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Abstract. The chlorofluorocarbons CFC-11 (CETland the Montgal Protocol and its amendments, the usage of these
CFC-12 (CRKCly) are stable atmospheric compounds thatcompounds as refrigerants, cleansers, aerosol propellants and
are produced at the earth’s surface, but removed onlyfoam-blowing agents worldwide resulted in significant atmo-
at high altitudes in the stratosphere by photolytic reac-spheric loading; at their peaks in 1990 and 2003, respectively,
tions. Their removal liberates atomic chlorine that then mean mixing ratios in the troposphere were approximately
catalytically destroys stratospheric ozone. For such long260 ppt (ppt = pmole mote' = 10-12mole mole 1) for CFC-

lived compounds, isotope effects in the stratospheric re-11 and 550 ppt for CFC-12 (Forster et al., 2007; AGAGE,
moval reactions have a large effect on their global iso-2010). Due to the buildup of these and other anthropogenic
tope budgets. We have demonstrated a photolytic isotopdalocarbons, total organic chlorine levels in the troposphere
fractionation for stable carbon isotopes of CFC-11 andincreased from approximately 600 ppt in 1900 to nearly
CFC-12 in laboratory experiments using broadband UV-3350 ppt in 2008. CFC-11 and CFC-12 account for approx-
C (190-230nm) light13C/A2C isotope fractionationse) imately 55 % of the total, outweighing contributions by nat-
range from {23.8+0.9) to (-17.7+0.4) %o for CFC-11 and  ural compounds such as methyl chloride, HCI and naturally
(—66.2+3.1) to (-51.0+2.9) %0 for CFC-12 between 203 emitted molecular chlorine (Butler et al., 1999; WMO 2010).
and 288K, a temperature range relevant to conditions in Chlorofluorocarbons such as CFC-11 and CFC-12 are pro-
the troposphere and stratosphere. These results suggest tltatced by anthropogenic processes at the earth’s surface,
CFCs should become strongly enriched3g with decreas-  but have their only significant sinks in the stratosphere, at
ing mixing ratio in the stratosphere, similar to what has beenaltitudes where UV-C radiatiom.(< 220 m) is sufficiently
recently observed for CFC chlorine isotopes. In conjunctionabundant to dissociate the C-Cl bond: Reaction (R1). A mi-
with the strong variations in CFC emissions before and aftemor sink (approximately 3—7 %) is due to Cl abstraction by
the Montéal Protocol, the stratospheric enrichments shouldO(* D), which is produced from the photolysis of ozone in
also lead to a significant temporal increase in 1f@ con-  the stratosphere: Reaction (R2) (Seinfeld and Pandis, 1998;
tent of the CFCs at the surface over the past decades, whichaube et al., 2010a).

should be recorded in atmospheric air archives such as firn

air. CF,,Cla_,, +hv *28"cE, Cls_,, +ClI- (R1)
CF,.Cl4_ + O(*D) —> CF,,Cla_,, +CIO (R2)
1 Introduction These reactions cause the initial release of chlorine to be-

gin the now well-known catalytic decomposition of ozone
The chlorofluorocarbons CFC-11 (CRfland CFC-12 first proposed by Molina and Rowland (1974).
(CR:ClIy) are the most abundant anthropogenic halocarbons In addition, CFC-11 and CFC-12 have a significant global
in the atmosphere. Before their production was banned undewarming potential (4750 and 10900 times that of Qger
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kg, respectively, over a 100 year time horizon), resulting to-with the well-established decrease in mixing ratio above the
gether in an atmospheric radiative forcing of approximatelytropopause, a progressive increase in%f@//3°Cl ratio by
0.233 W n12in 2005 and thus contributing to anthropogenic up to 27 %o relative to tropospheric air was observed over
climate change (Massie and Goldman, 1992; Forster et al.14-34 km altitude, with an apparent isotope fractionation of
2007). gapp=(—12.14+1.7) %0 (Laube et al., 2010a).

