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Abstract. The budgets of seven halogenated gases (CFCicant emission-dependent changes in the lifetimes of halo-
11, CFC-12, CFC-113, CFC-114, CFC-115, ¢@hd Sk) carbons destroyed in the stratosphere were obtained. Those
are studied by comparing measurements in polar firn air fronresult from the time needed for their transport from the sur-
two Arctic and three Antarctic sites, and simulation results offace where they are emitted to the stratosphere where they
two numerical models: a 2-D atmospheric chemistry modelare destroyed. Efforts should be made to update and reduce
and a 1-D firn diffusion model. The first one is used to calcu-the large uncertainties on CFC lifetimes.

late atmospheric concentrations from emission trends based
on industrial inventories; the calculated concentration trends

are used by the second one to produce depth concentration

profiles in the firn. The 2-D atmospheric model is validated 1 Introduction

in the boundary layer by comparison with atmospheric sta-

tion measurements, and vertically for CFC-12 by compari- This study presents a trend and budget analysis of seven
son with balloon and FTIR measurements. Firn air measurehalogenated gases: CFC-11 (€&), CFC-12 (CCiFy),
ments provide constraints on historical atmospheric concenCFC-113 (CGIFCCIR,), CFC-114 (CCIRCCIF,), CFC-115
trations over the last century. Age distributions in the firn (CCIRCFs), CCly and Sk. These species are greenhouse
are discussed using a Green function approach. Finally, ougases (GHGs) and a new evaluation of their radiative impact
results are used as input to a radiative model in order to evalis provided. Chlorofluorocarbons (CFCs) and £@le also

uate the radiative forcing of our target gases. Multi-speciesozone-depleting substances. Our target gases have very long
and multi-site firn air studies allow to better constrain atmo- lifetimes because they are destroyed above the troposphere.
spheric trends. The low concentrations of all studied gases athey are presumed to be predominantly, if not totally anthro-
the bottom of the firn, and their consistency with our model Pogenic WMO, 2007.

results confirm that their natural sources are small. Our re- Originally developed in 1930 as refrigerants, CFCs have
sults indicate that the emissions, sinks and trends of CFC-11glso been used as aerosol propellants, foam blowing agents,
CFC-12, CFC-113, CFC-115 and S&re well constrained, and cleaning solvents (especially in the electronics industry).
whereas it is not the case for CFC-114 and £CSignif- Carbon tetrachloride (Cg) was first used from the early
1900s to the mid 1960s as a fire extinguishing and a degreas-
ing agent. More recently, it has been used in many other

Correspondence tdP. Martinerie industrial processes. Its atmospheric emissions are thought
BY (patricia@lgge.obs.ujf-grenoble.fr) to arise mainly from its use in the production of CFC-11 and
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Fig. 1. Combined use of 3 numerical models.

CFC-12. First introduced in the 1960's, sulphur hexafluoridein both hemispheres provided atmospheric trends of most of
(SFs) became widespread in the 1980's. It is used mostlythe studied gases for the last thirty years at best tkins
as an insulator in electrical transformers and in magnesiunet al, 1998andPrinn et al, 2000for the major ESRL (Earth
production. Targeted by the Montreal protocol, CFC emis-System Research Laboratory, previously called CMDL) and
sions started to decrease in 1998 and are now close to ze®®GAGE (Advanced Global Atmospheric Gases Experiment,
(AFEAS, 2007. Also controlled by the Montreal Protocol, previously called GAGE and ALE) networks. These records
CCls emissions decrease started earlier: 193@nfmonds  can be extended back to the earlier part of the 20th century
et al, 1999, whereas S§emissions (controlled under the by using measurements in polar firn.
Kyoto Protocol) likely decreased temporarily around 1997—  Trace gases diffuse slowly from the atmosphere through
1999 before increasing agailgiss and Brenninkmeijer  the open channels of polar firn down to the ice forming zone,
2000 Smythe 2004. where they are trapped in air bubbles. The time scale of this
While CFCs and CGlare nearly inert in the troposphere, process is of the order of decades to a century. It depends
they are destroyed in the stratosphere by UV photolysis angbrimarily on the tortuosity of the open porosity at the con-
oxidation with OfD) radicals. However, CGlmay have sidered site, and on the time trend of the gas concentration
two important surface sinks: oceanivpon-Lewis and But-  at the surface, which drives the concentration gradient (and
ler, 2002 and soil Happell and Roche2003 losses could  thus diffusion speed) between the top and the bottom of the
play a major role in the destruction and lifetime of GCI firn. Pumping firn air at different depths allows the extraction
(WMO, 2007. Sulphur hexafluoride has a very long life- of relatively large amounts of air which permits the measure-
time (3200 years) as it is destroyed only in the mesospherements of low concentration gaseSchwander et §11993.
through photolysis and ion reactionRgvishankara et al.  Several studies have used firn diffusion models to infer our
1993 WMO, 2007. target gases concentration history from firn air measurements
Whereas all the studied gases are emitted mainly in thdSchwander et al1993 Butler et al, 1999 Sturges et a).
Northern Hemisphere, their concentrations are similar in200Q Sturrock et al.2002 Trudinger et al.2002). The orig-
both hemispheres because their very long lifetimes allow forinality of our approach is to use an atmospheric chemistry
their mixing in the whole atmosphere. Such long lifetimes model in order to constrain the concentration trends used as
also explain the important time lag between the emissionnput to the firn diffusion model.
decrease of CFCs and GChnd the decrease of their con-  Figure 1 illustrates our combined use of three numeri-
centrations. Air measurements performed at ground stationsal models in order to interpret firn air data in terms of
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species trends, budgets and radiative forcings. HistoricaR Numerical models
emission data are used to constrain a 2-D model of tropo-
spheric and stratospheric chemistry run on the century tim€.1  The atmospheric chemistry model
scale Brasseur et al.199Q Martinerie et al. 1995. The
model calculates the transport and chemical destruction ofimulations of atmospheric chemistry are performed with a
trace gases, and the balance of these processes controls tl@bal zonally averaged model witlt fatitude bands from
species atmospheric concentration fields. Model results ar85° S to 85 N and 1km vertical layers from the Earth surface
validated by comparison with atmospheric data sets: surfacé0 85 km Brasseur et al1990 Martinerie et al. 1999. The
trends, total column, and balloon-based measurements.  time step is 15 days, allowing for 100 years simulations to be
The predicted atmospheric concentration trends are useBerformed in a few hours on a personal computer (PC). Radi-
as input to a direct model of gas diffusion in interstitial air of ation, transport and chemistry of the middle atmosphere are
polar firn Rommelaere et 311997, in order to be compared fully coupled. Mean monthly climatological winds and tem-
with trace gas concentrations in firn measured within thePeraturesRande] 1987 are imposed in the troposphere. The
FIRETRACC and CRYOSTAT EC projects. Measurements modelincludes an improved version of the NCAR CCM1 ra-
were made at five Arctic and Antarctic sites: Devon Island diative code {Vang et al. 1991). Chemistry comprises HQO
and North Greenland Ice Coring Project (North GRIP) in NOy, CHs, CO, PAN, CJ, and By, represented by 56 long
the Northern Hemisphere, and Dronning Maud Land, Domeand 28 short lived species. & destroyed at very high alti-
Concordia and Berkner Island in the Southern Hemispheretudes and longer time scales than our 100 years simulations.
The firn diffusion model has to be constrained with a site- Thus its lifetime is not calculated but imposed as 3200 years
specific effective depth-diffusivity profile. It is calculated (WMO, 2007).
using both the known long term atmospheric trend and con- A new photochemistry code has been coupled to the
centrations in firn air of a reference gas (such ag 6CH;) ~ model: TUV3.9 Madronich 1993 Madronich, personal
to constrain an inverse version of our firn modedre etal.  communication, 1998). Its spectral grid includes 183 inter-
2000 Rommelaere et gl1997). vals between 116.3 and 735nm. The chemical and photo-
The combined use of an atmospheric chemistry model ang¢hemical reaction rates were updated to take into account re-
afirn diffusion model allows the discussion of the model/datacent evaluationsSander et a]2006 IUPAC, 2006.
comparison in terms of budget understanding for our target The model ability to simulate large scale meridional gra-
species. The uncertainties vary largely from one species tglients and long term trends has been tested (iig The
another, and we discuss the impact of different factors suchmodel was constrained by emission data since the begin-
as emissions, lifetime, measurement calibration, and diffu-ning of 8Kr production (1945). Calculated concentrations
sivity in polar firn. were compared to observations (the data used as well as the
The atmospheric chemistry model based halocarbon conapproach are described dacob et al.1987 Zimmermann
centrations are also used for calculating a time history of ra-et al, 1989 Levin and Hesshaimet996). Although the low
diative forcing for all studied gases. spatial and time resolution of the model does not allow to
This manuscript is organized as follows. Sectibde-  achieve similar precision as the above 3-D models, a satis-
scribes the firn diffusion and atmospheric chemistry modelsfactory representation §PKr trend and meridional gradient
Sections3 and5 present their validation. The trace gas mea- is obtained.
surements in firn air (Sec#) are introduced just before the ~ The estimates of halocarbon historical anthropogenic
firn model validation (Secb). In Sect.6, we discuss our un- emissions are based on production/sales data provided by
derstanding of trace gas ages in the firn (Séd), and our  chemical manufacturers, and emission functions. These
target gas trends (Seét2), lifetimes (Sect6.3) and budgets  functions represent the timing and rate of halocarbon emis-

