+8.6%) and the piégific carbon

density (+15%). Using error propagation, we estérbe total uncertainty of our approach to +30.4%.

5 Conclusions

We reported new KIEs for the reaction of £LH with OH and ClI of (-11.2+0.8) %0 (n=3) and (-18®5) %o
respectively being five to seven times smaller ttienprevious reported KIEs for these reactions. ehese for the
large discrepancies remains unresolved. Howeverstitongest support for the reliability of our neactionation
factors arises from the absence of any significantariation in the mixing and carbon isotope mtié tropospheric
CHsCl.

Conjoining our new KIEs of the tropospheric H sinks and the biomass based upscaling of preljiaeported
emission factors suggest a tropical vegetationcgoaf only (670+210) Gg“a being about threefold smaller than
suggested in current budgets. We ass$ige of -45+6%. to the missing emissions of (1530+16Q) a'. Notably
increasing the soil sink by 750 Gg and decreasing biomass burning emissions by 468'Gas suggested in the
latest assessment on ozone depleting substamoesd substantially increase this gap but havegligible effect on
the isotopic composition of the missing emissidftee §'°C value of the missing emissions matches with tearm
source signature of the other known sources (exegpiorests). Increasing these emissions withingiven ranges

might reduce the gap to (1100+200) Gj Brom a purely isotopic perspective, in particuéager emissions from
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biomass burning could further reduce this gap. Hawehis is highly speculative as virtually anyisze combination
providing a meab*C of -45+6%. could fill the gap.

With CHsCl being the single largest natural carrier of dnie to the stratosphere, predicting future bassliof
stratospheric chlorine require a better understandf the global CECI cycle and an identification of the missing

emissions.

Data availability. The data used in this publication and the model @deavailable to the community and can be

accessed by request to the corresponding author.
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Table 1: Experimental conditions of the degradatiorexperiments with OH. The O3 mixing ratios are aveasige steady state

mixing ratios throughout the experiment, the Cb mixing ratios refer to the initial mixing ratios at the beginning of each

photolysis sequence.

Exp. reactant oxidant O3zCl2 Irridiation H2 rel. Hum. T OH
ppmv ppmv ppmv % °C cm®
1&2 CHCI 5,10 OH 0.62 1X55Whma» = 254 nm 2000 65 20.7 2.9x%0
3 CHCI 0.13 OH 0.62 IX55Whma = 254 nm 2000 <1 20.6 8.7 x10
4 CHCI, CH; 13,5 OH 3.7 AX55W Amax = 254 nm 2000 65 20.4 1.6 x20
5 CH, 5 0 4x55W, Amas = 254 N 72 20.3
6 CHs 6 OH 3.7 AX55W Ama» = 254 Nm 72t0 75 20.3 1.6x 10
7 CHCI 10 Cl  2to10 7x1200W 300 - 700 nm <1 20.7
8 CH, 5 Cl  2to10 7x1200W 300 - 700 nm <1 20.5
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Table 2: Summary of the kinetic isotope effects fothe reaction of CHCl and CH4 with OH and CI from this study. We
usedorthogonal regression to calculate and the respective uncertainties on thedllevel for each experiment. In experiment
4 the ¢ for methane has not been determined.

Hamburg Heidelberg

€ R2 € R2
Exp. 1 CHCI +OH -121 +£0.6 0.95 -11.7 = 04 0.99
Exp. 2 -12,1 £03 099 -105 + 03 0.99
Exp. 4 -104 £04 099 -106 + 06 0.99
Exp.7 CHCI+CI -10.3 +0.7 096 -104 + 04 0.98
Exp.5 CH+OH 47  + 0.2 0.99
Exp.8 CH+CI -59.0 + 1.3 0.99

Table 3: Compilation of kinetic isotope effects fothe reaction of CHCl, CH4 and alkanes with OH and Cl

Reaction € Method Reference
CHsClI + OH -58 + 10 Smog chamber; ®Hz+hv (254 nm), FTIR Gola et al., 2005
-44 theoretical at 298K Feilberg et al., 2005
-3.6 theoretical Jalili, S. & Akhavan, 2006
5 + 3 derived from field data Thompson et al., 2002
112 + 08 gg?'ghjltshamber; Q+H20+hv (254 nm), This study
CHClI + CI -70 £ 10 Smog chamber; Cl+hv (370 nm), FTIR Gola et24105
-35 theoretical at 298K Feilberg et al., 2005
-104 + 05 Smog Chamber; Gi+hv GC-IRMS This study
CHa + OH -39 £ 04 photo reactor; #D>+hv, GC-IRMS Saueressig et al. 2001
47 + 02 égﬁgwﬁlgamber; Q+H20+hv (254 nm), This study
CHs + Cl -58 + 2 Smog chamber; ethv FTIR Sellevag et al., 2006
-66 + 2 photo reactor; Gthv; TDLAS Saueressig et al., 1995
62 + 0.1 Smog Chamber; gihv; DI-IRMS Tyler et al., 2000
-59 Smog Chamber; Ch+hv GC-IRMS This study
CoHe + OH -75 £ 0.5 reaction chamber;28; + hv; GC-IRMS Piansawan et al., 2017
R-CHs + OH -18.7 £ 5.2 reaction chamber; R-NCNO + hv; GC-IRMS Anderson et al., 2004
R-CHs + CI -18.6 + 0.3  reaction chamber; £+ hv; GC-IRMS Anderson et al. 2007
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Table 4: Simplified CHsCl source and sink scheme used in the model

strength [Gg a'] 813C (source) /e (sink) [%o]
sources best range best range
Biomass burning 910 655 - 1125 -47 -40 - -52
Oceans 335 210 - 480 -36 -31 - 41
Higher  Plants /
unknown 2400 0 - 3095 -83 -70 - -96
Other known sources 365 79 - 1016 -45 -40 - -50
sinks
OH, CI 3614 3564 -3000 -12/-59
soils* 250 200 - 1000 -37 -46 - -2
stratosphere 146 0