Since the implementation of the Moaal Protocol in In this study we report a carbot?C/22C) isotope fraction-
1987, the mixing ratios of CFC-11 and CFC-12 in the tropo- ation ) in CFC-11 and CFC-12 during laboratory broad-
sphere have decreased from their peak values to 240 ppt arithnd UV-C (190-230 nm) photolysis at atmospherically rel-
530 ppt, respectively, as sources have decreased in strengévant temperatures.
and the stratospheric sink has become dominant (Engel et
al., 1998; Forster et al., 2007; AGAGE 2010). However, due
to the long atmospheric lifetimes of these compounds (452 Method

and 100 years for CFC-11 and CFC-12, respectively, WMOPhotonsis experiments were carried out in March 2011 with

2010), it is expected that atmospheric effects caused by the . ) o L i
presence of these CFCs will persist for decades to centuri g mixture of CFC-11and CFC-12 in nitrogen, utilizing a pho

etsolysis setup at the University of East Anglia in Norwich,
(Engel etal,, 1.998’ Forster et al._, 2007). Lo UK. The gas mixture used in the experiments was prepared
The stable isotope composition of species in the atmo-using a custom dilution system with sample loops of 2.5
sphere can be altered by chemical reactions due to differ:,jmd 0.1mL (Laube et al., 2010b). This system is built intlo
ences in chemical bond strengths ascribed to isotopic subs;tla—l HP5890 GC oven and',is main'&ained at 353 K to ensure
tution, causing fractionation between the different isotopo-

logues of a given molecule (Brenninkmeijer et al., 2003)_that compounds are in the gas phase when they are diluted. It

) . T uses a Valco 6-port valve for switching sample loops, Nupro
Isotope values are conveniently expressed imtation, in L :
the case ok3C: valves for controlling input and extraction of compounds, a

scroll pump for evacuation, and oxygen-free nitrogen (BOC
Gases Inc.) for dilution.
1 (1) Using this system, 5 pmol CFC-11 and 0.2 pmol of CFC-
12 were mixed in turn with nitrogen into a single 3 L canis-
wherel3R is the13C/A2C ratio in a sample or standard mate- ter at 300 kPa total pressure, which yielded mixing ratios of

rial, respectively. The internationally accepted reference mal3ppm for CFC-11 and 530ppb for CFC-12, both with an
terial for13C is Vienna Pee Dee Belemnite (VPDB), andéhe  €rmor of£10 %. These high mixing ratios were chosen in or-
value is commonly multiplied by 1000 %o to express it in per der to provide adequate material for analysis, whilg keepiqg
mille (%) for readability. Assuming a Rayleigh-type frac- Sample volumes small. The use of oxygen-free nitrogen in
tionation, the isotope fractionatianrelates the change i~ the mixture excludes the @0) reaction described in Reac-
value and mixing ratio during a photolysis reaction as fol- tion (R2) from taking place in the reaction chamber. The gas

13Rsample

313C —
13Rstandard

lows: amount of the prepared mixture was sufficient for all experi-
ments.

s183c+1 Figure 1 shows a diagram of the photolysis setup. The

| s13Co + 1 =¢In(F) () quartz-glass reactor, which has a volume of 125mL (total

system volume including lines is approximately 160 mL),

is temperature controlled through an ethanol regulator and

cooler. Pressures in the reactor system are measured through

‘an array of pirani, piezo and CMR pressure sensors; evacua-
. tion of the entire system is facilitated through a scroll pump.

commonly expressed in %eo.

CFC-11 and CFC-12 have similar atmospheric cycles a Photolysis of the CFC mixture is induced by a water-cooled

N2O, which is also long-lived (120 years lifetime) and hassl kW antimony (hereafter Sb) lamp (mfr. Heraeus, Hanau,

mainly surface sources and stratospheric sinks. In the Cas%ermany) with a broadband emission spectrum covering the

of N,O, laboratory experiments, field measurements an ange 190 to 230 nm, which is ideal for inducing photolysis

: . . . In CFCs. A spectrum of the Sb lamp emission and solar flux
modelling studies have shown strong heavy isotope enrich-

. : . at 20 and 30 km for the relevant wavelengths and the absorp-
ments in the stratosphere, which have an important effect on.

the isotopic composition in the troposphere (e.g. Rahn anéIon spectra of CFC-11 and -12 are shown in Fig. 2. The nor-

P i p P _p . 9 malized product of the absorption spectra with Sb lamp and
Wahlen, 1997; Rckmann et al,, 2001; Kaiser et al., 2003 30 km flux (folded spectra) is shown in Fig. 3. This lamp has
and 2006; Blake et al., 2003; von Hessberg et al., 2004; P g. o P

Morgan et al., 2004). For CFC-12, recent measurements o?l;%\gli);iznbigluszegogjraagogﬁl_s;{;22:@? 2}5 \IZVBBCENan d
the stable chlorine isotope rati®’Cl/3°Cl) of stratospheric N ’ N

CFC-12 have shown strongfCl enrichments. Associated 2003).

where §13Cy and §13C are the stable carbon isotope ratios
of the compound before and after photolysis, respectively,
and F is the fraction remaining after photolysis.is also
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Table 1. Summary of photolysis rates and isotope fractionations from fits in Fig. 5.