(Sect.6.4). Section6.5deals with their radiative impact. sions to the atmosphere, and primarily depend on halocar-
The supplementary material htfp:// bon usage categories. For example, emissions from open cell
www.atmos-chem-phys.net/9/3911/2009/ foams will be much faster than those from closed-circuit re-

acp-9-3911-2009-supplement.jpdfpresents  firn diffu-  frigeration. All major manufacturers from developed coun-
sivities and additional firn age data discussed in terms moréries report their CFC productions. Yearly updated emission
firn-oriented than atmosphere-oriented. It also containsdata were derived from these dafsFEAS, 2007). How-
additional chemistry model results which are presentedever, companies responding to AFEAS represent a diminish-
below only for selected species. ing fraction (less than 16% in 2004) of global CFC sales, thus
only global production is reported for 2004 and there will be
no data in the future. Production and emission data from non
reporting countries (mainly from Eastern Europe and Asia)
are less precise and updated on a less regular basis.
For CFCs (CFC-11, CFC-12, CFC-113, CFC-114, CFC-
115), the model was constrained with emissions reported to
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AFEAS (2007). Recent estimates of non-reported emissionstrace gas molecular mass. Trace gas diffusion and gravita-
were used when available (CFC-IMIcCulloch et al, 2003 tional fractionation induce a trace gas flux in the firn which
CFC-12 and CFC-113MccCulloch et al, 2003. To our lead to vertical concentration gradients. At the bottom of the
knowledge, no estimate of non-reported emissions is availfirn, namely the “close-off zone” or “lock in zone”, densi-
able for CFC-114 and CFC-115, thus we neglect them infication leads to the formation of air bubbles. The ratio of
the first instance. For Cglemission data fronsimmonds  open over closed porosity decreases rapidly with depth. The
et al. (1999 were used until 1995, and extrapolated using duration of the close-off process mainly depends on the snow
the same methodology of scaling to CFC production. Thisaccumulation rate, which moves the firn downward. Steeper
gives more reliable results than a simple extrapolation ofdepth-concentration gradients are observed in the lowest part
CCl emission data. Sfemissions were initially taken from  of the firn where diffusion is very slow and open porosity de-
Maiss and Brenninkmeijef1998 2000. However this re- creases. The ice zone starts where porosity is totally closed.
sulted in an overestimation of the slope of theg Sfend The air composition is then fixed, and the air bubbles are
around 1998-2002. Thus the more recent estimate from theimply advected down with the ice. The most important pro-
EDGAR database (V3.2 and V3.2 FT20BEDGAR, 2007 cesses occurring in the firn are trace gas diffusion and bubble
has been used. This dataset covers the 1949-1995 period antbse-off, which eliminates old air from the deepest part of
year 2000, it was completed usil@mythe(2004). For all the firn. Our firn model and the mathematical representation
compounds, the meridional distribution of the emissions wasof the above processes are describedRommelaere et al.
taken from theEDGAR (2007 database: EDGAR V2.0 for (1997.
all CFCs (data for the year 1986), and EDGAR v3.2 FT2000 Several assumptions are made in our representation of
(year 1990) for SE. In the absence of data, the meridional trace gases transport in firn. The snow accumulation rate,
distribution of CCJ, emissions was assumed to be the sametemperature and firn structure at a given depth (characterized
as for CFC-12. The surface ocean is not represented in thby porosity, density, tortuosity, etc...) are assumed to be in-
model, and the meridional distribution of CQoil sink still dependent of time. This is justified here because the studied
has to be quantified. Beside#/MO (2007 states that the period is short and climatically stable. Firn temperature is
CCls ocean and soil sinks are difficult to reconcile with its also considered as uniform and close to mean annual temper-
concentration records, thus these sinks were not taken intature. This is consistent with direct observations in polar firn
account in our model. Their potential effect is discussed inbelow ten meters depth. Thermal diffusion is not taken into
Sect.6.4 account; it would mainly affect the upper ten meters of the
As in Martinerie et al(1995, the model boundary condi- firn. Considering trace gas transport, all gases are assumed to
tions are imposed concentrations at the ground fop, b4 verify ideal gas law. Molecules are assumed to collide with
and NO and emission fluxes for other major source gasesgach other much more than with firn surface, because their
which control the oxidation capacity of the troposphere butmean free path is much smaller than the dimension of pores
have a minor influence on the stratosphere. The effect ofn firn. For the studied inert gases having low solubilities
the trends in C@, CHs and NbO on halocarbon concen- in water, gas exchanges through the surface of firn pores are
trations was evaluated by comparison with a test simulatiomeglected.
constrained with the 3 major greenhouse gases having con- An essential parameter used to constrain firn diffusion
stant (1990) concentrations over the whole 100 years simulamodels is the effective diffusivity-depth profile. It depends
tion. The induced change in our target species concentratioan the tortuosity of the open firn porosity. Direct mea-

trends is negligible (less than 0.2%). surements of trace gas diffusion coefficients in firn sam-
ples have been performe&dhwander et g1.1988 Fabre
2.2 The firn diffusion model et al, 2000. These measurements are time consuming,

thus relationships between diffusivity and porosity (or its in-
A firn diffusion model is a dating tool, calculating trace verse: density) have been used to extrapolate them to other
gas depth-concentration profiles as a function of their atmo-sites Schwander et g1.1993 Trudinger et al. 1997. In
spheric trends. Three depth zones are distinguished in ouhis study, effective diffusivity profiles are retrieved by in-
model Rommelaere et gl1997). In the upper part of the verse modelling of a trace gas having a well known at-
firn (a few meters), a “well mixed zone” can be defined. mospheric trend and a firn depth profile at the studied site
Due to mechanical (wind) and thermal mixing, it has the (Fabre et al. 2000 Rommelaere et al.1997). CHy was
same composition as the above atmospheric air. Below, irused for diffusivity calculation at all sites except Dome C,
the “transport zone”, concentration gradients between the topvhere CQ leads to better results around 95m depth (see
and the bottom of the firn induce trace gas diffusion in firn supplementhttp://www.atmos-chem-phys.net/9/3911/2009/
air. Gravitational fractionation also occurs. For our targetacp-9-3911-2009-supplement.pdfVe should note that the
gases, which are heavier than air, gravitational fractionatioreffective diffusivity is constrained to be an increasing func-
leads to mixing ratios increased by 2.5% to 9% at the bot-tion of open porosity, and therefore a decreasing function of
tom of the firn, depending on the firn close-off depth and depth. This does not allow to explicitly take into account the
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Fig. 2. Comparison of the chemistry model results (lines) for major CFCs with annual mean atmospheric data (plus signs). The different
colours depict trends at ground level for different latitudes. Left panel: comparison with AGAGE data: violet: Adrigold) @2 Mace

Head (53 N), Ireland, black: Oregon (43N) and Trinidad Head (#IN), USA, turquoise: Barbados (18l), green: Samoa (1£3), pink:

Cape Grim (40.7S), Australia. Right panel: comparison with ESRL data: black: Alert (BR)5 Canada, violet: Pt. Barrow (72.8l),

Alaska, USA, orange: Niwot Ridge (40.N), USA, turquoise: Mauna Loa (19.8l), Hawaii, blue: Cape Kumukahi, (19.5), Hawaii,

green: Samoa (14°3), pink: Cape Grim (4077S), Australia, yellow: South Pole (9@&), Antarctica. The sites represented in turquoise
(Barbados and Hawaii) show a high seasonal variability because the inter-tropical convergence zone shifts seasonally North and South of
these measurement stations. A similar variability is observed in the monthly mean (instead of annual mean) observations.

effect of refrozen melt layers at Devon Island or other hetero- Once the diffusivity profile at a given site is established for
geneities in firn Martinerie et al. 1992. Fabre et al(2000 areference gas, it can be used for another gas by simply scal-
have shown that the inverse modelling approach provides &g it by the ratio of molecular diffusion coefficients of the
better representation of diffusivity variations from one site to two gases. Therefore, a bias shared by all gases at one site
another than direct measurements on firn samples. Indeedhay result from a bias in the diffusivity profile at this site. As
firn diffusivity appears to be sensitive to heterogeneities oc-in most previous studies, molecular diffusion coefficients for
curring at larger scale than the samples used for direct medialocarbons are estimated from molecular volume calcula-
surements. tions Gilliland, 1934 described iPerry and Chilton1973.
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Fig. 3. Comparison of the chemistry model results (lines) for CFC-12 using adjusted emissions with annual mean atmospheric data (plus
signs). The colours are defined in FRy.

They are provided and evaluated against measurements ifmostly in the Northern hemisphere) to their measurement
the supplementary materiahtp://www.atmos-chem-phys. sites. The drastic reduction of their production rate follow-
net/9/3911/2009/acp-9-3911-2009-supplemen}.pdf ing the Montreal and Kyoto protocols explains the strong de-
crease in their North to South concentration gradient over
recent years. For CFC-11, the difference between model and
3 \Validation of the atmospheric chemistry model data is higher with the ESRL record than with the AGAGE
record (Fig.2). As the model results are basically the same

The quality of the atmospheric chemistry model results ison both plots, this difference is due to inter-calibration dif-
evaluated by comparison with surface, total column, andferences between the two datasets.

balloon-based measurements. Additional chemistry model simulations were performed
S ) with halocarbon emissions adjusted to fit the atmospheric
3.1 Validation of surface concentrations measurements. The results for CFC-12 are shown inFig.