* The apparent KIE of the soil sink depends ontisrgth. See text for more details

5 Table 5: Calculation of carbon density based CkCl emission factors from previously reported area hsed emission factors.

Site Method Carbon Emission per Ref.
density

leaf dry area Carb_on
mass density

Mg hat ug gtht pg m?h*  ghaat g Mgt

Glass house, Japan branch enclosure 325 0.32 74,0 \z(ggguchl etal,

Pasoh Forest Reserve, Micrometerological 265 14,0 1226 4.6 Saito et al., 2013

Malaysia branch enclosure 0.03 5,0

,\PAaSOh Forest Resenve, p, anch enclosure 265 0.026 7,0 615 23 Saito 2613
alaysia

Danum Valley, Borneo branch enclosure 265 0.03 012, 1051 4 Blei et al., 2010

Borneo

Surinam, French Guyanagg?](gsgt above 160 9,5 832 5.2 (230eot)8hardt etal,

mean 931 4

SD 265 1.2
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Table 6: Comparison of calculated area based and dzon density based emissions from tropical forests

Region Area  Cdensity Area based Carbon density bed
% of area
1 1 1

10fha 1¢gha Gga Gga based
Brazil 586 112 496 + 143 247 + 73 50
Indonesia 165 11% 140 +40 69 + 20 50
Congo 205 92 173 +50 71 + 21 41
Trop. Africa 775 62 655 189 182 + 53 28
Trop America 1209 77 1022 295 356 + 103 35
Trop Asia 474 98 401 116 176 + 51 44
Pantropics 2458 78 2079 + 601 720 + 212 35
Trop. Africa 393 82 332 +96 121 + 36 36
Trop America 788 118 666 + 192 343 + 101 52
Trop Asia 289 119 244 +71 129 + 38 53
Pantropics 1470 105 1243 + 359 580 + 171 47

1Saatchi et al. , 2012Bacchini et al., 2012
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Figure 1: Change ind'3C over extent of reaction (left hand side) and coesponding Rayleigh plots (right hand) from the
CH3Cl degradation experiments. Filled symbols and reggssion lines refer to the data from Heidelberg, opmesymbols and
dashed regression lines show data from Hamburg. Tteplors refer to different degradation experimentgblack: experiment

1; red: experiment 2, blue: experiment 4 and greeexperiment 7) . Errors in§ were +2% on the b level. Errors in §1°C,

as derived from the regression analysis, ranged fro 0.4 to +1.4%o on the & level.
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Figure 2: Chloromethane emissions in Gg monthfor the northern (left side) and southern hemisphee (left side) Upper
row panel: Combined emissions from higher plants ashthe unknown source; second row panel: biomass bming, third
row panel: ocean net emission fluxes, fourth row peel total emissions. The emissions from the othenkwn sources are
constant over time with 16.6 Gg montH in the northern hemisphere and 5.8 Gg montt in the southern hemisphere.
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Figure 3: The upper panel shows the apparentof the soil sink versus the sink strength. The logr panel shows the resulting
5

effect on tropospheric**C. Crosses show the pure effect e.g. in the abserafeany other fractionating sink. Open circles
show the resulting effect with are of -11.2%. assigned to the OH sink.
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Figure 4: Upper panel: Comparison of modeled Northen hemispheric mixing ratios (blue open diamonds) wh measured
5 mixing ratios at Mace Head, Ireland (red crosses)air the period from 2004 to 2014Prinn et al., 2000). Error bars indicate
the variations in the monthly means on the & level. Lower panel: Modeled seasonal fluctuation the 8'3C of northern
hemispheric CHsCl using ane of -11.2%. (red filled diamonds) and arx of -59%. (blue filled dots) as reportedd by Gola et
al. (2005). The panel shows monthly averages froml®-year simulation. The error bars indicate uncerinties (+1s) from
monthly random variations in the §:3C of each source category as indicated in the texthe grey shaded area shows reported
10 seasonal variations (seasonal mean s)lfrom Thompson et al. (2002).
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Figure 5: Modeled isotopic composition of the miseg source versus tropical rainforest emissions oré lower x-axis and
missing emissions on the upper x-axis (rainforest 2200 — unknown). The black line shows the besttiesate derived from

5 the mean isotopic source signatures. Orange dotsdicate the range uncertainty from uncertainties inthe 5!3C of biomass
burning (£7%o), ocean net emissions (+6%o) and othdémnown sources (+6%o). Yellow dots mark the additionlauncertainty
from the §'3C of the tropical rainforest source ((x10%o). The geen column indicates the carbon density based estite of
the rainforest source and the grey bar indicates th range in 8'3C of biomass burning and the mean from all sources

excluding the tropical rainforest.
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