CFC-11 CFC-12
Temp (K) 203 233 288 203 233 288
J @ 2.8x1074  3.4x107% 45x1074 44x107°  6.6x107°  9.3x10°°
& (%o) —23.8£0.9 -—23.0t1.1 -—17.7+0.4 —66.2:3.1 —55.3:3.0 —51.0+2.9
e fit r2 0.992 0.992 0.999 0.993 0.984 0.993
1 2E-18
/ : 09 Solar (20 km)
0.8 4 Solar (30 km) + 1.6E-18
_ 0.7 - = CFC-11 Abs ' ~
% 06 CFC-12 Abs 1 12618 (\_‘g
13 °
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Fig. 2. Normalized UV-C intensity of the Sh lamp and actinic UV-C

(Minschwaner et al., 1993) in the altitude range where CFC photol-

Fig. 1. Diagram of the photolysis setup at the School of Enviromen- YSis takes place (19-34 km), and absorption spectra for CFC-11 and
tal Sciences at the University of East Anglia. P1-P4 indicate pres=12 in the relevant wavelength range.

sure sensorsy. Can the sample canister. During filling of the reac-
tor, the source canister containing the unphotolyzed CFC-mixtureis
installed in place of the sample canister.

The gas mixture, at pressures near 100kPa, was irradi-g
ated with UV light with exposure times varying from 0 to
3 h while the reactor was kept at various temperatures (2035,
233, and 288K): at 203 and 233K the exposure times weres
0-3 h with 0.5 h intervals (7 samples each), and at 288 K the”’02

exposure times were 0, 1.5, and 3 h. This gave a total of 17 0:1
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After each experiment, the content of the reactor was 1o 195 20 205 210 215 220 225 2%
expanded into a 1.75L evacuated stainless steel canister. Heveenaniom)
These were subsequently topped up to 200 kPa pressure witfg. 3. Product of CFC-11 and -12 absorption spectra and solar and
oxygen-free nitrogen, to provide adequate volumes and mixSB lamp spectra, normalized.
ing ratios for the analysis system.
The sample canisters were measured in April 2011 in
the isotope laboratory of the Institute for Marine and At- by using a 52.5m0.25 mm Poraplot Q column, the effluent
mospheric Research Utrecht (IMAU) of Utrecht University of which is split to (1) a HP 5970 quadrupole MS and (2) a
(The Netherlands) for mixing ratio arid3C using the sys-  Thermo Finnigan Delta Plus XL isotope ratio mass spectrom-
tem described in Zuiderweg et al. (2011). This instrumenteter by way of a Pt-Cu-Ni combustor and open split. Peak
was originally designed for the measurement of stable carintegration is accomplished through the ISODAT software
bon isotope ratios of non-methane hydrocarbons. It featurepackages'3C results from this instrument are reported rela-
a novel method of removing unwanted compounds (e.g CO tive to the international Vienna Pee Dee Belemnite standard
and CH;) by use of a 3mx6.35mm packed Porapak Q (VPDB) in per mil (%o0). Details of calibration procedures are
pre-column, where compounds to be excluded from analy-€laborated in Zuiderweg et al. (2011).
sis are separated from the compounds of interest gas chro- This system was tested for measurement capability;of C
matographically. Separation of compounds is accomplisheahlorofluorocarbons with a PraxAir Inc. calibration mixture
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S In(F), against photolysis time (Fig. 5a and b) andsfiC
:;;;f;;:@;me +1) against Inf’) (Fig. 5¢ and d) respectively for both com-
pounds at all three temperatures, in order to obfasnde
through the slope of linear fits to the data. A summary of
least-squares fit parameters for the photolysis rate coefficient
JL and isotope fractionation is given in Table 1. For CFC-11,
a neighbouring peak interferes in samples withFink —3.
This interference disturbs the peak integration, leads to incor-

CFC-12
CFC-11

Signal (arbitrary units)

N i rect $13C values, and consequently affeet®btained from
the plotted data. The samples affected and thus rejected have
A J exposure times above 2 h, at 233 and 288 K.
1300 1400 1500 1600 1700 1800 1000 2000 Figure 5a and b show the photolysis behavior of CFC-11
Elution time (5) and CFC-12 with exposure time. As expected, the Sb-lamp is