) _ Here emissions were increased by 10% before 1991 and de-
Our surface concentration trends are compared with atMOgraased by 10% between 1991 and 1995, no adjustment was

spheric measurements from multiple long-term observation, e tormed afterwards. Such chemistry model results with
sites from the ALE/GAGE/AGAGE (noted AGAGE in the 5 10carhon emissions adjusted to fit atmospheric measure-

following) and NOAA-CMDL/ESRL (further noted ESRL)  ments will be used to constrain the firn diffusion model in
monitoring networks Nlontzka et al, 1999 Prinn et al.  rger to check the consistency between fim air and atmo-
2000. The major sources of uncertainties in the atmospherlcspheriC measurements.
cycle of long lived halocarbons are related to their emissions,
their lifetimes (or loss rates) and their measurement calibrag 2 Comparison with balloon and column measure-
tion. These uncertainties are relatively small for CFC-11, ments for CEC-12
CFC-12 and CFC-113WMO, 2007, thus these gases are
used to discuss the validation of our chemistry model. A sim-The validation of our chemistry model has been completed
ilar comparison for our other target gases is presented in théor CFC-12 by comparison with stratospheric balloon mea-
supplementary materiahitp://www.atmos-chem-phys.net/ surements and vertical column measurements. This aims at
9/3911/2009/acp-9-3911-2009-supplemen).pdiccording  further testing the model transport and CFC-12 destruction
to WMO (2007, inter-calibration differences between ESRL in the stratosphere. A significant bias in model vertical trans-
and AGAGE are lower than 2% for CFC-11, CFC-12 and port would likely affect the destruction rate and global sink
CFC-113. Our results (Fi@) under-predict the observations of our target gases, which are destroyed only in the middle
by 3-6% for CFC-11 and 6.5-9.5% for CFC-12, whereasatmosphere.
they over-predict the measurements for CFC-113 by 2-7%. Engel et al.(1999 collected balloon data since 1978 at
These differences vary with time but stay within the uncer- Aire sur I'Adour, Gap (44N, France) and Kiruna (68N,
tainty limits of emission estimates: between 5 and 96  Sweden) in order to derive historical trends of CFC-12 in
Culloch et al, 2003 or 7.5-18% YWMO, 2007). the stratosphere. The CFC-12 mixing ratio trends were com-
Meridional distributions are well reproduced by our model piled for three NO levels, considered as a surrogate for
results (Fig.2). For these long lifetime gases, meridional altitude (lowermost stratosphere, around 19 km and around
gradients reflect their transport time from their production 21.5km). In the model, the M0 surface concentration
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Fig. 4. Comparison of modelled CFC-12 concentrations (lines) with stratospheric balloon (left panel) and vertical column (right panel)
measurements (plus signs). Left panel: CFC-12 mixing ratios&t Mvels of 310 ppb (turquoise), 250 ppb (violet) and 200 ppb (black).
Right panel: Vertical column abundances of CFC-12 above the JungfraujotN(#%80 m, in black) and Wollongong (3%, 30 m, in

grey) measurement stations. The model results shown here use adjusted emissions (8 in Fig.

scenario was built using AGAGE atmospheric measurementsrometers at Jungfraujoch in Switzerland and Wollongong in
at Cape Grim, Australia from 1978 to 200Pr{nn et al, Australia gander et al.2000 NCEPR, 2006. Since the ele-
199Q 2000 and Antarctic firn and ice core data before 1978. vation at the Jungfraujoch station is much higher than Wol-
Two smoothed scenarios were built using the records oflongong, column densities are higher at Wollongong than at
Machida et al(1995 and MacFarling Meure et al(2006. Jungfraujoch (right panel in Figl). This hides slight differ-
They are consistent within 0.5ppb. A graphic comparisonences due to meridional variations of CFC-12 mixing ratio,
with Fig. 3 in Battle et al.(1996 indicates that the atmo- described in SecB.1 Model results underestimate the ex-
spheric trend inferred from the South Pole firn record isperimental data by approximately 6%. However, considering
about 2—3 ppb lower than the two above scenarios, althouglthe uncertainties reported for the Jungfraujogtd%) and
South Pole data are within the range of the variability in theWollongong (15%) measurements, as well as the uncertain-
Machida et al(1995 record. The MO meridional gradient ties on emissions used to constrain the model, the modelled
is positive from South to North and is stronger close to thecolumn densities are still consistent with measurements.
Equator (PCC, 2001). Modelled NO mixing ratios are con- Our model results somewhat overestimate the balloon
sistent with AGAGE measurements at all latitudes. Modelmeasurements, but underestimate total column data, thus no
results for CFC-12 at the three levels are virtually iden-  clear bias of the vertical structure of our modelled CFC-12
tical for the two launch site latitudes (@M and 68 N). They concentrations can be detected.

are compared with observation on the left panel of Big.

Model results in Fig4d were computed with CFC-12 emis- Lo
. . i = . . .4 Trace gas measurements in firn air
sions adjusted to obtain surface mixing ratios consistent with
surface} statuotr;] measurementst (SE et t??"d)‘ thlttay sblltghtly q .tNumerous trace gas measurements were performed at five
overestimate the measurements, but the restts obtained Wi o ang Antarcic driling sites within the FIRETRACC
raw L=l €MISsions fit them aimost pertectly. LOnsIAer,,y cryoSTAT EC projectsf(RETRACG 2007 CRYO-

ing the 5% precision of balloon measurern_erﬁeg[el_et al, STAT, 2007. The major characteristics of these sites are
1998, our model results are globally consistent with obser-presented in Tabld. The experimental setup used to ex-

vations. The results obtained with the twelice core sce- tract firn air from boreholes in ice sheets is similar to the

narios show differences in CFC-12 concentrations Iowerthanoriginal technique described Bchwander et a(1993. The
Lppt. Model results at the 310 ppb,@® level are plotted modifications Sturges et al.200]) include on-site continu-

only after 1992 because modelled® concentrations did ous measurements of GALI-COR analysis) allowing the

not rleach 310 pigzéfge t?at tlrget. Th'ﬁ 'E consrl]s;tﬁ_nt IW'thlabsence of contamination with contemporary air to be mon-
yearly average surtace data, which reach this ev%i[tored. Only a few surface air samples were taken during
) . the short (about a month) firn drilling periods. Our surface
12t a; 330 F;p?h&ol were tm?de ﬁn tropospheric polluted air values are thus less reliable than monthly mean data from
intruded into the lower stratosphere. atmospheric measurement networks which involve numer-
Our model results were further compared with total col- ous samples. We should note that samples from the two last

umn densities of CFC-12 from ground-based FTIR spec-depth levels at Berkner Island are thought to be contaminated
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Table 1. Characteristics of the firn drilling sites. Temp. stands for Table 2. Quality parameters for trace gas measurements in firn.
mean annual temperature, and Accu. for snow accumulation rate iISTD stands for standard deviation (ppt), Calibr. stands for inter-
water equivalent units. Drill site abbreviations: DI: Devon Island, calibration differences, and WMO refers WMO (2007). When

NGR: North GRIP, BKN: Berkner Island, DML: Dronning Maud two numbers are given in the STD UEA column, the first one refers

Land, DC: Dome C. to measurements made with the PLOT chromatographic column,
whereas the second one refers to the DB5 coluBtarfjes et al.
Site Drill Lat./Lon. Alt. Temp. Accu. 2000 2003).
date (degrees) (m). °QC) (cmlyr)

Gas STD STD Calibr. Calibr.

DI 04/1998 75N/82W 1800 —23 30 UEA NCAR UEA-NCAR WMO

NGR 07/2001 75N/42W 2975 —32 17

BKN 01/2003 79S/45W 900 -26 13 CFC-11 3 1 +1% <2%
DML 01/1998 77S/10W 2300 —38 7 CFC-12 7113 3 +1.5% <2%
DC 01/1999 75S/124E 3240 —53 3.5 CFC-113 11 3 +1% <2 %
CFC-114 0.3 0.2 +20%
CFC-115 0.2 0.3 +20%
by a leak in the air pumping systerVrton et al, 2007 gg“ 31 6 6% 3-4%

and should be considered with caution. Halocarbon and SF
measurements presented in this paper were performed at both
the University of East Anglia (UEA) and National Center for i
Atmospheric Research (NCAR) using gas chromatography?Vity profiles (Sect2.2). CFC-11, CFC-12 and CFC-113
combined with mass spectroscopy (GC-MS). These analyt-have Ipng atmospheric trend recqrds and low unc_erta|nt|es
ical techniques are described 8turges et al(2001) and on thelr_ budget, thgs they are again _used here for firn mod_el
references therein. Detection limits are about 0.002 ppt fofvaluation. The adjusted atmospheric trends calculated with
UEA measurements and 0.02—0.03 ppt for NCAR measureth® chemistry model (Sec8.1) were used as input to the
ments. Among the measured concentrations reported herdM diffusion model and are compared with measured con-
only CFC-115 results at the deepest levels of Northern HemiCentrations in firn (Figs). The overall agreement between

sphere sites fall below NCAR detection limits. Additional M0del results and observations is very good. Previous esti-
measurements of $Fwere done at the Max Planck Insti- mates of firn diffusivitiesRIRETRACG 2007 CRYOSTAT,

tute of Mainz on large volume samplé3tgrges et a]2000. 2007 produced systematic differences between model re-
Most of the data presented in this paper are publicly ava”_sults and observations for all gases at the bottom of the De-

able in the FIRETRACC and CRYOSTAT databasetRE- von Island firn and at intermediate depths of the Dronning
TRACC, 2007 CRYOSTAT, 2007. Maud Land firn. Such differences were attributed to a bias
The firn air data dispersion (or spreading) was evaluatednduced by the fim diffusivity profiles (see Se2t2). New
using multiple measurement at the same depth level, by caiclculations of the firn diffusivities were performed for all
culating the standard deviation resulting from these concenfirm drilling sites with less detailed adjustments to the ref-
tration differences. Although data from all drilling sites were €'€Nc€ gas. Th.e resulting smoother diffusivity profiles (see
taken into account, the overall values in TaBlare based —SUPPlementhitp://www.atmos-chem-phys.net/9/3911/2009/
on only about 20 replicates. However, we should note tha?cP-9-3911-2009-supplement.pgiroduce a better agree-

higher values of concentration differences frequently occurment with ha_locarbon measu.rements. At Devon Island, a
in the upper part of the fimn (top 15-20m), where firn air model/data discrepancy remains between 25 and 30 m depth:

concentration are potentially influenced by short term atmo-tN€ data show a drop in the concentrations of major CFCs

spheric variations. The inter-calibration differences betweer(F19-9), whereas the model produces a smooth decrease. 197
UEA and NCAR measurements were carefully examined orfefrozen melt layers with thicknesses ranging between 0.5

samples measured at the same site and depth. The resultiﬁﬁ'd 6:50m were logged in the Devon Island fim core, and
values (column 4 in Tabl@) were used to convert NCAR the thickest melt layer was found at 28 m depth. Although

data to values consistent in scale with UEA measurements. the® 25-30m depth range is not the only interval where thick
melt layers are observed, the 13-30 m region shows the high-

est accumulation of melt layers (in terms of total number as
5 Validation of the firn diffusion model well as cumulated thickness). The effect of impermeable lay-

ers depends on their horizontal extent and continuity. In our
The major uncertainties on simulated vertical profiles in themodel, the firn is considered as a homogeneous medium and
firn arise from the atmospheric trends used as input, whictsingular layers cannot be reproduced. The drop in observed
rely on somewhat uncertain emission trends (S&d), un- concentrations around 25-30 m depth is thus likely due to
certainties on firn air measurements (Seftand on the the presence of melt layers at Devon Island. Model/data dis-
firn model, which is mainly constrained by the firn diffu- crepancies showing parallel signals (similar slopes) may be
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Fig. 5. Comparison of the firn model results (continuous lines) for major CFCs with FIRETRACC and CRYOSTAT data (symbols). Left
panel: comparison with North Hemisphere drill sites: Devon Island in black, North GRIP in green. Right panel: comparison with South
hemisphere drill sites: Berkner Island in violet, Dronning Maud land in black, Dome C in green. Stars and triangles show UEA measurements
performed respectively with a PLOT and DB5 chromatographic columns, open circles depict NCAR measurements. Horizontal black dashed
lines illustrate the lowest atmospheric concentrations measured in the relevant hemisphere by the AGAGE or ESRL networks. The green
dashed lines show the impact of reducing atmospheric CFC-12 concentrations by 4% and increasing atmospheric CFC-113 concentration:
by 4%.

due to calibration issues on the firn measurements. A cal- Overall, the modelled and observed slopes are in excellent
ibration bias would likely affect all measurements by the agreement in the upper part of the firn. The gentle slopes
same percent change. The dashed green lines for CFC-1& small depths indicate that the upper firn is a fast diffusive
and CFC-113 at North GRIP illustrate this effect: the atmo- medium. Steeper slopes are obtained at the three sites drilled
spheric concentration scenario was reduced by 4% for CFCin 1998-1999 (Tabld) than at North GRIP and Berkner,

12 and increased by 4% for CFC-113. These scenario adjustrilled in 2001-2003. This might be due to the recent re-
ments produce model results in agreement with the firn dataduced increase or decrease in major CFC trends. However,
Such concentration adjustments have a negligible impact o sensitivity test performed by running the diffusion model
the lower part of the firn record (Fi). only until January 1998 at North GRIP and Berkner showed
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Table 3. Comparison of ages in the firn with atmospheric scenario ages at the deepest measurement level(s). Scen age is the age in th
atmospheric scenario corresponding to the concentration measured in the firn. Firn age presents the trace gas mean ages (sum over time
ages multiplied by their probability) in the firn, and between brackets: ages at 15%, 50% (median age) and 85% accumulated probability.

Drilling sites abbreviations are DI: Devon Island, NGR: North GRIP, BKN: Berkner, DML: Dronning Maud Land, DC: Dome C.

Site DI NGR NGR BKN BKN DML DC DC

Depth 59m 74m 78 m 57m 63m 74m 98m 99m

CHgy

Scen age 45 39 56 28 52 32 21

Firnage  41(31/39/50) 38(29/36/47) 60 (50/58/69) 32 (13/25/53) 62 (35/56/90) 37 (22/34/52) 21 (10/18/32)

CO

Scen age 34 37 43 28 45 34 23

Firnage 46 (35/44/57) 43(33/41/54) 65 (54/63/76) 38 (17/31/61) 72 (43/66/101) 44 (28/41/61) 29 (15/25/44)

SFs

Scen age 36 38 38 29 37 33 29

Firnage  55(41/52/69) 52 (39/50/65) 74 (60/71/87) 48 (24/41/72) 85 (55/79/115) 57 (37/53/76) 51 (28/46/75)
CFC-12

Scen age 45 41 50 32 43 35 33 38

Firnage  55(41/52/69) 52 (39/50/65) 74 (60/72/87) 48 (24/41/72) 85 (56/80/115) 57 (37/53/76) 45 (23/40/67) 51 (28/46/75)
CFC-11

Scen age 43 41 46 32 41 34 33 36

Firnage 56 (42/53/71) 54 (40/51/67) 75 (62/73/89) 49 (25/43/74) 87 (58/82/117) 59 (39/55/79) 48 (25/42/72) 55 (30/49/80)
CFC-113

Scen age 46 46 43 28 41 32 36 36

Firnage 60 (44/56/76) 57 (42/54/72) 79 (64/76/94) 53 (28/46/78) 92 (62/86/122) 64 (43/60/85) 55 (29/49/82) 62 (35/56/90)

that the slopes in the upper part of the firn remained lower aaccumulated probability ages. By contrast, the maximum
these two sites. Thus this behaviour may also be a characteprobability age (mode age) is located between the 15% and
istic of medium accumulation rate sites where no melting oc-50% (median) accumulated probability ages. In Tablte
curs. Continuous atmospheric measurements of CFC-11 antlace gases are presented in decreasing order of their diffu-
CFC-12 started in 1979, and in 1985 for CFC-113. The com-sion coefficients. Thus the model-derived “firn ages” at a
parison of concentrations measured at that time with firn airgiven depth are increasing when going down the table. The
records suggests that only the deepest part of the firn recordwodelled firn ages are compared with the atmospheric “sce-
contain significant information about the period pre-dating nario ages” corresponding to the mean concentrations mea-
ambient air measurements for these gases. In this earlier pastired at the lowest sampled levels in the firn. We should
of the records, the model/data agreement remains correct ahote that mean age and scenario age (or effective age) are
though the high slopes and age mixing in the firn lead to in-not theoretically identical for trace gases undergoing a non-
creased uncertainties. linear time-trend in the atmosphergrgdinger et al.2002.

The uncertainties in the lower part of the firn records canAs trace gas concentrations at the bottom of polar firns are
be better characterized by calculating trace gas age distriloW, they are subject to maximum experimental errors. Such
butions in the firn. Following the classical Green function €rrors can be visualized in TabBeby the fact that scenario
approach, the age distributions in the firn can be establishe@9€es show inconsistencies between the different trace gases
by Studying |t5 response to a pu'se in trace gas Concentrepy not fO||0Wing the theoretical anti-correlation between dif-
tion. Such an approach has already been used in previodféision coefficient and trace gas age. In this frame, firn ages
studies (e.gSchwander et 11993 Trudinger et al.1997). and scenario ages are reasonably consistent except at the bot-
It allows the calculation of the probability to have trace gastom of North GRIP (78 m) and Berkner (63 m) firns. At these
of a given age at a given firn depth. The ages in the firsites, the agreement is satisfying at 74 m and 57 m depth re-
depend on the particular trace gas through its diffusion coSpectively. At Berkner Island, the measurements below 60 m
efficient. Our target gases are slow diffusing species withdepth are suspected of contamination. Thus both the scenario
relative diffusion coefficients with respect to G@anging  agdes and the firn ages (based ons&igrived diffusivity) are
between 0.495 (for CFC-113) and 0.62 (forghFwhereas unreliable. At North GRIP, the scenario age difference be-
methane is a small and thus fast diffusing molecule. Table tween 74m and 78m varies strongly from one trace gas to
presents the firn model derived mean ages, as well as th@hother. The Sf~scenario age is invariant and the CFC-113
ages at 15%, 50% and 85% accumulated probability. Age2de decreases between 74 m and 78 m. It reflects unchanged
distributions in the firn are asymmetric (see Sécl), this  (SFe) or slightly increasing (CFC-113, see Fig). concen-
is why the mean age is located between the 50% and groations. We thus suggest that measurements at the lowest
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Fig. 6. CFC-11 age versus depth. Continuous lines: mean age, lower dashed lines: age at 15% accumulated probability, higher dashed lines
age at 85% accumulated probability. Colours: same as5Fig.
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Fig. 7. CFC-11 age distributions at selected depths in the Devon Island and Dome C firns.