S . i i . 0
Fig. 4. Example chromatogram from instrument of the Praxair cal- Vergl effective ',n photolyzing C',:C 11and-12, Wlth,95 % and
ibration mixture (0.LL), 1h exposure sample at 233K (1L), and 33 % photolysis of the respective compounds achieved at ex-

zero-time exposure sample at 233K (1 L) respectively, demonstratPosures of 3 h at the coldest reactor temperature of 203 K. At
ing separation performance. higher temperatures, photolysis occurs faster and thus com-
pound destruction is more complete for a given exposure
time. This is in good agreement with absorption cross sec-
containing 156-8 ppb of both CFC-11 and CFC-12, among tjons measured at the respective temperatures (Atkinson et
other compounds. Testing results with various volumesy| 2005 and 2008). Photolysis rates measured range from
showed that the isotopic results were volume independend g, 104 to 4.5x104s! for CEC-11 and 4.410°5 to
and stable for CFC measurement, witiC repeatability 9.3x10°5s1 for CFC-12 at 203 and 288K respectively.
(1o, n=30) of 0.9 and 0.7 %o for CFC-11 and CFC-12, re- However, there are slight deviations in the linear relationship.
spectively, above peak areas of 0.5Vs (2ngC equivalent)These are not the result of the error of the measuring instru-
and mixing ratio measurement precisionieB %. Sensitivity  ment as repeat measurements are very close. Rather, these
of the instrument is approximately 0.25Vs/(ng C) (Zuider- gre ascribed to possible moisture condensation on the reac-
weg et al., 2011). A sample chromatogram demonstratingor (despite ventilation) reducing light intensity, variations in
compound separation can be found in Fig. 4. Daily calibra-reactor-lamp alignment, or lamp intensity variation. Align-
tion of the instrument was accomplished by measuring thement variations can occur in the photolysis setup as the reac-
above standard before the start and after the finish of thafg, must be occasionally dismounted to remove accumulated
day’s measurement series. Blank measurements showed fpples in the reactor cooling fluid. Additionally, although
remnant CFC or interfering peaks. no discernable lamp intensity instability was reported in pre-
To ensure that peak areas for the samples exposed longegius research with this same lampo@mann et al., 2000

were still above the specified threshold limit of 0.5Vs, eachgng 2001: Kaiser et al., 2002 and 2003), it is possible that
analysis consumed 1L (100kPa, 295K) of analyte, whichg,ch instability has developed over time.

allowed for 2 measurements of each of the sample canisters, However, the aforementioned nonlinearity in the data in
under normal circumstances. Fig. 5a and b does not impact the validity of these re-
The theoretical zero photolysis time mixing ratios used for g |ts for the calculation of as the data plotted in Rayleigh
calculatingF (the unphotolysed fraction remaining) were es- fractionation plots (Fig. 5¢c and d) are very well correlated,
tablished by calculating the number of moles of each CFC inyji, least-square? values above 0.98. This result suggests
the reactor prior to exposure given a particular reactor ttMthat any lamp intensity variations that alter the amount of
perature. Subsequently, the number of moles of each CF@notolysis that takes place in the reactor during at a given
in the reactor post-exposure was back-calculated from thgjapsed photolysis time does not affect the fractionation in-
VMR measurements of each can. All calculations took into nerent in the photolysis reaction. At all temperatures, iso-
account pressure gauge offsets. tope fractionations are far larger for CFC-12 than for CFC-
11. The strongest fractionations are observed at 203 K,
(—66.2+3.1) %o for CFC-12 and23.8+0.9) %o for CFC-
11. The magnitudes of the isotope fractionations become
The photolysis rate coefficiedtis given by: larger (i.e£ becomes more negative) towards lower tempera-
tures, similar to the situation withJD (Kaiser et al. 2002). It
In(F) (3) is interesting to note that the CFC-12 fractionations are simi-
! lar in magnitude to the fractionation in the reaction AZHCI
and the isotope fractionatianis given by Eq. (2). Therefore, (Saueressig et al., 1995) or the reactiongCH+ OH (Gola
we have plotted the natural logarithm of fraction remaining, et al., 2005).

3 Results and discussion

J=-
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Fig. 5. Plots of In (F) vs. exposure time in seconds (parelsndB) and In613C+1) vs. In (F) (panel€ andD) for samples at different
exposures and temperatures for CFC-11 and -12 with least-squares fits tobbaitz. The instrument used hais10 % uncertainty for
mixing ratio measurement, and i$3C (1o) error is 0.9 and 0.7 %o for CFC-11 and -12 respectively. Summary afide values from fits
in Table 1.