level of the North GRIP firn might be slightly contaminated. gas to another (Tabl8). Figure6 illustrates the depth pro-
At this depth, the air flow rate through the sampling appa-file of CFC-11 ages which has an intermediate relative diffu-
ratus was reduced by two thirds, indicating a nearly imper-sion coefficient ofDcrc-11/Dco,=0.575. All drill sites show
meable firn. This may have caused ambient air leaks into the distinct behaviour in the upper firn (slow increase in age
sampling system. Similar unchanged or increased concentrawith depth) and the lower firn (fast increase in age). The
tion anomalies at deepest firn levels were obtaineBinyer slope change in age-depth profile is less marked at Devon Is-
et al. (1999, who sampled three Antarctic and Greenland land than other sites. We attribute this feature to the presence
sites with 1 m to 1.5 m depth resolution (detailed results carof refrozen melt layers, which decrease the diffusivity in the
be found in the ESRL databaBékins et al, 1998. The deep  upper part of the firn. Devon Island is thus our best site if we
Dome C firn shows surprisingly young ages. Scenario agesonsider the regularity of the depth-age profile (i.e. the least
and firn ages look generally consistent at this site (T@hle contrasted gentle/steep slope areas). However the age dis-
however we should note that the firn model systematicallytribution at Devon Island is wider than at North GRIP (Ta-
overestimates measured concentrations in the lower part dfle 3). This might be related to the low diffusivity of the
the Dome C firn (Fig5). This may induce an underestima- Devon Island firn, which could lead to increased age mixing
tion of the firn ages. at equivalent depths.
Mean ages plotted in Fid reach their maximum at the
last depth before full close-off. If we consider the last mea-

6 Results and discussion surement depth and exclude the lowest levels at North GRIP
and Berkner Island, where firn ages are inconsistent with at-
6.1 Age distributions in the firn mospheric scenario ages (TaBk maximum CFC-11 mean

ages vary between 49 and 59 years before time of drilling.
As our target species have similar diffusion coefficients, their In the upper firn, the age distribution width is smaller at
age distributions show relatively small variations from one North GRIP and Berkner Island than at other sites. Upper firn
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age distributions are highly asymmetric (Fi§. This asym-  of our results withSturrock et al(2002) arises from both the
metry decreases with depth. The lower firn age distributionsconsistency of early emissions with their firn record and the
show a general tendency of widening for sites with lower relative smoothness of the emission trends.
snow accumulation rates, as illustrated in Fig.However, Measured concentrations at the bottom of the firn range
the detailed site to site variations are somewhat complex anéhetween 4 and 10 ppt for CFC-11, and 9 and 14 ppt for CFC-
discussed in the supplemetittp://www.atmos-chem-phys. 12 (Fig.5) at the narrow age distribution Arctic sites. Higher
net/9/3911/2009/acp-9-3911-2009-supplement.pdf values of 11-18 and 27-44 ppt for CFC-12 are observed at
Overall, the two Arctic sites show no significant influence the Antarctic sites. This is likely to be due to the higher
of air less than 30 years old at the deepest reliable measurénpact of recent air on bottom level concentrations at our
ment level, whereas Antarctic sites show an influence of 15Antarctic sites (Sect6.1). Our lowest concentration levels
to 25 years old air at all reliable measurement depths. On thare consistent with those obtained Butler et al.(1999.
other hand, at the deepest levels of Antarctic sites, 100 yearsower values (0.4-0.7 ppt for CFC-11 and 1.6-2.1 ppt for
old air still has an influence on trace gas concentrations inCFC-12) were observed at the very narrow age distribution
firn. Therefore, site to site differences in age distributionsLaw Dome site sampled b$turrock et al(2002. The con-
imply that a multi site approach provides more constraintssistency between our emission based model results and firn

on past trace gas trends. measurements (Fig) confirms the absence of significant
CFC-11 and CFC-12 concentrations in the atmosphere be-

6.2 Historical concentration trends fore the start of their industrial emissions.

6.2.1 Major CFCs (CFC-11, CFC-12) 6.2.2 Other CFCs (CFC-113, CFC-114 and CFC-115)

Sturrock et al(2002) used firn model inversion techniques to Unlike major CFCs, our modelled CFC-113, CFC-114 and
derive atmospheric trends from measurements in Law Domé&FC-115 atmospheric trends show some differences with
(Antarctica) firn for long lived halocarbons. For the re- the Sturrock et al.(2002 scenarios (Fig8). The Sturrock
cent past, thé&turrock et al(2002 trends are partially con- et al. (2009 CFC-113 data suggest higher concentrations
strained with atmospheric and Cape Grim air archive datethan ours in the 1970-1980 period (its AGAGE atmospheric
(Trudinger et al.2002. Figure8 compares these concentra- record starts in 1985). To our knowledge, there are no CFC-
tion based scenarios to our chemistry model and emission$14 and CFC-115 atmospheric trend records before 2003.
based trends. An almost perfect agreement is obtained foFhus our emission based scenario was only linearly modi-
CFC-11 and CFC-12. These results are also qualitativelyfied to fit the Cape Grim air archive data. This correction is
consistent with the trend histories calculatedBaytler et al.  important (15%) for CFC-114 (Fig). Sturrock et al(2002)
(1999 using industrial emission models and atmosphericapplied a correction to put UEAJram 1999 Cape Grim air
measurements. We should note that during the atmospheriarchive data on the AGAGE calibration scale. This rescaling
record period, our approach is somewhat equivaletiw- (AGAGE/UEA=0.94 for CFC-114 and 0.96 for CFC-115)
rock et al.(2002 because some adjustments were performedorobably explains the 1 ppt difference in recent CFC-114
on emission scenarios in order to fit the atmospheric recordsoncentrations (Fig8) and affects less CFC-115 (0.35 ppt).
(see Sect3.1). Uncorrected and corrected emissions areThe Sturrock et al(2002) trend scenario for CFC-114 starts
plotted in Fig.9, the exact correction factors are given in the in 1960 because the two lowest depths sampled at their Law
supplementary materiahttp://www.atmos-chem-phys.net/ Dome sites showed undetectable concentrations. On the
9/3911/2009/acp-9-3911-2009-supplemend.pdfThe ad-  other hand, CFC-114 emissions show a peculiar behaviour
justment to atmospheric data®turrock et al(2002 and our ~ with an abrupt increase between 1944 and 1946, followed
study represents a strong constraint for CFC-11 and CFCby a stabilization in 1950-1960 (Fi§). This results in a

12 which have a long atmospheric record. The continuingsteeper and more constant slope at the beginning of our trend
agreement before 1978 indicates a good consistency betweeeenario than for other CFCs. Overall, our model results are
the firn records and emission histories for these gases. Theonsistent witlSturrock et al(20032) for the recent past, but
firn drilling site of Sturrock et al(2002 has an exception- we obtain higher levels of CFC-114 before 1978 and lower
ally high temperature and low close-off depth, which inducelevels of CFC-115 in 1975-1985 (Fi§). We should note

a very narrow age distribution (standard deviation of aboutthat for CFC-113 and CFC-115, the Law Dome firn air record
five years Sturrock et al.2002). On the other hand, only suggests higher concentrations than the early Cape Grim air
six depth levels were sampled for halocarbons in this shal-archive (around 1980turrock et al.2002).

low firn. Three of these levels show CFC-11 and CFC-12 In order to test if the above differences in time trends sig-
concentrations lower than the 1978 atmospheric levels, twanificantly affect our firn depth profiles, we ran our firn dif-
of them have near zero concentrations. Atmospheric emisfusion model with theSturrock et al.(2002 atmospheric
sion histories used to constrain our chemistry model have @&cenarios (Figl0). The relatively small difference in CFC-
much higher time resolution (one year). Thus the consistencyL13 trend scenarios mostly impact the DML and Dome C
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Fig. 8. Comparison of our concentration trends (in black) with 8tarrock et al(2002 trends (in grey) at the latitude of Cape Grim.
Continuous black lines represent 2-D chemistry model trends calculated with emissions adjusted to AGAGE data excepfdom@izih

the AGAGE derived trend is represented by the black dashed line, whereas the black continuous line represents the trend calculated with
emissions adjusted to ESRL data (this scale is more consistent with UEA data fjr T grey lines represent tisturrock et al(2002

mean (continuous line), minimum and maximum (dashed lines) scenarios. The vertical grey line illustrates the start date of the Cape Grim
air archive record used [§turrock et al(2002 to constrain their trends.

firns, where relatively shallow depth levels (before the steepscenarios for CFC-115, affecting the same age range (20—
part of the firn records) are affected. The data-model agree25 years old air for the sites drilled before year 2000), also
ment is better with our emission based trend than with theaffect Devon Island results. At this site, t&¢urrock et al.
Sturrock et al.(2002 trend for this gas. However, the ef- (2002 trend slightly improves the model-data agreement.
fect of the difference between scenarios on CFC-113 deptfThe Sturrock et al(2002 scenario somewhat overestimates
profiles in firn is of similar magnitude as the uncertainty the data at DML and Dome C whereas our scenario underes-
on CFC-113 diffusion coefficient used in firn models (seetimates them, especially at Dome C. CFC-115 atmospheric
supplementhttp://www.atmos-chem-phys.net/9/3911/2009/ history thus may have an intermediate behaviour between the
acp-9-3911-2009-supplement.jpdhe larger difference in  two tested scenarios. Although the data dispersion is smaller
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Fig. 9. Halocarbon emissions, atmospheric losses and lifetimes. Continuous grey lines: industrial inventory based emissions, short dashed
lines: emissions corrected to fit recent atmospheric concentration trends, long dashed lines: atmospheric losses, black lines: atmospheri

lifetimes (see SecB.3).

for CFC-114 than for CFC-115, the model-data differencesscenarios derived from Law Dome firn data are mostly con-
are larger for CFC-114 than for other CFCs, especially atsistent with our emission based scenarios.