In the stratosphere, CFC-11 photodissociates faster thanluded in our experiments and could potentially be an issue.
CFC-12 and its atmospheric lifetime is shorter by approxi- However, Rebbert and Ausloos (1975) note that any rem-
mately a factor of 2 (Forster et al., 2007). In our experiments,nant complex molecules (e.g. €br CRCI) are unreactive
the photolysis rate of CFC-11 is also faster, but by a factorto their parent molecules. Additionally, chlorine abstraction
of 5. The difference can be explained by the fact that thefrom an intact halocarbon molecule due to interaction with
lamp spectrum and the solar actinic flux at altitudes whereradical chlorine is a very slow process due to the bond ener-
CFC photolysis occur (19-34 km, Laube et al., 2010a) do notgies involved (Alapi et al., 2007). Recombination of chlorine
match (see Figs. 2 and 3). Integrating the product of the inwith CFC radicals from photolysis to reform CFCs, on the
tensity (both Sh-lamp and 30 km solar) and absorption specether hand, is a real possibility. The rate of recombination is
tra, we calculate that the difference between the CFC-11 andependent on the mixing ratios of the CFC radicals and chlo-
-12 photolysis rates is approximately 1.7 times greater in therine. Initial products of photolysis are radicals, which rapidly
reactor than in the atmosphere, explaining a large part of theeact with impurities either on the wall of the reactor or in the
observed discrepancy. gas phase. The box model used to evaluate this took into ac-

This mismatch in UV-C wavelengths may also impact cal- count the photolysis rates of £and CFC compounds and
culated fractionations as these have been shown to be wavéhe recombination of the radicals withCl
length dependent in laboratory,® photolysis experiments.

On the other hand, laboratory fractionations obtained WithCF2C|2+hv — CRCI+Cl (R3)
this same lamp are considered to be in good agreement|,+4y —> Cl+ Cl (R4)
with stratospherically observed fractionations, excepting the

impact of dynamic processes, which reduce the magnitudé! + Cl+M — Clo+M (R5)
of the fractionation by about half gRkmann et al., 2001;

Kaiser et al., 2006; Laube et al., 2010a). Ascertaining theCF2C|+C|2 — CRCl+Cl (R6)
scale of wavelength dependence is beyond the scope of thisk,Cl + X — products (R7)
study and is a viable point of examination for future experi-

ments. Cl+ X — products (R8)

In addition, interaction of CFC-11 and -12 with photolysis

: T Reactions (R5-R8) have been assumed to occur at fast rates
products and photolysis product recombination cannot be ex

of 3x10~cm?s~1, and photolysis rates (Reactions R3, R4)

www.atmos-chem-phys.net/12/4379/2012/ Atmos. Chem. Phys., 12, 43385 2012



4384 A. Zuiderweg et al.: Stable carbon isotope fractionation in the UV photolysis

have been calculated by folding the absorption cross sectiod Conclusion
of Cl; and CRCI, with the lamp spectrum, respectively. Re-
sults indicate that recombination is below 5% if impurities A set of stable carbon isotopic fractionations in the UV-C
(X) have an equivalent above 0.4 ppb in the gas phase. Give(il90-230 nm) photolysis reactions for CFC-11 and CFC-12
the rather high concentrations of CFCs and the large surhas been demonstrated. Strong isotope enrichments are asso-
face/volume ratio of the reactor, we think that it is a con- ciated with UV photolysis at environmentally relevant tem-
servative assumption that impurities exceeded this threshperatures. The fractionations increase frorl{7.70.4) %o
old. Therefore we think that recombination likely does not and (51.0:2.9)%0 at 288K to {23.8+0.9)%. and
represent an issue to our results. However, we have to ad—66.2:3.1) %0 at 203K for the respective compounds.
knowledge that we cannot rule out possible recombinationThese fractionations imply that strong heavy isotope en-
for 100%. Further, any isotope effect in recombination is richments should be found in the stratosphere. Expected
impossible to assess at this point as there is no data on theffects are isotope gradients with CFC removal (e.g. vertical
fractionations inherent in these reactions to our knowledgeand polewards) in the stratosphere (as have already been
Future experiments should be performed with well-definedascertained for chlorine isotopes through balloon samples),
levels of gases that can scavenge the produced radicals ®1d a change of the stable carbon isotopic ratio of these
definitively preclude any recombination. compounds in the atmosphere over time.