Dome C. This trace gas is the only species for which our CFC-113 and CFC-114 concentrations at the deepest firn
emission based scenario clearly differs from the envelope degyvels show a behaviour similar to CEC-11 and CEC-12: very
fined inSturrock et al(2003. TheSturrock et al(2009 sce-  |ow concentrations are measured at the bottom of all firn
nario improves the model data agreement at Arctic sites. Th&jtes, with lower levels at Arctic sites (0.4—1 ppt CFC-113
bottom part of Berkner record, showing a very pronouncedand 0.2—-0.8 ppt CFC-114) than Antarctic sites (1.5-3.5 ppt
slope change around 50 m depth, shows a small sensitivitoFC-113 and 0.7—1 ppt CFC-114). Our lowest CFC-115 val-
to the large difference in scenarios. Both Sieirrock et al.  yes show very low concentrations at all sites: below the de-
(2002 and our scenario overestimate the DML and Dome Ctection limit of NCAR measurements in the Arctic ar0.25
records in the depth range sensitive to 20-25 years old aifppt in Antarctica, suggesting a later start of its atmospheric
Although different, the two scenarios both induce importantemissions than for CFC-114, which is confirmed by the emis-
differences with Dome C data around 70-95m depth. Thussjon data (Fig9). The Sturrock et al(2002 CFC-114 and

no scenario can be considered as fully satisfactory. OverCrc-115 concentrations at Law Dome fall below their 0.1
all, considering the large uncertainties on the CFC-114 anthpt detection limit. Unlike other CFCs, CFC-113 shows sim-
CFC-115 budgets (see Se6t4), the Sturrock et al(200 jlar concentrations near the firn-ice transition at Law Dome
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Fig. 10. Comparison of the firn model results with our emission-based scenarios (continuous lines) &tdrthek et al.(2002
concentration-based mean scenarios (dashed lines) for CFCs 113, 114 and 115 with FIRETRACC and CRYOSTAT data (symbols). See
Fig. 5 for drilling sites and measurement lab. symbols. Bterrock et al(2002 trend scenarios were extrapolated from 1997 to 2003 in

order to simulate the North GRIP and Berkner firn data.

(0.38-0.74 ppt) and at our Arctic sites. Thus we suggest thasignificant spreading, and the AGAGE-adjusted and ESRL-
the Sturrock et al(2002 value might be somewhat overesti- adjusted chemistry model scenarios differ by 3.7 to 5%
mated. This would be qualitatively consistent with the over- due to inter-calibration differences between the two records.
estimation of our DML and Dome C records by their sce- Both these scenarios are represented in Eiy.because
nario. the ESRL-adjusted trend is more consistent with our ob-
served concentrations, whereas the AGAGE-adjusted trend
is consistent with the&Sturrock et al.(2002 scenario. Al-
though these last two scenarios are very similar (8jgthe

o . Lo Dome C firn simulations show higher values around 90 m
CCl, has the longest emission history, starting in 1908depth with theSturrock et al.(2002 trend than with our

(E|g. 9). O_n the o_the.r hand, experimental uncertainties areAGAGE—adjusted scenario. This is likely due to higher val-
high for this species: our measured concentrations show a

6.2.3 Carbon tetrachloride (CCly)
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Fig. 11. Comparison of the firn model results with our emission-based scenarios (continuous lines: emissions adjusted to ESRL data, long
dashed lines: emissions adjusted to AGAGE data) an&tineock et al(2002 concentration-based mean scenarios (short dashed lines) for
CCly with FIRETRACC and CRYOSTAT data (symbols). See Fdor drilling sites and measurement lab. symbols. There is no reliable
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Fig. 12. Comparison of the firn model results (continuous lines) fog ®kh FIRETRACC and CRYOSTAT data (symbols). Measurements
made at UEA are shown as stars, those made at Biferges et al.200Q FIRETRACC 2007 as plus signs. Drilling sites representation:
see Fig5.

ues in the smootiSturrock et al.(2002 scenario around tions at the last measurement depths in the firn for all sites.
1965-1970 (Fig8). Taking into account the rather high Taking into account the uncertainties on the deep firn data
firn data dispersion, our ESRL-adjusted scenario is glob-and modelling discussed in Seét.the overall consistency
ally consistent with the data except at Devon Island. Webetween the model and measured concentrations indicates
should remember that the Devon Island firn contains nu-that an atmospheric scenario with null G@oncentrations
merous refrozen melt layers which may affect its diffusiv- before 1908 can account for the measurements in firn. How-
ity (especially around 27 m depth, see Sé&gjt. The CCh ever, the high uncertainties on the G@fetime and budget
atmospheric record shows a pronounced maximum aroun@Sect.6.3 and Sect6.4) preclude a quantification of Cgl
1990 (see supplemertttp://www.atmos-chem-phys.net/9/ natural versus anthropogenic sources using our firn air data
3911/2009/acp-9-3911-2009-supplemenfpdfhe model- and models. Performing C&£imeasurements in ice cores
data discrepancies in the Devon Island firn may result fromis likely the most direct way of better constraining the pre-
an incorrect modelling of this feature due to higher uncer-industrial CCk concentration.
tainties in the diffusivity at this site.

This early-emitted gas shows higher concentrations at thé.2.4  Sulphur hexafluoride (Sk)
firn bottom than CFCs (18-35ppt). Non zero ¢@vels
were also obtained bgutler et al.(1999 andSturrock etal.  As for CFC-11 and CFC-12 (Fi&) our model and Sg-con-
(2002. Our atmospheric scenarios start with zero concentracentration measurements show an excellent agreement at our
tions in 1907 and also lead to non zero modelled concentrafive firn drilling sites (Fig.12). Such a good agreement is
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SF6 trend/flux 80 kg/yr, which would sustain an atmospheric equilibrium
5 T T T3 7000 concentration of 0.0004—-0.0098 ppt with ang3ifetime of
f / 6000 800-3200 years. To our knowledge, the lowest $6n-
4F - centration measured in firn air is 0.0063 ppt at Law Dome
R 5000 g (Vollmer and Weiss2002. Our North GRIP record indi-
a3 4000 = cates a stabilization of $Fconcentrations in the 74-78 m
~F 2000 & depth range, however the suspicion of some contamination
b 2r 3 at 78 m depth (Sectd) and our detection limits (Seck)
- 2000 % preclude a firm estimate of the pre-industriak®Bncentra-
e 1000 - tion from this site. Our North-GRIP data suggest that future
F high-precision SF measurements in central Greenland firn
Q5o Tos0 1970 1980 t9s0 2000 0 air could help confirming the Law Dome result.

date (year)
6.3 Halocarbon lifetimes

Fig. 13. SF concentration trends at the latitude of Cape Grim (in Atmospheric lifetimes are often considered as constants. Lo-
black) and emission scenarios (in grey) constructed from industriaba"y (or in box models), lifetime is defined as the species
inventories (contihuous line, see Sé_Z;tL), and corrected to fitthe  ~gncentration (e.g.in mol/c?h divided by its chemical loss
ESRL atmospheric record (dashed line). (e.g. in mol/cni/s). As the chemical loss rate is always pro-

portional to the species concentration, the above ratio can

be simplified and the local lifetime is independent from the
obtained only if a stabilization of SFemissions in 1997—  gpecies concentration. However, atmospheric chemical loss
2002 (Fig. 13) is taken into account. Maiss and Bren-  rates undergo temporal (e.g. in relation to day/night cycles)
ninkmeijer (2000 observed a slope reduction in theeS#- a5 well as spatial (e.g. in relation with the UV increase with
mospheric trend at Izana after 1996-1997, which suggest gjitude) variations. In chemistry models, which explicitly
27% reduction in Sgemissions. Smythe (2004 invento-  cajlculate atmospheric losses of chemical species, lifetimes
ried sales data from 7 major companies and conclude thajre calculated as the global average concentration divided by
a 33% decrease in gFsales occurred in 1996-1999, fol- the global average loss. Our target gases are destroyed only
lowed by a 27% increase in 1999-2008mythe (2009  jn the middle atmosphere, thus their lifetimes in the tropo-
data were used to extrapolate tE®GAR (2007 emis-  gphere are virtually infinite. Since these gases are emitted at
sion trend from 1996 to 2003 (Fidl3). This emission  the ground, it takes them about a decade to reach the strato-
scenario had to be increased by 11% to reach ESRL SFgphere where they are destroyed. This effect is visible in
concentration levels in 1995-2002, and model/data agreegig. 9: the lifetimes show out of scale values at the beginning
ment on the recent slope of the trend could be reached (segf the species emissions. Once halocarbons have reached
supplementhttp://www.atmos-chem-phys.net/9/3911/2009/ thejr destruction region, their lifetimes decrease but remain
acp-9-3911-2009-supplement.pdfn the firn, an emission  sensitive to temporal changes in their emissions (with delay)
scenario which does not take into account a decreasegn SHFig. 9). Species destroyed in the troposphere (in the vicinity
emissions around 1997-1999 would simulate correctly thepf their emission regions), such as methane or hydrogenated
firn data at the sites drilled in 2002—2003 but underestimatecFc substitutes do not exhibit such temporal variations of
the upper firn Sk data at the sites drilled in 1998—1999. their lifetimes.

Our modelled SF trend (Fig. 13) is consistent with CFCs are commonly modelled without an explicit calcu-
the trend derived byMaiss et al. (1999 from the |ation of their lifetimes, but by imposing a homogeneous and
Cape Grim air archive and atmospheric measurements akonstant loss rate based on literature values of their lifetimes.
though slightly overestimating it (by less than 0.2ppt, seeFor example, this is the case in tropospheric models which
supplementhttp://www.atmos-chem-phys.net/9/3911/2009/ yse CFCs as transport tracers. In order to evaluate the ef-
acp-9-3911-2009-supplement.pdfit is also qualitatively  fect of halocarbon lifetime variations on their concentration
consistent with those calculated Butler et al. (1999;  trends, three test simulations were performed. The first sim-
Sturges et al2000 with similar methodologies. ulation aimed at evaluating the equilibrium lifetimes of our

Sk concentrations measured at the deepest firn samplingarget species. The model was initialized with homogeneous
level range between 0.03 and 0.05 ppt at Arctic sites anchalocarbon concentrations and run for 100 years with zero
0.09-0.18 ppt at Antarctic sites. Similarly low concentra- halocarbon emissions. In their destruction region, the local
tions were measured Butler et al.(1999. A small nat-  halocarbon lifetimes are much shorter than their global av-
ural Sk source from crustal degassing has been identifiecerage lifetimes, thus the results stabilize rapidly. This is il-
(e.g.Deeds et a).2008 and references thereirpeeds et al.  lustrated by the constant lifetimes obtained before the start of
(2008 estimate the total lithospheric flux of o be 13—  emissions in Fig9. In the second simulation, our halocarbon
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CFC—11 (ppt) — Cape Grim Table 4. Comparison of our chemistry model lifetimes with recom-
300 —r—+—+1TT—rTT1T 1T T mended lifetimes fronWWMO (2007 (“Life. WMQO?”). “Life. eq.” is
r ] the equilibrium chemical lifetime, “Life. photo.” and “Life. ®D)”
display the equilibrium lifetimes due to photodissociation only and
. L i O(D) reaction only respectively. “Life. 1975” and “Life. 2002”
o 200 | . are our transient modelled chemical lifetimes for these years. The
£ r ] WMO (2007 lifetime for CCly includes the effect of its oceanic
- loss.
[ L _
2 100t . Gas Life.  Life. Life. Life. Life. Life.
[ Vi ] WMO eq. Photo. OfD) 1975 2002
_// CFC-11 45 43 44 273 48 43
Ol CFC-12 100 88 91 351 103 88
1950 1960 1970 1980 1990 2000 CFC-113 85 72 74 287 86 71
date (years) CFC-114 300 186 224 411 205 183
CFC-115 1700 948 1540 2130 1793 965
CCly 26 38 38 200 39 38

Fig. 14. Impact of spatial and temporal lifetime changes on CFC-
11 concentration trend. Continuous line: reference concentration
trend. Long dashed line: concentration calculated with a constant
and homogeneous lifetime (equilibrium lifetime). Short dashed €t al. (1993. More recent cross section data frédander
line: concentration calculated by imposing the equilibrium lifetime et al. (2006 were used for photodissociations, whereas the
as a scaling factor to the calculated CFC-11 sink. O(1D) reaction rates have not been re-evaluated and the rec-
ommended values are still froRavishankara et a{1993.
Although the 85 km upper limit of our model is lower than
loss rates were calculated as the inverse of the above equilithe 116 km inRavishankara et a{1993 and we thus miss
rium lifetimes times their concentration, thus imposing con-some non negligible processes such as the Lyman-alpha
stant and homogeneous lifetimes. Finally, in order to sep-photodissociation of CFC-115, we obtain lower lifetimes
arate the effects of spatial and temporal lifetime variations,(i.e. higher atmospheric losses) th&avishankara et al.
a third simulation was performed: the chemical losses werg1993. However, at the timescale of our simulations, chem-
calculated, and then rescaled so that the global average los$eal losses play a minor role on the budget of these very long
is consistent with the equilibrium lifetime. This suppresseslifetime gases (Fig9). Our chemical equilibrium lifetime for
the temporal changes in lifetimes while preserving their spa-CCly is consistent with the 35 yeatMO (2007 estimate.
tial structure. The results for CFC-11 are shown in Hig. However these lifetimes do not take into account an impor-
The concentration trend calculated with our third test run re-tant oceanic sink which reduces GGifetime to approxi-
mains close to the reference simulation. Thus the temporamately 26 years, nor a more recently discovered soil sink
changes in lifetimes, which mainly occur in the early stagewhich could be of similar magnitudé\(MO, 2007. WMO
of historical emissions, have a small impact on the concen{2007 suggests that such short lifetimes would be difficult
tration trend. On the other hand, imposing a spatially ho-to reconcile with emissions deduced from high frequency
mogeneous lifetime (second test run) leads to a significanhtmospheric measurements or lifetimes deduced from, CCl
decrease in CFC-11 concentrations. Thus tropospheric modneridional gradients. On the other hand, the long-term
els or transport models, which calculate CFC concentrationgnventory-based emissions of GGire not well constrained,
with imposed lifetimes can produce a significant bias. Sim-and the overall sources/sinks balance is poorly understood
ilar results for other halocarbons are provided in the supplefor CCl,.
mentary materialittp://www.atmos-chem-phys.net/9/3911/  |n 1975, long lived halocarbon emissions were still in-
2009/acp-9-3911-2009-supplement)pdfThey show that  creasing or fairly close to their peak. Our modelled lifetimes
this bias is most important for the relatively short lived gases,for this period are higher than equilibrium lifetimes and gen-
which have the mostimportant chemical loss at the time scalerally closer to the recommended values. In 2002, halocar-
of our simulation, whereas it is negligible for the very long bon emissions had been strongly reduced and our model life-

lived CFC-115. times are very close to their equilibrium values.
Our modelled equilibrium lifetimes for CFC-11, CFC-12

and CFC-113 are roughly consistent with the recommenda6.4 Species budgets and budget uncertainties

tions from WMO (2007 (Table4). The atmospheric loss

of these major CFCs is mostly due to photodissociation.Because our long-lived target gases have slow destruction
CFC-114 and CFC-115 show larger differences with rec-rates, their budgets have long been dominated by their emis-
ommended values, which were establishedayishankara sions. Following the strong decrease of these emissions
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Table 5. Halocarbon and Sfbudget analysis. The first three columns provide estimates of uncertainties on emissions accumulated over
time: WMO (2007) values (from Table 1-7) are compared with the difference between our inventory-based and adjusted emissions to fit the
AGAGE and ESRL records. The uncertainties on losses aré&/t1® (2007 (1/tmin—L1/tmax)/(1/tpes) calculated from Table 1-7 (column

WMO), and the maximum differences in our modelled cumulated losses when using kinetic and photochemical constants from the last three
JPL evaluationseMore et al. 1997 Sander et a].2003 2006 (column JPL). Calibration uncertainties estimatedvidiO (2007 are
compared with the UEA-NCAR differences in our firn air samples. Concentration uncertainties show the impact on year 2002 concentrations
of our emission corrections to adjust AGAGE and ESRL measurements. Finally the last two columns display our chemistry model best
estimate of emissions and losses accumulated over time until 2002.

Gas A Emission (%) A Loss (%) A Calibration (%) A Concentration (%) Cumul. budg. @IQ;))
WMO AGAGE ESRL WMO JPL WMO UEA-NCAR AGAGE ESRL Emission  Loss
CFC-11 18 +3.6 +7.3 50 <2 <2 +1 +3.0 +6.3 9.0 35
CFC-12 75 +7.1 +6.3 38 <1 <2 +15 +6.5 +5.7 14.4 2.9
CFC-113 84 -2.4 —-23 43 <1 <2 +1 —-2.0 -18 3.3 0.6
CFC-114 +15 +15 - <0.5 +20 - +14 0.59 0.07
CFC-115 - +5.0 - <0.2 +20 - +4.9 0.25 0.003
CCly 34 - +11 77 <15 34 +6 +6.4 +11 4.9 2.8
Sk - +11 - - - +10.5 0.14 0.0005