Assuming the observed fractionations hold true in nature,
these imply that there should be a strong vertical gradieniEdited by: J. B. Burkholder
in 813C in the stratosphere for both CFC-11 and CFC-12,
similar to the ones found f6#°N-, §180-N,O (Réckmann et
al., 2001)5%7Cl (Laube et al., 2010a) 6*3CH,4 (Rockmann  References
et al., 2011). The fractionations found here are very large
and in particular stratospheric (photolytically aged) CFC-12Advanced Global Atmospheric Gases Experiment (AGAGE) data,
would then be expected to be exceptionally enriched@ available athttp://agage.eas.gatech.edu/data, st access: 10

For example, sample calculations using the measured frac- November 2011, 2010.
tionations at 203 and 233K and a stratospheric profile oflaPi. T van Craeyenest, K., van Langenhoeve, H., Dewulf, J., and
CFC-12 mixing ratio from Laube et al. (2010a) would indi- Dombl,_ A D|r_ect V_UV photolysis of chlorinated methanes and
cates'3C potential enrichments in excess of 60 %. compared thoe(;;m'xmres inanitrogen stream, Chemosphere, 66, 139-144,
to tropospheric values at 34 km altitude if the fractionatiqnsAtkinsoh’ R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-
are applicable to the stratosphere. However, these are likely gon 3. R. F., Kerr, J. A., Rossi, M. J., and Troe, J.: Summary
to be less due to the effect of atmospheric mixing, which  of evaluated kinetic and photochemical data for atmospheric
causes apparent (observed) fractionation in the atmosphere chemistry, available athttp://www.iupac-kinetic.ch.cam.ac.uk/
eapp t0 be approximately half of the intrinsic (laboratory  summary/IUPACsummweh latest.pdf last access: 12 April
measured) fractionation. Unphotolyzed CFC is continuously 2012, 2005.
brought into the stratosphere and mixed with CFC that hag\tkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-
been photolyzed previously, changing the isotope ratio of the son, R. F., Hynes, R. G, Jenkin, M. E., Rossi, M. J., Troe, J.,
whole and suppressing the inherent fractionaticbo@ann and Walhngtor_l, T J: I_Evaluated kinetic and photochemlcgl data
et al., 2001; Kaiser et al., 2006; Laube et al., 2010a). for atmospheric chemistry: Volume IV — gas phase reactions of

Similar to the situation for other long-lived trace gases, the gg?irg%?gﬁggg_;ﬂeﬁizogggg Chem. Phys., 8, 4141-4496,
fractionations in the removal reactions affectthetropospheri(‘Brenn'ink'meijer C. A M. Janssen 'C_ Kaiser, JocRmann, T.

isotope budgets. This is because stratospherically processedrpee, T. S., and Assonov, S. S.: Isotope effects in the chemistry

air is transported down to the troposphere again after partial of atmospheric trace gases, Chem. Rev., 103, 5125-5162, 2003.
removal and corresponding isotope enrichment of the CFCsBlake, G. A., Liang, M. C., Morgan, C. G., and Yung, Y. L.: A Born-

In addition, a particular atmospheric signal is expected af- Oppenheimer photolysis model ob® fractionation, Geophys.

ter the introduction of the Montreal protocol. As the emis-  Res. Lett., 30, 1656j0i:10.1029/2003GL016932003.

sions from sources have decreased significantly since 1998utler, J. H., Battle, M., Bender, M. L., Monzka, S. A, Clarke, A.
(Forster et al., 2007), the isotope effect in the stratospheric D- Saltzman, E. S., Sucher, C. M., Severinghaus, J. P., and Elkins
removal reactions should be continuously enriching the en- J. W.: A record of atmospheric halocarbons during the twentieth

tire tropospheric reservoir. This should continue for the com-_ Century from polarfim air, Nature, 399, 749755, 1999,
ing decades as atmospheric CFC levels are decreasin arl%]gel’ A., Schmidt, U., and McKenna, D.: Stratospheric trends of
9 P 9 CFC-12 over the past two decades: recent observational evidence

should also be observable in atmospheric air archives or po- declining growth rates, Geophys. Res. Lett., 25, 3319-3322,

lar firn air and eventually in ice cores, similar as to what has  1ggg.

been ascertained in firn air for,@ nitrogen and oxygen sta-  Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
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