under the Montreal protocol, our results indicate that pho-We should note that the increasing difficulty in estimating
tochemical destruction exceeds emissions for most of thes€FC emissions due to the dominant role of non reporting
species (Fig9). This change occurred approximately in 1993 countries (see Se@.1) may limit our ability to validate CFC
for CFC-11, 2001 for CFC-12, 1995 for CFC-113, and 1996 lifetimes with their trends in the future. C£emissions were
for CFC-114. For the shorter lived C{£latmospheric de- increased by 5% until 1993 and 25% afterwards in order to
struction dominates known emissions since 1990, but phofit its concentration trend. A much larger increase would be
tochemical destruction has been influential since the earlyrequired if its oceanic and soil sinks were taken into account.
1950's (Fig.9). This is consistent with the recent stabiliza- However, the overall consistency of our firn model results
tion or decrease of atmospheric concentrations of this gasvith CCl, data suggests that the historical variations in CI
(WMO, 2007. On the other hand the budgets of the longestemissions are generally correct.
lived gases, CFC-115 and &fare still largely dominated by~ Table 5 summarizes budget uncertainties for our target
their emissions. For these two compounds, the comparison ofases. Calibration uncertainties play a minor role except for
our modelled concentration trends with measurements is thug FC-114 and CEC-115. Our estimates of uncertainties on
mostly indicative of the reliability of emissions. It is not the emissions and concentrations are not independent; they both
case for the recent part of other species records, which proreflect the emission adjustments necessary to fit atmospheric
gressively become mostly influenced by atmospheric lossemeasurements. These values vary from one gas to another,
and thus become controlled by the species lifetimes. they are small £2.5%) for CFC-113, intermediate (5—-10%)
CFC-113 has the most reduced emissions, however an imfor CFC-11, CFC-12 and CFC-115 and exceed 10% for CFC-
portant increase in these emissions (+140% after 1996) wag14, CClk and Sk. Our uncertainties on calibration and
needed to reconcile our model results with the recent obemissions are globally consistent wkiMO (2007). The
served trend in CFC-113. It reflects the fact that our ini- highest uncertainties reported WMO (2007 concern the
tial model results showed a too strongly decreasing slopehalocarbon lifetimes. In Tablg, they are expressed in terms
in recent years (Fig2). As chemical losses largely domi- of atmospheric losses. The main sink of our target halocar-
nate emissions at that time (Fig), this discrepancy could bons is photodissociation. Their cross sections have been
be due to a smaller bias in CFC-113 lifetime. A test sim- re-evaluated several times over the last decade. We com-
ulation showed that a 40% reduction of its chemical lossespared modelled CFC losses calculated with three different
during that period also fits the concentration data. CFC-113%hemical schemes derived frddeMore et al(1997); Sander
lifetime is then 84 years (instead of 71 years) in 2002. et al. (2003 2006. The differences obtained are always
By contrast, no emission correction was needed for CFClower than 2%. On the other hand/MO (2007 large un-
11 and 12 after 1995 and 1994 respectively. This suggestsertainties on atmospheric losses for major CFCs (38-50%)
that the lifetimes of these compounds are consistent withare based on somewhat older estimates derived from model-
their recent trends. However, their emissions in 2002 are stilbased values/W{MO, 1999 and stratospheric measurements
equivalent to 48% of the CFC-11 loss and 86% of CFC-12performed in 1994\olk et al, 1997. Part of these val-
loss (Fig.9). Thus we cannot firmly conclude on the consis- ues are probably inconsistent with the recent concentration
tency of major CFC lifetimes with their concentration trends. trends, which are more dependent on loss processes, thus
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300 The 2-D model results constrained by the firn data gives
improved confidence in the time variation of the forcing from
these gases during the 20th century. As expected, given the
linear relationship between the radiative forcings and con-
centrations of these gases, the forcing is seen to rise rapidly
from the 1950s before starting to level off in the mid-1980s.
For comparison, the forcings derived ®ohar and Shine
(2007 using the time-series of gas concentrations used in the
Goddard Institute of Space Studies climate modhgr(sen
and Satp2004 2005 are also shown in Figl5. The CFC-
11 and CFC-12 concentration histories built by these authors
are based on ESRL measurements for the instrumental pe-
01910 1920 1030 1940 1050 1950 1970 198 1980 2000 2010 riod and industrial prOdUCtion data prior to 1978, together
year with lifetimes of 50 and 100 years for CFC-11 and CFC-12
respectively. Overall agreement in the total radiative forc-

Fig. 15. Time series of radiative forcing for the seven gases in this'N9 1S very gqod for the instrumental period. Our_ slightly
study, together with the total forcing, compared with the forcing de- [OWer values in 1990-1995 are probably due to differences
rived by Gohar and Shin€2007) using theHansen and Sat@004 between the AGAGE and ESRL CFC-12 records for this pe-

concentration time series. riod (Fig.3). Higher differences, reaching around 6 mwWn
are obtained in the 1970s. However, differences in forcing
for the individual gases can approach 15%.

an updated evaluation of CFC lifetimes and lifetime uncer- Although our target gases are responsible of only about

tainties would improve the understanding of these species gy, of the long-lived greenhouse gases radiative forcing
budgets. The very higiVMO (2007 uncertainty for CCJ (2.63+0.26 WnT2, IPCC (2007), the control of the non-

(77%) integrates the soil and oceanic sinks not taken into acco, greenhouse gas emissions plays an important role in ef-

count in this study. ) ) i forts to avoid dangerous anthropogenic interference in the
The last two columns in Tableprovide our best estimates oh's climate. As has been shown byansen and Sato

of the total emissions and losses accumulated over time be(2004) andVelders et al(2007), the control of CFCs emis-
tween 1908 and 2002. Although atmospheric losses Nowjons'nder the Montreal Protocol has played a significant
equal or exceed annual emissions for most of our speciegye in reducing anthropogenic radiative forcing — indeed, as
thg previous domination of emissions stil hasf a strong IM"hointed out byVelders et al(2007, the Montreal Protocol
print on the accumulated budgets. This effect increases witly, ;o likely had a greater influence than the Kyoto Protocol.

the species lifetime: 570/8 of the emitted (%(hlas been de-  aq the Montreal Protocol has been successful in strongly re-
stroyed whereas only 39% of CFC-11, 20% of CFC-12 andy,,cing CFC emissions (Fig), their future radiative impact

18% of CFC-113 had been eliminated from the atmosphergy,q, 4 pe increasingly dependent on their atmospheric loss
by 2002. These percentages fall to 11%, 1%, and 0.4% fO'Pate (Sect6.4).

the longer lived CFC-114, CFC-115 andg3IEspectively.
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6.5 Radiative forcing

] ) 7 Conclusions
The concentrations generated by the 2-D chemistry model

can be used to calculate radiative forcings. The method use
here followsGohar and Shing2007), where radiative ef-
ficiencies (W nT2ppbv-1), together with the global-mean
surface values derived from the model, are combined to giv
the forcings. Figurd5 shows the time-series of the radiative
forcing for each of the 7 gases and the total. As expected
the total forcing in 2003 is dominated by CFC-12, which has ) . ) )

studies permit to better constrain the main model parame-

the third largest radiative forcing among well mixed green- SR ) L
i ) ter: firn diffusivity, through the detection of systematic bias
house gasedRCC, 2007), followed by CFC-11, CFC-113 for a given depth range. On the other hand, multi-site stud-

and CC} which also contribute significantly. The current . : : .
oo ; es better constrain the atmospheric trend scenarios, because
contribution from the other gases: CFC-114, CFC-115 an S L .
heir different characteristics (accumulation rate, tempera-

SFs is negligible, but their long lifetimes render their small ture, etc.) lead to different trace gas age structures in firn.

ntribution mor rmanent. . . . .
contribution more permanent Globally, high accumulation and temperature sites provide
results with best time resolution whereas low accumulation

Bolar firn is a large reservoir of old air, which allows for the
measurement of numerous low concentration species. Trace
as measurements in firn air provide a unique tool to assess
heir concentration trends over the pre-instrumental period of
the 20th century. The use of firn models allows the transla-
tion of firn-air records into atmospheric trends. Multi-species
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and temperature sites are sensitive to earlier variations in atsphere have no chemical loss in the troposphere, therefore
mospheric trends. their lifetime is virtually infinite at the beginning of their
Two kinds of approaches have been used in order to infeemission, since their transport to the stratosphere requires
atmospheric concentration trends: firn model inversion techseveral years before chemical destruction can begin. The
nigues or “top-down” methods (e.Bommelaere et gl1997 trends and budgets of halocarbons destroyed in the strato-
Sturrock et al. 2002 and emission-based scenarios usedsphere are often calculated using tropospheric-only models.
in direct firn models and compared with data or “bottom- In such cases, the chemical sinks are not calculated but a con-
up” methods (e.gButler et al, 1999. Our study used stant and homogeneous sink (the inverse of the equilibrium
the “bottom-up” approach with a full atmospheric chem- lifetime) is imposed in the whole atmosphere. Specific tests
istry model which further allows to discuss the lifetimes and simulations showed that this can induce a significant bias on
budgets of our target species. Our best-fit scenarios are dthe CFC and CGltrends. Following the Montreal Protocol,
rectly compared with th&turrock et al(2002 “top-down” the emissions of these ozone depleting substances have been
scenarios. The two approaches show a remarkable agrestrongly reduced, thus their trends and budgets are becom-
ment for CFC-11 and CFC-12. It is due to both the consis-ing increasingly dominated by their sinks. We believe that
tency of early major CFC emissions with the firn records, in order to better predict the ozone layer recovery, efforts
and the relative smoothness of these emissions which leaghould be made to update and reduce the large uncertainties
to smooth atmospheric scenarios that can be derived from an recommended CFC lifetimes. This would also improve
small number of firn air measurements. By contrast, the twathe estimate of future radiative forcing by these gases.
approaches lead to somewhat different scenarios for CFC- Our results confirm that the budget histories of CFC-11,
113, CFC-114, CFC-115 and CCIOur emission based sce- CFC-12, CFC-113, and SFare well understood. How-
nario leads to a better fit of our CFC-113 firn data, whereasever, our emission-constrained CFC-113 scenario shows a
an intermediate trend between the “bottom-up” and “top-too quickly decreasing trend over recent years. It could re-
down” derived scenarios would best fit the CFC-115 data.sult either from a strong underestimation of its sources or a
A less satisfactory model/data agreement is achieved wittsmaller overestimation of its losses. The long-lived CFC-115
either scenarios for CFC-114 and GQWhich have higher emissions are reasonably consistent with the Cape Grim air
data dispersions and inter-calibration corrections, and insufarchive data and firn air records. On the other hand, the CFC-
ficiently constrained budgets. However this scenario com-114 and C{ budgets and trends are still insufficiently un-
parison shows that fairly small and old differences in the at-derstood. When accumulated over time, the total emissions
mospheric trends (e.g. CFC-113) can leave an imprint in thestill largely dominate the total losses for our target species,
firn, especially at low-accumulation sites. As for CFC-11 due to their long lifetimes and the overall strong rise of their
and CFC-12, an excellent model/data agreement is obtainedmissions during the twentieth century.
for SFs, suggesting that the emissions of this very long lived
gas are well constrained. However only an emission sceAcknowledgementsiVe are grateful to Steve Montzka for his
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